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Foreword

The XIIth Moriond Workshop was held at Les Arcs, Savoie (France) from January
25 to February 1, 1992. It was attended by 106 participants from 15 countries.

The main purpose of the Rencontres de Moriond is to discuss recent
developments in contemporary physics and also to promote effective collaboration
between experimentalists and theorists in similar fields. By bringing together a
relatively small number of participants we hope to develop personal contacts as
well as a more thorough and detailed discussion of the scientific contributions in
an informal and friendly atmosphere.

The scientific program of this workshop focused in 3 main subjects : atomic
physics, neutrino physics and gravitation. Special emphasis was given to solar
neutrinos, neutrino mass and test of fundamental principles in atomic physics and
gravitation. The participation of physicists from various domains : astrophysics,
atomic physics, particle physics and solid state physics allowed exchange of
knowledge and technology between different fields and confered to this workshop
a frontier physics character.

The success of this workshop was due to the active participation of all participants,
to the lively discussions following lectures, and to the efforts of the speakers in
providing pedagogical and enlightening lectures.

I would like to thank all participants and programm committee members : F.
Boehm, G. Chardin, Th. Damour, O. Fackler, ]J. Faller, E. Fischbach, G. Fontaine, G.
Gerbier, E. Giacobino, G. Greene, B. Kayser, M. Mugge, R. Pain, S. Petcov, M. Spiro
and ]. Wilkerson for preparing and organizing this workshop.

I am also grateful to Mr and Mrs J. M. Milan and Ms R. Chenal for their hospitality
at les Arcs, and to the Conference secretaries : L. Besson, J. Boratav, L. Norry, J.
Raguideau, D. Soudry, D. Vernet and A. C. Tran Thanh Van who have devoted
much of their time and energy to the success of this meeting.

The 1992 Moriond workshop is sponsored by the Centre National de la Recherche

Scientifique, the Commissariat a2 I'Energie Atomique and the National Science
Foundation. We are deeply grateful for their financial support.

J. Tran Thanh Van
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THE CLASSICAL SOLAR MODEL AND BEYOND THIS FRAMEWORK

S. Turck-Chieze
DAPNIA, Service d’Astrophysique
Centre d’Etudes de Saclay
91191 Gif sur Yvette Cedez 01, FRANCE

Abstract

From the comparison of recent updated solar model predictions, the extreme sensi-
tivity of the 8 B neutrino flux to opacity coefficients, to some specific reactions and to the
screening effect is once more illustrated. Errors and too simple prescriptions have been
identified in any calculation with only serious consequences on the pp III chain. Con-
sidering that these differences are clarified and are useful for a more correct prediction
on neutrino fluxes, I show how the specific 8B neutrino flux is still fluctuating with the
recent microscopic improvements: reestimate of the pp reaction, improved opacity cal-
culations, better determination of the solar abundances, new chlorine absorption cross
section. This is the reason why we prefer to express our result as a range of possibility
to emphasize the still large uncertainties: chlorine prediction between 5.4 - 7.6 SNU, for
Kamiokande ®B = 3.7 — 5.5 10%cm 2571, gallium: 118 - 128 SNU.

In the second part, I briefly recall that, even if the framework of classical stellar
evolution is not complete, it seems from the properties of the sound speed, the detection
of acoustic modes, and the present studies of extra phenomena that it is difficult to
imagine today large variations of the solar structure (several %), this point justifies
to consider with interest, results coming from the simplified scheme of classical stellar
evolution.



First, I would like to thank, for all of us, the organisers of this workshop who give
us the occasion to really discuss between different fields of physics in this so exciting
atmosphere which is Moriond. It is true that this beautiful place permits extensive
exchanges together with appreciable insights in so different parts of physics. It seems
to me that it is mainly due to the effort of organisers to largely let express the different
aspects of each field.

I think, we have really a lot of chance to discuss this year, once more, about solar
neutrinos in Moriond. In fact, since the results of SAGE experiment last year [1] and
before the result of GALLEX experiment (see talk of L. Zanotti), which both attend to
measure for the first time the pp neutrinos, this subject is really open: do we approach
the properties of the Sun by measuring solar neutrinos on earth or do we approach the
properties of the neutrinos? Nobody knows the answer to this question, for the moment,
and it seems that everything has been prepared for an answer to this question rather
soon.

In this review, I shall take the astrophysical point of view, and after some general
considerations on solar modelling and neutrino predictions, I would like to recall what is
a solar model in the classical framework of stellar evolution (section 1) . Then I confront
independent and updated calculations of solar modelling to examine the astrophysical
situation, the helioseismological one ( this part will be very brief because it will be
extensively reviewed by D. Gough and I. Lopes) and the variety of neutrino predictions
(section 2). More and more neutrino experiments are running or funded nowadays, so,
it is extremely useful to understand the present neutrino prediction differences to in-
terpret as clearly as possible the experimental results (section 3). Even, in the classical
framework of stellar evolution, the solar modelling calculation requires a lot of ingre-
dients and as an active field of investigation, real improvements have been performed
in the last three years. I shall comment on them and study the consequences for neu-
trino predictions (section 4). We are convinced by stellar observations that one needs
to go beyond the classical framework to explain a lot of measurements on stars and in
particular on the Sun, so I shall examine if one can extract a quantitative estimate of
the validity of what one calls the ”Standard solar modelling” (section 5). Finally, as
a conclusion is not yet possible at the present stage, I shall discuss what could be or
not, evident today and how one may perhaps interpret present and near future neutrino
measurements on earth...

Introduction

I am not completely convinced that the conventional ”Standard solar model” would
be a really appropriate expression. When it is applied, people usually thinks that it
represents, first, consensus and, second, a finality for comparisons with solar neutrino
experiments. In fact, it is not completely true. One traditionally, considers a classical
stellar evolution of the Sun, with specific but reasonable hypotheses of hydrostatic
equilibrium, assuming the absence of rotation and magnetic field in the Sun. This
represents the framework’ astrophysists have already checked for a lot of other stars
and other problems with a reasonable amount of success. In this classical approach,
one deduces a solar reference model which translates not only the quality of theoretical
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hypotheses and structure equations but also which absorbs the state of sophistication
of different fields as nuclear physics, atomic physics and plasma physics: it is why this
reference solar model is regularly updated. At the end of such a complex calculation, the
first step is reached, but any astrophysicist knows that the second step, which consists in
introducing all the forgotten phenomena that we know to exist in the Sun as differential
rotation, varying surface magnetic field, mass loss, internal motions, diffusion...must
be considered if one would like to give interesting and precise predictions. This is an
extremely difficult task to examine the consequences on the solar structure of such clearly
identified processes: turbulence, mixing or ..?, and secondly to follow such induced
effects in time and space.

Normally, confrontations with observables would begin to be interesting only after
this second step, which is not yet reached. The question we need effectively to answer,
is the following: are we convinced that, even at the end of the first stage, when the
classical picture of stellar evolution is used, the neutrino predictions are reasonably
well representative of what we hope to detect on earth? The parallel development of
helioseismology seems to help us to answer to this question, and in this review, I would
like to remind the conclusions of this community.

1. The solar model in the classical framework of stellar evolution

To define the solar structure at the present age (4.5- 4.55 Gyr) with the present
luminosity (3.826 10%erg s™') and the present radius (6.9599 10'® cm) one follows the
spatial and temporal evolution of a star of 1M from the onset of hydrogen burning
where the star is considered as totally convective. To do so, one solves the four stellar
structure equations which govern the hydrostatic equilibrium, the mass conservation,
the energy transport, and the temperature gradient [2]. To quantify the results, a pre-
cise determination of the initial composition (which is assumed to be determined by the
present photospheric one) is an essential ingredient. This is not only true for the deter-
mination of the nuclear energy (knowledge of all the species up to oxygen to calculate pp
chain and CNO cycles), but also for the determination of the opacity coefficients where
species up to iron have important contributions ( due to bound-bound and bound-free
processes). In addition to this crucial ingredient, all the nuclear reaction rates must
be estimated from laboratory experiments and the opacity coefficients calculated for
precise range of temperature density and composition.

In the classical solar calculation, only two parameters are adjusted: the initial he-
lium content which is unmeasurable in the photosphere and the mixing length parameter
which is the only parameter which plays an important role when convection and radia-
tion are competing processes (mainly near the photosphere). These two parameters can
be determined due to the exceptional knowledge of the present luminosity and radius
of the Sun coupled with the knowledge of the age of this star.

2. Confrontation of independent and updated calculations of solar modelling
A lot of solar models have been calculated in the last years, let discuss the most
updated ones which have been recently published [3],[4], [5], [6]. Table 1 summarizes
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the main astrophysical results which are the central thermodynamical quantities, the
temperature at the basis of the convective zone (Tpcz), the initial helium content Y and
the mixing length parameter c.. One notices that the structure of the different models
is very similar (within less than 1% in the central part). This is not really true for
the case of the Cox et al calculation, where explicit adjustment to the heliosismological
data has been applied to reproduce the real behaviour of the sound speed at the basis
of the convective zone and where absence of coulomb correction in the equation of
state has important consequences on density, temperature and neutrino fluxes. The
agreement between calculations is mainly due to the fact that these independent models
use practically the same updated values of nuclear reaction rates, composition and
opacity coefficients. The initial helium content obtained is also rather consistent with
other helium measurements in different astrophysical sites and with chemical evolution
of galaxies (see more detailed comments [7],[(8]).

Bahcall and Ulrich | Turck-Chiéze et al [ Cox et al | Sackmann et al
1988 [3] 1988 [4] 1989 [5] 1990 [6]
Te 15.62 10° K 15.52 10° K 15.68 10° K 15.42 10° K
P 148. 147.2 1624 146.6
Tgecz 2.11 10% K 2.04 10° K 2.29 108 1.96 108 K
Y 0.271 0.275 0.291 0.278
@ 211~ 1.89 2.07

Table 1 : Rough comparison of recent reference solar models. The model of Cox et al, particu-
larly adapted for seismological calculations has been fine tuned at the bottom of the convective
zone with an opacity increase of 15 to 20 %. Their equation of state leads to a pressure slightly
too large, thus a higher helium abundance (overestimation of 0.01 by the authors) and higher
predicted neutrino fluxes due to the absence of coulomb correction. *: the published value was
1.6 due to an error in the hydrogen equation of state.

The rapid development of the helioseismological investigation gives us an idea of
the real sound speed behaviour (see talk of D. Gough). Even if the central errors are
still large, it seems that the agreement with the prediction is within 2%, except in the
central part where deviations of more than 2 or 3% could be possible. Between theory
and observations of acoustic modes, deviations of the order of 10 pHz on 3000 pH z are
noticed (see for more details the talk of I. Lopes).

The solar model predicts the radial profile of the production rate of each species
of neutrinos (see table 3 for the reactions involved). A comparison with detection of
neutrinos on earth needs a complementary estimate of the energy dependent interaction
of neutrinos with the different detectors and the corresponding absorption cross sections.
Table 2 shows the comparison between experiments and theoretical predictions of the
solar calculations discussed above.



experimental results Theoretical Predictions
Bahcall-Ulrich Turck-Chiéze et al | Sackman et al
(3] (4] (6]

Chlorine experiment

2.33+0.25 (SNU) 7.9+25 (30) 58+1. (lo) 7.7
ratio £2(Ry) (204x11£100% | (40£1130)% | (30.311)%
Kamiokande experiment
0.28£0.03 ev/d (E > 7.5 MeV) 0.62 ev/d 0.41 ev/d
ratio <22 (R )KII (46+5+6+17)% | (T0+£8+9 113)%
(th. err: 30) (th. err:10)
ratio 52 (Rg)KIII(preliminary) (65+9 %)% (88 £ 1471)%
Gallium experiments
SAGE : <55 SNU (68%) 13222 1255 125
< 79 SNU (95%)
Gallex : (in 1992) Bo) (10)

Table 2 : Comparison of the experimental neutrino results (9], [11], (1] with the predicted calcu-
lations. The ratio experiment/theory includes the experimental errors (statistical or statistical
and systematic) and the theoretical ones. The Kamiokande results are partially deduced from
(8], and theoretical estimates include a correction for detector efficiency [10]. The comparison
with the Kamiokande experiment (where only statistical error appears in left column) is obtained
from [11] (1 SNU= 10~% captures/atom/s).

Looking at table 2, two important remarks may be done.

- Very often, people says that Kamiokande experiment confirms the disagreement
noticed between the chlorine experiment and the prediction. In fact, if the experiment
seems to present a deficit, its order of magnitude seems to be smaller than in the case of
the chlorine detector. If it is confirmed (the errors are still large!), this is incompatible
with astrophysical interpretation, because in this context, the water experiment (only
8B neutrinos detected) is a subset of the chlorine one (3B v +7 Be v + small other
contributions). Any modification of the solar internal structure will lead to a greater
effect on 8B, which varies as T8, than on any other neutrino sources. So the possi-
ble solutions, if confirmed, could be the experimental precision, or some uncertainty
on absorption cross section, (the neutrino electron scattering appearing much easy to
estimate) or neutrino properties.

- Very similar models, from the astrophysical point of view, lead to significantly
different predictions. To analyze this point in details, one needs first to come back to
the respective neutrino fluxes (table 3) and to the corresponding errors (table 4).



Neutrino sources Neutrino fluxes | (10¥%em=%s7%)
Bahcall and Ulrich | Turck-Chiéze et al | Sackman et al
(3] [4] 6]
PP 6.0 (1% 0.02) 5.98 (1. £ 0.03) 6.00
pep 1.4 1072 (14 0.05) 1.30 1072 1.29 1072
"Be 4.7107! (1. £0.15) 4.18 107! 4.23 107!
8B 5.8 107%(1. £0.37) | 3.83 10-4(1.7518 58104
BN 6.1 1072(1. £ 0.5) 6.27 1072 3.99 1072
150 5.2 1072(14 0.58) 5.60 10~2 3.09 1072
17 F 5.2 1074(1. £ 0.46) 4231074

Table 3 : Theoretical predictions for the neutrino fluxes coming from the different sources .

uncertainties uncertainties
sources uncertainty | gallium detector | chlorine detector | water detector
PP reaction 3% 2.7% 6% 8 %
3He 3He reaction 5% <01% 16 % 2%
3He 4He reaction 4% 1% 2.7 % 33 %
"Be p reaction “15% 1% 13 % 15 %
Luminosity 0.5 % 0.3 % 3.6 % 3.6 %
Age 1% <1% 1% 15 %
Opacity % 3% H% %
Absorption cross section 1% 3% < 1%
Total 6% % %

Table 4 : Estimated uncertainties for the different present or near future experiments, the
errors correspond to lo estimate.

One notices that pp neutrino flux is in excellent agreement, mainly due to the con-
straint on the luminosity and the same estimated cross section used. A small difference
is observed on pep flux, without consequence on the global predictioh for the different
detectors because of the small contribution of the reaction. The 10% difference on "Be
neutrino flux is compatible with the difference noticed on the temperature ($7Be pro-
portional to T®). Small differences are also noticed on neutrinos coming from the CNO
cycle but, once more the global effect on the different detectors is small: this difference
is easily explained by different reaction rates used (see (3], [4], [6]).

The largest difference is noticed on 8B neutrino prediction where difference of the
order of 30% is observed between Turck-Chiéze et al calculation and the two others
while the apparent agreement between Bahcall and Ulrich calculation and Sackman et
al one is in contradiction with the difference of 1.5% on central temperature. These
points have been attentively studied first by Turck-Chiéze (2] [13], then very recently
by A. Boothroyd ([14] and by Lopes and Turck-Chiéze [7]).



3. Understanding the neutrino prediction differences

The possibility of large differences in the predictions on 8B neutrino flux could be
understood by the fact that:

- the "Be(p,v)®B cross section is not well established;

- the 8B neutrino flux is extremely dependent of the temperature (see above),

- there is no constraint coming from the present solar luminosity, on the pplIII chain;

- As it appeared in table 4, the uncertainty on opacity coefficients has a large impact
on the 8B neutrino flux. So, we have noticed that subtle differences in the different
calculations have large influence on high energy neutrino fluxes without subtantial ones
on the structure of the Sun or on the helioseismological variables. The conclusions
are the following: a small difference in composition may have noticeable impact on
the opacity coefficients calculations even if the different authors use the Los Alamos
library (in the central part, nearly 40% of this coefficient comes from heavy elements
and 20% from iron). Added to this point, small errors were still existing: small spurious
enhancement due to the treatment of CNO modification of the opacity coefficients in
the central part in Bahcall and Ulrich estimate, small artificial underestimate of the
electron collective effect in the Turck-Chiéze et al one (following the too crude estimate
[15]) without double counting [7]. All these differences may explain the 0.7 % difference
in temperature and the consequent 13 % difference in the B neutrino flux.

- a small difference in the (3He,® He) reaction rate due a correction of electron
screening in the laboratory experiment may explain less than 1 % underestimate of the
Sackman et al and Turck-Chiéze et al 8B neutrino flux.

- Turck-Chiéze et al do not use the same prescription for the "Be(p, ) cross section.
In view of the crude theoretical extrapolation of Tombrello, they use a more complete
calculation of Barker which leads to a decrease of 15% on 8B neutrino flux (see detailed
discussion in [8]).

- finally A. Boothroyd discovered a more subtle difference which is first the different
treatment of screening in the solar plasma (weak treatment in Bahcall and Ulrich and
Sackman et al calculations following Salpeter [16] and intermediate treatment in Turck-
Chieze et al following Graboske et al [17]). This leads to a 12% enhancement of the
8B neutrino flux in these two first calculations (see table 5). This kind of correction
was also used by error in the case of electron capture rate on ?Be in the Sackman et al
calculation leading to an artificial increase of 15% on @B and consequently explaining
the artificial agreement between Bahcall and Ulrich and Sackman et al predictions.

These differences, when explained, show clearly the amplification of some rather
subtle effects and point out the improvements needed in the classical framework of
stellar evolution for performing precise neutrino predictions: precise determination of
the initial composition, the importance of the determination of the 7 Be(p, )% B for solar
high energy neutrinos detection, importance of a correct treatment of screening at the
nuclear reaction level. The importance of such effect was previously pointed out also
for the opacity [18], and for the equation of state [19].

The errors discussed in table 4 and included in table 2 for Turck-Chiéze et al solar
calculation are supposed to point out the main sources of uncertainties to encourage
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improvements. In the case of gallium prediction there is not an identified source of
uncertainty which would dominate the others. For the other detectors, the main ac-
tors seem: pp reaction rate (see next section), the "Be(p,) experimental cross: 15 %
unaccurate due to the fact we add experiments performed in very different conditions
and for which the theoretical extrapolation and the screening effect is not still so clear,
the opacity coefficients for which the error is partly due to the calculation, partly due
to the variation of the composition still possible. We do not discuss here the error on
screening factor which may be not negligeable for nuclei with Z greater or equal to 4.

4. The implications of recent improvements on solar neutrino predictions

Recently, noticeable improvements appear in the litterature. They concern, first,
the most abundant elements: spatial infrared measurements have improved the deter-
mination of the CNO abundances: C/H= 3.98 10~ (increase of 10%), N/H= 1. 10~*
(decrease of 10 %) , O/H= 7.24 10~* (decrease of 15 %) in fraction number. Reduc-
tion of the order of 10 % of the opacity coeflicients may be estimated. The consequent
influence on neutrino flux is not yet studied and must be analyzed taking into account
the microscopic diffusion.We have studied another composition effect which is the rees-
timation of the photospheric iron. In 1989, Anders and Grevesse had pointed out the
discrepancy of 30% between the photospheric value and the meteoritic one obtained
with a detection of neutral iron (5% of the total iron). The consequences on neutrino
fluxes had been examined by Courtaud et al [12]. This measurement has been reex-
amined and completed with a determination coming from ionized iron. The conclusion
seems to lead to an agreement with the lower meteoritic one: Fe/X = 3.24 10~° [21],
[22). Following table 5, this leads to a decrease of 15 % of the 8B flux.

The pp reaction has been reestimated. Gould and Guessoum propose an astrophys-
ical factor S(0) = 4.21 107'%keV - b corresponding to an increase of 2.2 % [23].

A more precise (3He,? He) astrophysical factor of 5.24 MeV.b is proposed due to a
proper laboratory screening correction [20].

Concerning "Be(p,v)®B cross section the theoretical extrapolation has been recal-
culated by Johnson et al [24] who confirm the estimate of Barker but recommend to
use only low energy cross section measurements. Due to systematic error between the
two experiments concerned, we consider that the error is still large (15%) and largely
contribute to the error on 8B neutrino flux. We have adopted the new astrophysical
factor of 0.0225 keV.b.

The absorption chlorine cross section has been reestimated, following a beta exper-
iment, which is an improvement in comparison with the p,n estimate. This leads to an
increase of 3% of the absorption chlorine cross section with a reduced error which is
now only 3% [25].

With all these new improvements, we have recalculated new solar reference models
which are summarized in table 5. Even if the intermediate screening is justified for
the central solar conditions, some surprising behaviour of the prescription [17] may in
fact favour the Salpeter prescription [16] (see [7] for details on this point and the other
microscopic behaviours).

As was shown by Pinsonneault (see corresponding talk), some other estimate of the
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pp reaction, differing from Gould and Guessoum by the calculation of the matrix ele-
ment (5%), has been done by Carlson et al [26]. In fact in these two recent calculations,
they mainly concentrate on meson exchange currents and radiative correction but such
unconsistency on the central part of the calculation let a confusion at a level of 0.5 SNU
in chlorine experiment (see table 5). Moreover, the introduction of Livermore opacity
coefficients [27] also increases the estimates by no far from 1 SNU for the chlorine exper-
iment and 8% for the Kamiokande experiment. This effect could yet be compensated
by the decrease of the opacity due to the CNO reestimate. It is why we have not yet
introduced such opacity coefficients variations.

IS, GG pp | WS GG pp [ WS Cpp
Fejow Feow Fejow
Tc (108K) 15.33 15.33 15.41
pc (g/ cm®) 142.8 142.8 1443
Yinitial 0.2664 0.2664 0.2661
® pp(10°cm—25-1) 6.08 6.05 6.02
® pep(108cm=25-1) 1.30 1.30 1.37
® "Be (10%cm~2571) 3.91 4.08 4.37
@ 8 B(106cm=25~1) 3.51 4.28 4.59
& 13N (108cm~2571) 2.98 3.40 3.73
@ %0 (10%cm—2571) 2.37 2.82 3.17
chlorine detector 5.22SNU | 587 SNU [ 6.60 SNU
water detector (105cm=2s~1) 3.51 4.28 4.59
gallium detector 116 SNU 119 SNU | 123 SNU

Table 5: Evolution of the different predictions for low value of iron and Los Alamos opacity
in case of intermediate (Graboske et al: IS) or weak (Salpeter: WS) screening and for the two
reaction rates of pp (Gould and Guessoum: GGpp) and Carlson et al (Cpp). In the last column
we have also considered a low value S(0) = 5 MeV.b for (He3 He).

So, the predictions for chlorine and Kamiokande are still fluctuating by 15- 20 %
for very different and independent reasons; and a reasonable range of possibility would
be 5.4- 7.6 SNU for chlorine and 3.7 to 5.5 105cm=2s~! for 8B neutrino flux, including
Livermore opacity improvements and large uncertainty of "Be(p,v) cross section.The
gallium prediction is really more stable at a level of 5% (118- 128 SNU). Let us remark
that the lower gallium prediction in comparison with the previous values ([4]) comes
mainly from the modification of the nuclear reaction rates of the CNO cycle.

5. Beyond the classical framework

Normally, as was expressed in the introduction, there is no reason to stop the cal-
culation at this point. In fact, more and more precise measurements on the Sun or
on other stars demonstrate that several processes are not yet included in the classical
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framework of stellar evolution. Their consequences on central conditions are extremely
difficult to estimate. It is not the place here to do a review on this very active field.
I would like only to summarize the present ideas and illustrate the constraints given
by the helioseismology. In this aim, figure 1 proposes a comparison between the radial
profile of the sound speed deduced from the observation of acoustic modes with that
calculated from a reference model or from a more sophisticated model of the Sun.

If one would like to quantify other phenomena, one sees the necessity to express as
correctly as possible the first step which is the result of the classical stellar evolution
framework. Figure la illustrates the squared difference between a typical reference
model (7] and the "real” solar sound speed deduced by Christensen Dalsgaard. The
difference is surprisingly small and partly understood in the vicinity of the basis of the
convection zone. Nevertheless, it seems (the error in this part is still rather large), that
the central part is not yet well under control. So, let us summarize the different idea
already explored.

From the observation of photospheric lithium, one is convinced that present lithium
is about 1% the value normally estimated in the classical framework. Lithium burns
at rather low temperature : 2.4 10 K but without diffusion processes one cannot
modify the photospheric value from the beginning of the solar life because the convective
external part is too thin. Of course it could be possible to introduce an ad hoc parameter
to reconciliate the observation but what is interesting is to understand the origin of such
observation to be able to follow the time dependence of such phenomena in order to
reproduce the observations for different stellar ages and masses. From an extensive
analysis of a large amount of data, no definite conclusion is still found. People thinks
that microscopic diffusion is part of the explanation: in the study of such process, one
tries to determine the gravitational settling of the different species. Such process has
been estimated for the Sun but to reconciliate the solar observation and the observation
of the stars classified Am, one should not forgotten to consider the fact that such a
process may be inhibited by turbulence. This turbulence would be due to differential
rotation in the stellar interior. This phenomenon has been largely studied in the case
of the Sun and helioseismology provides us a determination of the differential rotation
from the surface down to 0.4 R ®. During a long time, one has thought that instabilities
generated by the differential rotation could explain together mixing near the basis of
the convective zone and in the center, leading to a small observed neutrino flux. In
reality, one has shown that turbulence would be certainly inhibited in the central region
due to the presence of a composition gradient and one has been convinced by the
sound speed behaviour that only small mixing could be perhaps compatible with the
helioseismological data (figure 1b).

One begins also to study the influence of the formation of the Sun or the effect
of mass loss, but one is pratically convinced that this early phase does not largely
influenced the present time. Large initial mass loss is ruled out [29] (figure 1b).

The effect of cosmions has been studied to find a solution to the neutrino prob-
lem, but definitely this hypothetical particle does not seem finally to explain all the
observations [31](figure 1c).

Any study of such extra phenomena has shown us that all the plausible effects
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must have few consequence on the solar structure, and very often less than we thought
previously.

Now the present orientation would be to take into account the presence of acoustic
and gravity waves and their consequences on the different species or on the solar struc-
ture. This is a very difficult task which couples dynamical time scale and evolutionary
time scale. We are not in a situation to deduce from such studies a quantitative modi-
fication of the corresponding neutrino fluxes. The only possibility nowadays is to build
different ad hoc models consistent with the sound speed behaviour (as shown in figures
1b,c) and examine the consequences on the structure. A more interesting way is to es-
timate directly from the helioseismological data, information on the internal structure.
There is not yet a consensus on this point but presently, people believes that only a
modification smaller than 30 % in the high energy neutrino fluxes would be compatible
with helioseismology [28].

It is only in this context that we may consider that a comparison between observed
solar neutrino fluxes and classical theoretical predictions may be reasonably done as a
first step with a precision of may be 30 %. In reality, the sensitivity to the extreme
interior of the acoustic modes already detected, is not sufficiently large to be more
precise. If a 10 % variation of the temperature seems practically excluded, 1 or 2 %
variation is extremely difficult to check [32].

6. What is perhaps established?

I have tried to show that solar modelling is always a very active field due to a lot of
improvements in the observations, experiments and calculations and due to the stress
of incoming experiments. Present uncertainties, in the classical framework, have been
identified and improvements have been already obtained in the carbon, nitrogen, oxygen,
iron abundances, the theoretical extrapolation of ?Be(p, v)®B cross section, the opacity
calculations, the determination of the absorption cross section on chlorine. The situation
of the pp reaction is surprising and slightly confused, as it seems that the corrections are
better understood than the spin matrix element, this point could certainly be clarified
very soon. One hopes that the 7Be(p,v)8B cross section will be remeasured to reduce
the error on the classical #B prediction neutrino flux. The importance of introducing
correctly the effect of screening at different levels of the calculation is now evident for
all the astrophysical community but of course a comparable plasma is not yet easy to
interpret in the laboratory with laser experiments and definitive prescription is not yet
achieved.

From the recent improvements, new solar predictions have been proposed in section
4. Several effects: pp reaction rate, ”Be(p, 7)® B astrophysical factor, opacity coefficients
could yet individually modify the 8B prediction by 15-20 %. Instead large efforts have
been done to clearly identify the most important sources of uncertainties, the accuracy
of the predictions is not sensibly improved yet and the predictions not significantly
modified, but due the well identified ambiguous points, the accuracy could progress
rather soon. Statistically, as independent effects, important changes may cancel each
other but this is not always the case and consequently an astrophysical explanation to
the discrepancy between experiment and predictions for the detection of high energy
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neutrino may not be ruled out. However the situationis rather different for p p neutrinos,
and it is extremely difficult to reconciliate the solar prediction on gallium with the SAGE
results and one waits for an increase of statistics and GALLEX result before definitive
conclusion. If the gallium experiments lead to a capture rate smaller than 70-80 SNU,
one would orientate the efforts on the neutrino properties, if not neutrino detections
will help in the understanding of the central properties of the stars with an extreme
accuracy. In any case, these active researches are justified by the improvements in the
understanding of such important laboratory which is the Sun and its consequences on
particle physics and astrophysics.

This work has been done with Ilidio LOPES and will be largely comment in (8] and
detailed in [7]. We would like to thank A. Boothroyd, J. Christensen - Dalsgaard, J.
Provost and C. Lagrange for fruitful discussions.
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Abstract

The current status of the predicted neutrino fluxes from solar models is examined.
We first examine the consistency of the predicted predicted neutrino fluxes from different
stellar evolution codes with the same input physics; excellent agreement is found between 4
different codes. We then discuss the impact of recent changes in astrophysical opacities
and the mixture of heavy elements in the Sun; the increase in the neutrino fluxes caused by
increased opacity is largely balanced by the decrease caused by a lowering of the solar iron
abundance. The effect of helium diffusion on solar models is investigated, and a deepening
of the solar surface convection zone and a modest increase in the predicted neutrino fluxes
are found. The current best solar model is found to be in very good agreement with solar
properties inferred from helioseismology, including the depth of the solar surface
convection zone; any effects not included in standard solar models are therefore unlikely to
affect the properties of the outer layers of the Sun. The errors in the neutrino fluxes for the
solar model are discussed; the best solar model predicts neutrino fluxes of 8.0+3.0 SNU

for the chlorine experiment and 131.5?’3 SNU for the gallium experiment.
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1. Introduction

The observeddeficit of solar neutrinosrelative to the predictions of solar models is an
important clue that either the models are in significant error or our understanding of
neutrino physics needs to be modified. I will concentrate on the robustness of the solar
models in this review. There are two basic sources of uncertainty in the predicted solar
neutrino fluxes. Either the ingredients of the standard solar model itself could be incorrect,
or some of the physical effects not usually included in the models could be important. I
will begin by listing the ingredients of a standard solar model and comparing the agreement
between solar models constructed by different investigators using the same input physics
(82). Ithen discuss both recent changes in the standard solar model itself (§3) and the
impact of a physical effect, namely helium diffusion, which is neglected in most solar
model calculations (§4). The errors are discussed in §5, and the results are summarized in
§6. The work reported here is discussed in more detail in a review paper by Bahcall and
Pinsonneault!), and is based on a joint research effort.

2. Standard Solar Models : Ingredients and Consistency.

Before addressing changes in the solar models, it is necessary to define a “standard” solar
model. The initial mass and composition of the Sun must be specified, and the model is
then evolved from an initially homogeneous state by solving the equations of stellar
structure. A calibrated solar model must reproduce the solar luminosity and radius at the
solar age; in practice, this calibration is achieved by adjusting the initial (unknown) helium
abundance to reproduce the solar luminosity and the efficiency of convection in the outer
layers to reproduce the solar radius. Solving the equations of stellar structure requires
knowledge of an equation of state, the efficiency of convective energy transport in the outer
layers, and the correct nuclear reaction rates; in addition, the results depend sensitively on

the initial solar composition and the opacity of matter to radiation. The latter two are
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particularly important for the neutrino fluxes, and have been recently changed; I will
discuss the impact of these changes in the next section. For a discussion of the status of
the nuclear reaction rates, see the paper by Turck-Chiéze?) in these proceedings.

Given the range of published neutrino fluxes, it is worth investigating how well
different authors can reproduce the same neutrino fluxes for the same input physics in the
context of a standard solar model. We have therefore systematically changed the input
physics for the Yale stellar evolution code, to compare with the neutrino fluxes of Bahcall
and Ulrich 3). We find that the neutrino fluxes of the two codes, for the same input
physics, agree to within 0.1 SNU for the chlorine experiment; a similar level of agreement
is present for the solar model of Sienkiewicz et al. 4). Although the fluxes reported by
Turck-Chigze et al. appear significantly lower5), these lower fluxes are caused by
differences in input physics; applying the published partial derivatives of the fluxes with
respect to the relative changes in input physics yields a total neutrino flux within 0.1-0.2
SNU of the other results. This excellent agreement, between independently constructed
evolution codes built for different purposes, is encouraging and indicates that relative
changes in fluxes from carefully calibrated models can be reliably extrapolated to other
solar models.

3. Recent Improvements in the Standard Solar Model : Abundances and
Opacities.

It is important to ensure that any change in the solar models is consistent with other
astrophysical constraints, given the possibility that neutrino physics, rather than the
models, is responsible for the solar neutrino problem. The observed non-radial oscillations
of the Sun®)-7) provide a particularly strong constraint on non-standard solar models. The
frequencies of these “p-mode” oscillations provide a measure of the speed of sound in the

solar interior, and even provide a measure of the depth of the solar surface convection
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zone8). Although the p-modes are primarily sensitive to the properties of the outer layers,
discrepancies between the observed and theoretical frequencies may nonetheless provide
evidence for changes in the solar models which may affect the properties of deeper layers -
and thus by extension the observed neutrino fluxes. It is therefore significant that recent
improvements in the input physics for solar models provide good agreement between the
theoretical and observed p-mode frequencies?).

The net effect of all the changes in the standard solar models other than those in the
initial solar composition, opacities are relatively modest, and can be gauged by comparing
the fluxes in the first line of Table 1 below with those of Bahcall and Ulrich. There are two
independent sources for the initial solar composition : the relative abundances of heavy
elements in meteorites and the solar photosphere. Agreement between the two techniques
is in general good10)-11), with the notable (and important!) exception of iron, which is a
significant opacity source in the Sun. The best estimate for the photospheric iron
abundance has, until recently, been higher than the meteoritic value; however, this
discrepancy has recently be resolved and the best current estimate for the photospheric iron
has been reduced to the meteoritic value!?). A lower iron abundance reduces the opacity at
a given temperature and density, and thus reduces the predicted neutrino fluxes (see table
below).

However, the opacity for a given composition, temperature, and density has
recently beenrevised, in the sense of a small increase. Until recently, astrophysical
opacities have been based on calculations performed at Los Alamos!3). A group at
Lawrence Livermore National Laboratory, led by Rogers and Iglesias, have produced an
independent set of calculations which consider more absorption lines and use a more
sophisticated quantum mechanical treatment 14). These opacities increase the predicted

depth of the surface convection zone to near the value inferred from helioseismology9), and
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alsoresolve astrophysical problems in other contexts. As a result, they should be adopted
in preference to the older calculations; using these “OPAL” opacities produces an increase

in the expected neutrino fluxes (Table 1).

Table 1
The first column is the opacity source (LANL for Los Alamos, OPAL for Livermore). The
second is the assumed mixture of heavy elements (Grevesse 1984 for high iron, Anders-
Grevesse 1989 for low iron). The third, fourth, and fifth are the predicted B8 flux,
chlorine SNU rate, and gallium SNU rate respectively.

Opacity Source  Mixture 0(B3) CI(SNU) Ga(SNU)

LANL Grevesse(1984) 5.10 7.3 128

LANL Anders and 4.47 6.4 124
Grevesse(1989)

OPAL Grevesse(1984) 5.97 8.4 134

OPAL Anders and 5.06 7.2 127.5
Grevesse(1989)

Although it is possible to obtain relatively low neutrino fluxes by lowering the iron, the net
effect on the neutrino fluxes is minimal because of the compensating effect of the increased
opacity.

4. Helium Diffusion in Solar Models.

Heavy elements sink relative to hydrogen by gravitational settling and thermal diffusion!9).
Among major elements, this process is most rapid for helium!6); because helium is also the
most abundant heavy element, its diffusion is also the most important. We model helium
diffusion using the method of Bahcall and Loeb!?). Although helium diffusion is a long
timescale process (t ~ 1013 yr for the solar core), the diffusion of helium into the core
increases the central mean molecular weight and temperature enough to cause a modest rise
in the expected neutrino fluxes. In addition, the timescale for helium diffusion is shorterin
the envelope than in the corel6), which leads to an increase in the hydrogen abundance at

the surface. The smaller surface helium abundance causes a decrease in the radius of the
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base of the solar model surface convection zone from 0.721 to 0.709 of the total radius.
These values for the depth of the convection zone bracket the best estimate of 0.713+0.003
obtained from helioseismology8). The change in the surface hydrogen abundance from its
initial value also affects our estimate for the total metal content of the Sun because the
abundances of elements heavier than helium are estimated relative to hydrogen, and it is
usually assumed in stellar models that the surface hydrogen abundance does not change
during the stellar lifetime. Therefore, in models with helium diffusion the “true” initial
heavy element abundances are higher than the amount expected if the surface hydrogen
abundance of the present-day Sun equalled the initial hydrogen abundance. A higher metal
abundance increases the total neutrino flux; in fact, this effect roughly doubles the change
in the neutrino flux obtained solely from the direct effect of helium diffusion in the solar
core. The neteffectis a 12% increase in the predicted B8 neutrino flux and an 11%
increase in the SNU rate for the chlorine experiment. Because inhibiting effects, such as
rotational mixing, could reduce this effect the solar neutrino fluxes should lie somewhere
between the solar models with and without helium diffusion.
5. Errors.
The impact of changes in solar model ingredients on the neutrino fluxes can be gauged by
taking the partial derivatives of the different fluxes with respect to theinput physics
(opacities, mixture, nuclear reaction rates, etc.) and multiplying by the estimated errors in
these quantities. The hard part, of course, is determining what the errors are. For the
nuclear reaction cross-sections, the experimental errors can be used. However, the
opacities and total solar metal abundance (Z) have a substantial impact on the neutrino
fluxes and their errors are more difficult to quantify.

For the total solar Z, the published error estimatell) is +5% (10); this is comparable

to the 19% error (30) adopted by Bahcall and Ulrich, which we retain. We note that both



the meteoritic and photospheric abundances would have to be in error (in the same sense)
to cause a substantial change in the total Z. The opacities used in stellar models are the
result of complex quantum mechanical computer calculations, whose accuracy depends on
the assumptions taken in creating them. Although large differences have been obtained for
low temperature opacities, the new OPAL calculations differ from the earlier LANL
opacities by ~2% for solar core conditions; we adopt this as an estimate for the total error.
Because it is easier to neglect an opacity source than to overestimate one, a substantial
reduction in the opacity (which would reduce the neutrino fluxes) is unlikely. Further
small increases, however, are conceivable. The sum of all the individual error contributors
in quadrature yields a total 36 error of 3.0 SNU for the chlorine experiment, 21 SNU for
the gallium experiment, and 43% of the B3 flux

6. Summary.

The challenge posed by solar observations has stimulated considerable progress on
theinput physics for solar and stellar models. Inthecase of helioseismology, the new
physics has produced significant improvement in the agreement with observations. For the
solar neutrino problem, however, all of the various effects have left us almost in the same
place where we began; our current best solar model has a predicted chlorine rate of 8.0+3.0
SNU, compared with7.9£2.6 SNU for Bahcall and Ulrich in 1988. This indicates that
there is no systematic trend towards small predicted fluxes as the input physics improves;
furthermore, we have verified that different stellar evolution codes give the same neutrino
fluxes for the same input physics, indicating that the relative effects of the different changes
we have looked at are generally applicable.

The upcoming generation of neutrino experiments will tell us definitively whether
the solar neutrino problem is in the solar model or in the neutrino physics. If the solar

model is the source of the solar neutrino problem the answer probably lies not in the
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ingredients within the standard solarmodel but in the effects it neglects. However, any
acceptable additional input physics must not destroy the current agreement between other
solar and stellar observations and the current generation of models. Work on quantifying
the impact of such “non-standard” effects is important, and may ultimately lead to an
expansion in the definition of what constitutes a standard stellar model. We have found
that helium diffusion, which is a physical effect not usually included in solar models, raises
the predicted neutrino fluxes by 11-12% for the Kamiokande and chlorine experiments. It
also deepens the solar surface convection zone, in better agreement with that inferred from
helioseismology.
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Abstract

For the sun to provide a useful laboratory for neutrino physics, we must be sure of the limits on
its possible structure that are set by observations. We must also be aware of the assumptions
upon which those limits depend. Thus, traditional, so-called standard solar models, which
depend on many ad hoc assumptions and much uncertain physics, provide only a theoretical
guide, albeit an extremely useful one. Helioseismic inversions, which seek constraints on the
basic structure subject solely to assuming hydrostatics, are therefore more reliable. However,
at present they are less robust, which is as one might expect if the set of possibilities have
fewer ad hoc limitations. Indeed, unless the tentative negative results from SAGE are accepted
as showing that the pp neutrino flux is significantly below theoretical expectation, one cannot
yet deduce that the sun provides compelling evidence that nuclear or particle physics, without
neutrino transitions, is truly inconsistent with observation.
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Introduction

The only direct apparent observational evidence that neutrino transitions take place is offered
by the deficiency of observed solar neutrinos with respect to the theoretical production rate.
Is that real evidence? From the astrophysical point of view, it can be so only if we are really
sure that the theoretical solar models faithfully represent the structure of the sun. If that were
the case, the astrophysicist could then conclude that the resolution of the inconsistency must
lie in nuclear or particle physics: either the thermonuclear reactions generating the thermal
energy and producing the neutrinos have been misrepresented, or neutrinos are not massless,
and transitions, such as Mikheyev-Smirnov-Wolfenstein transitions, modify the flux of electron
neutrinos during their flight to Earth. Neutrino transitions are currently very fashionable, and
are providing amusement to many particle physicists in their quest for a ‘solution’ to the so-
called solar neutrino problem. Connoisseurs who take seriously the suggestion that the solar
neutrino flux measured at Homestake from capture by 37Cl is varying with time, possibly in
association with the solar cycle, are having even more fun modulating the flux of left-handed
neutrinos with helicity flipping by a varying magnetic field, the interactions being contrived in
such a way as to have also permitted neutrinos to have escaped from the core of Supernova
1987A.

It is my task here to discuss what we know about the internal structure of the sun, based on
a combination of observation and plausible physical reasoning. The purpose is to provide an
assessment of the degree to which a solar neutrino problem really exists. To what extent are
we really forced into contemplating neutrino oscillations or a modification to the physics of
thermonuclear reactions? How likely is it that the misunderstanding lies in the astrophysics?
We have had two discussions of the so-called standard theoretical models of the sun. Dr Turck-
Chieze has quite rightly pointed out that the models are certainly not standard, and nor is
the theory by which they are calculated, though the name seems to have stuck; her sobriquet
‘classical’ is perhaps more apt, the principal connotation presumably relating to the simplicity
of the theory and its acceptance by much of the establishment. But how reliable are the many
assumptions that are adopted by the classical theory, and how reliably do the theoretical models
incorporate those assumptions? Could a physically more plausible model be constructed that
is actually in better agreement with observation? Indeed, what are the constraints set by
observation? I shall spend most of my time addressing the last of these three questions, but
before doing so I shall first briefly remark here on the other two, and return to them, also quite
briefly, later.

Many of the assumptions of classical solar theory have been mentioned by the previous two
speakers. Broadly speaking, the idea is to adopt the simplest assumptions from a macroscopic
point of view, and then to compute models as accurately as possible using the best microscopic
physics. Thus one assumes the sun to have evolved spherically symmetrically from a chemically
homogeneous initial state for a time tg whose value, about 4.5 x 10%y, we believe we know. We
assume that, except in the outer 30 per cent by radius where the stratification is unstable to
convection, no motion takes place, and that there is neither segregation nor, in the chemically
inhomogeneous core, homogenization of chemical elements. What we have learned from the
previous two speakers is that even with such apparently simple assumptions there is considerable
diversity amongst the values of the neutrino fluxes that are predicted. Dr Turck-Chiéze and
her collaborators, for example, using somewhat different microphysics, such as the treatment
of electron screening in the thermonuclear reaction rates, and apparently taking more care
over the precision of the numerical solution of the governing differential equations, obtains a
rather lower value of the 8B neutrino flux than the widely quoted standard value of about 6 snu
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obtained by Bahcall and Ulrich?. Indeed, the total neutrino flux from the latest Saclay model
is hardly significantly at variance with the Kamiokande-II measurements. So is there really a
neutrino problem?

Dr Pinsonneault has mentioned the effect on theoretical neutrino fluxes of considering addi-
tional physical processes not normally taken into account in the classical models. Rotation, for
example, modifies the balance of forces and induces a slow circulatory flow which advects the
products of the nuclear reactions; both modify the reaction rates. Dr Pinsonneault has ignored
the latter, taking into account only the influence on hydrostatic balance of the centrifugal forces.
He finds that, for an assumed uniform angular velocity equal to the photospheric value at the
equator, namely 2.86 x 107651, the neutrino flux isreduced by 2 per cent. This is most surpris-
ing, because the value of the ratio of centrifugal to gravitational acceleration in the equatorial
plane is only A ~ 2.1 x 10~% at the photosphere, decreasing monotonically inwards to about
1.8 x 10~7 at the centre of the sun. Scaling arguments suggest that, despite the high tempera-
ture sensitivity of particularly the 8B neutrino production rate: €, & ((1 — X)/(1 + X))T?°®
per unit mass at fixed energy-generation rate e o« X2pT*, where X is hydrogen abundance, T
temperature and p density, the relative modification §F, /F, to the neutrino flux (as measured
by capture by 3’Cl) is only about +0.8) at fixed heavy-element abundance Z. The magnitude
of the modification is only 10~2 of Pinsonneault’s result. Moreover, the argument predicts an
increase rather than a decrease in F,. That this should not really be surprising can be appre-
ciated by recognizing that because centrifugal force opposes gravity, the influence of rotation
is roughly similar to decreasing the gravitational constant G, which, according to homology
scaling? increases F,. Owing to the sensitive dependence of the photon luminosity L on G, any
decrease in G must be offset by a correspondingly larger decrease in X (at fixed Z) to maintain
the radiative flux beneath the convection zone; p and T are therefore increased in the core to
maintain the rate of the nuclear energy generation, and consequently the "Be and ®B neutrino
fluxes rise. (At fixed Z/X, the increase is about 70 per cent of that at fixed Z.) Centrifugal
force acts preferentially in the outer layers of the star, and produces an even greater increase in
F,. 1t is only when the core rotates very rapidly compared with the rest of the star, so that the
direct relief of pressure locally permits a decrease in central temperature, that F, is decreased.
It is evident that if Dr Pinsonneault were to be correct, something would be severely amiss

i with the scaling arguments; and that would certainly need to be understood. If, on the other

hand, he were not, this issue would provide an illustration of a complicated numerical computer
programme to calculate theoretical solar models yielding misleading results. In either case it
upholds the general statement that reports of the properties of even neoclassical models cannot
unreservedly be trusted. With regard to the specific issue in question, stellar physicists must
welcome Dr Pinsonneault’s intention to check his calculations. Even though neither of us think
it likely that centrifugal force alone will directly influence F, significantly, to uncover an error
in the scaling arguments would reveal a serious flaw in our conception of stellar structure.

Another point that neither of the two previous speakers mentioned is that classical solar mod-
els are unstable. Therefore, they cannot accurately represent reality. The instability cannot
render the models wholly unrepresentative, however, because the theory has very successfully
reproduced a very large body of astronomical observations; it has provided us with a model
of much of the life-history of a wide range of stars. However, by just how much the nonlinear
development of the instability vitiates the predictions of relatively subtle properties such as the
solar neutrino flux is a matter of some dispute. There are suggestions in the literature that the
instability could lead to motion in the energy-generating core of such a nature as to reduce the
"Be and ®B neutrino fluxes to levels consistent with the 3’Cl and Kamiokande-II detection rates.
Thus one can certainly entertain the idea that models more plausible than the classical models
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might be in better agreement with observation. I should point out immediately, however, that
the major relevant difference between such models and the classical models is in the relatively
unimportant ppll and pplII branches of the proton-proton chain of nuclear reactions. The main
reactions are hardly modified. Therefore, if the suggestion from the Soviet-American Gallium
Experiment (SAGE) of a very low pp neutrino flux is verified, by GALLEX, for example, the
model I have just described would no longer agree with observation. Indeed, there would then
certainly be no plausible solar model that is both consistent with observation and which relies
on generally accepted nuclear physics with no neutrino ttansitions.

Let me return to the classical theory for another brief comment. It was emphasized by Dr
Pinsonneault that the strength of the classical theory lies not only in its ability to explain
observations of other stars, but also in its robustness. This is demonstrated particularly with
calibrations against the wealth of seismic data that are now available. Moreover, as the mi-
crophysics, such as the equation of state, is improved, so too is the propensity of the models
to fit the data. This is certainly an indication that in some respects the theory is on the right
track. Please note that , strictly speaking, the procedure should not be thought of merely as
one of introducing additional parameters that can be adjusted to fit one’s preconceptions (or
real data) more tightly. The strength of the argument lies in the fact that first one decides
what is an improvement, and only afterwards does one discover that the fit to observations
can be more successfully carried out. The fit does not become tighter with every improvement,
however. We have just been told that the latest improvement to the Yale model, that of taking
gravitational settling of helium into account, has led to a deterioration of the fit, which indicates
that the model has not yet been adequately honed. But the trend is clear. Of course, a cynic
might retort that the general trend does little more than exhibit the deficiencies of the earlier
models, and logically perhaps that is correct, though I regard is as hardly fair. The classical
models actually fit much of the seismic data very well indeed. But what does the residual misfit
tell us? Is it a product of some minor property of the model that is insignificant at least so far
as neutrino physics is concerned? Or is it a symptom of one of the more serious ad hoc tenets
of the classical theorists that unduly constrains the models not to reproduce conditions in the
solar core, yet, at the same time, assures their robustness?

Broadly speaking, solar physicists working on these problems can be divided into two camps.
In one, theoretical models are massaged in an attempt to bring their properties closer to ob-
servation. In the other, an attempt is made to characterize the class of structures that actually
do reproduce the observations within the suspected errors. Evidently, the failure of classical
models to reproduce the observations satisfactorily is an indication that the preducts of the
two camps do not yet overlap. In days before the seismic constraints, the objective was merely
to find a theoretical model that reproduces the low neutrino flux. But now that neutrino tran-
sitions are more widely entertained, that end is less commonly accepted as an objective. It is
evident that if the sun is to provide a testbed for neutrino physics, it is necessary for us really
to know what constraints the observations set on conditions where the neutrino flux is likely
to be influenced. To this end a very careful assessment from the second camp is absolutely
essential. That is a task for helioseismology.

What is helioseismology

The basic objective of helioseismology is to determine the structure of the sun by analysing its
spectrum of oscillation eigenfrequencies. The procedure is not unlike identifying the instruments
in a symphony orchestra. It is from the quality of the tones, which is determined principally by
the transient amplitudes and the deviations of the frequencies of the overtones from harmonics of
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their fundamentals, that one can recognize the difference between, say, an oboe and a clarinet:
the different constructions of their mouthpieces and their reeds and the differences in the
shapes of their bores make them quite easy to tell apart. In all cases, identification relies on
a combination of recognition and presumption. One recognizes a tone as being similar to one
that one has heard and identified before, and presumes this time that that tone is unlikely to
have been produced otherwise. Note that the recognition stage is essential: I am quite sure
that any physicist who had never seen a ’cello before, should such a person exist, would be
unable to draw a picture of the instrument after having experienced no more than the sound
of its being played, no matter how good his ear and his artistic talents. However, had he seen
and heard a violin before, he might have deduced that the ’cello is simply a larger version, and
of course he would be essentially correct. (Indeed, this latter example illustrates one of the
scaling techniques of the subject of asteroseismology, which is the seismological investigation
of the natures of stars other than the sun.)

It takes a connoisseur to hear the difference between a Stradivarius and a Guarnerius del Gesu.
The degree of sophistication required to do so is similar to that at which we are aiming for
the sun. The connoisseur’s technique must be formalized in mathematical terms, and applied
in essentially the same way. As such it is called an ‘inverse calculation’. When so translated
explicitly into our language, one then realizes that it is simply based on what one might call the
Principle of Scientific Arrogance, namely, that our prejudice cannot be very far from the truth.
That prejudice is typically based on what was the subject of the first two lectures: a classical
solar model or some slight deviant from it. One therefore looks in the vicinity of such a model
for a slightly adjusted representation whose eigenfrequencies correspond, within observational
error, to those of the sun. (We have not yet been able to use oscillation amplitudes as a
diagnostic because the processes that determine them are not understood well enough.)

An important point to realize now is that there are infinitely many placesin even a finite domain
of function space in which to search for an acceptable representation of the sun. Therefore,
even disregarding the leeway provided by uncertainty in the observations, with only a finite
amount of data one can never find the unique spot. The problem in hand is said to be ill-posed.
Headway is often made by one, or both, of two approaches. One of them is to constrain the task
yet further, by strengthening the guiding principle: the Strong Principle of Scientific Arrogance
is that one’s prejudice is as near to the truth as it possibly could be. Thus, one seeks that
representation of the structure of the sun that is as close as possible to a reference (possibly
classical) model and whose eigenfrequencies are acceptably close to the observations. This does
not yet specify the task uniquely, for it still remains for the investigator to define a measure
on the space in order to quantify proximity. This is usually represented as some combination
of a direct measure in the space of models and a measure in the space of eigenfrequencies.
Thus the helioseismologist is still afforded a substantial degree of flexibility in the manner by
which he can practise his art. The other procedure is to specify the region in function space
by some set of functionals on it, such as localized averages of the structure of the sun. I shall
show some later. These provide a smoothed representation of the structure of the sun which is
relatively easy to comprehend. (The raw frequencies themselves can be represented as averages
of the structure, but the weight functions are not simple enough for those averages to be readily
interpreted.) In practice, the latter procedure provides averages of the differences between the
structure of the sun and that of a reference theoretical model, obtained by linearization (with
possible iteration to take nonlinearities into account), so it too relies to some degree on the
Principle of Arrogance, but only in the weak form.

I should point out that there is another method based on an asymptotic representation of the
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modes which does not rely explicitly on a particular reference model. However, like the other
methods I have mentioned, it does restrict the function space within which a representation of
the solar structure is sought, by assuming the sun to satisfy the conditions under which the
asymptotic approximation is valid. Broadly speaking, asymptotic methods, when carried out
carefully enough, yield results that are consistent with the linearized perturbation methods.

Helioseismic inversion

Oscillations of the sun fall into basically two classes, called p modes and g modes. Modes of
the first kind are standing sound waves: they reside mainly where acoustic propagation is slow,
which is in the cooler outer regions of the sun. Thus, they are relatively easy to observe. The
g modes are internal gravity waves, the restoring force for which is buoyancy. (They are not
to be confused with gravitational waves, which propagate the curvature of space-time.) The g
modes of greatest interest are almost completely confined deep in the solar interior, and have
relatively small amplitudes at the surface. Thus they are very difficult to observe. Indeed, I
think it is true to say that no g mode has yet been convincingly observed and identified in the
sun.

The frequencies of the modes depend mainly on the structure of the sun in the regions where
their amplitudes are greatest. Some weighting functions are illustrated in Figure 1. Our
interest here is principally in the energy-generating core. Therefore, in principle, we would
be most interested in g modes. However, since we have no reliable data, we must work with
acoustic modes alone. My analogy with musical instruments is therefore perhaps closer than
one might have expected.

The amplitudes of all the observed solar oscillations are small. Therefore linear theory provides
an excellent description of the motion. Because at least the large-scale structure of the sun
does not change substantially over the period of an oscillation, the oscillation frequency w is
a well defined quantity, and the equation governing the spatial structure of the mode can be
written

£,V =0, ey
where £, is a linear elliptic differential operator in spatial coordinates x, depending on both w
and the structure S(x) of the sun, and ¥(x) is the amplitude of some wave-disturbance quantity.
Equation (1) must be solved subject to boundary conditions B on the surface S of the sun, which
determines possible values of w as eigenvalues. Of course, equation (1) is only an idealization of
reality. It is based on certain physical approximations, such as assuming adiabatic motion and
neglecting Reynolds stresses in the turbulent convection zone that occupies the outer 30 per
cent, by radius, of the sun. However, we believe that for most purposes it is adequate, or that
if it is not it provides a firm basis from which one can subsequently estimate small corrections.

With a knowledge of S one can solve equation (1) for eigenfunctions U; satisfying B to yield
the eigenfrequencies w;. The eigenfrequencies satisfy a variational principle of the form

2 _ K(S,¥)
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w

at fixed S, amongst all functions ¥ satisfying B, the stationary values of X/Z occur at the
eigenfunctions \0;, at which also w? takes the values w?. This is the so-called forward problem.

The inverse problem is to find S given w;. At this point the Principle of Arrogance is invoked to
justify a perturbation approach. The variational principle (2) provides a basis for linearization
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Figure 1. Components K,; of kernels K; for Figure 2. A selection of components A4, of
structure perturbations 8lnu where u = p/p, averaging kernels A defined by equation (6),
for a g mode of order n = 4 and degree | = constructed to be localized about various radii
2, (dashed line) and a p mode of order 7 and in such a way that the other component
degree 10 (continuous line). is everywhere small. Only kernels K; for p
modes that have been observed in the sun
were used.

about a reference model Sg with eigenfunctions Wo; and eigenfrequencies wo; for the presumed
small differences 6S == S — Sy, 6w? := w? — w2, where S and w; are the actual structure and
oscillation frequencies of the sun. Thus

= (8Ki — w8 [ Toi, (3)

where 6K; and 6Z; are linearized variations of K and Z for the mode (¥oi,wo;) resulting from
variations 8S, and Zy := Z(So,¥o:). In view of the stationary property of the ratio K/Z,
variations in ¥; do not contribute linearly to éw? and therefore the expression on the right-
hand side of equation (3) does not depend explicitly on the actual eigenfunctions of the sun; only
the eigenfunctions of the reference need be evaluated. Equation (3) may be usefully rewritten
in the form

= /v K;.68dV, (4)

the integral being over the volume V of the sun. The kernel K; depends on Sy and on the
eigenfunction Wo;.

The objective now is to estimate, or to provide easily comprehensible constraints on the possible
structures, §(x). Whatever the techniques employed, the details of which I shall not discuss
here, the outcome can be expressed as a set of averages

5S8(xo) := / A(x;X0).68dV = }:a, Xg)— ‘5“’2 (5)

Ol

where it is hoped that the averaging kernel

A(x;%o0) Za (%0)K(x; So, Yoi) (6)

is highly localized about a chosen point Xq. In some cases, in addition, an estimate of an example
of a function §S whose averages are 6S is also provided. In Figure 2 I illustrate some averaging -
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kernels A. That demonstrates how well the data can resolve structure. In this example, only
modes that have already been observed in the sun have been employed. Moreover, the present
uncertainty in the measured eigenfrequencies has also been assumed. Therefore, the resolution
is not as high as might be possible in the future. The kernels are for spherical averages of the sun,
so the independent variable is simply the normalized radius z := r/R, where R is the radius of
S. Magnetic field, rotation and other kinds of essentially steady internal motion are believed to
be small perturbations and can be treated separately. Here, the structure is represented simply
by the function u = p/p, p being pressure and p density, which is proportional to the square of
the sound speed. This is but one component of a two-component vector S necessary to specify
the hydrostatic stratification of the spherical averages. The averages have been constructed
such that the other component A, of A = (A,, A,) is everywhere small.

Before presenting results, I should make a further, very important point. The adiabatic eigen-
value equation (1) depends on S only via p(x), p(x) and the adiabatic compressibility factor
¥(x) = (Olnp/dln p),, the partial derivative being taken at constant specific entropy s and con-
stant chemical composition. The dynamics of the oscillations are described basically in terms
of material with inertia density p being accelerated by pressure gradients, the perturbation p’
to p being determined in terms of the perturbation p' to p in terms of 4. Therefore, so far as
the hydrostatic stratification is concerned, by seismological reasoning alone one can hope to
do no more than determine p(x), p(x) and ¥(x), and any other thermodynamic quantity that
depends on those three quantities only.

A second point worthy of mentioning is that in reducing S from a three-dimensional vector
function such as (p, p,7) to a vector in two dimensions, I have related p to p via the equation of
hydrostatic support. Since this equation is used also in the derivation of the linear eigenvalue
equation (1), this reduction introduces no new approximation. It does, however, emphasize
that hydrostatic balance has been explicitly used.

The purely seismic description of the solar interior is inadequate for studying nuclear reactions.
The hydrostatic stratification must be augmented by a knowledge of the temperature T'(x)
and the composition X(x), where X; is the abundance [i] by mass of a chemical element
identified by a label i. If X were known, then T can be determined from p and p from the
equation of state. One might estimate X with the minimal addition of new assumptions by
taking from the classical model just the assumptions: (i) that the values of the abundances
of the heavy elements (i.e. elements heavier than helium) take their usually adopted values,
except that the abundances of C, N and O have been redistributed amongst each other, at
constant [C]+[N]+[O], by the CNO cycle, and (ii) that the sun is in radiative energy balance
beneath the convection zone, and satisfies the usual energy-transport relations in the convection
zone. Together with the seismic determination of p,p and 7, this completely determines the
structure. However, it is evident that the additional nonseismic variables are less reliably
estimated, though, in principle, the model is a more reliable representation of the sun than the
classical model, because it depends on fewer untested assumptions.

Seismic determination of conditions in the solar interior

Because classical models appear to provide a good first-approximation to the structure of the
sun, I present the seismic inferences as relative deviations from a classical model. The reference
model I adopt is the central model of Gough and Novotny 3, chosen partly because its structure
has been computed accurately enough for it to be possible to obtain precise eigenfrequencies.
Its total heavy-element abundance Z is 0.02, and it was evolved to an age of tg = 4.60 x 10°y.
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The initial helium abundance is Yy = 0.2762; the present central values of u and p are 0.1536
Mm?2s~? and 148.2 g cm™ respectively.

The eigenfrequencies used for the inversion are a combination of modes observed in 1986 by
Libbrecht, Woodard and Kaufman®), which are of degree ! > 5. Basically they were obtained
from spatially resolved Doppler measurements, projected onto spherical harmonics of degree {
and order m, and then Fourier analysed in time. The m dependence of the frequency represents
degeneracy splitting by rotation and asphericity in the solar structure, which I shall not discuss
here. These data were supplemented by spatially unresolved measurements of modes with
1 < 3 by Elsworth et al.%); they are time-averaged frequencies that have been scaled to 1986 for
observed solar-cycle variation®), assuming that all the variation in the solar structure arises in
the photospheric layers, as indicated by Libbrecht and Woodard?.

The results of the inversion are illustrated in Figure 3. They are averages of fu/u and ép/p
weighted by kernels A such as those illustrated in Figure 2, the characteristic widths of which
are represented by the horizontal bars. The vertical bars represent + 1 standard error based
on the published estimates of the measurement error.

Discussion of the inversion

The most prominent feature of u/u illustrated in Figure 3 is the positive hump between
r =~ 0.25R and r ~ 0.7R, indicating that the sound speed in the sun is greater than that
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Figure 3. Averages éInu and 8Inp computed by D.O. Gough and A.G. Kosovichev representin,
relative differences between the structure of the sun and that of the central model of Gough ang

Novotny®. The continuous lines represent the corresponding differences between the standard
solar model and a model computed with the Livermore® opacity corrections.
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of the model, by nearly 1 per cent in places. (Recall that ¢> = ~yu; matter is essentially
fully ionized for r < 0.97R, and therefore v ~ 5/3 and 6c/c ~ 0.56u/u in the region under
discussion.) This has been known since the first sound-speed inversion that extended beneath
the convection zone®. Its cause was attributed to a 20 per cent error in the opacity in the
radiative interior at temperatures less than about 4 x 106K, which, broadly speaking, subsequent
opacity computations at Livermore® have confirmed. Thus we see an example of a helioseismic
measurement being used to make a microphysical inference. It is interesting to notice also in
Figure 3 that readjusting the opacity produces a superficially similar correction to c¢. Moreover,
it produces a density correction very roughly of the right shape. However, the computed opacity
corrections do not explain the entire discrepancy between the sun and the solar model.

What is of greater interest to this workshop is any deduction that can be made about conditions
in the reacting core. Recall that, according to the perfect gas law, u o« T/p, where p is the
mean molecular mass of the material. The perfect gas law is not satisfied exactly — electrons are
partially degenerate — but it does serve as an adequate guide to our thinking. Thus, the slight
reduction in ¢ in the core and the augmentation of p throughout much of the core, coupled with
the requirement that the density-weighted integral of the total thermal energy generation rate
€ o« X?pT* is unaltered, suggests that the minimal adjustment to X is quite small and that
therefore the 8B neutrino flux, in particular, which arises predominantly from the inner 5 per
cent or so by radius, is perhaps just slightly overestimated by the theoretical model. However,
I must emphasize that this conclusion is based on the assumption that the inner regions of
the sun are and always have been (since significant nuclear processing began) in a state of no
motion and in thermal balance.

Concluding remarks

The helioseismic evidence confirms that the distribution of density and sound-speed in the
reacting core of the sun is similar to that in classical solar models, though the inversions
illustrated in Figure 3 do indicate that a discrepancy remains even after the new opacity
calculations. Thus, it is not unlikely that the story told by Dr Turck-Chiéze is basically correct.
Classical predictions of the solar neutrino luminosity L, are somewhat greater than observation,
though the significance of the discrepancy I leave for you to judge. However, we do not actually
have measurements of temperature T' and hydrogen abundance X, so any inference about
nuclear reaction rates is necessarily model dependent. Let me conclude briefly by questioning
the models in two different ways.

Thefirst concerns X (r). I mentioned a minimal adjustment to reconcile the inversions, by which
I meant modifying the initial uniform abundance and assuming the profile to have evolved in
the classical way. But what if the initial abundance were not uniform? It has been suggested,
for example, that the very centre of the sun is devoid of hydrogen, being composed either of
heavy elements that formed an initially solid seed to attract gravitationally the rest of the
solar material at the time of the formation of the sun, or that at early times a phase change
caused helium to rain into the central core, displacing the hydrogen. Either hypothesis might
lead to a severe reduction in the 8B neutrino production rate, and a lesser reduction in the
production of "Be neutrinos, bringing the total luminosity L, more-or-less into agreement with
the Kamiokande-II and Homestake values.

The second concerns the nonlinear development of the instability I mentioned earlier in this
talk. That negates the classical assumption of no motion, and leads to spatial and temporal
perturbations which, as Roxburgh!® and Ghosal and Spiegel'!) have pointed out, might also
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reduce L, to within the observed limits; a simple pilot calculation has confirmed that view!?.

Finally, let me reiterate that macroscopic phenomena of this kind have no influence on pp neu-
trino production, provided the current thermal energy production rate is equal to the observed
photon luminosity. That equality too has been questioned'), in a proposal that the core is
currently, and atypically, out of thermal balance. Nevertheless, the balance is upset by only a
few per cent. Therefore, if it were to be confirmed that the low-energy pp neutrino flux is sub-
stantially lower than classical theoretical predictions, as the preliminary SAGE results suggest,
then one would be forced to conclude that classical nuclear or particle physics with massless
neutrinos must be revised. If, on the other hand, it is eventually found that the "'Ga capture
rate is about 110 snu, which is typical of models with motion in the core that reproduce the
neutrino flux measured by Kamiokande-II, then no serious revision will be demanded.
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Abstract

Thisisanintroduction to the helioseismological investigation of the solar interior. The equations
and the methods are briefly introduced. Acoustic p— mode frequencies obtained from the Saclay
Standard Model will be presented and compared with observation data.
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Introduction

The Observation of the five-minute oscillations in 1960 by Leighton [1], predicted by Ledoux
and Walraven in 1958 (2], has opened a new field of research in the study of the Solar Interior.
The object of Helioseismology is to make some deductions about the chemical composition and
physical mechanism acting in the interior of the Sun.

This new discipline enables us to study with more details one of the basic difficulties of
the standard model, the microphysics: the equation of state, the opacity and the nuclear en-
ergy generation rate. This motivates also the study of non standard mechanisms in the Solar
model. Among those we have some macrophysical processes like energy tranport, dynamics of
convection, convective overshoot, molecular diffusion, core mixing and magnetic fields.

In the first section we present the physical mechanisms of solar oscillations and the different
methods used in Helioseismology to study the structure of the Sun. In the last section, we will
discuss some results of the Standard Solar Model from the point of view of Helioseismology.

1 Adiabatic equations of solar Oscillations

The evolution of the Sun in the Main Sequence is determined by the nuclear network (p - p
chain, CNO cycle) with a typical time scale of about 10 years, which is larger than the
dynamical time scale (0.5h) associated to the non-radial oscillations observed in the Sun. This
condition allows to the linearisation of the hydrodynamic equations around an equilibrium state
( the Sun is spherical), where all the equilibrium quantities are functions of the radius only.

Oscillations of the Sun were interpreted as a superposition of eigenmodes. For a star without
magnetic field and without rotation a eigenmode of oscillation is described in terms of spherical
harmonics of degree [. For each [ the modes are distinguished by the radial eigenfunction, which
can be identified by the number of nodes in the radial direction defined as the radial order n.
The local vibrational property of the structure is characterized by the characteristic frequencies
of the equilibrium model, the Lamb frequency Fj, the Briint — Vdisdld frequency N and the
cut-off frequency we ( Figure 1 ). For high-frequency oscillations (w > Fj,w., N), the restoring
force is due mainly to the pressure and locally the oscillations present characteristics of acoustic
waves(P — modes). For low-ffequency oscillations (w < N,wc, F1), the restoring force is due
mainly to buoyancy, and the oscillations show characteristics of a gravity wave (G — modes).

A great adiabaticity is achieved locally to a high degree of accuracy, from the center to
the basis of the convective zone. For the more superficial layers and in the atmosphere as the
thermal time scale is of the order of the dynamical time scale, the adiabatic approximation
is not entirely correct to calculate the theoretical frequencies. The correction induced by the
nonadiabaticity in the adiabatic eigenfrequencies was estimated by Cox [6], who found that this
effect reduced the difference between observed frequencies and eigenfrequencies at the order of
34H z for the modes with 3 < { < 10 and 3mH 2 < v < 4mH z, and is negligeable for the modes
with v < 3mHz.

In the calculation of solar oscillation frequencies we also ignored magnetic field, detailed
atmospheric behaviours, dynamical effects of convection and excitation mechanisms which may
change the adiabatic frequencies of several uHz.

1.1 Asymptotic methods

Different asymptotic theories have been used to study the solution of the linear adiabatic wave
equations, and to understand the main properties of the waves and their physical mechanisms.

To put in evidence the physical properties of the p-mode oscillations we have reduced the
wave-equation of linear adiabatic oscillations. If we consider the Cowling approximation (5],
which is valid for the high degree or high radial order modes, the system of linear adiabatic
oscillations is reduced to a second-order differential equation.
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Figure 1 : Propagation diagram for the Present Sun (I = 5 and ! = 10,(10),100): the logarithms of
the characteristic frequencies and Acoustic Potential are plotted as a function of the radius.The Brint —
Vaissala frequency % by a 3 doted line, the Lamb frequency % by a I doted line , the Cut-off frequency
2& by a dashed line and Acoustic Potential by a continous line. To put in evidence the reflection zone
the scale between 0.9 and 1.0 has been multiplied by 40.

If we are only interested in the high order p —modes we can reduce the system to a Schréodinger
equation in quantum mechanics. If we use the approximation of Deubner and Gough [3] a mode
is defined as :

p1¢ V€= E(r,8,6) = Eulr)Vi™ (8, 6) expliwnt)
A mode of degree ! and radial order n, has a radial component £,(r) which satisfies the equation:
d2£nl(r)
dr?

where wy; is the eigenfrequency of the model and the ®,;(r) is the Acoustic Potential cavity in
which the mode oscillates :

+ 271 = (M) = 0

N? d, 1 1 1 dinP dinp
o —w? 4 F1- 2y =¢? Ly (22 2 (-9 (2an” _ ]
alr) =2 + 0= 53 = 600 | ) - G| 47 (1- & [ -

The observed five — minute oscillations correspond to standing acoustic waves (p — modes).
For any particular wave, of degree ! and frequency wy, the guide is a spherical shell( Acoustic
cavity) whose boundaries depend on the Lamb frequency Fy = ¢(r)\/I{{ + 1)/r and the cut-off
frequency w.. At the surface, waves are reflected beneath the photosphere, where the density
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scale height H, = —(dinp/dr)~" is comparable with the wavelength. In the outer layers the wave
reflection is pratically independent of the degree and depends only on the frequency ( Figure 1).
The refraction of the wave initially propagating downward deflects it back towards the surface,
at the point where the local horizontal component of the speed of the wave is equal to the sound
speed (c(r¢) = rwn /(1 + 1)).

The modes of low degree (I < 4) are differently treated, and the last approach developed is
not valid in this case. For these modes, a second-order asymptotic analysis has been made in
the Cowling approximation by Tassoul [8] for modes with a sufficiently high number of radial
order. This method overcomes the difficulties related to the plane wave approach by carefully
treating the center as a singular point. It leads to two expressions for the p — mode frequencies,
the first-order and second-order separations. Second-order separation is approximately equal to:

Rg Ro 177
_ L (4+6) de dr _ dr
Avpige = Vng — Uno1t42 R —mVo Fra v = 2/ -
0
The first-order separation dv; = vn — V-1, = vo is expected to be approximately constant (high
radial order), and depends on the sound speed near the surface where the integrand provides
its large contribution. This frequency spacing has been used to identify the different modes of
oscillation in the Sun and Solar type stars, and its value is 135.1 &+ 0.1¢H z. The second-order
spacing is most sensitive to the interior because its integrand r~!(dc/dr) increases with depth
(see Figure 3) [11).

1.2 Fonctional Analyses

Principles of Helioseismology can be obtained by regarding the linear adiabatic equations
of non-radial oscillations as an eigenvalue problem in a Hilbert Space [2]. The perturbated
variables, p’, p’, and ¢’ can be obtained by a linear operation of £, and £ [4] [5] which are the
solutions of the adiabatic equations with the boundary conditions, at the center and surface.
The eigenfrequencies can be seen as the eigenvalues of a Linear Operator in a Hilbert Space
defined with the scalar product:

Rg

€= [E EnE)+ 0 DaEREM 68 =lel? vee

[

where £ = (§,&) is the solution of the linear adiabatic wave equation. The eigen-
value problem can formally be written as Lqe€ = w2f, where L,y is a Linear
Operator (function of the equilibrium variables) in H with the domain D(L.g) =
{€=(&,6n) 16 — 1 — 0 for r— 0A6p(Rp)=0}. We can prove that the Operator
is Hermitian [5] in D(Lyq). Then follow immediately the two useful properties of Ly4:

2 (E7Lad£) § 2 _ (Ea‘SLudE)

Y TTED R
These two results establish the three complementary approaches for the study of the internal
structure of the Sun:
-The inverse problem in the asymptotic method, which tries to approach the thermodynam-
ical quantities from the data (asymptotic inversion of the sound speed [5)).
-The inverse problem in the Geophysical method, which tries to approach the thermodynam-
ical quantities from the data using a reference model (determination of the density [5]).
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- The forward problem, which directly compares the measured and calculated quantities and
consequently examines the effect of a physical modification, even if it does not guarantee the
uniqueness of the proposed solution. We will illustrate this approach in the next section.

2 Discussion of Results

In view of understanding the physics of the Solar interior, it is obvious the interest to compare
observed frequencies of the five-minute oscillations with theoretical frequencies of representative
models of the present Sun. We have calculated adiabatic p— mode frequencies from our reference
solar model. The observations were reported by Libbrecht, Woodword and Kaufman (1990) [14].
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Figure 2 : Scaled Frequency differences between observed frequencies of solar oscillation from the
compilation by Libbrecht, Woodard and Kaufman(1990) and theoretical frequencies of Solar Standard
Model for selected values of I. Points correponding to a given value of [ have been connected, according to
the following convention: { = 0—3(doted line),l = 4,5, 10, 20, 30( continous line), | = 40, 50, 70, 100( dashed
line), | = 150, 200, 300,400(/ doted line) and ! = 500, 600, 700, 800, 900, 1000 (3 doted line).

Our standard model [13] was computed with approximately 300 spatial meshpoints, 26 or
27 time steps between the Zero Age Main Sequency and the present Sun. Updated model
presented here used the Los Alamos Opacity tables, the Vardya Equation of State, the low
recent measurement of iron and the intermediate screening for the reaction rates (see [11] [12]
for discussion of the influence of the microphysics). The model, is calibrated to have at the Solar
age (4.54 10%years) the Solar radius (assumed 6.9599 10!°cm) and the Solar luminosity (3.846
1033ergs sec™!) by adjusting the mixing length parameter a(= 2.1456) and the initial helium
abundance Y,(= 0.2664). In the calibration a relative error in surface radius and luminosity of
less than 10~ was required.

We calculate the theoretical frequencies (variational method) (7] in the adiabatic aproxima-
tion using a relaxation method to solve the system of adiabatic non-radial oscillations with the
condition of regularity at the center and an isothermal atmosphere at the surface (9] [5). The
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errors in the computed frequencies arise partly from errors in the equilibrium model, partly
from the errors in the calculation of the frequencies for a given model. What is important in an
helioseismic purpose is to avoid any discontinuity which may produce an enhancement in the
derivatives used. This could be the case at the bottom of the convective zone, in the treatment
of the equation of state and in the treatment of the opacity coefficients. Peculiar care and small
modifications have been introduced to avoid such effects.

Figure 2 shows the comparison of the theoretical predictions of acoustic modes with the
compilation of Libbrecht et al (1990)[14] for 1 = 0 to 1000, scaled by Qn;. The modes of high
degree penetrate less deeply than modes of low degree so they present a smaller inertia, and
hence their frequencies are more easier perturbated. To compensate this effect, those are scaled
by the ratio Qu = Eni/Eo(wni), where Ey is a dimensionless measure of kinetic energy of
the pulsation (dimensionless inertia ) and Eg(wny) is the extrapolation of dimensionless kinetic
energy for radial modes with the same frequency [7]. Then the scaled frequency Q,;6w, measures
the effect of the perturbation éLyq (real Sun — Solar model) which is localized in the region
where the mode is trapped.
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Figure 3 :Variation of the p — modes frequency splitting for consecutive radial order and pair of degrees
Avyo and Ava, as a function of the frequency. The observations from the Libbrecht et al. compilation[14]
(a),the observations of Toutain et al.[15](x ), the observations of Birmingham group([16](+) and the the-
oretical calculations of the Standard Model(o) are shown.

We notice a difference between theoretical frequencies and observations smaller than + 10
pHz which is largely greater than the experimental error (0.1 to 0.5 g Hz). This difference
translates part of our knowledge of the external layers of the Sun, part of what is not yet
understood in the Solar interior. The general trend is very similar to other results [10], the
small slope, independent of the degree of the modes, has been remarquely reduced by the
treatment of opacities from Los Alamos at the surface. Qne observes two groups of modes in
the scaled frequency differences (see [12]) which translate the imperfect behaviour of the sound
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speed at the basis of the convective zone. One group of modes do not penetrate the critical
region (r > 0.7Rg,l > 40), the other one is affected by this region (0 <! < 40). This difference
could be due to the treatment of opacities in the solar model. Nevertheless, a degradation of
this slope with the degree [ shows that the modelling of the atmosphere is not sufficiently well
treated. We consider that the uncertainty of our complete calculation is still of the order of
1-1.5 uHz, and mainly due to the accuracy of our solar modelling.

To better investigate the internal part, we consider the last expression of the section 1.1,
Avp,, and Avy 3 (8], which is the best representation to express the sensitivity to the very center.
In this case, the influence of the external layers is reduced to about 30 % of the integral and
consequently the influence of the most internal part is enhanced. Figure 3 shows the theoretical
predictions together with all the experimental results already obtained. Differences are of the
order of 1- 2 puHz. The rather good agreement between predictions and observations seems to
show that, even if the classical frame work of stellar evolution is certainly not the finality of the
calculation, the impact of extra phenomena must be relatively small [15].
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Abstract

We study the possibility that vacuum oscillations of the solar neutrinos are at the ori-
gin of the solar neutrino problem. The available data from the Homestake and Kamiokande
IT experiments are analyzed allowing for seasonal variations of the solar neutrino flux due
to the oscillations. We find that two-neutrino oscillations of the solar v, in vacuum allow
to reconcile the results of these experiments for 0.5 x 1071° eV? < Am? < 1.1 x 10710 eV?
and sin? 20 > 0.75.

* Presented by S.T. Petcov.
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If the existence of unconventional neutrino properties and/or interactions is at the
origin of the solar neutrino problem [1-5], as the current status of the problem suggests
(6], several physically rather different solutions are possible. The solar neutrinos, v, can
take part (together with the other flavour neutrinos v, and v,, for instance) in oscillations
in vacuum (7, 8], while propagating from the surface of the Sun to the Earth *. They can
undergo matter-enhanced transitions (oscillations) into neutrinos of a different type (or
types) while propagating from the central region of the Sun, where the solar neutrinos are
supposedly produced, to the surface of the Sun [9-12]. Furthermore, spin or spin-flavour
precession of the solar neutrinos v, can take place in the magnetic field of the Sun [13,
14] provided the electron neutrinos possess a sufficiently large magnetic dipole moment or
transition moment of the magnetic dipole type. The spin-flavour precession and the spin
precession of the solar v, can be resonantly enhanced by the solar matter [15, 16]. Finally,
the observed deficit of solar neutrinos can be caused by v, instability [17].

The vacuum oscillation and the matter-enhanced transition solutions of the solar
neutrino problem have been especially well studied [18-20]. As is well known, neutrino
oscillations can take place in vacuum if neutrinos possess non-zero and different masses
and non-trivial lepton mixing exists in vacuum [21]. As a rule, the solar neutrino data
are analyzed under the simplest assumption that solar neutrinos take part in two-neutrino
oscillations, which for concreteness we shall suppose to be of the type v, « v, or v, & v,,
v, being a sterile neutrino [21]. The two-neutrino vacuum oscillations are characterized by
two parameters: Am? = mg - mf > 0, mi,2 being the masses of two neutrinos v, 2 with
definite mass in vacuum, and 6, the lepton mixing angle in vacuum **. The oscillations of
interest (v, ++ v, or v, & v,) are possible in vacuum provided Am? # 0 and sin® 26 #0.

A rather thorough study of the possibility to explain the solar-neutrino observations
on the basis of the two-neutrino vacuum oscillation hypothesis was performed in ref. [18].
The data of the Cl-Ar experiment of Davis and collaborators (1] and those on the total
flux and spectrum of the solar *B neutrinos obtained by the Kamiokande II collaboration
[2] were used in the analysis done in ref. [18]. It was found, in particular, that the two-
neutrino oscillations in vacuum of the type v, « v,, provide a solution of the solar neutrino
problem approximately for

0.5x107" eV < Am?2 < 25 x 10~10 V2 (1)

and
sin? 20 > 0.7 (95%C.L.). (2)

For the values of Am? andsin® 20 satisfying (1) and (2), the probability of oscillations
of the solar pp, "Be and lower-energy fraction of the ®B neutrinos exhibit a strong periodic

* The fact that v, oscillations can lead to a ”deficit” of solar electron neutrinos detected
at the Earth's surface was pointed out in ref. [8] before the first data on the solar neutrino
flux were obtained, i.e., before the solar neutrino problem existed.

** For further details concerning the theory of neutrino oscillations in vacuum see refs.
(21).
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dependence on the Sun-Earth distance [21]. As a consequence, seasonal variations of the
indicated components of the solar v, flux should take place.

In the present note the data of the Cl-Ar and Kamiokande II solar neutrino experi-
ments are analyzed in terms of the two-neutrino vacuum oscillation hypothesis by taking
into account the possibility of seasonal variations of the different components of the solar
ve flux. The recent results of the Kamiokande II collaboration on the seasonal variations
of the solar neutrino flux [23] are used in our analysis. The indicated Kamiokande I-
I data were not available at the time when the previous analogous studies [18,19] were
performed, and the possible effects of seasonal variations were not taken into account in
obtaining constraints on the values of the parameters Am? and sin’ 20 in these studies.

In our analysis we have paid special attention to the change of the distance between
the Earth and the Sun, which is due to the ellipticity of the Earth’s orbit. Besides the
change of the overall neutrino flux with the distance R, like R~2, this leads to a change of
the solar neutrino survival probability:

P(t) = 1 — sin® 20 sin® [1r R(t)] s (3)

Here L, = 4mE/ Am? is the oscillation length in vacuum, and R(t) is the Sun-Earth
distance,

R(t) = Ry[1 — ecos(27r—1t;)], (4)

where Ry = 1.49 x 103 cm is the mean Sun-Earth distance, € = 0.0167 is the ellipticity of
the Earth’s orbit, ¢ is the corresponding time of the year at which the solar neutrino flux
is being measured, and T = 365 days. In order to evaluate the predicted signal (i.e., event
rate) in a solar neutrino detector for a given time interval [t;,%;] one has to compute the
following integral:

Qun = /”(EV)F(EV)p(Ev,AmzaSinz 20)dE,, (5)

where o(E,) is the cross-section for the neutrino reaction in the relevant solar neutrino
detector, F((E,) is the solar neutrino flux spectrum, and

B . 1 t2
P(E,,Am?,sin? 20) = (t2—il—) / P(t)dt. (6)
_ o

The theoretically predicted signal Q¢ is normalized to reproduce the event rates
derived on the basis of solar model calculations in ref. (4] or ref. [5]. For fixed Am? and
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sin? 20 we evaluate the corresponding value of @ for each run and then compute the x?
function

N . .
QZ - éz ?
Xz — j : ( th a,g p) , (7)
=1 4

where o; is the standard deviation of the experimental result for the i-th run. We then
compare the x? value computed in this way with the corresponding percentage point for
the x? distribution function for N degrees of freedom and determine whether, at the chosen
confidence level, the pair Am2-sin?26 can be rejected or not.

The results of the Homestake experiment are available for 84 runs (from run No. 18 to
run No. 106, except runs No. 23, 25, 26, 34, 93). The mean value of the 37 Ar production
rate and the beginning and end date of each run determining ¢; and ¢;, correspondingly,
are used as input in formula (6). The error bars are asymmetrical and do not allow
negative values of the 37 Ar production rate because of the chosen method for data handling,
which has been a matter of extensive discussion in the literature. In our analysis we
use symmetrical error bars, taking the larger of the two values for each particular run.
The predictions for the fluxes of the solar ®B, "Be, pep, *N and **0 neutrinos and the
corresponding 37Ar production rates are taken from ref. (4] and ref. [5). The allowed
regions of values of the parameters Am? and sin? 26 thus obtained at 90% C.L. are given
in fig. 1. The irregularities at sin?20 > 0.8 and Am? = (0.5-1.0) x 1072° eV? are due
to the “Be-neutrinos, which have a line spectrum and give a strongly time-dependent
contribution to the signal in the Cl-Ar experiment.

For the analysis of the Kamiokande II results we proceed in a similar way. First,
for the case of oscillations into active neutrinos, e.g. v,, we evaluate the theoretically
predicted signal as

Q. = / Goeel BV F(Eo) Py, 1, (E,)dE, + / 04, e(E)F(Ey)By 0 (E)AE,,  (8)

where o, (0,,) is the cross-section for the v, (v,) scattering off electrons, F(E, ) is the
solar neutrino flux spectrum and P,,_.,, (P,,—.,) is the survival (transition) probability
determined by eqs. (3) and (6). For the case of sterile neutrinos, i.e., neutrinos that do
not contribute at all to the signal in v.~€~ scattering experiments, the second term in (8)
is dropped. Next, for each pair of values of the parameters Am? and sin® 2 we compute
the corresponding x? values and determine the allowed regions of these parametersin the
standard way described above. In our analysis we have used slightly more detailed data
in the form of three-months averages of the data sample reported by the Kamiokande II
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collaboration [22] *. There are 13 points altogether, and the last point is a four-month
average from January to April 1990. The error bars are slightly asymmetric and we have
made our analysis with and without symmetrizing them. The results in both cases do
not differ substantially. Only ®B neutrinos, which have a continuous spectrum, contribute
to the signal in the Kamiokande II detector. Therefore the variations of the Earth-Sun
distance cannot produce drastic changes of the average signal rate in this detector. The
resulting allowed regions are givenin fig. 1 and fig. 2 for the cases of v, & v, and v, « v,
oscillations, respectively. We have not used in our analysis the results of the Kamiokande
II collaboration on the spectrum of electrons scattered by the solar ®B neutrinos. The
procedure of extraction of the relevant signal from the raw data is described in ref. [22].
It includes, in particular, a maximum likelihood analysis which relies on the prediction
for the spectrum of electrons resulting from the elastic scattering of the B neutrinos off
electrons.

The regions of values of the parameters Am? and sin” 26 allowed by both the Home-
stake and Kamiokande II data are given as shaded areas in fig. 1 and fig. 2 for v, < v,
and v, & v, oscillations, respectively. Our results differ somewhat from those obtained
in ref. [18]. Whereas our allowed by the Cl-Ar data region of values of Am? and sin’ 26
almost coincides with the corresponding one in (18], the relevant regions allowed by the
Kamiokande II data are different. For large sin?26 our excluded regions around Am?
~ 7 x 107! eV? are substantially smaller than the corresponding ones in ref. [18]. On
the other hand, with our approach we are able to exclude values of sin226 < 0.54 for
v, < v, oscillations and sin?26 < 0.47 for v, « v, oscillations at the 95% C.L., whereas
the corresponding limits from ref. [18] are 0.45 and 0.40, respectively. Note also that
taking into account the change of the neutrino oscillation probabilities with the change of
the Sun—Earth distance during the experimental runs in which the solar neutrino flux was
measured leads to the exclusion by the Cl-Ar and Kamiokande II data of the region of
values of Am? and sin? 2 around Am? ~ 2.5 x 10~!? €V2 and sin? 20 > 0.95 found to
be allowed in ref. [18]. We believe that these differences are due to the different treatment
of errors as well as to the different procedures for obtaining the limits on the neutrino
oscillation parameters. We do not use information about the spectrum of electrons scat-
tered by the solar neutrinos in the Kamiokande II detector and do not take into account
the theoretical uncertainty as was done in ref. [18]). In our view a more adequate way
to estimate the uncertainty of the obtained limits is to compare the restrictions resulting
from different solar model predictions for the solar neutrino fluxes.

The comparison of the allowed regions obtained on the basis of the predictions of the
event rates in the solar neutrino detectors made in refs. [4] and [5] shows that using the
results of ref. [5] leads to somewhat weaker restrictions on sin?26 and Am? than using
the results of ref. [4]. This is because the authors of ref. [5] predict signals in the Cl-Ar and
Kamiokande II detectors that are lower than those predicted in ref. [4] and therefore the
suppression of the solar neutrino flux needed to explain the data is smaller in the former

* We thank Prof. Y. Totsuka for providing us with these data. We do not use the
published in ref. [22] five point data because these represent averages over periods of
about 200 days and therefore are less sensitive to the possible effects of seasonal variations
of the solar ®B neutrino flux.
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case.

From the results of the analysis described above we conclude that the neutrino oscil-
lations in vacuum are still a possible solution to the solar neutrino problem. Two-neutrino
oscillations of electron neutrinos into active as well as into sterile neutrinos can account
for the observed deficit of neutrinos from the Sun in the Cl-Ar and Kamiokande II experi-
ments. * Future experiments with H,0, D,0, 37Cl, ! B, **Ar, "Li, and *°F with different
thresholds and counting rates, can restrict even more the allowed regions of values of the
parameters Am? and sin® 26 .

The measurement with a sufficient accuracy of the "Be neutrino flux over a long period
of time will provide, perhaps, the best possibility to test the vacuum oscillation solution
of the solar neutrino problem [21, 23].

* For the restrictions on the values of Am? and sin® 28 following from the data of the
SAGE collaboration [3), see ref. [24], where the implications of our results for the Ga-Ge
experiments are also analized.
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Figure captions

Fig.1. Regions of values of the parameters Am? and sin?26 allowed at 90% C.L. by the
Homestake data (dashed line) and by the Kamiokande II data (solid line) in the case
of solar neutrino oscillations into active neutrinos: v, ¢« v,, a = p or 7. Fig. 1la and
fig. 1b were obtained by using the predictions of ref. [4] and ref. [5], respectively, for
the fluxes of solar neutrinos and the corresponding event rates in the two detectors in
the absence of oscillations.

Fig.2. The same as fig. 1 but for solar neutrino oscillations into sterile neutrinos: v, < v,.
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Abstract

The GALLEX collaboration is performing an experiment for the detection of
neutrinos coming principally from the p-p fusion reaction in the Sun, via the reaction
ve + 11Ga —-> 71Ge + e-. The experiment is actually running in the Gran Sasso
Laboratory of I.N.F.N. since more than 1 year, using as a target a solution of GaCl3
containing 30 tons of natural Gallium.

A report is given of the status of GALLEX after the end of the operations devoted to
the removal from the solution of the cosmogenically formed 68Ge, which represented a big
challenge during the last year, since 68Ge decay has the same signature as 71Ge decay
(electroncapture). The experiment is now collecting data on solar neutrinos since the middle
of 1991, and tha data analysis is in progress; results are expected during 1992.



1 - Introduction

It is wellknown (and it has been discussed elsewhere in this conferencel ,2]) that the
solar neutrino problem is principally based on the deficit in the neutrino flux measured by
R. Davis with the Chlorine experiment and by the Kamioka collaboration with a water
Cerenkov detector; both experiments are sensitive to neutrinos produced by the 8B decay in
the Sun. Since the decay rate is extremely sensisive to parameters of the solar model, the
question of existence of neutrino oscillations or other exotic neutrino properties is still
controversial.

Two experiments (SAGE and GALLEX) are now trying to cast a new light on the
problem by studying the flux of neutrinos from the p-p fusion reaction in the Sun, which is
strictly related to the solar luminosity, which is well known (LS = 3.9 x 1033 erg/s); in case
of deficit of neutrinos in this channel a solution of the puzzle can be given by attributing to
neutrinos yet unknown properties (oscillations, magnetic moment, etc.). Both the
experiments are planning to detect solar neutrinos of the p-p chain by the reaction
Ve + 71Ga --> 71Ge + e, first proposed by A. Kuzmin in 1965[3], whose feasibility was
checked by a pilot experiment of M.P.I. Heidelberg and B.N.L. in the past years.

The threshold for the reaction is E = 233 keV, well below the endpoint for the p-p
neutrinos (E = 420 keV), and the interaction can be detected by looking at the decay of
71Ge by electron capture (t1/2 = 11.43 d), with suitable counters. The predicted results,
according to various solar models, range from 115 to 135 SNU (1 SNU = 10-36 v captures
per second and per target nucleus) for all neutrino sources; about 71 SNU come from p-p
reaction.

SAGE experiment has already published results that seem to indicate a real deficit in
solar neutrino f lux[4], while GALLEX started taking data since the middle of 1991, and the
analysis is in progress.

2 - Experimental Setup

The target is a solution

of 30 tons of natural Gallium, | GaCl3 H0 HCI Density
in the form of GaCl3, whose | 76 ton 20 ton 5 ton 1.9 g/cm3
composition is reported in Table 1 : Composition of the solution

Table 1. The solution is stored

since June 1990 in tank B (each tank is 70 m3; the other tank, named A, is equipped with
the thimble for the insertion of a calibration n source) located in a building inside hall A of
the Gran Sasso Underground Laboratory (Laboratori Nazionali del Gran Sasso - LN.F.N.,
near the town of L'Aquila in the Central Italy). The rock overburden of about 3600 m.w.e.
provides a natural shielding against cosmic rays, whose flux is reduced to ~ 1 p,x/(m2 h).

In the same building all the chemical equipment for the extraction of Germanium is
operating, while the counting facility is installed in a nearby building. A Faraday cage is
located in it, which contains a large tank of Iron, selected Lead and Copper (to reduce
radioactive background) designed to host the proportional counters of the Davis type for the
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measurement. Part of the counters (16 maximum) can be put in the purely passive shield,
while 8 counters can be put in a Nal counter of the well type, also inside the large shielding
tank, in order to check for coincidences. Such a configuration has proved to be useful to
identify the chain decay:

68Ge (1] /2 = 288.6 d, E.C.) --> 68Ga (112 = 68.3 m, p+) --> 68Zn
where 68Ge is cosmogenically produced in Ga when stored in presence of cosmic rays.
3 - Exposition and Extraction

The procedure runs as follows. At the beginning of each exposition about 1 mg of Ge
isotopes are added to the 53 m3 solution; it will be used as a check of extraction efficiency
and as filling gas for counters in the form of GeH4. After three or four weeks,
corresponding to a fraction of about 75% and 87% of saturation (equilibrium between
production and decay of 71Ge) extraction starts by flowing about 2000 m3 of N2 in the
tank. Since GeCl4 is highly volatile in a high acidity solution, it is swept out of the tank by
such flow, and is immediately sent to a series of absorption columns, where it is trapped in
pure water (low acidity). It is afterwards concentrated in about 0.5 1 of pure water and
chemically treated to reduce it to GeH4 with tritium free water and high purity chemicals;
GeHy is further purified by gaschromatography, and used to fill the counters with Xe, in
the ratio 70% Xe and 30% GeH4. Extraction and filling efficiency is ~ 90%.

4 - Counting

A 132 SNU v flux would yield, after 20 exposure days, 11 71Ge atoms in the
counters; it is therefore extremely important to reduce backgrounds. Proportional counters
of 1 cm3 volume, of which 90% is effective, have been built with special care for
background reduction(3]; they can detect both the K-capture and L-capture lines at 10.4 keV
and 1.3 keV respectively with efficiencies of 36% and 30%. Backgrounds of .01 and .15
counts/day have been measured in the regions of the above quoted peaks after pulse shape
analysis to identify pulses due to a localized energy deposition, as expected in the case of
electron capture events. Calibration of counters is performed by irradiating them with a Ce
sourcel6], whose effect is to produce a complex series of lines clustering around the
energies of 1 keV, 5 keV, 10keV, therefore allowing to check resolution and linearity of the
counters. After filling, counters are placed inside appropriate copper boxes which are
inserted in the shielding described in the previous section.

5.68Ge reduction

68Ge is produced by exposition of the Gallium target to cosmic rays via (p,2n) and
(p.4n) reactions on $9Ga and 71Ga. Since Gallium for GALLEX has been exposed for
many months to cosmic rays at ground level, a production of ~ 20 million atoms was
extimated, but a few extraction cycles should have reduced them to an amount compatible
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with the expected ’; Cool Down
backgrounds. It 10! 15

was found instead .g - Cold Runs * Hot Runs

that, after an initial g 3 A
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L. below which a solar neutrino experiment is feasible.
species inside the

solution. In order to

increase the Ge release by the reservoir the solution was heated up to 40 C, starting from
November 1990. The effect is shown in fig. 1, from run 14 to run 27; it can be seen that
after run 21 a new equilibrium has been reached, in which Ge release is comparable to the
preceding cold runs. It was therefore decided to cool down the solution to room
temperature, therefore strongly reducing the Ge release; after such operation 68Ge release
decreased well below the dotted line in the plot, and the background counting rate reduced
to a level consistent with the counters background. Therefore, starting from run 29 (May
1991), the experiment is collecting data for the evaluation of the solar v flux.

6 - Conclusion

After completion of the installation procedures, and reduction to an acceptable level of
the residual 68Ge contamination, the experiment is fully operational since May 1991.
Extraction and filling efficiency is ~ 90% and background counting rates are at the expected
level of ~ .01 and ~ .15 counts/day in the K and L peak regions. Ten expositions of 21 days
each have been performed and counting is proceeding; analysis is in progress and results
will be communicated when they will be of statistical relevance.
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Abstract

Recent results on solar neutrinos and atmospheric neutrinos from

Kamiokande Experiment are reported.

59



60

1 : Introduction

Kamiokande-II, which is the upgraded phase of Kamiokande-1, is an imaging water
Cherenkov detector located at 2700 m.w.e. underground in the Kamioka mine, about
300km west of Tokyo. 2140 tons of water in a cylindrical steel tank are viewed by 948
20-inch photomultiplier tubes(PMT’s) covering 20% of the tank surface. The inner
counter is surrounded by a 47 anticounter layer which contains on average 1.5-m-thick
water viewed by 123 20-inch PMT’s.

In 1990, we stopped the data-taking for 8 months. During the long shutdown,
more than 100 of dead PMTs were replaced and reflective mirrors were added to
PMTs. A new electronics system, which is a prototype of Superkamiokande project
was also installed. New phase of the experiment, namely Kamiokande-III, was started
in December 1990.

2 : Solar neutrinos

In Kamiokande, 3B solar neutrinos can be observed by neutrino-electron scatter-
ing, vee~ — v.e~. From event samples of energy larger than 7.5MeV, external y-rays
are removed by limiting the fiducial volume to the central 680 tons. Events due to un-
stable spallation products by through going muons are removed by examining timing
and spatial correlation between preceding muons and low energy events. More detailed
analysis procedure are presented in Ref.1. Figure 1 shows the angular correlation of
the momentum vector of the selected events with the direction from the Sun. An
excess of events in the broad peak at cos#f,,, = 1 is clearly seen. The solar neutrino
flux is finally obtained to be

Data/SSM = 0.46 + 0.05(stat) + 0.06(syst)

at an energy threshold of 7.5MeV, where SSM is a standard solar model prediction.?

250 T ¥ T (
” v a)
% 200t Ee = 7.5 Me
b 590 DAYS (Jun.1988-Apr.1990)
()]
o 1501
2
i3]
N 100 + "
£ ey
W s0r
w
S = "b) Fig.l. Distribution in cosfyun of; (a) the
9 Ee = 9.3 MeV 590-days data for F. > 7.5MeV and (b)
< % 1040 DAYS (Jan.1987~-Apr.1990) the 1040-days data for F, > 9.3MeV. 6,4,
=) 100 is the angle between the momentum vector
2 of the observed electron and the direction
z 50 from the Sun. The histogram shows the
N I .
A b4 o4t 61+ Vb b calculated signal based on SSM value.
g LA MAP I ML I I MR TR IR T
[¥1)

Ly —r 00 05 10
COS(Osun)



61

The energy distribution of the scattered electrons from the sample is shown in
Fig.2. Above E. = 7.5MeV, the shape of the distribution seems to be consistent with
the shape of Monte Carlo(MC) simulation of the interaction of 3B solar neutrinos.
Energy independence of solar neutrino deficit gives some constraints on the neutrino
oscillation parameters.®

Time variations of solar neutrino flux with various time scale is also interesting
aspect of solar neutrino observation.

Time variation* correlated with 11-years cycle of solar activity which was claimed
by 37Cl experiment® is one of interesting topics. To study this time variation, total
data are divided into 6 time interval. Each data has about 200 days observation. The
flux of each period is plotted together with sunspot numbers in Fig.3. Clearly, there
is no correlation or anti-correlation between them.

A semiannual variation® of the solar neutrino flux is possible because of the open-
ing angle between the solar equatorial plane and the ecliptic plane. When a line from
the earth to the center of the Sun crosses equatorial plane, the detector views the
core of the Sun through the solar equator, where the magnetic field is expected to be
weaker than at a higher solar latitude. The strength of the solar magnetic field would
be less at those times and consequently a maximum modulation of the solar neutrino
flux might occur.

To search for this effect the year was divided into two periods: period I, April 22
-+ July 21 and October 21 -+ January 20, and period II, January 21 --» April 21 and
July 22 — October 20. Period I (II) corresponds to the time interval in which the
Earth is near (far from) the intersection of the ecliptic plane with the solar equatorial
were obtained as described above. The flux of each period are plotted in Fig.4.
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The relative flux difference is expressed by

Period I — Period 11
Pericd I + Period 11 — —0.06 £ 0.11(stat.) & 0.02(syst.).

These results do not indicate a significant anticorrelation with the strength of the
magnetic field, and consequently contain no evidence for a magnetic interaction of v,
in the Sun.

The MSW effect” in the earth gives rise to a possible difference between the fluxes
of day-time and night-time® if the neutrino oscillation with MSW effect in the earth
is assumed. The obtained data were divided into several bins as a function of zenith
angle. No zenith angle dependence of the flux was found. The difference between the
daytime and nighttime fluxes is expressed by;

Day — Night _
Day + Night — —0.08 + 0.11(stat.) & 0.03(syst.).
This result rejects neutrino oscillation parameters around a region of Am? = 107° ~
10~%eV? and sin? 262,10~ 2.

3 : Study of neutrino oscillation using contained events?

Atmospheric neutrinos are decay products of pions, kaons and muons which are
produced by interaction of primary cosmic rays in atmosphere. In the energy range
below 1 GeV, v, /v, is essentially ~2 because one charged pion produces two muon
neutrinos and one electron neutrino. A study of neutrino oscillation is possible by
examining p-type neutrino events and e-type neutrino events observed in the detector.
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Fig4. Seasonal and semiannual solar neu-  Fig.5. Measured solar neutrino fluxes of
trino fluxes relative to the average value. daytime and subdivided nighttime relative

to the SSM prediction. &,y, is the zenith
angle of the Sun relative to the z-axis of
the detector (8,u, = 0 corresponds to the
direction in which the Sun is just below the
horizon.) The average value is also shown
by a solid line.
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We have observed 457 fully contained events during 4.92 kton-yr of the detector
exposure. A selection of contained events is detailed in Ref.8. Of 457 fully contained
events, 310 events have single Cherenkov rings and 147 have two or more Cherenkov
rings. The 310 single-ring events are then classified as either e- orp-type.

The particle identification program makes use of the spatial distribution of photo-
electrons. Cherenkov rings from electromagnetic showers exhibit more multiple scat-
tering than those from muons or charged pions, thus producing more diffuse rings.
The reconstructed opening angle of the Cherenkov cone and the timing information
is additionally used. The probability of misidentifying the particle species of single
ring events was estimated to be less than 5%, using Monte Carlo simulated neutrino
events. Finally, 310 single-ring events are classified into 159 e-type events and 151
p-type events.

Table 1 summarizes the data and compares them with 3 different Monte Carlo
estimations. Figure 4 shows momentum distributions of (a) e-type and (b) p-type
events. The observed number of the e-like single ring events is consistent with the
expectation. The number of the p-like single ring events is, on the other hand, less
than expectation.

I Date [M.C.(0) |M.C.(3) |[M.C.(3) T T
[Single ring 310 425.5 380.2 3329 | 0
electron-like 159 | 1649 [ 1460 | 1277 | E
muon-like 151 260.6 234.2 205.2 | @ 40 B
iMu]ti ring 147 169.0 155.4 133.0 | >
[Total 457 594.5 535.6 465.9 ql) 30 =
Table.l. Summary of the fully-contained \'q:
events from 4.92 Kton-year observation. Re- o 20+
sults from Monte Carlo simulation based -
on three independent atmospheric neutrino _8 10F
fluxes are also shown. Atmospheric neu- E
trino fluxesare M.C.(1) form Ref.9, M.C.(2) 2 0
from Ref.10 and M.C.(3) from Ref.11.
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Because of a large uncertainty in the absolute value of the expectation (£30%), we
compared the data and the MC estimation using a ratio, R(x/e), defined by

(number of observed g event)/(number of expected p event)

R(ufe) (number of observed e event)/(number of expected e event) -

R ratio with MC(1) is calculated to be
R(p/e) = 0.6070-37(syst.) & 0.05(stat.).

We are unable to explain the data as the result of systematic detector effects or un-
certainties in the atmospheric neutrino fluxes.
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A possible explanation of the data may be sought in neutrino oscillation in vac-
uum and/or in matter. Constraints on oscillation parameters are carefully studied
using minimum x2 method shown in Ref.8. Results of the calculation for v, & v,
oscillation is shown in Fig.7 together with other experiments. A region sin?26 ~ 1
and Am?21073eV? is favored as neutrino oscillation parameters.

4 : Study of neutrino oscillation using upward-going muons?®

Atmospheric muon neutrinos of higher (210GeV) energy range can be observed as
upward-going muon events, which are produced in the surrounding rock and penetrate
the detector upward. Comparison of the upward-going muon flux with the theoretical
expectation provides another information about the neutrino oscillation hypothesis.

We have observed 252 upward-going muon events which penetrate the detector
with path length larger than 7 m from 1920 days data. Average flux of upward-going
muons is calculated to be

(2.04 £0.13) x 10~ ¥cm™2s 7 tsr~ 1.

On the other hand, expected upward-going flux can be calculated from atmospheric
neutrino flux, weak interaction in the surrounding rock and muon energy loss in the
rock. The result of the calculation is found to be

1.92 x 107 3¥em =25 1gr 2.

Zenith angle distribution of the experimental and the theoretical flux are shown in
Fig.8. They are in good agreement.

Agreement between both fluxes leads to a constraints on the neutrino oscillation
parameters. Excluded region in sin? 2§ — Am? plane for v, « v, oscillation is shown
in Fig.7. The 90% C.L. limits are Am? = 2.7 x 10~3eV?, for sin? 260 = 1 and sin? 2
= 0.51 for large Am?2.

5 T
Fig.8. The zenith angle distribution of 252
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3
(Y

0 L - L PO | n T i VR

-1 -0.8 -0.6 -0.4 -0.2 0

cos0,



66

1
2
3
4
5

10
11
12

13
14
15

16
17

18
19

*The Kamiokande collaboration includes E.W.Beier, L.R.Feldscher, E.D.Frank,
W.Frati, Y.Fukuda, K.S.Hirata, K.Inoue, T.Ishida, T .Kajita, K.Kaneyuki, K.Kihara,
S.B.Kim, T.Kajimura, E.Kodera, M.Koshiba, A.K.Mann, K.Miyano, H.Miyata,
M.Mori, Y.Nagashima, M.Nakahata, K.Nakamura, F.M.Newcomer, Y.Oyama, A.Sakai,
N.Sato, T.Suda, A.Suzuki, K.Takahashi, H.Takei, Y.Takeuchi, M.Takita, T.Tanimori,
Y.Totsuka, R.Van.Berg, Y.Yaginuma, M.Yamada, H.Yokoyama and W.Zhang.

K.S.Hirata et al, Phys.Rev.D 44, 2241(1991)

J.N.Bahcall and R.K.Ulrich, Rev.Mod.Phys. 60, 297(1988)

K.S.Hirata et al., Phys.Rev.Lett 65, 1301(1990)

K.S.Hirata et al., Phys.Rev.Lett 65, 1297(1990)

R. Davis, Jr., et al., Phys.Rev.Lett. 20, 1205(1968)

K.Lande et al., in Proceedings of the 25th International Conference of High Energy
Physics, Singapore, 1990 (World Scientific, Singapore, 1991)

K.S.Hirata et al., Phys.Rev.Lett 66, 9(1991)

L.Wolfenstein, Phys.Rev.D 17, 2369(1978)

S.P.Mikheyev and A.Yu.Smirnov, Nuovo Cimento 9C, 17(1986)

H.A.Bethe, Phys.Rev.Lett 56, 1305(1986)

K.S.Hirata et al., ICRR-Report-263-92-1, Phys.Lett.B in press

G.Barr, T.K.Gaisser and T.Stanev, PhysRev.D 39, 3532(1989)

M.Honda, K.Kasahara, K.Hidaka and S.Midorikawa, Phys.Lett.B 248, 193(1990)
H.Lee and Y.S.Koh, Nuovo Cimento 105B, 883(1990)

M.M.Boliev et al., Third International Workshop on Neutrino Telescopes p.235(Feb.
1991)

F.Dydak et al., Phys.Lett.B 207, 79(1988)

Ch.Berger et al., Phys.Lett.B 245, 305(1990)

R.M.Bionta et al., Phys.Rev.D 38, 768(1988)

R.Becker-Szendy et al., Preprint LSU-HEPA-3-92(1992)

Results of this section are update of Y.Oyama et al., Phys.Rev.D 39, 1481(1989),
which is based on 146 upward-going events.

L.V.Volkova, Yad.Fiz. 31, 784(1980)[Sov.J.Nucl.Phys. 31, 1510(1980)]

E.Eichten et al., Rev.Mod.Phys. 56, 579(1984); ibid. 58, 1065(1986)(E)
W.Lohmann, R.Kopp and R.Voss, CERN Report 85-03(1985)



67

SOLAR NEUTRINO OBSERVATIONS
J. Weber
University of Maryland, College Park, Maryland 20742
and

University of California, Irvine, California 92717

Abstract

Single crystals with high Debye temperatures have large scattering cross sections for
neutrinos and antineutrinos. Elastic scattering observations give a solar neutrino flux

& = (6+2)x 10" solar neutrinos cms? sec”

in good agreement with predictions. The neutral current interaction process has the same cross
section for all types of neutrinos. Solar neutrino oscillations do not affect this result.
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Introduction

Whenlight falls upon a screen with two slits, a well defined diffraction pattern is formed
on a distant screen. This diffraction pattern is destroyed if apparatus is provided to determine
through which slit the photon passes. Suppose the slit separation is L, and the wavelength is A.
The photon momentum p=27%/A. Let the width of each slit be W. The first diffraction

minimum occurs at an angle 6, given by

A
2L

0, = o

R

Measurement to determine through which slit a photon passes requires a precision in
position at least + W. This leads to uncertainty Ap in a direction normal to the photon propagation

direction,

B
4~ 2

The spread due to the momentum uncertainty is 8, given by

A _ h
g ~—=—>>0 3
p Wp ° @

because L >> W. Identification of the slit through which the photon passes therefore destroys the

diffraction pattern by uncertainty spread of the beam.

Large Cross Sections for Neutrinos and Antineutrinos

If a neutrino is scattered by quarks in a single nucleus in a liquid, momentum is exchanged
with the nucleus. Measurements made before and after scattering can reveal the scattering site. If a
solid such as lead is employed, scattering of a neutrino by a single nucleus results in momentary
displacement and return of the nucleus to its original position by elastic forces. Phonons are
emitted and these permit identification of the scattering site. Since the scatterer site can be
identified, no large coherence effects are possible with different nuclei for the liquid, and the lead

scatterers.



The situation is different if a single nearly perfect crystal is employed, with high Debye
temperature. Such a crystal exhibits the Mossbauer effect. If a nucleus emits a gamma ray,
momentum is exchanged. The crystal stiffness is so great that phonons are not excited. The
exchanged momentum causes recoil of the entire crystal as a single entity.

If a neutrino is scattered by a single nucleus in such a crystal, momentum is exchanged, no
phonons may be excited. The scattering site cannot be identified, large coherent effects are

possible.
For single unidentifiable scatterer sites, perfect crystals with infinitely high Debye

temperatures, the total cross section for elastic scattering is given by

G*E?

= m[zv, -Z,(1-4 sin’6, )| @

o.Nl

In (4), G is the Fermi weak interaction coupling constant, N_ris the total number of
neutrons, Z,. is the total number of protons, 8, is the Weinberg angle. Important corrections are
required, for finite Debye temperatures, for crystal defects, and for other processes in which
groups of unidentifiable scatterers contribute.

Solar neutrino experiments were carried out employing a torsion balance. A 26 gram
crystal was on one side and an equal mass of lead was on the other side.

As the sun apparently rotates around the balance, periodic torques are produced. The
balance room is temperature controlled to a tolerance + .001C. The lead and crystal masses are
exchanged periodically. Mr Gregory Wilmot analyzed magnetic tape recorded data, performing
averages over approximately 100 days. As already noted, important corrections are required and
these are included when a nuclear reactor is employed for calibration. With a known antineutrino
source and momentum distribution, the crystal macroscopic force is measured. (4) is integrated
over the momentum distributions for the solar neutrino and reactor data. The computer analyses

give for the solar neutrino flux

@ =(6+2x10" neutrinos cms™ sec”) 5)

Neutral current interactions leading to (4) give the same cross section for electron, muon,

and tau neutrinos. Therefore (5) is not af fected by neutrino oscillations.
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Conclusion

The expected number of solar neutrinos is observed.
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RESONANT SPIN-FLAVOR PRECESSION OF NEUTRINOS AS A POSSIBLE
SOLUTION TO THE SOLAR NEUTRINO PROBLEM
Eugueni Kh. Akhmedov *

Scuola Internazionale Superiore di Studi Avanzati
Strada Costiera 11, I-34014 Trieste, Italy

ABSTRACT

Recent developments of the resonant neutrino spin-flavor precession scenario and its applica-
tions to the solar neutrino problem are reviewed. We discuss in particular the possibilities of
reconciliation of strong time variations of the solar neutrino flux observed in the Homestake
%(Cl experiment with little or no time variation seen in the Kamiokande II experiment.

*on leave from Kurchatov Institute of Atomic Energy, Moscow 123182, Russia
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1. Introduction
There are two issues in the solar neutrino problem:
(1) the deficiency of solar neutrinos observed in the Homestake!), Kamiokande II1?) and,
most recently, SAGE ) experiments;
(2) time variation of the solar neutrino flux in anticorrelation with solar activity (11-yr
variations) for which there is a strong indication in the chlorine experiment of Davis and

his collaborators but which is not seen in the Kamiokande data.

In this talk I will discuss mainly the second issue with the emphasis on various possi-
bilities of conciliation of the strong time variations in the Homestake experiment with no or

little variation in Kamiokande II.

The most natural explanation of the time variation of the solar neutrino flux is related
to the possible existence of a large magnetic or electric dipole moments of neutrinos, u ~
10~'pp. As was pointed out by Vysotsky, Voloshin and Okun (VVO)*®), strong toroidal
magnetic field in the convective zone of the sun B, could then rotate left-handed electron
neutrinos v, into right-handed v.gr which escape the detection. In the periods of quiet sun
the solar magnetic field is much weaker and the neutrino spin precession is less efficient

which explains the 11-yr variation of the neutrino flux.

Subsequently, it was noted®®) that the matter effects can suppress the neutrino spin
precession. The reason for this is that v, and ver are not degenerate in matter since v, in-
teract with medium whereas v.r are sterile, and their energy splitting reduces the precession
probability. It was also shown 7) that, unlike in the MSW effect case, the adiabaticity may
play a bad role for the VVO effect resulting in a reflip of neutrino spin and thus reducing
the probability of v.; — v.r transition. In order to break the adiabaticity, the precession
length should be large as compared to the characteristic lengths over which matter density
and magnetic field vary significantly, which gives an upper bound on uB,. This parameter
should be also bounded from below in order for the precession phase not to be too small.

Therefore one gets a rather narrow range of allowed values of u B 7,

Another interesting possibility is the neutrino spin-flavor precession (SFP) due to the
interaction of flavor-off-diagonal (transition) magnetic or electric dipole moments of neutri-
nos p;; with transverse magnetic fields®®). The SFP is the rotation of neutrino spin with

its flavor being simultaneously changed. Such a process can occur even for Majorana neu-



73

trinos since the C PT invariance does not preclude the transition magnetic dipole moments
of Majorana particles. Until recently, the neutrino SFP has not attracted much attention
because it was expected to be suppressed by the energy splitting of the neutrinos of dif-
ferent species. If the "Zeeman energy” p,;B is small as compared to the kinetic energy
difference Am? ';/2E, the SFP probability is heavily suppressed. However, in 1988 it was
noted independently by the present author®” and by Lim and Marciano!'®) that in matter
the situation can change drastically. Since ve;, and right-handed neutrinos or antineutrinos
of another flavor interact with matter differently, the difference of their potential energies
can cancel their kinetic energy difference resulting in a resonant amplification of the SFP.
Therefore in matter the SFP of neutrinos can be enhanced, unlike the VVO neutrino spin

1

precession . The resonant spin-flavor precession (RSFP) of neutrinos has also some more

advantages as compared to the VVO mechanism:

o the adiabaticity plays a good role for the RSFP increasing the conversion probability,
and therefore the p,;B, should be bounded only from below; the required magnitude of this
parameter is a factor of 2 — 3 smaller than that for the VVO effect;

¢ some energy dependence of the neutrino conversion seems to be necessary to reconcile
the Homestake and Kamiokande II data (see below). The RSFP probability has the desired

energy dependence whereas the VVO neutrino spin precession is energy independent.

Although the above arguments disfavor the VVO effect as a solution of the solar neutrino
problem, they do not rule it out, given the uncertainties of the experimental data.
2. General features of RSFP of neutrinos
The RSFP of neutrinos is analogous to the resonant neutrino oscillations '), but differs
from the latter in a number of important respects. The main features of this effect have
been discussed in detail in my talk at the last Moriond meeting'®, and so I will just briefly

mention them here.

The magnetic-field induced mixing of v,;, and vur(Pur) can be described by the mixing

angle 6,
2fhess B,

\/_GF(N —aN,) — ———5c05200 S

Here N, and N, are the electron and neutron number densities, @ = 1/2 for Dirac neutrinos

tan26 =

IThe VVO neutrino spin rotation can also be resonantly enhanced provided the magnetic field twists

along the neutrino trajectory, see :'12) and below.
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and 1 for Majorana neutrinos, Gr is the Fermi constant, and 6, is the ordinary neutrino
mixing angle in vacuum. The resonant density is defined as a density at which the mixing
angle  becomes 7 /4:
Am},
V2GF(N, — aN,)|, = g <820 (2)

The efficiency of the ver—v p(#,r) transition is defined by the degree of the adiabaticity

which depends on both the neutrino energy and magnetic field strength at the resonance:

Ar E

A= T =8 (HeuByr )L, (3)
r Amg,
Here
SEP’e BLr
Ar = —A,’n“—g#LP (4)

is the resonance width, l, = 7/p..B, is the precession length at the resonance and L, is
the characteristic length over which matter density varies significantly in the sun. For the
RSFP to be efficient, A should be > 1. In non-uniform magnetic field the field strength at
resonance B, depends on the resonance coordinate and so, through eq. (2), on neutrino
energy. Therefore the energy dependence of the adiabaticity parameter A in eq. (3) is, in
general, more complicated than just A ~ E, and is defined by the magnetic field profile
inside the sun 2 The main difficulty in the analyses of the RSFP as a possible solution of
the solar neutrino problem is that this profile is essentially unknown, so that one is forced

to use various more or less plausible magnetic field configurations.

If the v, are produced at a density which is much higher than the resonant one, then

in the adiabatic regime (A >> 1) the v, survival probability is
P(ver, = ver) = cos® 6 (5)

where 6 is the mixing angles (1) on the surface of the sun. Since the magnetic field becomes
very weak at the sun’s surface, the mixing angle 6; ~ = /2, and so the v, survival probability
is very small. The adiabaticity parameter A in eq. (3) depends drastically on the magnetic
field strength at resonance, which gives a natural explanation of time variations of the solar

magnetic flux in anticorrelation with solar activity.

The RSFP requires non-vanishing flavor-off-diagonal magnetic dipole moments of neu-

trinos and so is only possible if the neutrino flavor is not conserved. Therefore neutrino

3Note that for the MSW effect the adiabaticity parameter is inversely proportional to E'3).
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oscillations must also take place, and in general one should consider the SFP and oscilla-
tions of neutrinos jointly. This have been done in a number of papers both analytically'®!”
and numerically'®!618.19.17) 1t was shown that a subtle interplay between the RSFP and
the MSW resonant neutrino oscillations can occur. In particular, although the resonant
neutrino oscillations cannot give rise to the time variations of the solar neutrino flux, they
can assist the RSFP to do so by improving the adiabaticity of the latter!”).

3. Neutrino spin precession in twisting magnetic fields

If the magnetic field changes its direction along the neutrino trajectory, this can result
in new interesting phenomena. In particular, new kinds of resonant neutrino conversions
become possible, the energy dependence of the conversion probability can be significantly
distorted and the lower limit on the value of 4B required to account for the solar neutrino
problem can be slightly relaxed!!'?). Moreover, if the neutrino oscillations are also taken
into account, the transitions ¥, — 7. can become resonant, and the order of the RSFP and

MSW resonances can be interchanged??).

Since the main features of the resonant neutrino spin-flip transitions in twisting magnetic
fields are discussed in some detail in the contributions of Krastev and Toshev in this volume,

I will confine myself to a new development which was not covered in their talks.

A few years ago, Vidal and Wudka?!) claimed that the field rotation effects can greatly
enhance the neutrino spin-flip probability and reduce the needed value of B, by a few

orders of magnitudes. In 1'%

it was shown that this result is incorrect and typically the
required value of B, can only be reduced by a factor 2-3 (see also *2?% in which the
process without matter effects was considered). However, in these papers it was not proved
that there cannot exist a rotating field configuration giving stronger enhancement of the
spin-flip probability and larger gain in the xB, parameter. Recently, Moretti 2¥) has found
a severe constraint on the transition probability which eliminates even this possibility. The

transition probability P(ver — ¥r) turns out to have the following upper bound which does

not depend on the magnetic field rotation angle d)(t) 24),
t
P(ver — wvpit) < ﬂ/o B, (t)dt (6)

The analogous result can also be obtained for the neutrino oscillations in matter as well as
for the evolution of any other two-level system.

4. RSFP and antineutrinos from the sun
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If both the SFP and oscillations of neutrinos can occur, this will result in the conversion

of a fraction of solar v, into 7, '©162526) For Majorana neutrinos, the direct v, — 7,
conversions are forbidden since the C PT invariance precludes the diagonal magnetic moment

tee- However, this conversion can proceed as a two-step process in either of two ways:

escill. SFP _

Vel, — VuL, — VeR (7)
SFP _ oscill. _

Vel = Pur =5 Ter (8)

One can then consider two possibilities:

(1) both oscillations and SFP take place inside sun!®!®?5), The amplitudes of the
processes (7) and (8) have opposite signs since the matrix of the magnetic moments of
Majorana neutrinos is antisymmetric. Therefore there is a large cancellation between these
two amplitudes (the cancellation is exact in the limit of vanishing neutron density N,), and
the probability of the v, — 7, conversion inside the sun turns out to be about 3-5% even

for large mixing angles 6 16:25),

(2) Only the RSFP transition ve;, — P, occurs in the sun with an appreciable proba-
bility whereas the oscillations of neutrinos proceed mainly in vacuum on their way between
the sun and the earth [eq. (8)]. For not too small neutrino mixing angles the probability of

the v, — U, conversion can then be quite sizable?®).

In?") the background events in the Kamiokande II experiment were analysed and a strin-
gent bound on the flux of 7, from the sun was obtained: &(#.) < (0.05 — 0.07)®(v.). This
poses a limit on the models in which both the RSFP and neutrino oscillations occur: the
mixing angle 6y should be less than 6 — 8°. This rules out the models with the large mag-
netic moments of pseudo Dirac neutrinos including those with only one neutrino generation

for which 6, is the mixing between v, and sterile 7,29,

However, the models with a
conserved lepton charges L, + (L, — L.) are not excluded even though the mixing angle is

7 /4, since the v, — b, conversion probability vanishes identically in this case®”).

The 7, production due to the combined effect of the RSFP and oscillations of neutrinos
can be easily distinguished from the other mechanisms of 7, generation (like v — 7+ Majoron
decay) since (i) the neutrino flux should vary in time in direct correlation with solar activity,

1625)  The 7, flux from the sun of

and (ii) the neutrino energy is not degraded in this case
the order of a few per cent of the expected v. flux should be detectable in the forthcoming

solar neutrino experiments like BOREXINO, SNO and Super-Kamiokande?*26:31),
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5. Reconciling the Homestake and Kamiokande II data

It has been mentioned above that while there is a strong indication in favor of time variation
of the neutrino detection rate in the Homestake data, the Kamiokande experiment does not
see such a time variation. It still cannot rule out a small (< 30%) time variation. Therefore
a question naturally arises as to whether it is possible to reconcile large time variations in
the Homestake ¥Cl experiment with small time variation in the water Cerenkov experiment.
There are two major differences between these two experiments which could in principle give

rise to different time variations of their detection rates:

(1) Homestake experiment utilizes the v, — 3’Cl charged current reaction, while in the
Kamiokande detector v — e scattering is used which is mediated by both charged and neutral

currents;

(2) the energy threshold in the Homestake experiment is 0.814 MeV so that it is sensitive
to high energy ®B, intermediate energy "Be and partly to low energy pep neutrinos; at the
same time the energy threshold in the Kamiokande II experiment is 7.5 MeV and so it is

only sensitive to the high-energy fraction of the ®B neutrinos.

In3217) it was noted that if the lower-energy neutrino contributions to the chlorine de-
tection rate are suppressed stronger than that of high-energy neutrinos, the latter can vary
in time with smaller amplitude and still fit the Homestake data. In that case one can expect
weaker time variations in the Kamiokande II experiment. The desired suppression of the
low-energy neutrino flux can be easily explained in the framework of the RSFP scenario as a
consequence of flavor-changing spin-flip conversion due to a strong inner magnetic field, the
existence of which seems quite plausible3?). The alternative possibility is the suppression of
low energy neutrinos by the MSW effect when RSFP and the resonant neutrino oscillations
operate jointly. Another important point is that due to the RSFP solar v, are converted
into ,p or U-p which are sterile for the chlorine detector but can be detected (though with
a smaller cross section) by water Cerenkov detectors. This also reduces the amplitude of the
time variation in the Kamiokande II detector. If both these factors are taken into account,
becomes possible to reconcile the Homestake and Kamiokande data; one can expect a low
signal in the gallium experiments in this case since they are primarily sensitive to low energy

neutrinos whose flux is supposed to be heavily suppressed3?:7),

A similar possibility has been recently considered by Babu, Mohapatra and Rothstein®"
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and by Ono and Suematsu®®). They pointed out that due to the energy dependence of the
RSFP neutrino conversion probability, lower-energy neutrinos can exhibit stronger time
variations (i.e. stronger magnetic field dependence) than the higher-energy ones. In fact,
this'is very natural in the RSFP scenario: with increasing neutrino energy the width of
the resonance increases [see eq. (4)) and at sufficiently high energies it can be a significant
fraction of the solar radius. The neutrino production point can then happen to be inside
the resonant region, which reduces the conversion efficiency. The different magnetic field
dependence of the Homestake and Kamiokande II detection rates is illustrated by the figures

which we borrowed from ref.%.
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Fig. 1. (a) Expected event rate in chlorine as a function of the convective zone magnetic field. Here
Am? = 7.8 x 10~ ¢V?, the maximal value of the magnetic field in the core B; = 107 Gand g = 2x 10~ ' pup.

(b) The same as (a) but for the Kamiokande event rate.

It should be noted that the ordinary VVO neutrino spin precession lacks energy de-
pendence which is required to get smaller time variation in the Kamiokande II experiment.
Moreover, it converts v.z, into sterile v.g (unless the neutrinos are Zeldovich-Konopinski-
Mahmoud particles) which do not contribute to the v — e cross section. However, for the
VVO scenario yet another possibility of reconciliation of the Homestake and Kamiokande
data exists. In order to get sizable magnetic moments of neutrinos, p ~ 10" 4, one has
to go beyond the Standard Model. Most of the models producing large neutrino magnetic
moments are based on various extensions of the Standard Model containing new charged
scalars. In these models right-handed sterile neutrinos can interact with electrons via scalar
exchange and therefore can contribute to the v — e reaction which increases the signal in the

Kamiokande II detector and reduces the amplitude of its time variation®. Note that the
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models giving large transition neutrino magnetic moments usually also contain new scalars
and therefore the same mechanism can be operative in case of the RSFP as well.

6. Conclusion

We conclude that the resonant neutrino spin-flavor precession mechanism provides a viable
explanation of the solar-neutrino problem which complies with all the existing experimental

data and yields a number of interesting predictions for the forthcoming experiments.
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Abstract

The main characteristics of the resonant neutrino conversion in twisting magnetic fields
are summarized. Possible consequencies for solar neutrino experiments are discussed.
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1. Introduction

The spin precession [1] or spin-flavour conversion [2] of neutrinos with large magnetic
moments may be at the origin of the apparent anticorrelation [3] of the signal in the Cl-Ar
solar neutrino detector [4] with the solar activity cycle. It seems possible to explain the
non-observation of such anticorrelation by the Kamiokande II collaboration in their water
Cherenkov detector [5] by taking into account that: a) these detectors measure different
parts of the solar neutrino energy spectrum, b) in the case of spin-flavour conversion of
Ves in, e.g. ¥yR, there is an additional flavour independent neutral current contribution
to the signal in Kamiokande II, which diminishes the amplitude of the expected signal
variations in this detector and c) for p, > 107'® up the magnetic moment interaction
of the neutrinos with the electrons will supply an additional contribution to the signal in
the Kamiokande II detector as compared with the Cl-Ar experiment, in which magnetic
moment interactions cannot convert *’Cl atoms into *”Ar ones [6] However, even if the
neutrino has a large magnetic moment, ¢, > 10713 pg, and the magnetic field at the base
of the convective zone is of the order of 10% G [7] the spatial distribution of the magnetic
field has to be tuned also [8] in order to obtain the apparently indicated variation pattern
of the signal in the 37Cl detector. Due to the different polarities of the solar magnetic
field in the northern and in the southern hemispheres of the sun, there exists a slit in the
magnetic field distribution in the solar equatorial plane. As the Earth crosses this plane
twice per year, semiannual variations of the signals in solar neutrino detectors should occur
(1], which on the average will tend to give a mean signal for an 11-year solar activity cycle
close to one half of the one predicted in the standard solar model [9]. At the same time
the ratio between the mean signal for about 20 years of observation with the Homestake
detector and the one predicted in the standard solar model is 0.27 + 0.03.

2. Propagation of neutrinos in twisting magnetic fields

An effect which might help to resolve the above problem is the spin precession or
resonant spin-flavour conversion in a magnetic field rotating in a plane perpendicular to
the neutrino momentum along the trajectory of the neutrino. In ref. [10] the propagation
of a neutrino with magnetic moment in a rotating magnetic field was considered and it
was concluded that the rotation of the magnetic field may relax the constraint on the
magnetic moment of the neutrino necessary for the transitions v, < vgr to take place
in the sun. Strong conversion even for magnetic moments as small as p, =~ 1073 up
and magnetic fields of the order of 1 kG were predicted. The neutrino spin-precession in
twisting magnetic fields was considered first in ref. [11]. However, the authors neglected
the matter effect as well as the possible splitting between the masses of the right-handed
and left-handed neutrinos. These were taken into account in ref. [12] where it was also
shown that a resonant conversion takes place in this case in analogy with the MSW effect
[13] in neutrino oscillations in matter. The conclusion in ref. [10] about the possibility of
strong effects for solar neutrinos with small magnetic moments and weak magnetic fields
as a result of the topological phase contribution to the neutrino wave function was shown

to be erroneous.
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The evolution equation for neutrinos propagating through matter in the presence of
a magnetic field can be written in the form:

w0 )0 )0 ) 2

Here 2 is the coordinate along the neutrino path in units of one solar radius, z = r/Re, vL
and vp are the left— and right-handed components of a Dirac neutrino, or a left-handed
neutrino, e.g. ver, and a right-handed antineutrino either of the same, e.g. v.g, or of a
different flavour, e.g. #,r. The coefficients a and b in (1) are correspondingly

a= %(ﬁGpNeff — Am?/2E)

b= u,B(z)e'*™), (2)
where Gp is the Fermi constant, N5y is the effective density defined as:
Nopo= N, - N, for ver & vop transitions; (3)
eff = U N, = N./2 forve, & vapg transitions,

where N, and N, are the electron and neutron number densities respectively, p, is the
neutrino magnetic moment, B is the transverse magnetic field, ¢(z) is the rotation phase
of B, depending on the distance travelled, E is the energy of the neutrino, Am? = m3? —
m?, and m; and m, are the masses of the massive neutrino components*. For the case
of constant matter density and magnetic field and for a uniformly rotating magnetic field,
¢ = const, eq. (1) can be solved analytically [12]:

¢

2

P(vp — vgp)(z) = M————sinz[&[(ai—

: P+ (1 BY)] (4)
(a+ %)+ (uB)?

As shown in ref. [12] from the above expression it follows that taking into account the

topological phase ¢ cannot relax the lower limit on u, B imposed by the condition that a

sufficiently strong transition takes place in the convective zone of the sun. In the case of

non-constant matter density a resonance appears [12]. If the resonance condition

V2GpN,jf — Am*[2E+ ¢ =0 (5)
is fulfilled, the mixing angle
1 u,B
6 = — - arctan - (6)
2 (a + %5)

becomes maximal. The adiabaticity condition

2u,B)?
(_;f_.“.)_>>1. (1)
la+ 2|

* See ref. [14] for further details.
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has to be fulfilled also in order for the »; — vg transitions to be most effective. It means
that the density should change slowly, the field should rotate smoothly and the magnetic
field should be strong enough at the resonant point. Different realizations of the resonant
condition have been considered in ref. [14] * It was shown, in particular, that a resonance
can occur in the absence of mass-splitting, i.e. when Am? = 0, in vacuum (Nesf = 0)
and even when both these conditions are simultaneously fulfilled.

3. Implications for solar neutrinos

The twist of the magnetic fields in the sun canlead to drastic changes of the signals in
the solar neutrino detectors. Unfortunately, little is known about the structure and even
about the magnitude of the magnetic field inside the sun. Near the base of the convection
zone fields as strong as 106 G have been inferred [7] from helioseismological data. However
the spatial distribution is known only approximately. The possible magnitude and direction
of an eventual twist of these magnetic fields seems not to have been studied at all. Perhaps
with the advances in helioseismology [16] it will become possible to set usefull limits on
these parameters. Some semi-realistic configurations of twisting magnetic fields in the
sun and the resulting neutrino conversion have been studied in ref. [14]. Here we study
numerically two more examples. In the first one, possibly realized in the sun, the neutrino
propagates through a region with a non-twisting magnetic field except for a small region
where the direction of the field changes abruptly. The method outlined in ref. [14] for
solving eq. (1) by transforming it to a coordinate system rotating with the field is useless
here. A solution can be found by matching three solutions of eq.(1) fer the amplitudes in
the case of non-rotating (¢ = 0) and uniformly (¢ = const # 0) rotating magnetic field
and taking the limit where the width of the region with ¢ # 0 goes to zero. Here only the
results of numerical computations are given. An advantage of the numerical approach is
that one can include a variation not only of the phase ¢ but also of the magnitude of the
magnetic field itself. The calculations were done assuming a neutrino magnetic moment
w, = 10711 4 p. The magnetic field distribution used in the calculations is shown in fig.1.
It takes a maximum value of 35 kG at a distance from the centrum =~ 0.84 R The phase
of the magnetic field changes at the point 0.85 Rg, by a finite value. Such large values of
the phase difference as used in the numerical computations are certainly unrealistic and
are used here only as an illustration**. In fig.2 the corresponding survival probabilities are
given. They depend crucially on the direction of rotation of the magnetic field. For A¢ > 0,
where A¢ is the total change of the phase ¢, the suppression pits become narrower, the
minima shift to smaller values of E/Am? and the asymptotic values of P(ry — vy) for
E/Am? — oo rise and become close to unity. For A¢ < 0 the minima of P(vy — v1) are
shifted analogously to the case of an uniformly rotating magnetic field and the asymptotic
values of this function decrease for not too strong changes of Ag.

* Analytic solution of eq.(1) has been found in ref. [15] for the case of a constant, non—uniformly
rotating magnetic field and an exponential density distribution (eq.(33) in ref. [14]).
** A more realistic case may be the one in which the direction of the magnetic field changes in small

steps randomly along the neutrino path.
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As a second example, consider a magnetic field rotating in a finite region:

0 z < zL;
q)(z):{Q.(z—a‘L) 2 <z < zp; (8)
QAz zr <

where § is the angular velocity of the magnetic field and Az = zg — x is the length of
the interval [z, zgr). The magnetic field profile for the non-rotating field is the one given
in fig.1 with dashed line. The length of the region is correlated with the strength of the
magnetic field in such a way that the total change‘ of the dynamical phase

q)dyn = /0 p,B(x)dr, (9)

remains constant. Let also the total change of the topological phase,

] .
Br0p = /U $(a)de, (9)

remain constant. Thus the rate of change of the phase will vary in correlation with the
length of the region in which the magnetic field rotates: for Az — Az’ = AAz, @ — Q'
=Q/Aand B — B' = B/\.

As the adiabaticity condition depends quadratically on B, one expects that for nar-
rower regions of rotation of B and, correspondingly, for stronger magnetic fields, the min-
ima of the suppression pits will be lower. The numerical results confirm this conclusion as
can be seen from fig.3. This is true only for not too strong magnetic fields which cannot
rotate the spin of the neutrino by more than ~ =. Stronger magnetic fields can lead to
both lower and higher suppression factors.

From the above examples and from the more extensive analysis of the spin-flavour
conversion in twisting magnetic fields pursued in ref. {14] it follows that the predictions for
the signals in solar neutrino experiments can be strongly affected by taking into account this
effect. Assuming that either the spin-precession or the resonant spin-flavour conversion of
neutrinos in matter are at the origin of the solar neutrino problem, the predictions for the
signals in the solar neutrino detectors will depend on the presently unknown twist of the
magnetic field. If the solar magnetic field exhibits significant twists in large enough regions
through which the solar neutrinos pass on their way to the Earth then the suppression
factors will change in comparison with the onesfor the non-twisting fields. For the resonant
spin—flavour conversion case the spectrum of the solar neutrinos will be distorted. As it
is distorted already in the case of a non-twisting magnetic field, it will hardly be possible
to distinguish between both cases by measuring the solar neutrino spectrum only. By
changing the magnitude and/or the spatial distribution of the magnetic field inside the
sun, it should in principle be possible to obtain similar suppression factors. However, in
the case of spin-precession the transition becomes resonant. The solar neutrino spectra will
be undistorted. With the additional parameter, the twist of the magnetic field, at hand,
one can account for semiannual variations of the detection rates which will not smear out
the 11-year ones. It becomes possible also to find a natural explanation of the apparent
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discrepancy between indicated strong variations of the signal in the Cl-Ar experiment and
vanishingly small ones in the Kamiokande-II experiment. In particular [17], there is no
need of a strong magnetic field in the radiation zone as assumed in ref. (6].

Depending on the direction of rotation of the field, which need not be the same in the
northern and southern solar hemispheres, the semiannual variations can be quite different
as compared with the corresponding ones in the case of a non-twisting field. This is
shown in fig.4, where four examples of possible variation patterns are shown. Sufficiently
sensitive and accurate solar neutrino detectors might be able to observe such variations.
The observation of the latter will be strong evidence for the twisting structure of the solar
magnetic field.

The twist of the magnetic field may change also with the solar activity cycle. This
will lead to correlations between the event rates in solar neutrino detectors and parameters
characteristic of the solar activity cycle.

It was first pointed out in ref. [18] that the neutrino spin precession in the solar
magnetic field will lead to an azimuthal asymmetry of the recoil electrons scattered by
solar neutrinos in v.e detectors. For toroidal magnetic fields with fixed direction in space,
the spin of the neutrino precesses in a plane perpendicular to the solar equatorial plane.
Therefore, the azimuthal asymmetry of the scattered electrons will be maximal with respect
to the solar equatorial plane. The twist of the magnetic field will lead to a rotation
of the reference plane with respect to which this asymmetry is maximal and the latter
will no longer coincide with the solar equatorial plane. If the twist of the magnetic field
varies quickly with time and/or has a stochastic character. the azimuthal distribution of
the scattered electrons will be more isotropic. On the other hand, if the twist remains
constant for longer periods, then the measurement of the azimuthal asymmetry might
become possible. A careful analysis of this asymmetry might help in studying the solar
magnetic field.

4. Conclusions

If the neutrino has sufficiently large magnetic moments and the magnetic field inside
the sun turns out to have a twisting structure, then the rotation of the magnetic field
along the neutrino trajectory will affect the predictions for the event rates in solar neutrino
detectors. Rotation of the field by 25 — 30 degrees over a distance of ~ 0.05 R, can change
the v,y survival probabilities by a factor of &~ 2. Measurements of the neutrino spectra
and of the time variations of the signals from solar neutrinos, as well as of the azimuthal
asymmetry of the recoil electrons in ve scattering experiments can give information about
both the neutrino magnetic moments and the structure of the solar magnetic field.
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Figure 1: Standard magnetic field profile, used in the calculations (solid line) and the
same profile homogeneously reduced by a factor of 0.7 (dashed line).
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Figure 2: The probabilities P (v — v )as functions of E/am? in the case of a step-like
change of the phase by a fi }' nite value Ag (numbers at the curves) at x = 0.84.
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Figure 3: The probabilities P (v, — v, ) as functions of E/Am? for a fixed total
change of the phase Ag = 1 rah and for different rotation velocities: Q = 3.33
(solid curve), 4.0 (long dashed curve), 5.0 (short dashed curve) and 6.66
(dot-dashed curve). All intervals are symmetric around x = 0.85. Numbers
at the curves are the corresponding widths of the intervals.
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Figure 4: Annual variations of the event rates in solar neutrino experiments for
different helicities of the twists in the northern (p) and
the southern ((ps) hemispheres.
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In 1984 M.Berry has published an important result [1] showing that during the adiabatic
evolution of a given quantum system the energy eigenfunctions can obtain, in addition to the
usual dynamical phase, a new "geometrical” phase ( now known as ”"Berry’s phase” ). This
happens when the Hamiltonian depends on time through some multiple parameters and the
system under consideration is transported slowly enough around a closed path in the parameter
space. Later on various generalizations of this result have been considered [2].

Recently, Wudka and Vidal [3] have noticed that these conditions can be realized during
the neutrino propagation in the twisting magnetic field of the sun [4]. They have argued that
possible large adiabatic phases can lead to a sensible reduction in the v, flux even for neutrino
magnetic moments as small as 107 up. Aneziris and Schechter (5] have shown, however, in
the context of a simple solvable model, that the probability of a spin rotation is large when the
adiabatic ( Berry’s ) phase is small compared to the dynamical one, otherwise this probability
is small. The controversy has been solved by Smirnov (6] which have shown that the wrong
conclusion in Ref. [3] results from the fact that the adiabaticity condition is not fulfilled under
the circumstances considered.

It turns out that the twisting magnetic field may lead, nevertheless, to a interesting new
phenomenon: resonant amplification of the neutrino “spin-rotation” [6]. In the same paper the
main characteristics of this process in the adiabatic case have been briefly discussed.

Subsequently the phenomenon has been investigated using exact analytical (7] and numerical
(8] methods, thus providing results valid both in the adiabatic and in the non-adiabatic regime.
It has been shown that the effect of the resonant amplification of the spin rotation in twisting
magnetic field is very similar to the Mikheyev-Smirnov-Wolfenstein effect [9]. Nevertheless,
some important differences exist.

Mathematically, both these problems are equivalent, with the derivative of the phase of the
twisting magnetic field d(at)/dt in the first case corresponding to the electron number density
N. in the MSW case. The detailed investigations of the MSW effect have shown that exact
analytical solutions exist only in several very specific cases when N, is linear [10,11], exponential
(12,13], 1/z [14], etc. function of the distance z to the center of the sun. According to the
standard solar model [15] the density distribution in the solar interior is exponential apart from
small regions in the center and close to the surface. Therefore the exponential approximation
(10,11,16] has provided the best analytical results.

Unfortunately, the corresponding dependance of the derivative of the phase of the twisting
magnetic field d(at)/dt is not known. In such a situation the argument that one should use
again the exponential approximation because, at least, N, depends exponentially on z is a
dangerous one because this means that one assumes a priori that the matter ( MSW ) effects
dominate. We consider this to be a rather trivial case. Since our main goal is to investigate in
detail the characteristics of the new phenomenon ( the resonant amplification o f the neutrino

“spin—rotation” in twisting magnetic field ) and not the characteristics of the MSW effect (which
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are well known already ) it is obvious that the best choice is the linear one because, due to the
resonant character of the fenomenon and under the most general assumption that d(at)/dt is
arbitrary smooth function we can approximate it in the vicinity of the resonant point with a
linear function. Essentially this means that we take from the Taylor series expansion of this
unknown function only the first two terms because, sufficiently close to the resonant point, the
higher order terms provide only small corrections to the final results!.

The exact analytical solution in the case of linearly varying twist frequency a have been
obtained in Ref.[7]. Here we will present the results of a more general investigation where all
the parameters of the model, both the twist frequency and the electron number density, are
assumed to be arbitrary smooth functions. In accordance with the arguments presented earlier
sufliciently close to the resonance they are approximated with linear functions thus providing
analytical solutions which are useful for a large class of magnetic field configurations.

The evolution equations for the amplitudes Ay g of the probabilities for transitions between
the left-handed and the right-handed neutrino states in a transverse magnetic field B(t) =
(B cos at, B,_sin at,0), which winds around the direction z of the neutrino momentum 7 with

twist frequency «, are [3,5,6]:

dARg(t)

P ek BoAR(t) + B, (cos at — isinat)Ar(t) (1)
dAL( e
i st( ) = pB) (cos at + isin at)Ap(t) — BoAL(t). (2)

J¢ is the neutrino magnetic moment and the quantity By depends on the nature of the neutrinos,
i.e. whether they are Dirac ( By = —Gr(N. — 1N,)/v/2 ) or Majorana ( By = —Gr(Ne —
Na)/V2+ Am?/ap ) particles 2.

We proceed by replacing Ay(t) in eq.(2) with the following expression obtained from eq.(1):

AL(t) =

cosat +isinat (.dAg(t)
B, (Z T BoAg(t) | . (3)

The result is one second order linear differential equation for Ag(t):

2AR(t) . (@t 4 a) dAR(2)

_ 2_
a @ at +(B° aBo

do dBo
- ﬁtBo i ;ﬂBi) Ar(t)=0. (4

The substitution:

Ag(t) = exp (-%at) Ur(t) (%)

1That the linear approximation is a very precise one even in the MSW case, especially when the neutrino

mixing angles are small, has been shown by Haxton in Ref. [10]
2G p is the Fermi coupling constant, N, and N, are the electron and neutron number densities and Am? =

m3 — m}. Since the neutrinos are relativistic we will use ¢ instead of z.
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brings it to the canonical form:

PUalt) {[BO _ 1?@]2 wael [ 1o el } Us()=0. ()

dt? 2 dt dt 2 dt?

Obviously, when By — %i%"t—') is linear function of ¢ the polynomial in the brackets in the
LH side of eq.(6) is of the second order with respect to ¢. In this case eq.(6) will be equivalent
to Weber's equation 3. The solutions of the later are the parabolic cylinder functions D, (+z)
and D_,_;(+iz) [17]. In accordance with the arguments presented earlier, we take from the
Taylor’s series expansions ( in the vicinity of the resonant point ) of the two arbitrary, but smoot,
functions By(t) and ﬂ%}})—q only the first two terms, the resonant character of the phenomenon
under consideration guaranting that the higher orther terms lead only to small corrections to
the final results.

Without loss of generality we can assume that:

[Bo - EM] =0 (1)

which, as we will show below, corresponds to the choice the resonance to take place at ¢t = 0.

The transformations

. 2 1/2 2 122
! ) [2dBo _d (at)] " ne —i B?

zEexp (Z" Tat T T ar 9dB, _ #(20) )
dt dt?

give us Weber’s equation:

2Ur(z z
dg_lt‘;(%r(w%—{)uﬂ(z):o. 9)

The exact solution which satisfies the initial conditions 4

AL(t,') =1, AR(t,') =0, t:<0 (10)

is superposition of parabolic cylinder functions:

/LB_L ? 3 :
AR(ti) = ———————— exp [——ﬂ‘ (Tl — _)] exp [—*Q(i,‘ +t )]
o (o)]1/2 f
[Qdda; - dzdt . ] 2 2 2

X [Dn(—2:)Dono1{izg) = Du(—2s)D_noa(iz:)] (11)

3Similar problem has been investigated in Refs. [10,11] in the context of the MSW effect.
“These conditions correspond to only left-handed neutrinos in the initial moment ¢ = t; which is the case

relevant for the solar neutrinos. Due to the well-known simple relations between the amplitudes Ag/L(t;) in this
case and the amplitudes in the case Ar(t;) =0, Ar(ti) =1, namely Agyr(ty) — —/ + A;_/R(tj), the “general”

solution corresponding to mixed initial state is obvious.
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Assuming that the initial and final points are sufficiently far from the resonant point one

can obtain very simple approzimate solution for the averaged transition probability

Puyug(tisty) = |Ar(z(t))* (12)

by substituting in eq.(11) the asymptotic expansions of Dn(—zi(s)) and D_n_1(iz(y)) for large
values of |z;(5)|. This procedure has been suggested and outlined in detail in Ref.[11] where the

interested reader can find all the relevant formulae. The final result is:

= _ ! 1 ; )
Piny (tisty) = 5~ ]+ (5 — P cos 26, cos 26] (13)
where
22
lin _ #*Bi
B = exp (—%W . _ & (ml) (14)
dt dt?2 |p

is the relevant Landau-Zener type probability [18] in the case under consideration and 0};/ are

the corresponding “mixing angles” defined by:

K B:
Bl

2odt Jemaygy

tan? 20:}” = tan? 20, (t,-(f)) = (15)

The subscript R in eq.(14) means that all the derivatives have been taken at the resonant point
which, as can be veryfied easely from eq.(15), is defined by eq.(7).

The averaging procedure used to derive egs.(13,1415) is different from the corresponding
procedure in the MSW case [11] where we average over the neutrino production regions in the
center of the sun and over the distance to the detector. Here we have time averaging over the
different magnetic field configurations. This is possible because z depends explicitly on d—i}t‘;—tl.

In particular, in its adiabatic limit defined by Pi® — 0 eq.(13) reproduces Smirnov's
results [6].

In summary, analytical formulae for the probabilites of v, « vg transitions in the twisting
solar magnetic field have been derived which are applicable for a large class of magnetic field
configurations.

The author is gratefull to the Organizing Committee of the Moriond Workshop for the kind
hospitality at Les Arcs.
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Abstract

The Sudbury Neutrino Observatory (SNO) detector is a 1000 tonne heavy water
Cerenkov detector under construction near to Sudbury in Canada. The aim of the ex-
periment is to detect neutrinos from the sun and other astrophysical sources. The use of
heavy water allows both electron neutrinos and all types of neutrinos to be observed by
three complementary reactions. The detector will be sensitive to the electron neutrino
flux and energy spectrum shape and to the total neutrino flux irrespective of neutrino
type. These measurements will provide information which should clarify the role of neu-
trino oscillations, neutrino magnetic moments and solar model predictions in explanations
of the observed deficit in solar neutrino flux.
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1 Introduction

The Sudbury Neutrino Observatory (SNO) is based on a 1000 tonne heavy water (D,0)
detector located in a very low background laboratory 2070 m underground. The 1000
tonnes of pure D,0 used in the experiment will be lent by AECL and a suitablesitein the
Creighton Mine near Sudbury, Ontario, has been provided by INCO Ltd. The objective
of the SNO project is to measure the intensity, energy and direction of neutrinos from the
sun and supernovae. A detailed description of the proposal’) is given in an earlier report.
Improvements (some of which are described in this report) to that reference design have
since been made but the same basic principles are used. The detector and laboratory are
now under construction.

The proposed!) SNO detector makes use of three complementary neutrino reactions.
The charged current (CC) reaction
(CC) vedd—op+pte (Q = —1.44 MeV)

of the electron neutrino on the deuteron which is unique to the SNO detector. It offers
excellent spectral information, thereby providing a sensitivity to the MSW effect. The
large cross section will result in more than ten events per day and make the detector
some fifty times more sensitive than existing experiments. The reaction also offers some
directional information and can identify the sun as a source of electron neutrinos.

The neutrino-electron elastic scattering (ES) reaction,
(ES) v, +e >y +e

the primary detection mechanism for light water detectors, is sensitive to all neutrino
types, but is dominated by the electron neutrino. This reaction offers excellent direc-

tional information, but provides poor information about the energy spectrum of electron
neutrinos.

The third neutrino induced reaction occurring in the SNO detector is the neutral
current (NC) disintegration of the deuteron,

(NC) v+d—ov+p+n (Q=-223MeV)

observed by the detection of the gamma rays resulting from the subsequent neutron
capture. This reaction is sensitive to all neutrinos equally and would be used to measure
the total flux of neutrinos with a counting rate of about 10 per day above the threshold

of 2.23 MeV.

In addition to the abovereactions there are the anti-neutrino induced inverse 3 decays
of both heavy and light hydrogen which will provide information on the possible anti-
neutrino flux from the Sun. These reactions are:

Ve+d—->n+n+et (Q=—-4.03MeV)
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observed by the detection of a relativistic 8+ followed by the detection of two neutrons
as in the NC reaction and

Ve+p—on+et (Q = —1.80 MeV)

produced in the region of the light water shield between the D,O region and the PMTs.
The neutron will not yield a detectable signal asthe 2.23 MeV v ray produced by neutron
capture on light water will not be above the background level.

In this paper we discuss briefly the SNO detector and its role in the detection of
neutrinos and anti-neutrinos from the sun.

2 The SNNO Detector

The present design of the SNO detector is shown in Figure 1. It consists of 1000 tonnes
of 99.85% enriched D,O contained in a spherical thin-walled (5 cm thick) transparent
acrylic vessel which itself is immersed in 7300 tonnes of ultrapure H,O shield. The host
cavity, which is barrel-shaped and of 22 m diameter and 30 m height, is under excavation
at a depth of 2070 m below surface. A waterproof plastic liner is placed inside the
cavity enclosing the light water shield. Some 9600 20-cm diameter photomultiplier tubes
(PMTs) are uniformly arranged in the H,O shield on a support structure at 2.5 m
distance from the acrylic vessel. Each PMT is surrounded by a reflector to increase
the light collection and the effective photocathode coverage is approximately 60%. The
PMT array is sensitive to Cerenkov radiation produced by relativistic electrons and other
relativistic particles in the central regions of the detector.

Neutrino interactions in the detector produce either relativistic electrons or free neu-
trons. The neutrons thermalize in the water and are subsequently captured generating
~-rays which produce relativistic electrons primarily through Compton scattering. The
electrons from neutrino interactions or neutron captures will produce Cerenkov photons
which pass through the D;0, acrylic, and H;0 to be detected by the PMTs. The signals
from the PMTs are interpreted to give the location, energy and direction of the electron
based on the time of arrival of the photons at the PMTs and the locations of the partic-
ular PMTs hit. At E, =10.0 MeV detector simulations predict a spatial reconstruction
accuracy of 26 cm, an angular uncertainty 27° and an energy sensitivity of 9.0 PMT hits
per MeV with a 12% statistical uncertainty.
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Figure 1 Line drawing of SNO detector

The expected solar neutrino signal rates of about ten events per day require an
extremely low background environment for the D20. There are two sources of background
that must be guarded against. These sources are cosmic rays and radiation produced
by naturally occurring radionuclides in the rock surrounding the detector and in the
materials used in building the detector. The location of the detector is so deep that the
background rate from cosmic-ray muons is negligible. The purity of materials used in the
detector has to be very high. The most critical components are the D,0O, H20, acrylic
vessel and PMTs. In the DO and H,O levels of U and Th in the range of 10-* gram
per gram of water are required. In the acrylic vessel which has less mass the tolerable
level is a few times 1072 gram per gram of acrylic. The PMTs are 2.5 m from the
heavy water and v-rays originating in these are attenuated in the light water shield. To
keep contributions to background to a low level the PMTs are being built using glass
envelopes from a special melt of low radioactivity glass by Schott Glaswerke. The U and
Th content of this glass is ~5—10 times lower than normal glass.

The expected performance of the SNO detector has been calculated using an exten-
sive series of Monte Carlo simulations of the neutrino signal processes and radioactive
background processes. The effective electron threshold energy for the detector, due to
background 3-v cascades from U and Th contaminants, is predicted to be approximately
5 MeV. The events for the NC reaction are determined by detecting the 7-rays following
the capture of the neutron released. About 2.5 tonnes of NaC/ will be added to the
heavy water. Then 83% of the neutrons will be captured by 3C¢ producing y-rays with
energies up to 8 MeV which will be observable above the background. An additional
background must be considered for this reaction, corresponding to neutrons produced by
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the photodisintegration of deuterium by «-rays with energies greater than 2.23 MeV. This
background will arise predominantly from radioactive decay of members of the 22Th and
2387 decay chains contained in the D;O. This radioactive contamination will be sampled
on-line to determine the background rate accurately.

The signal for the NC reaction is the production of a free neutron and alternative
schemes for the detection of this neutron, such as 3He or ®Li counters, are being con-
sidered. One objective is to allow real-time discrimination between events produced by
neutrons and other events. Extreme purity of materials is needed for such counters as
they would be located in the DO itself.

3 Solar Neutrinos

For some detectors the deduction of neutrino flavour oscillation parameters is dependent
on the assumption that the total neutrino emission from the sun is given by the standard
solar model - the unique ability of SNO to measure the total neutrino flux will make
experimental interpretation independent of solar physics and of course give valuable
information on the processes in the interior of the sun. The high count rate and the real
time data taking of SNO will enable a study with good statistical accuracy of possible
time variation of the solar neutrino flux of all types. The multiple sensitivity of SNO
to reactions which are induced by CC events to detect v, left only, NC events to detect
all type of neutrino and the ES reaction which has sensitivity to possible neutrino EM
interactions will provide an invaluable tool for the study of possible neutrino magnetic
moment effects. Neutrino EM effects and combined EM/matter induced oscillations have
been studied extensively by Akhmedov ), Voloshin *) and co-workers. The prediction
of these calculations include the precession of v, left to sterile v, right in the case of
Dirac particles or to active ¥ right in the case of Majorana particles. The variety of
sensitivities of the SNO detector can give valuable data to disentangle these effects.
Recent calculations *) of neutrinoinduced interactions with deuterium will be valuable the
interpretation of the data which will be produced by the SNO detector: There is increased
confidence in the reliability of the calculation of the relative CC and NC reactions thus
malking the deduction of the ratio of v. and total v fluxes more certain; the EM induced
v induced deuteron disintegration % has been shown to be a small effect relative to the
weak interaction effect; possible 7 charged current interactions will occur with a cross-
section of 43% of the corresponding v, interactions when averaged over the 8B v, solar
spectrum; the 7 and v deuteron disintegration occur with approximately the same cross
section.

4 Project Status and Schedule

The SNO detector received funding in January 1990. The order for photo-multiplier
tubes have been placed with Hamamatsu Photonics and delivery and testing of the first
PMTs has commenced. A final choice of reflector material and design has been made and
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the PMT support structure method has been finalised. A section of the water treatment
plant is in operation. Major items in the construction schedule are roughly as follows.
The excavation of the cavity and the preparation of the underground laboratory will take
until Nov, 1992, at which time the waterproof liner and deck will be installed. Installation
of the acrylic vessel, PMTs and their support structure will take place in 1993. The initial
water fill is scheduled to begin in the Nov, 1994, with a view to completing commissioning
tests by April 1995.

The detector facilities at the time of initial installation will have full support for DO
use so that the experimental procedure will be to run for a period with pure D;O to
measure the CC and ES signals and then to add neutral current detectors. The neutral
current detection will be done either by adding NaC¢ to the D,O or if the attempt to
produce discrete detectors of low enough radioactivity is successful to deploy these in the
detector.

t The Sudbury Neutrino Observatory Collaboration: H.C. Evans, G.T. Ewan, A.L.
Hallin, H.W. Lee, J.R.Leslie, J.D.MacArthur, H.B. Mak, A.B. McDonald, W. McLatchie,
B.C. Robertson, B. Sur, P. Skensved. (Queen’s University): I. Blevis, C.K. Hargrove, H.
Mes, W.F. Davidson, M. Shatkay, D. Sinclair. (Centre for Research in Particle Physics):
E.D. Earle, G.M. Milton, D. Hepburn, E. Bonvin. (Chalk River Laboratories): P. Jagam,
J. Law, J.-X. Wang, J.J. Simpson. (University of Guelph): J. Bigu, E.D. Hallman,
R.U. Haq. (Laurentian University): A.L. Carter, D. Kessler, B.R. Hollebone. (Carleton
University): S. Gil, C.E. Waltham. (University of British Columbia): M.M. Lowry.
(Princeton University): E.W. Beier, W. Frati, M. Newcomer, R. Van Berg. (University
of Pennsylvania): T.J. Bowles, P.J. Doe, M.M. Fowler, A. Hime, F. McGirt, R.G.H.
Robertson, T.C. Spenser, D.J. Vieira, J.B. Wilhelmy, J.F. Wilkerson, J.M. Wouters.
(Los Alamos National Laboratory): Y.D. Chan, A.Garcia, E. Norman, K. Lesko, A.
Smith, R. Stokstad, I. Zlimen. (Lawrence Berkeley Laboratory): N.W. Tanner, N.A.
Jelley, J.C. Barton, G. Doucas, E.W. Hooper, A.B. Knox, M.E. Moorhead, M. Omorij,
P.T.Trent, D.L.Wark. (University of Oxford).
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Abstract

The main features of the Borexino project at Gran Sasso for the study of the Solar
Neutrino Problem are discussed. The current situation is reviewed, with a description of the
Counting Test Facility being set up at the LNGS laboratory.
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1. Introduction

Borexino is a real time low-background scintillation detector for low energy neutrinos cur-
rently proposed for the LNGS laboratory. It is based on an ultrapure mixture of scintillation
liquid viewed by phototubes and shielded by high purity water.

The intrinsic high purity of the scintillator and the adequate amount of shielding make it
possible to lower to unprecedented levels the operational threshold of the detector, thereby
achieving sensitivity down to below 250 KeV, of great importance for the study of "Be neu-
trinos from the Sun. In addition, Borexino can detect solar neutrino events by various other
modes, allowing a complete study of the energy spectrum and a comprehensive investigation
of the Solar Neutrino Problem.

2. The Detector

The Borexino detector consists of a few spherical shells of increasing radiopurity (fig. 1). The
inner shell consists of the detecting medium itself, a 8.5 m diameter sphere filled with the
scintillating mixture; the walls of the container will be made of tedlar-laminated acrylic. The
sphere is contained in a 16 m diameter water filled steel tank. About 1600 low radioactivity
PMT’s coupled to light guides are positioned in a stainless steel support frame in the water
at 2 m distance from the acrylic vessel.

The fiducial volume (FV) of the scintillator, set by the analysis software, is a sphere of 6 m
diameter, corresponding to 100 t of target mass, which realize a wall-less container with a
total shielding of about § mwe. For certain types of investigation, such as the interactions of
Ve from ®B, a large fiducial volume (LVF) of 8 m diameter can be used; it corresponds to 240
tons target mass.

The liquid scintillator is made of trimethylborate (TMB) as a major component, and pseu-
documene (PC). This results in a mixture with ultrahigh radiopurity, good transparency and
high scintillation efficiency.

Radiopurity, a key issue in Borexino, has been (and currently is) studied for all the materials
involved in the construction of the detector.

The intrinsic purity of TMB has been measured to be in the range of 10~1%/10-1¢ g/g for
U,Th. Moreover, estimates from measured decontamination factors in the preparative steps
of TMB have shown that the K content will be < 107!* g/g; most other impurities (e.g.
210Ph and %°Co) are also removed with big separation factors. Upper limits for the '*C
content are set by the composition of petrochemicals: in CO derived from natural gas one
has *C/!2C< 0.75 x 10~'%. Such limits, if valid in the scintillator, will allow an event
threshold of ~ 250 KeV.

The results for PC commercial samples already are in the range of several 1075 g/g for U,Th
due to the refinement process to extract PC from petrochemicals.

The final intrinsic limitation may be due to cosmogenic low energy untaggable activities, such
as *C and Be isotopes; investigation of these activities is one of the main objectives in the
Counting Test Facility (see §5).

In the acrylic, a purity of 10722 g /g U,This certainly within reach. Moreover K measurements
with neutron activation techniques have shown a level of 10~° g/g.
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For the water, which is the main shielding component, a purity of below 1072 g/g U,Th has
already been reached and a purity of 1071° g/g for K is estimated.

Additional problems, such as Rn emission from contaminated surfaces and leaching from
materials are currently under investigation.

Table 1 summarizes the design purity for the various components of the Borexino detector.

Table 1. Purity design goals for Borexino

Material | U (g/g) Th (g/g) |K (g/8)
Scintillator | 10715/10~1¢ | 10-15/10—1¢ | 10—14
Acrylic 1012 1012 10-°
Water 10™13 10718 10710
PMT’s 107 10-7 10—*
Steel 108 10-8 103

With this design numbers the external background (discussed in §3) will become smaller than
the internal background at a radius of r = 3 m (see fig. 2). Therefore the inner 6 m diameter
sphere of scintillator will be dominated by the internal background.
The dimensions of the fiducial volume are such that low energy events will be measured
calorimetrically, as a sum of all the shower processes. The signal threshold for Borexino is
~75 KeV for a 15 PMT’s coincidence trigger and the event threshold is 250 KeV, possibly
set by the *C contamination. PMT’s will mostly operate in single photon counting. The
measured quantities are:

-) The energy of the event, derived from the number of triggered PMT’s.

-) The spatial position of the event, derived from the optical times of flight.
Light collection efficiency (for a scintillation output of 33% of Anthracene), energy resolution
and space resolution for events randomly located in FV are shown in table 2.

Table 2. Energy and space resolution in Borexino

Event Energy (MeV) | Photoelectrons | o(E) KeV | o(r) cm
0.1 19+4 24 52
0.2 37+6 32 35
0.5 9419 50 18
1.0 188 + 14 76 13
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3. Backgrounds

In addition to the internal background, generated by the intrinsic impurity of the detecting
medium, there is an external contribution due to various physical phenomena which take
place in the material surrounding the FV. The total background can be divided in distinct
physical sources, namely:

¢ Radioactive decay of 2°4U,232Th chains and *°K in all the materials of the detector

¢ Beta decays of 1*C which can be present in the scintillator

e Background from the walls of the cave: 4 and neutron induced interactions

e Cosmicrays and their induced activities
All these components have been evaluated® by numerical methods using the measured fluxes
in the Hall C for the rock contribution and the purities in table 1 for the detector material
contribution. The resulting spectrum is shown in fig. 2.
Various strategies have been devised in order to minimize (and exploit) the residual back-
ground contribution in the FV, mostly due to the internal component. It is important to
realize that the activity in the scintillator also provides the means to tag a large part of
it, thanks to the use of the correlation between events in the radioactive chains, the pulse
shape discrimination, and the statistical background subtractions in segments of the chains.
The extent to which this can be carried out in Borexino was analysed using the complete
Montecarlo simulation of the detector(!); fig. 3 presents the final reduction of the internal
background. Moreover, thanks to the ability of the detector to identify specific decays ! the
U,Th radiation chains can be used as a live monitors, randomly sampling the active volume
and calibrating the energy and space resolution of the detector.

4. The Physics

The Solar Neutrino Problem is the discrepancy between the observed and the predicted flux
of neutrinos from the Sun(®. This discrepancy, firstly observed in the Homestake chlorine
experiment for the detection of v, from ®B(), has been recently confirmed by Kamioka(*). At
lower energy, measurements from SAGE(®) tend to indicate a deficit also in the lower-energy
(and much less model dependent) neutrino flux.

A complete investigation can be made in Borexino in connection to this problem. For the
currently favored new neutrino physics scenario for the Solar Neutrino Problem, all relevant
solutions can be put to test.

One crucial aspect is the study of "Be neutrinos, which are monoenergetic and cause elastic
scattering on electrons in the detector; the spectrum, with the background contribution, is
depicted in fig. 4 where all the effects of finite resolution and inefficiencies have been taken
into account. The observed rate, which is ~ 50 events/day in the FV *, will allow to apply
the 1/R? signature to tag the solar origin of the effect. The feasibility of this signature is
summarized in fig. 5. For a high purity scintillator (meaning 107*® g/g in U,Th) and for the
SSM flux, one has a statistical significance of more than 4¢ in three years of operation.

t This will be done mainly through pulse-shape discrimination between a and electron
signals, see ref. 1.
! This rate is two order of magnitude higher than those observed typically so far.
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Another important investigation related to "Be neutrinos which can be carried out in Borexino
is the study of the day-night effect. With a Npign: — N4ay ranging up to 15 events and with
a definite dependence on the angle of incidence of the neutrino on the earth, it is possible to
completely explore all the Am? < 10~% eV? areain the (Am?2, sin?26) space which is allowed
for the MSW solution of the Solar Neutrino Problem. Diurnal variations can therefore directly
demonstrate MSW flavor conversion in the Earth.

Electron scattering at low energy in Borexino can be made with good sensitivity to the neu-
trino magnetic moment. If there is a significative difference between the time dependences of
Homestake and Kamioka signals caused by magnetic v, scattering, the effect will be magnified
at low energies and the Borexino signal will be severely incompatible with the Ga signal. In
this case an absolute measurement (to a limit of ~ 2 x 107!* pxp) can be made with a **Sr
source.

While Borexino is mainly devoted to low energy, a spectral measurement of the ®B neutrino
flux in the LFV at a rate about three times that at Kamioka is possible, thus allowing
evidence for new neutrino physics (MSW effect, v decay, just so vacuum oscillations) in the
Am? < 107° region.

Various non standard scenario can be tested in Borexino. One example is the possibility of
Majorana neutrinos with transition magnetic moment, which can be detected thanks to the
U, sensitivity of the detector.

A detailed description of the above mentioned studies (as well as others) and of their feasibility
in Borexino can be found in reference 1.

6. Current Status: the CTF

After several years of work in the radiopurity of the scintillator and the other materials, in
the study of the backgrounds and in the development of all the aspects of the problem, a
global test of the technique is of great interest(®). We are therefore setting up a detector
based on the above mentioned principle in hall C of the LNGS; it is called Counting Test
Facility (CTF).

The Counting Test Facility is the next logical step towards the construction of Borexino; it
will assess our capability of reaching a very low background level, aiming at less than 102
counts/ton/day above 250 KeV in the scintillator T, and it will give important information
on the low energy untaggable activities and on the surface effects which may determine the
final sensitivity limit to the investigations in Borexino. Finally it will allow to test all the
technical solutions proposed for Borexino.

A conceptual design of the CTF is sketched in fig. 6. It consists of a steel tank (10 m diameter,
9 meters height), filled with deionized water. The sensitive volume is a parallelepiped of base
1.25x1.25 m? and length of 3 m, for a total active volume of 4 ton of liquid scintillator, viewed
by two PMT banks of 25 PMT’s each. The module, made of tedlar-laminated acrylic, is sur-
rounded by total-internal-reflection acrylic panels The system is basically a one-dimensional
light collector with an efficiency of about 150 photoelectrons per MeV of deposited energy.

t This is two orders of magnitude higher than the goal of Borexino. This goal cannot be
reached in the CTF because the shielding is much less than in Borexino and because one
cannot apply all the background subtractions.
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The overall U,Th chain and K contribution predicted in this configuration(®) is about 3000
events/day with energy greater than 50 KeV.

Among the most important studies in CTF there is the investigation of the level of *C
contamination. Since, for anisotopic abundance of 10~*% g/gof 12C, we will have about 1500
counts/day above 100 KeV, this effect can surely be seen in CTF.

The study of "Be and °Be will answer some important question such as the contamination
that one has in colemanite ores, from which TMB production process begins.

Moreover, a study of three delayed coincidence, listed in table 3, will make it possible to set a
limit (at the design level of Borexino, 5 x 107! g/g) on the U,Th content of the scintillator.
This is possible because the dark counting rate of the PMT system is such that, triggering
on 6 PMT’s (3 per each side, for an equivalent energy of about 60 KeV), the random rate
per day will be negligible.

Table 3. Delayed coincidences to be observed in CTF

Chain | Source | Start event | Daughter | Stop Event | T;/,

238y | 214Bj | B+70-3.3 | 2'Po a8 165 ps
232Th | 22°Rn a 64 216pg a 6.9 0.15s
232Th | 212Bj | B+v0-2.2 | 2!2Po a 8.9 305 ns

Eventually the CTF will become a facility to test materials and mixtures to be used in
Borexino. Design sensitivity for this operation mode is in the range of 10712 g/g equivalent
of U,Th for a 300 Kg acrylic slab positioned close to the counter.

The main auxiliary systems needed to operate the CTF will be:

-) Deionizer for water. It is a continuous automatic system which involves reverse osmosys,
ultrafiltration, and an electrodialysis/ion exchange process.

-) Rn stripping system for the water. This additional system is needed in order to reduce
the Rn content in LNGS water, which is about 100 PCi/l. This will be made by the use
of a buffer tank, to allow Rn to decay and to bubble a suitable lux of He through the
water.

-) Fluid-handling system to fill the scintillator vessel. This system will allow to mix TMB
and PC and to fill the acrylic vessel; it will be made of vessels for TMB and PC con-
tainment, a vessel to mix the components, and an exhaust vessel with alla the relative
plumbings. All the system will be lined with a high purity material, such as Teflon PFA.

-) Nitrogen system. This will be used to compensate pressures in various places. Firstly a
nitrogen seal will be used at the top of the steel tank to prevent Rn in air from coming
in. Secondly nitrogen will be used also as a compensating buffer for the fluid-handling
system.

The CTF will be a field test for all this equipment. The construction of the Borexino detector
is planned to begin during the operation of the CTF.
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NEW WAYS FOR REAL TIME DETECTION
OF LOW ENERGY SOLAR NEUTRINOS
AND OTHER CRUCIAL EXPERIMENTS
IN NUCLEAR AND PARTICLE PHYSICS

L. GONZALEZ-MESTRES

L.A.P.P. Annecy
and
L.P.C. College de France, Paris

Abstract

Simultaneous detection of light and phonons or heat (the luminescent bolometer),
was proposed in 1988 in view of dark matter detection [1] and considered later [2] for
double beta experiments. Fast single crystal scintillators made of indium compounds
have been developed [3-6] for neutrino physics, and in most cases can in principle ope-
rate at low temperature. Combining both ideas, simultaneous detection of light and
phonons in a scintillating single crystal made of an indium compound and cooled to very
low temperature, may reach three basic performances: a) better effective segmentation
through digital analysis of the phonon pulse read on each crystal face; b) fast timing from
the light strobe; c) good energy resolution, from combined analysis of light and phonon
pulses. Such performances are crucial for background rejection in any experiment (solar
neutrinos or neutrino-antineutrino oscillations) involving an indium target.

Dark matter and double beta remain the main applications of the luminescent
bolometer, but other uses were proposed in [6]: spectroscopy with particle identifi-
cation, thermal neutron detection with a SLi target, neutrino experiments based on
nucleus recoil... A new possibility is application to heavy ion physics [7], where energy
resolution can be combined with fast timing from scintillation and space resolution from
the phonon pulses. Simultaneous detection of light and phonons provides equally a new
way for basic studies of relaxation phenomena of excitations in solids.

Photosensitive devices based on superconducting tunnel junctions appear as a suit-
able read out, able to collect the light pulse followed by the delayed front of phonons.
They can be operated at *He temperatures (T > 300 mK) with excellent sensitivity [8).

Simultaneous detection of ionization and phonons may be an alternative to the lu-
minescent bolometer for experiments with an indium target (InP, InSb...). Superheated
superconducting granules with the avalanche effect are not ruled out for this purpose.
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1. PHYSICS POTENTIALITIES WITH CRYOGENIC DETECTORS

Real time solar neutrino detectors are an urgent need, and must be sensitive to the
pp part of the spectrum. Dark matter experiments based on nucleus recoil should reach
event rates as low as 1072 kg~ day™! . Double beta experimental programs are pursued
with success, but target diversification is required to obviate nuclear physics uncertain-
ties [9]. Neutrino oscillations remain an unsolved theoretical and experimental problem
in elementary particle physics. Heavy ion physics in the energy range 1 to 40 MeV
per nucleon, will require exceptional detector performances in experiments at the next
generation of heavy ion facilities [10], [11], [7]. Spectroscopy is searching for ways to
improve energy resolution, as compared to semiconductor devices. In any underground
experiment, searching for rare events, a crucial issue is the reduction and rejection of
radioactive background. Low temperature detectors provide technical solutions to such
challenges (high sensitivity, low thermal noise). Working at low T allows to detect sev-
eral components of the signal which can be used for particle identification: ionization +
phonons [12], light + phonons [6]; in both cases, fast timing can be preserved. Cryogenic
devices allow for exceptional energy resolution from thermal signals [9], and good space
resolution inside a crystal using ballistic or scattered phonons [13].

Solid state physics and chemistry will also benefit from such a progress in instrumen-
tation. By simultaneous detection of ionization or light and phonons at low temperature,
with high sensitivity and low excitation energy, it will be possible to uncover new fea-
tures of crystal structure and electronic energy levels, usually masked by thermal noise,
nonlinearity and lack of complete information on relaxation processes. As compared
to ionization, where carrier collection produces extra phonons, luminescence presents
the advantage that the sensor does not disturb the crystal under study. Simultaneous
detection of quasiparticles and phonons with superconducting tunnel junctions, allows
to investigate the properties of nonequilibrium superconductors [14]. The measurement
of the relative strength of radiative and nonradiative processes at T = 1.5 K was used
[15] to study energy transfer in GaAs p-n junctions. Low temperature fluorescence is a
classical tool [16] to explore electronic energy levels and electron-lattice coupling, as well
as the structure and behaviour of molecular complexes. Bolometers allow to measure
time-dependent specific heats, which are often missing in solid state physics litterature.

The appearance of powerful computers and digital signal processors allows for an
approach based on a detailed and exhaustive study, event by event, of energy degrada-
tion in crystal detectors. In some cases, it is even possible to perform on-line digital
analysis. Cryogenic particle detectors, but also solid state experiments, should serioulsy
benefit of this impressive development of real-time and computing facilities.

The original proposal [1] to use simultaneous detection of light and heat for particle
identification (the luminescent bolometer) has been presented at previous Moriond
Workshops [17], [2]. The development of scintillating single crystal detectors made of
indium compounds was also dealt with in these contributions. We report on new results
and ideas on both topics, and suggest to combine them in a neutrino detector.
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2. THE INDIUM SOLAR NEUTRINO DETECTOR

Some time ago [3], it was proposed to use single crystal scintillators made of indium
compounds to detect solar neutrinos through Raghavan’s reaction [18]. With 128 keV
threshold, an inverse beta reaction on !*°In creates an excited state of tin which decays
with a lifetime of 3.3 ps emitting two v rays (116 keV and 497 keV ). The delayed
coincidence would allow for a clean signature, if the detector is fast and if the two
delayed 7’s are absorbed in two different cells. A planar array of ~ 10* long crystals
(20 cm x 3 cm X3 cm ) read by photomultipliers (PM), or a cube read by avalanche
photodiodes (APD) were foreseen [1]. The second solution allows for a compact detector
without dead volume and radioactivity from the read-out.

Transparent single crystals of terbium-doped InBO; (Fig. 1) were grown (4] . Tb3*
fluorescence is too slow, and doping with cerium was attempted. However, it is known
[19], [20] that very often Ce3' does not stabilize in trivalent indium sites. Attempts
to make scintillating InBO3:Ce®* powder failed. A chemical way out was found [5]:
given an indium compound InR , where R is some radical (e.g. BO3; 3~), find another
compound, XR , such that XR and InR have the same crystal structure and the ion
X3+ allows for cerium doping. Then, it is possible to obtain compounds of the form
In.X;_.R , and dope with Ce3* the X3+ sites. The feasibility of this procedure was
checked with powders, in compounds incorporating up to 50% of indium in volume.
Scintillating single crystals of In/Sc BO3:Ce®* were grown (Fig. 2). Current goals are:
a) compounds allowing for growth of large crystals at a reasonable cost (e.g. fluorides
[21]); b) the best possible light yield (the most performant cerium scintillator seems to
be YAIO3:Ce®*t |, with & 5% of the energy converted into light [22]).

Background turned out to be very difficult to handle, as 1 event/day is expected with
4 tons of indium and '*®In is radioactive (0.2 event g~! s™! ). The f spectrum of *In
decay goes up to 490 keV in energy. It overlays the inverse 8 spectrum from pp solar
neutrinos, and its tail lies close to the 497 keV v . Main sources of background are: a) 3 8
coincidences; b) delayed coincidences between a 3 from !'°In decay and a v from ambient
radioactivity which would fake the two 7’s of !5Sn** decay. It seems unrealistic to
expect radioactivity rates better than 107% Bq g~! in the region E > 500 keV . To reject
background, three basic conditions arise [18]: a) extremely good segmentation (= 10°
elementary cells); good energy resolution (= 10% FWHM at 100 keV ); reasonably fast
timing ( & 100 ns ). We recently proposed (6] cryogenic detection as a solution. Ce®*
doping seems appropriate for this purpose, as trivalent cerium fluorescence remains fast
( < 60 ns) and can improve in light yield as temperature goes down [23]. Eu?* is an
alternative, with slower luminescence signal (7 ~ 900 ns [24]).

Work on superconducting tunnel junctions (STJ) by the Oxford group (8] was pre-
sented at the previous January Moriond Workshop [25]. The results obtained with a 432
STJ array on a 1 cm? thin absorber, where the possibility to reach a threshold below
1 keV clearly emerges, are particularly relevant to the indium solar neutrino detector.
At low temperature, a STJ-based device on the surface of a scintillating crystal can
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read the fast light strobe followed by the phonon pulse. Arrays of STJ in series provide
excellent results at *He temperatures and are well suited for large detectors. With 40%
of In in weight, and a density of 5 g/cc , ~ 30000 4 x 4 x 4 cm?® crystals could be used,
with a STJ device per crystal face (=2 2 x10° electronic channels). After a trigger based
on a 10 us gate, digital analysis of the full event would extract good energy resolution
and position information ( ~ 1 cm FWHM ). Effective segmentation would be ~ 2 x 108
elementary cells. Read-out design requires a compromise between the requirements of
light collection, energy resolution and timing. Blackened STJ or a thin black absorber
canimprove light collection. Photosensitive STJ are an important research subject [26].

v - v oscillations at reactors (~ 100 kg detector, ~ 300 crystals, ~ 1800 electronic
channels) may be a first experiment where to use and test a cryogenic indium detector.

An alternative to low temperature scintillators is simultaneous detection of ioniza-
tion and phonons in a cold semiconductor (InP, InSb, InAs...). However, the operating
temperature should then be lower (=~ 20 mK), and microphonics and stability problems
far more delicate. High quality crystal growth and semiconductor properties are most
likely the main challenges. The status of superheated superconducting granules (SSG)
development was reviewed at the 1990 January Workshop [27], and recent improvements
were reported at the Oxford Workshop on cryogenic detectors [28]. With the mecha-
nism of “amplification by thermal micro-avalanche” [29], SSG remain an interesting
possibility for the developrhent of the indium solar neutrino detector.

In/Sc BOs : Ce*t

INTENSITY (A.U.)

225 nm
. .5 excitation
L £9%% wavelength

ton,

0 \
300 350 400 450 500

Fig. 1 (left) - Transparent single crystals of InBO3:Tb3" used for spectroscopic
analysis in [4] (J.P. Chaminade, CNRS Talence).

Fig. 2 (right) - Fluorescence spectrum of Ce®* in a single crystal of In/Sc BO3:Ce®*
cooled to 7 K , from [5] (B. Jacquier, CNRS Lyon).
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3. APPLICATIONS OF THE LUMINESCENT BOLOMETER

To study heavy ion reactions in the region 1 MeV < E (per nucleon) < 40 MeV ,
two contributions may emerge from cryogenic detectors. First, to detect the produced
nuclei: very good energy resolution is required, with fast timing and position information
in a & lmm?® crystal. The luminescent bolometer appears as an excellent candidate.
Thermal detectors for heavy ion physics are already being studied at GSI[10], [30]. More
ambitious would be to use the luminescent bolometer for associated v spectroscopy, to
identify decays with a 47 massive detector. The device shoud reach better performances
than the semiconductor germanium used in EUROGAM [11]. Around an array of small
detectors devoted to the identification of the produced nuclei, larger bolometers devoted
to gamma spectroscopy would identify the produced v rays from the decay of excited
states. Arrays of STJ operating at 300 mK would be an excellent read-out, compatible
with the performance expected from a large refrigerator in a heavy ion beam. Such a
development would also provide an excellent workbench in view of neutrino physics.

Dark matter detection [1] will need the luminescent bolometer to unambiguoulsy
search for WIMPs with axial coupling, using a target with an odd number of protons.
This is required to prevent uncertainties related to our poor knowledge of the nucleon
spin structure. Simultaneous detection of light and phonons will allow for the identifica-
tion of events due to recoiling nuclei and rejection of 3’s or v’s. If =~ 10% of the energy
is converted into light for a 3 or v at very low temperature, it seems possible to operate
with a threshold lower than 10 keV, after a suitable technical development. With a STJ
read-out [6], [8], energy resolution and discrimination ability would be at least as good
as reported from simultaneous detection of ionization and heat [12]. The low gap for
quasiparticle excitation in superconductors plays a crucial role in the performance of the
photosensitive read-out. Targets such as "Li, °F, ¥ A], ?"], 1 W... can be incorporated
in the cold scintillator approach. Operating at 3He temperatures appears as a decisive
advantage of the luminescent bolometer in view of neutralino searches, where very low
event rates must be explored and large detectors (100 kg to 1 ton) will eventually be
required. For such a large detector, self-active-shielding would be an excellent way to
reject neutron background, where a neutron will undergo interactions in several crystals.
A similar technique may apply to neutrino physics using nucleus recoil.

Double beta experiments benefit of the same technique 2], as long as the main back-
ground is given by a particles, which usually happens at the highest values of Q . Using
a STJ read-out, the overall energy resolution can be extremely good (=~ 0.1%). Ex-
perimental results on a luminescent bolometer with a photodiode read-out for light are
presented at this Workshop by the Milano group [9]. Energy resolution remains crucial
to reject the ultimate 332y background. Thermal neutron detection at low counting
rate may use a luminescent bolometer incorporating a €Li target [6]. The capture reac-
tion, producing o + *H with Q = 4.78 MeV , would acquire a much better signature.
Spectroscopy involving particle identification may benefit of this technique, without sig-
nificantly spoiling energy resolution as compared to thermal bolometers. Working at
3He temperatures with a STJ read-out would again be a substantial advantage.
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Result of the Ziirich experiment to measure the mass of 7. from
tritium (-decay

E. Holzschuh, M. Fritschi, and W. Kiindig
Physik-Institut der Universitat Zirich, CH-8001 Ziirich

Abstract

Measurements of the tritium G-spectrum are reported. Thin sources consisting of a mono-
layer of tritiated hydrocarbon molecules were used. No indication of a nonzero mass m,
of the electron antineutrino was found. The result is m2 = —24 + 48 & 61 eV? (1g). An
upper limit m, < 11eV (95% confidence level) is derived.
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1. Introduction

Measuring the mass of the electron antineutrino (here denoted by m,) from the shape of
the tritium 3-spectrum is the most sensitive, direct, i.e. kinematic, method for m, and
has been used for many decades. At the 6th Moriond Workshop 1986, we have shown [1,2]
that the only experiment [3] suggesting a nonzero value of m, of approximately 35 eV
is likely to be incorrect and an upper limit m, < 18eV (95% confidence level, CL) was
reported. In the mean time others have also reported results without any indication for a
nonzero m, [4,5]. For a review of recent tritium experiments we refer to ref. [6].

Our result from 1986 was dominated by systematic uncertainties. In the mean time
substantial improvements have been made in all parts of of the experiment and some
preliminary results have been reported [7].

2. Measurements

The instrument employed is a toroidal field, magnetic spectrometer of the Tret’yakov type
modified with a radial, electrostatic retarding field around the source [8]. Spectra are
recorded by setting the magnet to a constant analyzing energy Ep.; and stepping the
source potential V,. Analyzed electrons are detected with a position sensitive proportional
counter and assigned an energy

E =Epeg+ eV + 2/D 1)

where z is the axial position relative to the centre of the detector (|z| < 50mm). This
equation was was used to construct one spectrum for the whole detector. The setting
for the tritium measurements was Ene = 2200eV and D = 0.97mm/eV (dispersion).
The spectrometer resolution function was measured with a conversion line source [7]. The
width was found to be 17 eV (FWHM), in good agreement with a Monte Carlo simulation.

Two tritium sources were produced by the spontaneous formation of a selfassembling
monolayer. This method gives very thin and uniform sources and has been described
previously [7].

The tritium spectrum was scanned in 4 eV steps and the energy range was divided into
three intervals (17650 - 18000 - 18400 - 18750 eV). The counting times in the intervals
(2, 6, 20 s/step) were chosen to improve statistics around the endpoint. A total of 1709
up-down sweeps of the spectrum was accumulated where each sweep took 105 min. The
raw results of the measurements were recorded as event data on magnetic tape and spectra
were built off-line using eq. (1).

3. Data analysis and results

Four auxiliary distributions were required to analyse the tritium spectra. The spectrometer
resolution function was taken from the measurement [7]. The backscattering distribution
was minimized by choosing a source substrate with low Z (mainly carbon) and was mea-
sured in an auxiliary experiment [7]. The average thickness, d, of the tritium sources was
9 A. Hence energy loss was relatively uncritical and its distribution was constructed using
data for polyethylene [9] which, for the sake of energy loss, has the same chemical structure
as our sources.

The distribution of the electronic final states (see fig. 1) was taken from ref. [10]. These
extensive calculations confirmed the earlier conclusion [11] that the final states are mainly
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Figure 1: Distribution of electronic final states for CH; — CHT — CH; [10] used for the
analysis. The solid line is the same distribution convoluted with a Gaussian with 17 eV
FWHM (approximately the spectrometer resolution) indicating that the data analysis is
not sensitive to the details of the computed distribution.

determined locally, i.e. by the fact that there is a C-T bond and the overall structure of
a molecule is of relatively minor importance. The mean excitation energy, AE*, can be
calculated accurately from groundstate energies using a sum rule [11] (AE* = 19.1 + 0.4
eV). Similarly, the transition probability to the groundstate, Wgo, can be obtained from
groundstate wavefunctions which can be calculated more accurately than the wavefunctions
of excited states (Wg = 0.571 & 0.015). The mean excitation energy computed from the
distribution was larger by 1.8 eV than the value from the sum rule. We corrected the
distribution by shifting the excitation energy such that the resulting distribution agreed
with the sum rule and took the 1.8 eV discrepancy as an indication for a 10% error in the
computed excitation energies.

The theoretically expected shape of the G-spectrum was assumed to be of the form

% = fineo( B) ~ F(Z, W)sz":Wone,.\/sﬁ —m? O(e, —m,) (2)

with
en=Ew—AE;,—FE (3)

and where p, W, E are momentum, total and kinetic energy. The sum runs over all elec-
tronic final states. The extrapolated endpoint energy for transitions to the electronic
groundstate is denoted by Eoo and the Fermi function by F(Z, W).

The model function for the measured spectra was taken to be

Ferp(E) = AS(E)(1+ a€0)R® E1 ® fineo(E) + B (4)

where R is the spectrometer resolution function, Er the energy loss distribution and ®
denotes convolution. The function S(E) represents the energy-dependent solid angle ac-
cepted at the source and was calculated analytically. It varies nearly linearly over the
measured range by 6.4%. Backscattering was taken into account by the parameter ¢, i.e.
the measured backscattering probability was only used for a consistency check. The free
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Figure 2: Measured tritium spectrum (points) from all data and best fit (solid line). For
E > 18400 eV actual counts are plotted. For lower energies the data were scaled by the
counting periods. Insets show parts with the vertical scale expanded by the indicated
factor.

parameters in the analysis were 4, B, @, Eg, and m2. The later was allowed to take on
negative values [6].

The results of the fits are given in table 1. As can be seen the results are mutually
compatible at the statistical 1o level. All the available data were also added into a single
spectrum (all) which is plotted with the best fit in fig. 2 and with which all further analysis
was performed.

The fitted value of m? is compatible with zero and gives no indication for a nonzero
neutrino mass. The value for the endpoint energy Eq is close to what has been found re-
cently by others [4,5]. The uncertainties for Eg are dominated by systematics (calibration,

Table 1: Fit results for six tritium spectra (1-6) and for their sum (all). The errors given
are lo statistical. The number of degrees of freedom are 271.

Spectrum  x? m2 Eg — 18570  « x 10°
(eV?) (V) (V)

1 308.2 —136+149 3.80+0.55 1.39+0.36

2 274.7 +57+122 3.93+0.46 1.91+0.30

3 289.2 —-95+106 2.95+0.40 1.64+0.26

4 270.4 +25+115 3.1740.43 1.83+0.29

5 2689 —23+108 2.84+0.41 1.504+0.28

6 278.0 +8+113 3.51+0.42 1.80+0.28

all 3049 244148 332+0.18 1.69+0.12
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Figure 3: Fitted parameters Ego and m2 when the spectrum points below the energy Ecut

are excluded from the fit.

etc., having no effect on m2), the analysis of which will be reported later.

To test for the presence of unaccounted spectrum distortions, the data points below
an energy E., were excluded from the fit. The results for m? and Eg are plotted in
fig. 3 as a function of Ecy. For Ecy < 18000 eV all parameters were varied freely. Above
this value, @ was kept fixed at its value from all data, as it becomes indeterminate over
a short energy range. Similarly Fyo was kept fixed above 18400 eV. Clearly there is no
systematic variation beyond statistics either for m?2 or for Egy, indicating that the fitted
model correctly describes the data over the entire range. We are thus taking the parameter
values obtained with all data as the best estimate.

Systematic uncertainties for m2 were determined by changing the various distributions
assumed for the analysis within estimated limits and fitting the data again with all pa-
rameters varied freely. The results, at the 1o level, are given in table 2. As our sources
were very thin, uncertainties due to energy loss are fairly small. Errors are given for the
average energy loss per interaction, 6E, and for the ratio d/) as the source thickness and

Table 2: Systematic uncertainties §m? (1o) when the most critical quantities of the various
distributions, used in the data fit, are changed by the indicated amount.

Quantity Uncertainty §m? (eV?)
Energy loss distribution:

E 10 % 6
d/x 20 % 11
Spectrometer resolution:

Width 3% 7
Tail intensity 15 % 30
Electronic final states:

Woo 0.015 26
AE* 04eV 33
Distribution - 30

Total systematic uncertainty - 61
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the mean free path (A = 410 A) enter the analysis only in this combination. Uncertainties
due to the spectrometer resolution function are dominated by the presents of extended
tails whereas the central part, containing 97% of the integrated intensity, makes only a
small contribution.

The three quantities, AE*, Wq and shape of the distribution, were calculated sepa-
rately in [10] to the highest respective accuracy possible. Hence we assigned three indepen-
dent systematic uncertainties to the final states. By adding all systematic uncertainties in
quadrature we obtain

m?=-24148+61eV> (lo) (5)

which we consider as our final result.

There are several (reasonable) methods for computing upper limits in the presents of
a physical boundary (m, > 0) and upper limits are thus not unique. For our result the
differences are small and we obtain

m, <11eV  (95%CL). (6)

To conclude no indication for a nonzero neutrino mass was found in this investigation.
This is in agreement with other recent experiments.

This work was supported by the Paul Scherrer Institut and by the Swiss National
Science Foundation.
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Abstract

After having tested the performance of the new solenoid retarding spectro-
meter by precision measurements on the electron conversion spectrum of e3ngr,
first tritium decay spectra have been taken from a source of frozen T,. The
signal exceeds the background rate of 0.03 Hz for energies up to 30 eV below
the endpoint. A preliminary analysis yields a Q-value of the tritium decay of
(1858913) eV. We expect from the final analysis of the present data set an
upper limit for the electron antineutrino rest mass below 10 eV/c2.
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In preceding contributions to this workshop [1,2], we described the principle
and the function of a new solenoid electron retarding spectrometer. It pro-
vides simultaneously high resolution and high transmission which are essen-
tial features for investigating the endpoint region of the B-decay of tritium
in search for a finite electron antineutrino rest mass. The main components
of the spectrometers are as follows: A film of 10 - 30 monolayers of molecu-
lar tritium is frozen onto a 1 cm® aluminum backing placed near the centre of
a solenoidal field Bg ~ 2.4 T. The decay electrons emerging from the source
expand adiabatically into a low field region of B, ~ 8x10™* T where they have
to pass an electrostatic analyzing potential which is scanned in the vicinity
of the endpoint of the B-spectrum E, ~ 18.6 keV. Due to the adiabatic trans-
formation of transverse cyclotron motion into longitudinal motion along the
guiding magnetic field lines the whole forward solid angle of emission is

analyzed within a filter width of
AE = E (B,/Bg) (1)

which amounts to AE ~ 6 eV for the settings given above. Electrons passing
the filter are refocussed by two following solenoids onto a silicon detector
vwhich is separated into five concentric segments each of them having an area

of 1 cm®.

More detailed information on the source, the spectrometer and the detector
may be found in references [3] - [5]. An instrument based on the same adiaba-
tic principle has been built by a group at the Institute of Nuclear Research

in Troitzk [6].

The performance of the instrument may be illustrated by the spectrum of the
K-32 conversion line of ®2™r frozen onto an aluminum backing (Fig. 1). The
instrument was set at a field ratio Bo/B;, = 3000. In the region of steep
transmission change data points were taken in steps of 2 V. The insert in
Fig. 1 shows an expanded view of the spectrum close to the K-line. In this
region the spectrum has been fitted with an elastic K-line component of
Lorentzian shape. It is followed by a satellite spectrum of shake up and
shake off events which is approximated by Gaussians convoluted with an ex-—
ponential tail (see the dotted lines in the insert of Fig. 1). The fit uses
the analytical transmission function given in ref. [7]. Below the shake off

region the integral spectrum is rising further due to electrons backscattered
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Fig. 1: Integral transmission spectrum measured in the region of the K-32
conversion line of ®2"Kr. Also shown is the fitted spectrum and its
differential components in the insert.

from the aluminum substrate. Shape and height of the backscattered spectrum
extracted from this measurement are in good agreement with a Monte-Carlo
simulation. The K-32 line is sitting on a background which stems mainly from

the backscattered tail of the L-32 components (compare also ref. [7]).

First tritium spectra were taken in two test runs and one production run in
1991. Fig. 2 shows the measured raw data obtained. The critical endpoint
region is blown up in the insert. Plotted is the measured count rate as a
function of the effective retarding potential which is the difference bet-
ween the filter potential fixed to U, = 18877 V and the source potential US
scanned in the respective interval. The plot represents 40 ¥ of the data col-
lected in the four weeks of running in November/December 1991. The signal
rate equals the background rate of 0.030 Hz already 30 eV below the endpoint
(the number of background counts collected in a single point above Eq is
about 550). The full line is a fit to the data with the neutrino mass m
fixed to zero. The preliminary fit yields an endpoint of the B-spectrum of T,

imbedded in a matrix of frozen T, of
Eq = 18572 eV (2)

From this result we calculate a preliminary value for the mass difference
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Fig. 2: Measured integral tritium decay spectrum in the endpoint region to-
gether with a fitted curve with m,, fixed to O. The insert shows an
expanded view close to the endpoint Eq.

Q = m(°H) - m(°He) = 18589 (13) eV 3)

The error bar on this result should be regarded as preliminary and conserva-

tive.

The source was prepared by evaporating 20 - 30 monolayers of T, onto the alu-
minum substrate under ellipsometric control. Although the source was kept at
a temperature of 2.6 K, it diminished by a factor of 2 within one week of
running with a slope somewhat inbetween linear and exponential. The source
was refreshed after 7 to 10 days of running, depending on its actual thick-
ness. Most of the evaporated T, was withheld by a tube mounted onto the sour-
ce which was also cooled to 2.6 K. It limited the solid angle of free evapora-
tion inte the spectrometer to about AQ/4w =~ 10~2. Although part of the tri-
tium certainly evaporated into the spectrometer, it did not apparently conta-
minate the spectrometer: after removing the source the background rate
dropped back to the value it had before the run. When the source was exposed

to the spectrometer the background rate rose by about S0 ¥ at maximum.

Fig. 3 shows the data points of Fig. 2 again but in a linearized plot. This
is achieved to first approximation by taking the third root of the signal
rate. However, the data bend up at about SO eV below the endpoint. The fit
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Fig. 3: Same data as in Fig. 2 but linearized by taking the third root of the
signal rate. The linear extrapolation from data far below E, points
to an endpoint shifted by the average excitation energy E.x of the
daughter molecule.

with m o= O (broken line) indeed follows this bent and meets the abszissa at
the endpoint quoted above. These events close to the endpoint correspond to
an elastic emission of the electron where the daughter molecule (°He3H)+ is
left in its electronic ground state. The data at lower energies, on the other
hand, point to an endpoint about 13 eV below that maximum decay energy. This
shift agrees - as it should - reasonably well with the average excitation
energy of the daughter molecule. As to our knowledge this is the first time

that such fine details have ever been resolved in a B-spectrum.

A first impression of the sensitivity of the present data set to the neutrino
mass may be gained from Fig. 4 which displays the linearized, measured spec-
trum again. The line indicated with m, = 0 is a preliminary fit to the data
with the neutrino mass fixed to zero. Taking the results of this fit as input
parameters of a theoretical integral spectrum, but fixing the neutrino mass
to 10 and 20 eV/c?. instead, we calculate the other spectra shown in the
plot. These plots show prima vista that a neutrino mass in the order of 20
eV/c? or more is certainly incompatible with the data. From a final evalua-
tion of the present data set including detailed corrections for energy loss
etc. we expect to be able to set a limit below 10 eV/c?. A first result with

respect to m we hope to present at the Neutrino '92 conference at Granada.
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Abstract

KARMEN denotes an experimental program of neutrino physics using a pulsed
source of neutrinos v, , v, and 7, with energies up to 52.8 MeV and a 56 t scintillation
calorimeter. Major physics aims are the measurement of charged current (CC)
as well as neutral current (NC) neutrino nuclear interactions on '2C with their
implications for specific weak couplings, nuclear formfactors and p-e universality
and the search for neutrino oscillations v,,— v, and #,— .. We present the results
of the KARMEN experiment from its first two years of data taking.
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1. Introduction

The KARMEN experiment is performed at the neutron spallation facility ISIS of the
Rutherford Appleton Laboratory. From the decay of stopped pions produced in the UD,O
’beam dump’ of the pulsed 800 MeV proton beam of ISIS equal numbers of v, , v. and ,
are emitted isotropically with energies up to 52.8 MeV according to the decay sequence
wt—spt+y,; pt —et +v.+,. Because of the different lifetime of =+ (26 ns) and p*
(2.2 ps) a prompt v, - burst within the first 0.5 us after proton beam-on-target is followed
by a (ve, 7, )- pulse in the later time window of 0.5- 9 ps, where v, are no longer present.
The ISIS proton extraction frequency of 50 Hz defines a duty factor of the order of 10~*
which allows effective suppression of cosmic background. Neutrinos are detected in a high
resolution 56 t liquid scintillation calorimeter [1]. Consisting entirely of hydrocarbons the
calorimeter serves as a massive live target of !2C - and 'H - nuclei for the investigation of
various v -induced reactions [2].

2. Neutrino — Nuclear Interactions

The observation of v -induced transitions between discrete nuclear states is an ideal
tool to study in detail the structure of the weak hadronic current as well as to investigate
fundamental properties of the neutrino itself. Due to the well defined change of quan-
tum numbers in the nuclear transitions the target nucleus acts as a spin- isospin filter
selecting specific parts of the weak hadronic current. In the case of the v -induced tran-
sitions from 2Cgs (01 0) to the excited state 2C*(1*1;15.1 MeV) and the analogue
state 2N, (1* 1), both of which are observed in the KARMEN experiment, only the
isovector - axialvector weak current contributes significantly. The inverse (- decay reac-
tion '2C (ve,e” ) 12Ng_n_ allows to study the q?- dependence of the dominant isovector -
axialvector formfactor of the weak hadronic current; investigation of the NC transition
2C (v,v')1?C* (1*1;15.1 MeV) induced by neutrinos of different flavours, i.e. v, and
ve or 7, , provides a test of the flavour universality of the v - Z° coupling.

3. Exclusive CC reaction '2C (v.,e” ) 2Ny,

Detection of the exclusive charged current reaction '?C (v, ,e™ ) *Ng. is based on a
spatially correlated delayed coincidence between an electron from the inverse (- decay
on '2C during the v, - time window and a positron from the subsequent 2N - decay. This
decay, which uniquely identifies »-induced transitions to the ground state of '’N, is
characterized by its lifetime of 7 =15.9 ms with an end point energy of E, = 16.3 MeV.
In addition, electron and positron are produced at the same position in the detector
thus greatly reducing random background. The data sample used for the present ana-
lysis was taken from Dec. 1989 to Dec. 1991 corresponding to 2267 C protons on tar-
get. Software cuts on the time, energy and spatial correlation of the prompt and de-
layed signal (for details see [3]) selected 112 coincidence events from the data sample.
The proof that these v -candidates are indeed due to exclusive CC reactions is given
by fig.1 a-d): the measured time- and energy distributions of the prompt and delayed
signal are in very good agreement with what one expects from the reaction sequence
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superimposed. The normalized ’beam off’ background is shown as shaded area.

2C (ve,e” )2Ng,. -+ 12C + €* + ve . In particular the time distribution of the prompt si-
gnal (fig. 1b) clearly demonstrates the origin of these events to be induced by v. from
pt -decay. From 105.2+10.6 of these CC events left after background subtraction (si-
gnal - background ratio = 15) the cross section for this exclusive reaction averaged over
the Michel shape v, energy distribution (0-52.8 MeV ) was deduced to be

(Oexcoc ) ™ = [8.0 £ 0.8 (stat.) £ 0.75 (syst.)] x 1072 cm?

This result is in good agreement with recent theoretical calculations [4, 5, 6] yielding
values between (8.0-9.4) x 10~%2 cm? with a 10 % uncertainty, as well as with an earlier
experimental result from an experiment at LAMPF (7].

The good calorimetric properties of the KARMEN detector also allowed for the first
time a measurement of the energy dependence of the 2C (v, ,e” ) 12Ng,,_ cross section.
An unfolding procedure transformed the electron energy spectrum into a v, - energy dis-
tribution which then was subdivided into four energy bins. The resulting mean cross
section in each energy interval is shown in fig. 2 in comparison with theoretical calcula-
tions without any further normalization. Where currently the measurement reflects the
threshold behaviour of the reaction, improvement of statistics will allow also to investigate
the q2 - dependence of the dominant axialvector formfactor.
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4. NC nuclear excitation !2C (v,»')!2C* (1t1;15.1 MeV)

Improved trigger conditions since summer 1990 allowed to identify for the first time
the inelastic v - scattering off 2C- nuclei, i.e. NC events of the type v+ '2C - ' 4-12C*
(1*1;15.1MeV) (8]. The signal for this process is the detection of a localized scintillation
event of 15 MeV visible energy from photons emitted as the (1* 1) analogue state of
'2C decays back to the ground state with a 94% ~- decay branching ratio. In order to
optimize the signal to background ratio evaluation was restricted to the (v.,7,)-time
window of 0.5-3.5 us after beam-on-target. The energy spectrum of events satis{ying
these criteria with residual background from off beam analysis subtracted is shown in
fig.3a). Above 17 MeV there is a broad distribution of events corresponding to inclu-
sive charged current reactions, with no evidence for events above the kinematic limit.
Between about 11 and 16 MeV lies a clearly recognizable peak which is ascribed to the
2C(v,v')!12C* (1*1;15.1 MeV ) reaction. The time distribution of all events between
11-16 MeV shows an exponential time slope of 2.2 us (fig.3b) above a flat cosmic back-
ground, indicating that indeed these events are induced by v, and 7, from pu* - decay.
From 734 £ 18.6 events in the peak area between 11 and 16 MeV the flux averaged cross
section for the sum of ». and ¥, induced NC transitions was deduced to be

{onc(ve+5,)) ™ = [9.1 + 2.3 (stat.) + 1.3 (syst.)] x 10~*? cm?
This result again is in good agreement with theoretical calculations for this reaction
(4, 9, 10] giving values ranging from (9.9-10.3) x 10~*2 cm?.
5. Flavour universality of v - NC coupling

Except for an isospin factor 1/4/2 the matrixelements of the dominant isovector axial-
vector hadronic weak currents for the NC transition '>C (v, ,v.')!?C*(1*1) and the CC
reaction '>C (v, ,e~ )!2Ng, are the same [4, 6]. As the NC transition is simultaneously
induced by two neutrino flavours of the same intensity, i.e. v, and 7,,, the ratio R of
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onc (Ve +,) | occ (V. ) is about 1, provided the v, couples in the same way to the Z°
as 7,,. Because of the slightly different energy spectra of v, and 7, and also accounting
for the small v -7 difference in the NC cross section the theoretical expectation for this
ratio is R =1.08 [4] , where from our measurement we get R =1.14 £ 0.34. This is a flux
independent implicit test of the flavour universality in the neutrino NC coupling, which
is going to be significantly improved with increasing statistics.

6. CC reaction ’C (v, , e~ ) 2N~

The broad structure in the energy spectrum of single prong events of fig.3a) has
been assigned to inclusive CC reactions. First of all, the time distribution of these events
above 17 MeV again shows the typical 2.2 pus decay constant indicating these events being
induced by neutrinos from p*-decay. The kinematic distribution is well reproduced
by a MC simulation including small contributions from v-e scattering and from the
C(v.,e” )N reaction, where most of the events are inverse 3 - decay reactions on '2C
with only the electron being detected. The number of transitions to the >N ground state
is well known from our measurement of the exclusive channel with subsequent N - decay.
The remaining events are thus ascribed to CC transitions to excited states of 2N . From
99+ 20 events above 17 MeV visible energy, assigned to '2C( v, ,e™ ) 12N* reactions, the
flux averaged cross section is determined to be

{(oCCexcit.n ) P = [13.5 + 2.8 (stat.) + 1.5(syst.)] x 1072 cm?

This result contradicts theoretical values of 3.7 x 10742 cm? calculated by Donnelly [5] and
of 6.4 x 1072 cm? by Kolbe et al. [12] as well as another experimental but, as we believe,
less conclusive result [11] being in agreement with [5]. Currently there is no conclusive
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explanation for this deviation, but more elaborate theoretical work seems to be necessary
to reliably calculate v -induced transitions to excited nuclear states also with respect to
solar neutrino detectors using nuclear inverse 3- decay signatures.

7. Neutrino Oscillations

Having three types of neutrinos v,,v, and #,, KARMEN is looking for appearance
oscillations v,--+ v, and §,-- I, simultaneously, whereas the actually present electron neu-
trinos are used for calibration and normalization purposes. Although the statistics after
only two years of data taking is still very low a first preliminary analysis with respect to
v -oscillations was performed. With v, from the decay #* - p* + v, being monoenerge-
tic, a search for v,--» v, means to look for a 30 MeV v, during the short time window of v,
using the delayed coincidence signature of the exclusive CC reaction '>C (v, ,e™)!2Ng.
described above. No event was found where one could have expected 56 events for full
oscillation. From v, - contamination during v, - time and off beam background one would
have expected 0.4 and 0.3 events, respectively. Following the particle data group recom-
mendation this means that more than 2.3 events from v,--» v, oscillations can be excluded
in the 90 % CL. The oscillation probability is thus Py, -y, < 4.1 x 10-2.

Evidence for an oscillation #,— &, would be the detection of 7, with energies up to 53
MeV during the 7, time. 7. not being present in the primary beam will be identified by
another delayed coincidence signature, i.e. inverse 3- decay on protons followed by (n,~)
capture of the thermalized neutron by a small amount of Gd in the module boundaries
of the detector: 'H(# ,e* )n—Gd(n,v) with SE=8 MeV. Four of such events have
been found, where 206 would have been expected for full oscillation. With an expected
background of 2.2 events this sets an oscillation limit of Pp”__, 5, <2.8%x107% at 90%
CL. These limits are about an order of magnitude away from the currently published
oscillation limits on this channel. After four more years of data taking KARMEN will
have proven these limits with great reliability because of its good resolution figures, clear
v - signatures and well understood background conditions.
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NEW EXPERIMENTAL RESULTS
ON NEUTRINO MIXING AND DECAY
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The search for neutrino decay is a sensitive method to look for very small neutrino mixing
parameter. Wereport about the status of an decay experiment performed at a reactor in Bugey
and present preliminary new experimental limits on the coupling of a heavy neutrino to the
electron state. Additionally new experimental lifetime bounds on the radiative decay mode
are given. Rigid laboratory limits on this decay mode for the hypothetical 17 keV neutrino are

presented. Limits on the radiative decay of a 17 keV neutrino obtained from the supernova
SN1987a are discussed.
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1. INTRODUCTION

Neutrino decay is, as well as the phenomenon of neutrino oscillations, an inevitable consequence
of non zero neutrino masses and neutrino mixing. Experiments looking for neutrino oscillations are
sensitive to small neutrino masses, because neutrino oscillations would be a quantum mechanical
interference effect. Experiments looking for neutrino decay investigate the region of heavy neutrinos,
because the decay widths of all modes increase strongly with the neutrino mass. Therefore the
experimental search for neutrino decay is complementary to oscillation experiments.

For the mass region below =~ 45 GeV the existance of three neutrino flavours has been proved by
the recent LEP-experiments at CERN. These neutrino flavours v¢ (£ = e, it,7) can be expressed in
the most general form as a superposition of orthogonal mass eigenstates v;, namely as v¢ = 2 Uyivi.
This hypothetical approach is in close analogy to the experimentally verified mixing in the quark
sector.

From direct neutrino mass experiments [1] the following limits have been obtained: m, () < 9.4
eV, my(,) < 250 keV, and m,,(r) < 35 MeV. These constraints can be considered as mass limits for
the eigenstates v; coupled dominantly to the corresponding neutrino flavour. From this experimental
facts one can conclude that only two modes for neutrino decay into known particles remain, which
are experimentally observable under the preconditions of existing neutrino masses and mixing: v; —
v; + photon(s) and v; — v; + et + ™.

The former is called radiative decay, the latter corresponds to the decay of a heavy (m, > 2m,)
neutrino into a positron electron pair.

1.1. NEUTRINO DECAY MODE v; - »; + et + e~

We are free to arrange the mass eigenstates according to their mass values. Then we know that
only V=3 is a candidate for this decay. This mass eigenstate with m,, > 1MeV could be dominantly
coupled to the tau neutrino v,. Several theoretical models exist showing the possibility of a tau
neutrino in the MeV range (e.g. [2]).

If such a heavy neutrino mass eigenstate exists, the decay v3 — v;ete™ must occur. The
transition probability is determined by the strength of the coupling to the electron: namely the
mixing parameter U33 and Uzi' This decay occurs at tree level and can be calculated in close analogy
to the muon-decay. One obtains ['; = (G%mis/1927r3)U33U;"i where m,,, is the mass of the decaying
neutrino and G is the Fermi constant. There are two possible decay branches 2forsthree neutrino
flavours, which have to be added incoherently. Finally we achieve I';o¢a; = %{Ui’, because
U +U%,=1-U%=~1.

1.2. RADIATIVE NEUTRINO DECAY

This decay mode occurs at loop level and one obtains in vacuum within a CP - conserving
theory for Dirac neutrinos I’ =~ (m,,; /30eV)*| U; U}, [>+ 10729 /y. Here (my; >> my,). As one
can see, the V-A standard model delivers extremely long lifetimes, which can further be suppressed
by a weak neutrino-coupling with the tau lepton. However, several models beyond the standard
theory predict considerably shorter lifetimes [3). Additionally radiative decay in dense matter is
tremendously enhanced [4]. This may be interesting for supernova models and it also set up some
doubts on the exclusion of massive neutrinos with m, > MeV based on cosmological arguments,
which did not include this fact.

2. EXPERIMENTAL SET UP AND FIRST RESULTS

We are performing an experiment searching for both decay modes. Our detector is placed in
a laboratory near by a nuclear power reactor at Bugey (France). The reactor provides a high flux
~ 103¢m 2571 of ¥, at our detectors site. Origin of these neutrinos are nuclear beta decays of the
fission products. If massive neutrinos v; exist which are coupled to these betas, they will be emitted
with a branching ratio of Ufj. Since Q-values in nuclear beta decays up to 10 MeV are obtained,
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Fig.1: Limits on the neutrino mixing for heavy neutrinos. 1)
search for v decay at the reactor in Gosgen (1987) [5]; 2) at the
reactor in Rovno (Ukraine) (1990) [6]; 3) limit from 7 decay [7];
4) and 5) (dashed lines) are our new results with 68% and 90%
CL.

10

neutrino masses in this range can be studied in our experiment.

The detector consists of two position sensitive multiwire XY-chambers with dimensions of 1.9m -
1.8m. Both chambers (36x entrance window) are looking for possible neutrino decay products,
namely electrons and low energy photons, emerging from a 8m? big He-filled volume. This system is
surrounded completely by six 2m - 2m proportional counters, acting as an active veto shield. Copper
aswell as aluminium sheets are used as passive shielding material. The whole detector can be rotated
by 360° in order to measure in and out of the neutrino direction with respect to the reactor.

2.1. RESULTS FOR THE v; — v; + ¢* + e~ MODE

The measurements for this decay mode started in June 1991 during the reactor off time. This
time (= 10 days) is used as a background measurement. During the following reactor on period we
took & 20 days of measurement. A fast trigger was set when both XY-chambers fired simultaneously
and in anticoincidence to the whole veto system. But only if two clusters of adjacent channels in
each chamber were identified, the pattern of the channels, the energies and the pulse shape of the
event were written on tape. The average trigger rate for the reactor off (on) period was 1.88 £ 0.03
(1.88 & 0.02) counts/sec (68% CL). Here statistical as well as systematic fluctuations are included.
So, no significant increase in the trigger rate during the reactor on period was observed. Taking just
the trigger rate difference between reactor on minus reactor off we obtain preliminary limits on the
mixing parameter U2, as function of the neutrino mass. Effects due to the limited efficiency and
the deadtime of the detector are included. Our new limits, derived from the trigger rate only, are
depicted in fig.1 together with results from other experiments.

In the next time we will analyse the data written on tape. Only events with energies within
a proper window will survive as good candidates. Additionally the pattern of the channels which
fired, together with the pulse shape information will allow to reconstruct the vertex of the two fold
coincidence. During spring and summer 1992 a new measurement with a reactor off period of three
months is planned.

2.2 RESULTS OF THE v; — v; + v MODE

Recently the existance of a 17 keV neutrino v;, weakly coupled to the electron (Uzj =8-10"%)
was claimed [8]. If this massive neutrino exists, it couples of course also to reactor neutrinos and
we will have a flux ®(v17ke v)=x 8- 10'° /em?sec. Due to their mixing these neutrinos must decay
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Fig.2: Energy and angular distribution of photons following the radiative decay of 17 keV
neutrinos emitted by a reactor.

radiatively.

We were looking for this decay during the reactor on time. In a Monte-Carlo calculation we
estimated the photon energy distribution one would expect. This spectrum is increasing for low
energies as depicted in fig.2. The neutrino luminosity of a reactor is determined experimentally [9],
only for the low energy part (E < 1MeV') we rely on the calculations of Vogel and Engel [10]. The
integral over the energy window yields the counting rate one expects in the detector. It is important
to notice that this number can depend very strongly on the helicity of the neutrino v;, which follows
the radiative decay.

We set a energy window between 2 and 10 keV. For the decay photons with an energy inside
this window the Helium decay volume is transparent, whereas the quanta are absorbed in the XY-
chambers completely. Therefore we obtained nearly 100% detection efficiency. Due to the fact that
the most of the 17 keV neutrinos are highly relativistic, the direction of the photon follows almost
exactly the original direction of the decaying particle (fig.2). Therefore it is possible to determine the
background just by rotating the whole detector.

No effect was observed and after one day of measurement we were able to set a 90% CL limit of
0.58 counts/sec.

3
10
Tem

Ten
UM

<6 m 2
O A s R o
M-m /M
Fig.3: Limits on the neutrino radiative lifetime obtained in laboratory experiments: (1)
corresponds to ref.[5], (2) to ref.[11], (3) are ournew results.

Comparing the expected counting rate with the experimental bound we obtain the following
90% CL limits on the radiative lifetime (in the cm-system) of the 17 keV neutrino:
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- no neutrino helicity flip: Tem > 3.1+ 103 sec
- neutrino helicity flip: T¢pm > 5.3 - 10% sec.
Note, that standard weak current interaction predicts the appearance of a neutrino helicity flip in
radiative decay. To our knowledge our limits are the most stringent bounds obtained up to now in
laboratory experiments.

One can also calculate the most general case of arbitrary neutrino masses. Then we get limits on
the quantity Tcm/Ue?,‘ - M, with M the mass of the decaying neutrino as a function of (M — m)/M,
where m describes the mass of the emitted neutrino state. This limits are depicted in fig.3 together
with bounds obtained in other laboratory experiments. The dashed lines indicate the limits valid for
neutrino helicity flip (upper curve at the right side) and for helicity conservation.

3. LIMITS ON THE RADIATIVE DECAY OF A 17 KEV NEUTRINO FROM SN1987a

The energy density of massive neutrinos and their decay products must not exceed the present
energy density of the universe. This requirement excludes the possibility for stable neutrinos with
masses over ca. 100 eV. For neutrinos with mass values above this limit one obtains bounds on the
lifetime as a function of the neutrino mass [12]. For a 17 keV neutrino one estimates a maximum
lifetime 7y oz = 102 — 10 sec. In principle radiative decay can solve this problem, however from
standard weak interaction one obtains a lifetime which exceeds 7, mar by many orders of magnitude.
For neutrinos above 1 MeV this problem does not occure, because then the ete™ decay mode is open
and is fast enough to meet the conditions from big-bang.

Although radiative lifetime is shortened in dense matter of the early universe, this effect is to
small for a 17 keV neutrino to fulfill the limit given above. Other possible decay modes in known
particles, like the decay into two photons and into three light neutrinos, yield even longer lifetimes. So,
from a theoretical point of view only the introduction of unusual large magnetic transition moments
leading to fast radiative decay or the invention of new light particles (Goldstone boson etc.) in which
neutrinos may decay can ”rescue” the 17 keV neutrino.

How is the experimental sight on radiative neutrino decay in context with cosmology? Labo-
ratory experiments like ours can not explore the region up to 10! sec. The most stringent limits
{13] come from the non-observation of gamma rays in the detector of the Solar-Maximum-Mission
satellite during the neutrino burst in IMB and Kamiokande. We reviseted now also the period (254
sec) of measurement following the neutrino burst in the 4.1-6.4 MeV energy band. Comparing with
the background measured shortly before we obtained a limit on the gamma fluence coming from
radiative neutrino decay and therefore also for the neutrino lifetime (fig.4).

How reliable are these limits? We remind, that IMB and Kamiokande detected electron antineu-
trinos. The lifetime limits for the electron antineutrino given in [13] are not model dependent, because
they only base on the measured gamma and neutrino fluence and on the known distance from the
large magellanic cloud to earth. However, the fluence of muon - and tau neutrinos reaching earth has
to be estimated in models describing supernova mechanism (we rely on calculations of Wilson [14]).
Therefore our limits on muon - and tau neutrinos, which are the only interesting when discussing the
17 keV neutrino, are indeed model dependent.

Additionally, the region one excludes is still below these values which are calculated within
standard theory. This means, that one can describe the decay by large transition magnetic moments,
leading to other may be difficult to describe phenomena inside the neutrino sphere of SN1987a. In a
paper of Hatsuda et al. [15] the effect of radiationless conversion of massive neutrinos was studied.
Within a certainrange of the transition magnetic moment this effect will occure without reconversion,
leading to a strong depletion of massive neutrinos. Then no decay of this neutrinos could be observed.

In fig.4 the exclusion plot of our work, including the arguments of [15] are shown. For a 17 keV
neutrino the regions

10%sec < Tyi7kev < T- 107sec

Tirkey > 2 10Msec
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Fig.4: Limits on the neutrino radiative lifetime for massive vy, and V; obtained from SMM
data during SN1987a. Radiationless conversion of massive neutrinos inside the supernova

can lead to a depletion of heavy neutrinos and no decay can be observed within a certain
range of parameter.

are allowed. We would like to thank Mr. Rieger from the Max Planck Institut fiir Extraterrestische
Physik in Garching for the access of the SMM data. This experiment is supported by the BMFT of
the Federal Republic of Germany.
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Abstract

A preliminary analysis of data taken with one of our detectors at 15 and 95 m of a 2800 MW
nuclear reactor core is discussed. The corresponding exclusion contour is presented.
Schedule and limits we intend to reach for a 40 m measurement are also presented.
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1. INTRODUCTION.
The Bugey neutrino oscillation experiment is performed near the four reactors of the Bugey Nuclear

Power Plant, 30 km

distances from reactors

east from Lyon
(France). Each reactor
(nottoscale) has a thermal powerof
2800 MW and yields
a flux of about 5.4
10® antineutrinos/s.
The reactor cores are
4 meter high and 3
meters in diameter.

y detector #2 Three detectors are
@dolu!orﬂ used as sketched in

detector#3

reactor #2 | reactor #3 | reactor #4 | reactor #5 ﬁg}lm 1. Eachoneis a

Wm 95m 15m detector#1 stainless steel tank

40m detector #2 & #3 filled with 600 liters

of liquid scintillator.

] This pseudocumene

Figure 1. Setup based scintillator (NE 320) has a H/C rasio of

1.4 and is loaded with SLi (0.15%) [ref 1].

Optical tunnels define 98 cells of 8.2x8.2x85

A~ NG cm? read by a photomultiplier (PM) at each

Q/\}"J@)&fo\\o\g% end (figure 2). The detector(s) is (are)

ANOACLOAOAOAOLO surrounded by a shield which, from outside

@/0\ o )@/@\0\[0) inwards, is made of a 18 cm layer of lead (to

(oY ofoYo ofo)o] PhotqMultipliers reduce ambiant y background), a 25 cm layer

0000000 of water followed by a layer of B,C (to reduce

@)f o] 0\\@@)65(0) neutron background) and vessels filled with

roY @@) @fo o C@ liquid sciniillator read by a PM (to keep track

‘o (0/@) o)o)oYo of cosmic charged particles) used as veto

@(o\@](o (OJ 006 counters [ref 2].
YoYoY

(°<>° >°\>°<(° >°<@\ 2. DETECTOR PROPERTIES.
oYoJofoxoXoXo) The scintillator is used as a tar;

PN A N get for the

Q{}i@% (o EYAIAY, antineutrinos; it detects the positron,

@<>9<@/>0&\9/ o\ thermalizes the neutronand detects the neutron

(oXoXoXo X oXo) via 6Li + n, -> ot + t giving rise to a sharp line

of 530 keV electron equivalent energy. The

mean life time of the neutrons coming from

antineutrinos is about 30 pus in our detectors

and the mean distance between the positron

and the neutron detection points is roughly 5

cm. The localization of the antineutrino events

combinedto the short correlation time between

Figure 2. A detector
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the positron and the neutron allows us to reduce our accidental background. Discrimination between
different particle types is made using pulse
shape discrimination (PSD) (figures 3 and 4)
[ref 1 and 2]. PSD

1040

1000

260

PSD = delayed charge -
total charge

880

840

PM pulse

gate for
total charge

gate for

delayed charge

=R ) L r i
60 80 100 120 140 160 180
600 ns total charge

Figure 3. PSD definition

Figure 4. Heavy particle PSD vs total charge of
a Bismuth enriched sample of events

3. ON-LINE ANTINEUTRINO SIGNATURE.

We require a 100 us delayed coincidence between a "neutron” pulse and a "positron” pulse in
neighboring cells; a "neutron” pulse following the "positron" pulse defines the on-line "neutrino”
trigger,whereas a "neutron" pulse followed by a "positron" pulse defines the on-line "accidental" trigger.

4. CALIBRATIONS.

An Am/Besource emits fast neutrons and 4.4 MeV gammas, with which we carry out:
- a neutron calibration of each cell every month,
- a gamma calibration of each cell every other week.

A spark gap connected to a bunch of 2x98 optical fibers (one optical fiber for each PM) is used to:
- daily monitor the changes in the PM gains and the liquid properties, allowing us to daily

interpolate the source calibrations.

In this way we manage to daily monitor for each cell:
- the neutron energy peak position,
- the neutron PSD,
- the positron PSD,
- the energy calibration (to better than 1%).

5.STATUS OF THE LIQUID SCINTILLATORS.

In detector # 2 & 3, the liquids are stable but contaminated with Uranium to alevel of 1 ppb [ref3].
For detector# 1,the liquid has no Uranium contamination problem but is slowly degrading (2to4 % per
month on the number of photoelectrons/MeV); however due to our daily monitoring it is possible to
correct for this degradation.
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6. AVAILABLE DATA FOR DETECTOR #1.
- ON data 15 m (reactor #5) > 100 000 antineutrinos

95 m (reactor #4) 1800 antineutrinos
- OFF data
un reactor#5 (15m) reactor #4 (95m) reactor #3 (260m) # days
POF1 OFF ON ON 47
POF2 OFF OFF ON 6
POF3 OFF OFF OFF 40
7. BACKGROUND.

The background is measured and substracted using reactor OFF data. There are mainly two types of
identified background:
- accidentals: they are measured on-line using a special trigger "neutron” before "positron”,
- correlated, coming from:
- fast neutrons from cosmic ray stops (rejected by veto counters and positronPSD)
- Bismuth correlated events (rejected by software

cuts) MBi — ™Po +
8. PRELIMINARY ANALYSIS OF DETECTOR #1 DATA. = 232 ps| iy
Qp = 3.27 MeV
8.a. Analysis cuts. = 7.8 MeV
The analysis cuts used were the following: 321) keV e- eq. j
- positron energy: E(e+) > 1 MeV,

- positron PSD: PSD(e+) within +- 3 ¢ of the mean,

- 2.2 ¢ elliptical cut on (neutron PSD: PSD(n), neutron energy: E(n))

- time difference between neutron and positron: At(n,e+) < 60 s,

- longitudinal distance between neutron and posisron: Az(n,e+) < 35 cm,
- multi-dimensional cut [ref 6].

/h/100keV
TE
who S o neutrinos
1 s
o . 53.83+-022%M 103
L e e R JH e S e e st T
e+ spectrum MeV <Tn> =30.7 s
c::nl‘s@[lookev il '
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o 034 +0.02/h d
0.01 W 40
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Figure S. Positron spectra for 15 m data Figure 6. Time distributions
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These data were taken while reactor #5 was ON. Figure 5 shows the energy spectra of neutrino,

g
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accidental and Bismuth events. The number of
detected antineutrinos is found to be 53.83 +- 0.22
/h after cuts (§ 8.a). Figure 6 shows the At(n,e+)
distribution for neutrino and accidental events.
Figure 7 shows the very good agreement between
the distribution of the number of neutrinos detected
along the 14 lines of the detector and the same
distribution generated with our Monte-Carlo. The
first and last lines are underpopulated due to

Figure 7. Neutrino events along lines

neutron leaks; the decrease between top and
bottom is due to a solid angle effect.

8.c. 95 m data.

These data were taken while reactor #5 was
OFF and reactor #4 was ON. The number of
detected antineutrinos is found to be 1.23 +-
0.13 M after cuts (§ 8.a). Figure 8 shows the

energy spectrum of neutrino events and the ratio between the Figure 8. Data for 95 m
energy spectra of neutrinos coming from 15m and those

counts/h/500 keV
o + 123 4/-0.13Ve/h
oo b + S/B=14
oo E
3 95m
:_‘» ON-OFF ++_+_+
——
R T T S I TR ST e R 1
DETWINO ¢+ ENeTRie spextrum MeV
0.1
hed fit = .026 +- .002
om [ |ratio ON-OFF AQ= 0249
95m/15m
z +
pre =+ 4 ~+ |
=l Sl
O P e ey
newtrine e+ energie spectram MeV

coming from 95m. This ratio is in good agreement with the
difference AfQ in solid angle between these two distances. Figure 9 shows the 90 % C.L. contour
extracted from the comparison of the 95 m and the 15 m data, taking into account a conservative 10 %

systematic error.

8.d. Background data.

The background components, using the 6 days of ran POF2 OFF data are the following:

- correlated Bismuth (estimated)

v’s from reactor #3

026 (+- 005 /h
015 m

remaining background 0.42(+-0.12) /h

total
- accidentals

0.83+-0.11/h
025+ 005/
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9. CONCLUSIONS.

9.a. detector #1.
The data taking is now over. The analysisneeds to be finalized including:
- cuts optimization,
- even better background rejection:
- better estimate of Bismuth contamination,
- use interpolated neutron calibrations,
- use shape of "neutron” pulses as measured by 100 MHz Flash Adcs [ref 4],
- lower the systematics (normalization, cuts efficency ...).
Forthe 15m data, as we have a

high statistics, it will be possible to
discriminate between [|&m’(eV’)
Schreckenbach and Tengblad 102
measured spectra [ref 5]. For 95m
dataaslightly better contour should
come out. 10

T T T

T

9.b. detector #2 and 3 (40m data).

Data have been taken from 1
June 91 on. Data acquisition should
continue till summer 92, including
3 months of "OFF data" from April _y
to June. The expected 90 % C.L. /
contour for the comparison between

expected for 15m/40m
these data and the 15m data is 2
. . . . 10
sh0w1:| |.n\ Figure 9. A final analysis, E 15m/95m (10% syst. error)
combining the source spectrum

(Om) and the 15, 40, 95 m data ST \

should be performed before the end 10
of 92. 03 107 107" sin*20

3
T

b L1 L1

Figure 9. Contours (90 % C.L.)
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RECENT ARGUS RESULTS ON TAU PHYSICS
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Abstract

Some recent ARGUS results on 7 physics are presented : The decay 7~ —+ vym m¥m™
is shown to be dominated by a; production. Using this decay, we have updated our
determination of the v,-helicity. Furthermore, we have tested CVC by exploiting the 7
decay into #~ 7% which is dominated by p production. These decays, together with the
leptonic ones, indicate that the consistency and the completeness problemsin 7 decays are
still alive. A search for 29 v-less T decay channels doesn’t give an explanation for these

problems. Finally, we have updated our limit on the 7 - neutrino mass.

*supported by the German Bundesministerium fiir Forschung und Technologie under the contract num-

ber 055HD21P
tReferences to a specific charged state are to be interpreted as also implying the charge conjugate state.
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The Decay v~ —» v, 7wt~

To investigate the decay T into 3 charged pions, wehave selected events with the so called “1
versus 3 topology ”. After background subtraction one gets the three pion mass distribution
shown in figure 1 which is nicely described by the model of Isgur et.al. [2]. Therefore,
and due to the fact that one observes a clean p - signal in the two pion mass spectrum
(figure 2), one concludes that a; production dominates this channel. The background
is modelled by the “like sign” two pion mass distribution (full line). Using the model of
Isgur et al. we have determined mass and width of the a; (m(a;) = (1.21140.007)GeV /c?,
T'(a1) = (0.466 £ 0.021)GeV /c?).

For the decay T into a; we get a branching ratio of BR = (7.06+ 0.10+0.50)%. Adding’
the K#x and K K7 branching ratios to our value, we can compare our result with those
of ALEPH (3], CELLO [4], and other experiments [5), and calculate a world average of
(7.8+£0.3)%.

The ALEPH (3] and CELLO [4] collaborations determined slightly higher values as well for
this channel as for 7 goes to #~7°7°. When a; dominance is assumed both channels are
expected to have the same branching ratio because of isospin arguments. Concerning the
completeness problem, these two channels cause the major discrepancy between ALEPH
and CELLO on one, and ARGUS and the rest of the world on the other hand, which I
want to discuss below.

The decay T into a; provides the possibility to measure the sign of the v, - helicity due
to the fact that there are two possibilities to form the p. This leads to an interference
term containing the information on the sign. In 1990, ARGUS has published a value for
T4V = ;Z-AT%- of 1.14 £ 0.344+33% [7), where g4v is the weak axial and vector coupling
constant. We have meanwhile improved our statistics, and have deterrnined the ratio of
the D and S wave amplitudes in the decay a; — p°7~ at the mass of the a, by analyzing
the Dalitz plot projections, and obtained for this ratio a value of —0.114 0.02. With these
improvements we get a new value for v4v of 1.25+0.23+ 7735, where the Standard Model
predicts 1. This is a clear proof for the lefthandedness of the v,.

The decay 7~ — v, 7w~ =w°

Selecting T - pairs where both 7's decay into p, we are able to extract a branching ratio
for this channel independent of other ones. In addition we look for p's from “1 versus
3 topologies”. The result of (22.6 + 0.4 + 0.9)%, together with those of ALEPH (3],
CRISTAL BALL [6], CELLO (4], and other experiments (5] leads to a world average of
BR(t — v,m~ 7% = (23.1+0.6)%. This channel can be used to perform a test of the
CVC hypothesis which means relating the decay 7 into p to ete~ annihilation at low
energies. The CVC prediction with the ete~ data from Novosibirsk [8] gives a value
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g—:&’:—m)l =1.32 £ 0.05, which agrees perfectly with our measurement of 1.31 £+ 0.07.
Futhermore, we have applied the CVC prediction to the #~#° mass spectrum, where the
spectral function v;(g?) of the p is proportional to |Fy|? for the (I =1) component. Using
Kiihn's + Santamaria’s fit of F/2 to the et e~ data [8] we get a good description for the
background subtracted spectrum (figure 3). Acceptance and resolution are taken care of
in the fit function. This proves that CVC works well and we have dominant p-production
in this channel.

Leptonic T decays

For the determination of the leptonic branching ratios we have used the following two data
samples:

ete —» 7t~ = (3prong) vy € '-’e(l‘_ ﬁwh_)

etem = THTT S ve B Poptyy,

leading to the product of branching ratios: B. - Bsgrong, By * Baprongs Br* Baprong, Be * Bu.
Calculating ratios of the product BR's one is able to determine B, and B, independently
of Bsprong. We obtain B, = (17.3 £ 0.4 + 0.5)% and B,, = (17.2 + 0.4 + 0.5)% giving a
world average of (17.8 £+ 0.2)% and (17.4 + 0.2)% for e and g, respectively, when using
all available results (LEP collaborations, CLEQ, CELLO and others). There is impressive
agreement of all experiments.

Consistency problem

The consistency problem states that the exclusively measured BR into electrons does not

equal that one derived from the 7 - lifetime:

excl. Tr mr s Gr ?
() (&) ®

With the exclusively measured BR's for the decays:

TS o Vpe e, TT — VT, TT = We(T + KT), TT > yepT, T - V,j("‘,
™ = yr~ntr~ 7% 7= — v, 7~ 7%7%x° one can, with the help of theory, calculate
B, for each channel. For example, the CVC prediction for the p channel was shown
above. Averaging all Bls coming from exclusive r decay studies, one gets a mean va-
lue of (17.91 £ 0.13)%. Secondly, one can deduce B, by comparing the decay T into e
with the decay p into e (equation(1)). Using the latest world average for the 7 lifetime
((302.7£5.6) fs), including the results of CLEQ, the four LEP experiments, and the PDG
value, one obtains (18.91+0.36)%. Thus, there is an apparent discrepancy of 2.6 standard
deviations between B, from exclusive channels and B, from 7 lifetime and 7 mass. The
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latter one is, by the way, dominated by DELCO measurement of 1978 [9).

Possible solutions of the consistency problem could be: A wrong B, from exclusive mea-
surements. There are, however, different exclusive channels which agree very well with
each other. Next, there could be a mistake in the 7 lifetime or mass determinations. A
third solution of the consistency problem would be the existence of a light and a heavy 7
-neutrino which mix. Finally, violation oflepton universality would explain the consistency
problem.

Completeness problem

The second problem in 7 physics is the completeness problem which means that the sum of
all exclusive branching ratios found is not 100%. Table 1 summarizes the branching ratios
for all channels: theory, world average, and the ARGUS and ALEPH values [3). The
theoretical predictions are normalized to the measured electronic branching ratio. Since
ARGUS has not measured the decay into #~x%%°, BR(r~ — v,x~ntr~) = BR(r~ —
v,x~7%x%) was used assuming isospin invariance and a; dominance in this channel. The
theoretical prediction based on CVC and hadron production in et e~ annihilation is used
for BR(t~ — v,x~#%2%°). In the ALEPH column, for BR(t~ — v, K*~) the world
average was inserted. Both the world averages and the ARGUS measurements indicate
that the completeness problem is still alive, whereas ALEPH and also CELLO [4] don’t
see any problem. The major differences between ALEPH and ARGUS are the channels
into three charged pions and into one charged and two neutral pions as discussed before.
The differences in analysis between ALEPH and CELLO on one hand, and ARGUS and
the rest of the world on the other hand, is that ALEPH and CELLO determine branching
ratios for all channels in a simultanous fit, without, however, constraining the sum of all
branching ratios to 1, due to differing efficiencies. ARGUS determines the branching ratios
independently channel by channel. The reason for the experimental discrepancies is not

yet clear, but is most likely connected to the method applied.

Search for neutrinoless T decays

Taking the completeness problem for real, one explanation would be the existence of unex-
pected decay channels, for instance neutrinoless 7 decays. ARGUS has performed a search
for 29 such channels with a data sample corresponding to 387 pb~!. Table 2 sunmarizes
the upper limits of ARGUS and those obtained previously by other experiments. We don’t
see the solution of the completeness problem here.



T Theory World ARGUS ALEPH
decay mode [%] | average % (%) (%)
ev 17.8 17.8+0.2 | 17.3+0.6 | 18.1+0.6
pvi 17.3 17.4+0.2 | 17.2+0.6 | 17.41+0.5
(x+ K)v 114 12.0+0.3 | 11.7+1.0 | 12.6 £ 0.6
pv 23.5 23.1+0.6 | 226+1.0 | 246+ 1.1
K*v 11 | 1.4+01 | 1.2£03 | (1.4)
L AL it a7 (11.7) | 7.8+0.3 74+ 05 9.1+0.7
=210y (11.7) 82+05 [(7.4+£05)| 10.2+1.1
"xtr-x-x 4.3 53+0.3 5.4+ 0.6 5.0+ 0.7
x—3r0% 11 | 1.3+04 | (L1) 1.6+ 0.6
3 100 942+1.1 4 91.3+3.3 | 100.0+2.2
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Table 1: Branching ratios for major 7 decays (see text)

Measurement of m,,_

In 1985, ARGUS has published an upper limit of 70 MeV/c? on the 7 - neutrino mass
by investigating the energy spectrum of the three pion mode [14]. With an integrated
luminosity of 197 pb~! we have published in 1988 an improved upper limit of 35 MeV /c?
at 95% C.L. using the invariant mass distribution in the 5= channel [15]. With all data
available in 1991 (387 pb—!) we have redone this analysis and found the same upper limit
(figure 4). This is due to the fact that there is no change at higher values in the 57
invariant mass spectrum which is the sensitve region for determining the v, mass.

Summary

The decay 7 into three charged pions is dominated by a; production. By analyzing this
decay we are able to prove that the v, is lefthanded. Furthermore, we have tested the CVC
hypothesis by exploiting the decay 7 into #~x° which is dominated by the p. New ARGUS
values for B, and B, have been presented. The recent measurement of exclusive branching
ratios by ARGUS keeps the consistency and completeness problems in 7 decays alive. We
have also measured 29 upper limits for v -less 7 decays and updated the determination of
the v, -mass, but the limit has not improved.
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Upper limits [10-°] at 90% CL

decay channel | MARK II | ARGUS 86 | Crystal Ball | CLEO | ARGUS 91
T —e"ete” 40 3.8 2.7 1.3
T e ptp” 33 3.3 2.7 1.9
T s etpTpm 1.6 1.8
T~ = p~ete” 44 3.3 2.7 1.4
T — pte-e” 1.6 1.4
T~ s pptp” 49 2.9 1.7 1.3
T" s e xtw 4.2 6.0 2.7
T~ s etxTw 1.7 1.8
TT ot 4.0 3.9 3.6
T s utrw 3.9 6.3
T e p° 37 3.9 1.9
™ —p 0 44 3.8 2.9
T~ e wtK- 4.2 5.8 2.9
T~ s ety K- 4.9 2.0
T o u xtK- 12 7.7 11.0
T s utr K- 4.0 5.8
T~ - e K*° 130 5.4 3.8
T~ - p K*° 100 5.9 4.5
TT ey 64 20 12
T~ e x° 210 14 17
TT = uTy 55 34
T > ux° 82 44
T — ey 24 6.3
T o uTy 7.3
e 29.0
7 — pr° 65.5
T =TTy 28.0
T~ = 7 %0 37.0
T = pn 129.0

Table 2: Upper limits on branching ratios of neutrinoless 7 decays compared with the
results of other experiments [10,11,12,13].
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Figure 1: Background subtracted m,—,+,- spectrum. The curve shows the prediction by

the model of Isgur et.al. [2].
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Figure 2: Invariant mass spectrum of the #~#* combinations. The full line represents the

spectrum of “like sign” pions to describe the background.
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Search for v, - v, oscillations :
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Abstract

The oscillation mode v, — v, may be the favored channel to probe an effect of mas-
sive neutrinos. The NOMAD collaboration has proposed an experiment to look for a
v, signal in the CERN wide band neutrino beam. The search relies on good electron
identification and efficient kinematical selection, the aim being to improve by one order
of magnitude the present oscillation limit obtained with the emulsion technique.

!The NOMAD collaboration includes Annecy, Boston, CERN, Dortmund, Dubna, Johns Hopkins,
Lund, Melbourne, Ann Arbor, Padova, Paris, Pavia, Pisa, Saclay, Zagreb
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1 Introduction

It is generally believed that the v, is likely to have the largest mass among the three
neutrino species. A suggested value could be of the order of a few 10 eV when inter-
preting the missing mass of the Universe in terms of neutrinos. If their mixing angles
are not far from what they are in the quark sector, this could give rise to neutrino
oscillations at a level observable at present accelerator energies.

Toattest the appearance of a v, in a v, beam, the natural way is to visually identify the
interaction as producing a 7 recognized through its caracteristically short decay length
(typically ~ 1mm). This however requires a very high spatial resolution and massive
detector. Alternatively we have investigated [1] the possibility to select v, candidates
by kinematical criteria.

2 Principle of the search

Apart from a secondary vertex, charged current (CC) v, interactions differ from CC
v, or v, events by the large missing py due to escaping neutrino(s) in 7 decays. And
indeed the discrimination between v, and v, CC events is particularly clear when con-
sidering the angle ¢; between the missing pr and the transverse momentum of the
hadronic system, and the angle ¢, between the electron and the hadrons: fig. 1 shows
the respective scattered plots of ¢; versus ¢, for the cases of v, and v, separately. The
basic idea is then for each 7 decay channel (in that case 7= — e~ # v, ) to find a
suitable region in the (¢;,¢2) plot plus some additional kinematical cuts to cancel out
the background events (here the CC v, interactions and all ¥, NC events where an
electron is produced and detected) and leave an appreciable fraction of the possible
v, ’s.
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3 Experimental set-up

To take advantage of the method, the detector has obviously to have good momentum
resolution, but also good angular resolution and efficient e/x separation. The technical
solution we arrived at is to embed the whole detector in the old UA1 dipolar magnet
(fig.2), working with a horizontal field of 0.4T, perpendicular to the beam axis.

The target itself reaches a compromise between the need for high mass and the transpa-
rancy necessary for momentum resolution: it consists of 45 big drift chambers (3m x
3m) built with a self-supporting structure made of 1-2cm rohacell sheets, for a total of
less than one radiation length. Each chamber has 3 planes of sense wires at angles of
0°, +5°, —5° with respect to the magnetic field direction. With such a configuration it
is possible to achieve a precision of &y = 200sm per plane and ox ~ 2mm per chamber.

Electron identification is obtained from a transition radiation detector (TRD) and an
electromagnetic calorimeter. The TRD is made of 6 modules: the radiators consist of
520 19 pm thick polypropylene foils spaced by 400 pm; the X-ray detectors will have 2
layers of 3m long vertical straw-tubes with diameter 1.6 cm and 25 pm thick walls of
alluminized mylar, filled with Xe at atmospheric pressure. According to a simulation
program tested on NA31 data, the rejection factor against pions above 2 GeV should
reach 1000 with 6 modules. The technical option for the calorimeter is not yet finalized,
but will consist of 30 x 30 towers of either lead glass blocks or sandwiches of lead and
scintillator tiles read by fibers. The expected energy resolution should be of the order
of or less than 10%/vE (E in GeV). Moreover to discriminate between photons and
eiectrons we will have a preshower counter of 1.5 radiation lengths thick lead plate
followed by two lcm wide scintillator strips planes in both x and y directions.

NOMAD (WA96)

Drift chambers TRD E.M. calo.
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4 Expected results

The experiment has been simulated with the previous detector characteristics and in-
cluding all possible effects or backgrounds (bremsstrahlung, multiple scattering, Comp-
ton, Dalitz decays, knock-on electrons, decays in flight ...). The electron identifica-
tion combines the TRD signature, the comparison of momentum as measured by the
tracking system and energy measured in the calorimeter, and the possible presence of
bremsstrahlung photons in a well defined vertical strip. The rejection factor against
charged hadrons will then be in excess of 10° (a rejection of 10° is actually sufficient
since it would give 0.4 background events for the full statistics of the proposed run).

Running in the CERN-SPS wide band neutrino beam (< E, >= 27GeV) for 2 years

(2.4 10'° protons on target) with a simple interaction trigger would lead to the following

number of interactions (the mass of the fiducial target is about 3 tons):
1.1108CCvy, 3710°NCv, 13200 CC v,

Different sets of cuts have been defined for the several channels we can study and the

following table summarizes the selection efficiencies and number of background events

left:

Selection Branching | background
efficiency ratio events
T — e Ve vy 13.5% 17.8% 4.6
T - uT U, v, 3.9% 17.8% 2.0
TT ST v, 1.4% | 11.0% 0
TS pT vy 2.3% 22.7% 0
T~ o 3rv, 8.7% 13.8% 0

It should be stressed that all backgrounds are measurable with the data themselves:
kinematically CC v and v, interactions are the same, and backgrounds from NC v, are
charge symmetric.

Taking into account the reduction factor for v, cross-section (o(v,)/a(v,) = 0.6) due
to the 7 mass, the experiment will be able to set a limit on the neutrino mixing angle
(in the case of large Am? ) of

sin260 < 3.5 10~ at 90% CL
This represents more than one order of magnitude improvement over the present best
limit [2].
(More details than on these allowed 3 pages are to be found in the proposal [1])

References
(1] P. Astier et al., CERN-SPSLC/91-21

[2] N. Ushida et al., Phys. Rev. Lett. 57 (1986) 2897.
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ABSTRACT

An experiment is described which offers a significant improvement for the measurement
of the U.e™ cross section at low energy. The experiment will be sensitive to a neutrino
magnetic moment down to a few 107!! Bohr magnetons, on the level of that introduced to
explain the solar neutrino puzzle. The detector, to be placed close to a nuclear reactor, is
a1 m® Time Projection Chamber surrounded by an active shielding. The key point of the
experiment is the use of tetrafluoromethane, CF,, at the pressure of 5 bar in the TPC.
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1 Introduction

One way to explain the observed low flux of 8B v, from the sun in the 3’Cl [1] and
Kamiokande experiments [2] is the existence of a neutrino magnetic moment of the order
1071° — 10~!! Bohr magneton units.

The best way of looking for the magnetic moment of the v, in a lab experiment seems
to be the detailed study of the 7 e~ elastic scattering. More generally this reaction is
fundamental and its study provides information on basic features of the weak interaction.
Both charged (CC) and neutral currents (NC) are involved. They are expected to interfere
if the NC and CC final state neutrinos are identical, as assumed in the standard model.

The cross section of the Z.e~ scattering can be divided into two parts: one due to W and
Z exchange, which increases linearly with the neutrino energy, and one which comes from
the magnetic moment interaction and which increases only logarithmically. To observe the
contribution of the second part, one has to use low energy neutrinos. Reactors are copious
sources of U,’s with energies up to 10 MeV, and are ideally suited for such an experiment.
The energy spectra are known with good precision, of the order of 3% (3].

Only a few attempts have been made to measure the Z.e~ scattering [4] [5]. The signal
to background ratio was however marginal ( ~ 0.18 and ~ 0.13 ) and it was not possible
to derive an accurate value for the Weinberg angle sin?6y- from this data.

In order to test the magnetic moment term it is necessary to decrease the threshold
on the electron kinetic energy, since it contributes mostly at low T. It therefore appears
important to perform a new experiment with a lower threshold detector and a better
signal to noise ratio. The signature of the events, one single forward electron, must be
fully exploited to suppress as much as possible the background. We believe that a Time
Projection Chamber, similar to that used to study B3 decay of 36Xe in the Gotthard
underground lab [6], can identify single electrons very well thanks to the good spatial
resolution. The end of tracks can be recognized from the enhanced ionization.

2 The test results

The choice of the gas is very important as we need a gas which has at the same time a
high density, to maximize the number of target electrons, and a low atomic number Z
to minimize the multiple scattering and to allow for the reconstruction of the electron
direction. This way it is possible to have a simultaneous measurement of signal plus
background events in the forward direction, and of background events in the backward
direction. Background can thus be measured on-line, while the reactor is on.

The best way to fulfill our requirements is to use tetrafluoromethane, C Fy, also known
as carbon tetrafluoride or freon-14, at the pressure of 5 bar [7]. CF, has a density of 3.68
gr- 171 ((at 1 bar pressure and 15 °C temperature) and thus a very high electron density
( 1.06 - 102! em™3 ) and also a good radiation length: X, = 35.9 gr - cm~%. Another
advantage is that CF,; does not contain hydrogen, and this suppresses the background
reaction U, + p — et + n.

The capability of drifting electrons in CF, has been demonstrated in the past over
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distances of a few centimeters only (8] [9]. In the experiment we plan to do, we would like
to have a threshold of 500 keV or less on the electron kinetic energy and a count rate due
to weak interaction of ~ 10 events per day. This is achievable with a 1 m® TPC filled with
CF, at the pressure of 5 bar. Consequently, it is necessary to reach an electron attenuation
length of at least ~ 1 m. In order to checkif, and how, this value can be obtained, we built
a prototype TPC, a cylindrical stainless steel vessel of 20 cmn diameter and 30 c¢m height
[10]. All the materials used were selected according to their compatibility with C F,. The
gas is circulated continuosly through an Oxisorb filter to remove oxigen and through a
cold trap ( -95 °C ) to remove water and possible freon contaminations

With an 5®Fe X-ray source, which we could move inside the TPC, we measured an
electron attenuation length longer than 6 m, with a drift field of 120 V - cm™! - bar—?.

3 The detector and the signal

The detector will be placed at a distance of 18.6 m underneath the core of the Bugey
pressurized water reactor (2800 MW th).

The core of the detector we propose to build is a 1 m3® TPC filled with CF; at 5
bar. The gas volume will be defined by a vessel made from lucite which will support
the cathode, the read-out planes, and the field shaping rings. We choose lucite because
of its radioctive cleaness. The lucite vessel will be immersed in a stainless steel tank
filled with a mineral oil based liquid scintillator ,~ 50 cm thick, which will serve to veto
the cosmic muons and as anti-Compton detector. Top and bottom lid of the tank will
be instrumented with photomultipliers. The liquid scintillator and the steel vessel will
also serve as passive shielding but, since we are above ground, they will not be sufficient.
Working outside the containment building we would have to surround the detector by
various additional shielding layers, iron + water + B4C, as was done for the oscillation
experiment in Gosgen|[3].

The expected rates at the distance of 18.6 m from the core of the 2800 MW th reactor
have been calculated assuming W and Z exchange only.

Table 1.
T(MeV) | Efficiency Events/day
(Contained) | 18.6 m || background
0.25-0.5 0.9 5.4 -
0.5-1 0.85 5.0 2.5
>1 0.70 4.2 0.2

These rates have to be compared to background rates, which are estimated [10] taking
into account direct cosmic muon hits and muon decay events, activation of F and C in
inelastic scattering of high energy muons, unstable nuclei production due to g~ capture,
neutron activation, natural *°K, 232Th and 23U activity in the detector. The dominant
background is due to the Compton scattering of the 4’s produced by the natural activity
in the thick walls of the vessel. This background can be estimated from the one measured
in the Xe TPC in the Gotthard lab. Taking into account the anti-Compton capability of
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the liquid scintillator around the core TPC we obtain the rates given in table 1. These
estimates should be considered as upper limits. We hope to learn from the operation of
the Xe TPC how to make the CF; TPC cleaner.

Considering the signal rates in table 1 a statistical error of 3 % should be achievable
in the bin 0.5 < T(MeV) < 1 in one year of measuring time. Combined with a systematic
error of 4 %, essentially from the reactor spectrum, we get a total error of 5 %. This gives
a sensitivity to p, around 3 - 107!!, a factor 10 better than in previous experiments (4]
[5]. With some luck the threshold may be lowered more, say down to 300-350 keV, and a
sensitivity around 2 - 10~!! seems then achievable.

The status of the project is the following: a collaboration has been formed between
INFN-Gran Sasso, ISN-Grenoble and the Universities of Miinster,Neuchatel, Padova and
Ziirich and the experiment has been partially financed. We are doing further tests with
the prototype TPC in Neuchitel and making another TPC of the same size but with a
plastic vessel in Gran Sasso. We plan to finish the tests in a few months and then to start
with the construction of the detector which should be ready for the end of next year.

4 Conclusions

We described a gas detector which offers significant improvements for measurements of
the v.e”~ elastic cross section and which is sensitive to a magnetic moment of the neutrino
on the level of that introduced to explain the solar neutrino puzzle.

The distinguishing features of the detector are a low threshold for the electron kinetic
energy and track reconstruction capability. The key point of the experiment is to use a 1
m3 TPC filled with CF, at the pressure of 5 bar.
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VERY HIGH ENERGY NEUTRINOS FROM ACTIVE GALACTIC NUCLEL

Hinrich Meyer®
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Abstract

Data on the horizontal flux of muons obtained with the Frejus detector
in 1984-1988 are used to set a limit on the very high energy (>105 GeV)
neutrino flux from active galactic nuclei proposed by Stecker et al. The
upper limit determined from our data is a factor of 10 lower than the
prediction.

" For the FREJUS Collaboration: |. Physikalisches Institut der RWTH Aachen, L.A.L.
Orsay, LPNHE Ecole Polytechnique Palaiseau, DPhPE CEN-Saclay, Bergische
Universitat-Gesamthochschule Wuppertal.
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I. INTRODUCTION

At least year's Moriond meeting here in Les Arcs M. Salamon
presented a paper on A Cosmic Background of High Energy Neutrinos
from Active Galactic Nuclei'. This paper started a search for the
very high muon flux to be expected mostly in the horizontal direction
using the data on muons obtained from 1984 -1988 with the FREJUS
detector. Neutrinos with an energy spectrum and intensity as
predicted to arise from acceleration of protons to very high energy in
active nuclei of distant galaxies would have important implications.
It would be of great interest for astrophysics, since particle
acceleration and interactions has long been proposed as an important
ingredient for the understanding of the very energetic processes in
the cores of active galactic nuclei. Aside from that the neutrinos
would provide a beam with energies way beyond present day
accelerators. It could be used to search for unusual phenomena in very
high energy neutrino physics like the "inverse W-decay" process

Ve + ee—= W-. Even more interesting would be the detection of a
process that violates B+L, (baryon number B and lepton L), and
simultanously produces with high multiplicity the vector bosons W
and Z as well as Higgs particles. The B+L violating process was
proposed in 1974 by G. 't Hooft to arise within the standard model,
however at an undetectable rate2. Estimates for the cross-section at
high energies have been worked out in detail recently3 and measurable
rates have been predicted in particular if the AGN-neutrino flux
would exist4. Further, such neutrinos could serve as a beam for
experiments on tomography of the earths interior. | think the points
reaised here are of sufficient interest to immediately pursue a
search for this very high energy neutrino flux.

li. VERY HIGH ENERGY NEUTRINO DETECTION

Neutrino cross sections has been measured up to a few hundred
GeV only. At higher energies the cross sections can be calculated
rather reliably up to energies of about 108 GeV 5. At even higher
energies the uncertainties in nucleon structure functions at low x, <
10-4. limit the accuracy of the calculatioh. In the near future new
measurements of structure functions should become available from
the two experiments at HERA - H1 and ZEUS - to sufficiently reduce
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this uncertainty. The neutrino cross section reaches about 1 nb at 108
GeV and the earth is no longer completely transparent to neutrinos, in
fact neutrino absorption becomes strong enough such that the
detectable flux of neutrino induced muons is essentially in the
horizontal direction. The horizontal muons also have very high energy
at the detector such that energy loss of the muons in the detector can
be used to discriminate the AGN neutrino flux from background due to
atmospheric neutrinos. For the calculation of the neutrino induced
muon flux we proceed as follows; the atmospheric neutrino flux at
low energies is taken from Gaisser et al.6 and for the high energy
part, >10 GeV from Volkova’and the AGN neutrino flux is taken from
the paper of Stecker et al.8. For the neutrino cross section we refer to
Reno and Quigg (Ref. 5) and we have used the structures functions of
nucleons as given in Eichten et al.8. The energy loss of the muons is
parametrised following the calculations of Lohmann et al.'® using the
properties of the rock in the FREJUS tunnel area for the energy loss
coefficients. The integral muon energy spectrum at the detector
obtained from those calculations is shown in Fig. 1 .

P

6>

O Steckeretal.

L - Atmospheric Flux

o™ 1 10 102 10° 10t 100 10 0
Cut—-Energy [ GeV ]

Figure 1.The integral flux of muons with energy > 1 GeV from
atmospheric neutrinos (full line) and from AGN neutrinos (points) at
the detector level without acceptance cuts.

The rate corresponds to the effective luminosity of the FREJUS
dataset but not yet applying any cuts due to the direction of the
muons. Note that muons from AGN - neutrinos have very high average
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energy, of order 10 TeV at the detector. The crossover between
atmospheric- and AGN-neutrinos occurs at about 10 GeV muon energy.

Il. THE FREJUS-DETECTOR AND -DATA SET

The FREJUS detector took data for about 4 years, from February 1984
till September 1988. The detector of size (6x6x12)m3 was an iron
calorimeter with high spatial and energy resolution'!. The
independent horizontal and vertical views of events consisted of
450.000 flash chamber pixels each and 15.000 geiger tubes used for
triggering. The orientation of the detector planes and iron absorber
plates was vertical for reasons of mechanical stability. Horizontal
muons therefore penetrate the detector perpendicular to the planes
and have an average length of about 11 m at an effective density for
the detector of 1.95 g/cm3. The calculation of the muon energy loss in
the detector follows the procedure given in Lohmann et al. (Ref10).
The response of the detector to electromagnetic and hadronic
particles has been calibrated in test beams at the electron-
synchrotrons at DESY and the University of Bonn (Ref.11). For the
purpose of this paper the hadronic energy loss of muons is treated
like the electronmagnetic energy losses, this introduces little
uncertainty to the observable energy loss since the response of the
FREJUS calorimeter to hadrons and electrons is similar and the
hadronic energy loss of muons is only at the level <10 % of the total
energy loss (Ref.10).

During its lifetime the FREJUS detector accepted about 106 triggers,
and in about 500.000 of them muons were recorded. The other half
consisted of accidental triggers. Contained neutrino events have a
very low rate and only about 250 events have been recorded in the
total data sample. The muon sample contains about 470.000 single
muons, 6000 muons that range out in the detector (stopping muons)
and 15.000 events with more than muon (parallel multi muons) the
details of which have already been published'2 The single muon
events have been reconstructed to determine the zenith- and
azimuth-angle of the muons and to extrapolate back through the
structure of the surrounding rock, determining the depth of rock
penetrated (as usual in units of 100 g/cm2). This way a vertical depth
intensity curve is obtained and shown in Fig. 2.
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Figure 2. The vertical muon flux as measured in the FREJUS
detector.

The muon flux at given zenith angle 6 is renormalised to vertical by
multiplication with a factor cos 6, since the muon flux from pion and
kaon decays in the atmosphere is enhanced by 1/cos 6 (at zenith angle
0) in good agreement with our data.

As can be seen from Fig. 2, for rock depth larger than 13000 m.w.e.
(4.75 km of rock) the muon flux from pion and kaon decay is absorbed
to a level, that neutrino induced muons dominate. This is in very good
agreement with data from earlier experiments. Note that in Fig.2 the
muon flux from neutrinos is also weighted by a factor cos 6 and
therefore the data points cannot be directly compared to calculations.
For a quantitative comparision to the expectation from the
atmospheric neutrino flux (Ref.5,6) we proceeded as indicated in the
previous paragraph. The direction of the momentum of the muons
cannot be determined in the FREJUS detector since timing in the
Geiger counters was not precise enough. Muons around the horizontal
direction however are safely identified as neutrino induced since,
irrespective of their direction the depth penetrated is larger than
4.75 km. We find that the horizontal muon flux observed in the FREJUS
detector is (3.7 +0,5) x10-'3 (cm-2 sec'! sr-1) for |cos 6]<0.3, while
the flux expected from atmospheric neutrinos is (2.7 £0.2)x10-13 (cm-
2 sec! sr1), about 1.5 standard deviations less than our observation.
From this (insignificant) difference between data and expectation no
useful limit on the AGN-neutrino flux can be derived. However using
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the measurable muon energy loss in the FREJUS detector a very
significant limit is obtained. The expected energy loss (in
MeV/meter) calculated for the muon spectra as shown in Fig. 1 are
presented in Fig. 3, with neutrino induced muons from AGN (full line),
from the atmosphere (dashed line) and the measured energy loss for
muons as observed near the horizontal direction in the FREJUS
detector (dotted line).

— doto

i - Monte—Corlo
i NC with Stecker flux

Enrics per bin

14” 4.|4JH4.55.

1q (E,oxliveVl/meter)
Figure3. The expected energy loss of neutrino induced muons
(dashed and dotted lines) as compared to the observed energy loss
(full line) for horizontal muons in the FREJUS detector.

We set at cut at 2000 MeV/m where no event survives and 1.1 events
(using 12 x the luminosity of our experiment in the MC-calculation)
are expected from the atmospheric flux.

The expectation for a AGN-neutrino induced muon flux above this
energy loss cut is 25.8 events! On this basis a 90 % c.l. upper limit on
the AGN flux can be set (2.3 events) which is a factor of 10 (25.8/2.3)
below the expectation of (Ref.8).

This result from the FREJUS detector has important implications
on expected neutrino signals for the very large neutrino detectors
under construction now!3. But - at least for me, even more important
are the implications for a possible detection of the B + L violating
process (Ref.3), indeed loosely speaking 10 times better detectors
are required than have been considered (Ref. 4) on the basis of the
AGN-flux of Stecker et al. (Ref.8).
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Abstract

Two ultra low background detectors of 3.7 kg active mass, made from isotopi-
cally enriched 7%Ge, have been operated for 1.45 kg-y in the Gran Sasso under-
ground laboratory in Italy. This corresponds to an 7°Ge exposure of 16.6 mol-y.
New half life limits for the neutrinoless double beta (BB0v) decay of 7Ge to the
ground state (T, ,,> 1.6-10%*y with 90% c.l.) and the first excited state (T,,, >
4.0:10%% y with 90% c.l.) of 7%Se are reported.

Neglecting right-handed admixtures to the weak interaction Majorana neutrino
masses above 1.2 eV can be excluded by this experiment with 90% c.l.

The background characteristic of the experiment is discussed. First results for
the two neutrino double beta (fB2v) decay are presented.

Presented by: A. Piepke
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1. Introduction

The investigation of rare processes allows physics to test some of its basic prin-
ciples. An example for this is the investigation of double beta decay, the rarest
known nuclear decay mode. Especially the lepton number violating neutrinoless
decay mode is at present the most sensitive tool to distinguish massive Dirac
from Majorana neutrinos. In the frame of GUT theories the B-L symmetry is
tested. This is due to the fact, that the decay rate depends besides the leptonic
phase space integral and the nuclear matrix element also on “non-standard model
physics” as the effective Majorana mass of the neutrinos and a right-handed ad-
mixture to the weak interaction.

While the observation of the BBOv-decay would prove the existence of massive
Majorana neutrinos, its nonobservation yields at present the most stringent limits
on the above parameters, since the nuclear physics part of the decay rate is well
understood V.

The two neutrino double beta (Bf2v) decay, which is a concurrent decay channel,
does not require any non-standard physics and has been directly observed for
several nuclides (see ). Its experimental investigation serves as a test of our
understanding of nuclear structure with respect to the calculation of BB-matrix
elements-although only to a limited extent for the B30v-matrix elements (see!).

2. Experimental procedure

In this experiment the BB-decay of 7¢Ge is studied. This isotope has a favourable
matrix element, a relatively high Q-value (E=2038.56 keV 3)) and can be con-
verted into high resolution detectors. The main advantage of the described exper-
iment is the use of 16.9 kg isotopically enriched Ge. The isotopical abundance
of 7°Ge is 86% compared to only 7.8% in natural Ge. Goal of this experiment is
to test Majorana neutrino masses into the sub-eV range.

Table 1: Technical parameters of the detectors. The isotopical compo-
sition of det.s 1 has

Dets1 [ Det#2 | Dets3 been verified by AMS in
Total mass [kg]l 0.985 2.878 2.474 order to show, that the
Active mass [kgl 0.93 2.76 2.35 enriched material is not
Source strength [mol 7®Gel | 10.6 31.6 26.8 diluted by natural Ge
FWHM at 1.3 MeV [keV] 2.5 2.4 2.0® | during the purification
Threshold [keV] 110 7 - and crystalgrowing pro-
Measuring time [d] 250.8 107.7 - cess.

*YMeasured in a test cryostat

The use of enriched Ge in form of semiconductor detectors allows to utilize large
amounts of source strength in a small number of detectors with consequently
low sensitivity to background radiation.

Currently two enriched detectors with an active mass of 3.69 kg are in operation.
A third one is already working in a test cryostat and will be installed in its final
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cryostat in 1992. The technical parameters of the working detectors are summa-
rized in table 1. A fourth crystal of 3.4 kg weight has been recently grown. We
expect another ~2.9 kg detector from this crystal.

The enriched detectors are operated in separate shields. The shield of detectors1
has already been described in *’. Detector#2 is operated together with a natural
Ge-detector in a shield of 10 cm LC2-grade Pb and 20 cm of Boliden Pb. Due
to its modular construction from standard bricks it is possible to operate up to
four big detectors in this shield. The set-up is continuously flushed with ultra
pure nitrogen to remove the airborn radon. Both set-ups are located in the Gran
Sasso underground laboratory of the INFN in Italy. Its shielding thickness of
3500 m w.e. suppresses the cosmic radiation effectively.

3. The Background

The experience made with det.#1 helped to improve the construction of det.s2.
Though using the same construction materials a further background reduction
was possible, mainly by more effective elimination of surface contaminations.
The exposure to the cosmic radiation was minimized even further by only sea
level transportation and deep shielding in between.

In the background spectra of both enriched detectors the characteristic peaks of
the cosmogenic isotopes 22Na, $*Mn, 57:58:60Co and ¢5Zn, the man made activity
137Cs and the natural activities %°K, 232Th and 238U can be identified. For all
peaks det.#2 has a lower count rate than det.#1. The reduced overall background
is of large importance for the detection of the continuous spectrum of the Bp2v-
decay.

Isotopes decaying via EC within the Ge crystal itself can be identified through
their characteristic peaks shifted by the K x-ray energy. Since det.#l was air
transported twice across the atlantic ocean and det.#2 exclusively on surface,
we can deduce the equilibrium activities of these isotopes on surface and during
flight. The production rates during the flight can be unfolded from the back-
ground measurement of det.#1, since the exposure history of both detectors is
known. Table 2 contains the measured absolute activities (only statistical errors
are quoted) of the cosmogenic isotopes 5*Mn, $7'38Co and ®5Zn in both enriched
crystals, as well as the estimated equilibrium activities on surface and during
flight. The latter one has not been calculated for the relatively shortlived isotope
58Co for which the details of the exposure are more important. It should be
noted, that the backgrounds of the described detectors are low enough to measure
wBq activities.

Table 2: Activities identified inside the Ge. From the results contain-
ed in tab. 2 we conclude

Isotope | Activity [uBq/kgl | Equil. Act. [uBq/kg] | that air transportation of
Det.# 1 Det.n2 Flight Surface ultra low background Ge

54Mn 13| 441 4-103 27 should be avoided.

57co 6% 2| 3%1 6-103 19 The isotopes contained in

58 Co 33%15 7 2 - 14 tab. 2 can only be formed

65Zn 87t12 | 23 % 4 31-103 127 by spallation reactions.
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The biggest improvement factors from det.#l to det.»2 of 59 and 6.6 were
achieved for the isotopes *°K and !37Cs, respectively.

4. Results

Table 3: Measured detector backgrounds

I Detector Background [counts/keV-y-kg]
1 100-2700 keV | 1465-1700 keV | 2000-2080 keV
#1 | 10.80 * 0.08 1.35 ¥ 0.10 0.57 * 0.1
52 6.53 *0.06 | 086%* 007 | 028 % 0.07
1+ 2 8.40 * 0.05 \ 1.07 £ 0.06 ] 0.41 * 0.06

The BBOv-decay of 7Ge to the ground state of 7®Se would result in a peak at
E=2038.56 keV. The decay to the first excited state (J™=2") can only be observed,
40 ( : : - . | | if the deexcitation y-
quantum of 559.1 keV
leaves the crystal with-
out any .interaction,
leading to a line at
1479.46 keV. The escape
nn n probability was calcu-
lated to be 37.0% for
the combined data of
nnonn | both detectors. The av-
erage background a-
round these energies
0.0 Y T T defines the quality and
2000 2020 2040 2060 2080  sensitivity of the used
Energy [keV] detectors. They are
given in table 3 to-
Fig. 1: Energy range around the hypothetical BROvV- gether with the integ-
peak. Also plotted is the excluded signal at 90% c.l. ral count rate.

I
=)
]

Counts/keV
N
o
1

1.0 1 n |

-

i

Constraints on physical parameters are evaluated from the combined data. These
data contain no evidence for a BBOv-decay, neither to the ground nor to the first
excited state.

For the ground state decay we exclude 4.24(2.31) BB-events with 90%(68%) c.l.
by using the method recommended by the Particle Data Group for a Poisson-
distributed signal superimposed to background 5’. This corresponds to a half
life limit of T1/2>1.61(2.96)'1024 y with 90%(68%) c.l. For the decay to the first
excited state the deduced limit is T, ,,>4.09(7.34)-102% y with 90%(68%) c.l.

In fig. 1 the energy interval around 2038 keV is plotted together with the effect
excluded with 90% c.l. Only 4 events are contained in the 3-c-interval around
the hypothetical peak after a 7°Ge exposure of 16.6 mol-y.
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Using the matrix elements of ref.! we deduce upper limits for the effective
Majorana neutrino mass, the right-right-handed and the left-right-handed ad-
mixture to the weak interaction: {m_><1.4 eV, () <1.2:1078, (A D<22-1076. These
are the most stringent limits on these non-standard model parameters ever
reported. Neglecting right-~handed admixtures to the weak interaction we deduce:
(mv)<1.2 eV (all limits with 90% c.l.).

s The unambiguous identifi-
cation of the continuous
energy spectrum of the
BR2v - decay is difficult.
References  7:8 are re-
porting evidence for this
decay of Ge. Their half
lives are ranging from 9
to 11-102° y. In order to
compare these results
with our measurement we
have plotted the spec-
trum of ref. ® (using

Del.2 M-T137.5 kg+d

counta/100keV-d-kg
'S
|

Ti/2092100220 y

T T —T T 1 also isotopically enriched
0.0 o.s 1.0 15 2.0 2.5 ) " b
Energy /MeV Ge) in fig. 2 together

with our data taken in
Fig.2: Plotted is the continous part of the spectrum 1992 (to allow the decay
of det.2 (solid curve), the data of ref. 8 (dotted of the short lived back-
curve) and the calculated BB2v-spectrum for a half ground components) with
life of 9-102° y. det. # 2. The used meas-

uring time is 137.5 kg-d.

The well defined peaks at 122, 351, 511, 609, 662, 810, 1125, 1173, 1332 and 1462 keV
were removed. In this way we take advantage of the good peak to Compton ratio
of the big detector, which concentrates the background into the peaks. 326 counts
or 5.0% of the events were rejected in this way. No subtraction of any estimated
continuous background component has been applied.
From 750 keV to 1650 keV both experiments show essentially the same count
rates. They are in agreement with the also plotted BB2v-spectrum with a half
life of 9-10%° y.
This finding does not neccessarily imply a confirmation of the B2v-decay. Although
not in conflict with the positive results of the other groups alternative hypoth-
esises might be formulated:
1) Both independent experiments have only the isotopically enriched Ge in com-
mon which comes from the same supplier. The similarities in the count rate and
shape of the spectra should therefore be caused by the Ge itself. Due to its un-
matching spectral shape a possible ¢8Ge contamination cannot account for the
discussed effect. The effect could however be caused by a combination of weak
activities present in the crystal.
2) Both experiments show over a wide energy range very similar background con-
ditions. Above 2 MeV the statistical significance of ref. 8 (22 kg-d) is too
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low to allow a direct comparison with our data. These similarities could be due
to the fact, that in both experiments the cryostats are made from Cu while the
shields are exclusively made from Pb. A comparable purity of the used materials
would consequently result in similar background spectra.

Since the spectral shape is the only criterion to identify the BB2v-decay in Ge
detector experiments, we will test possible alternative background combinations
whether they can account for the measured spectrum before claiming a con-
firmation of the Bp2v-decay of 7¢Ge.

5. Conclusion:

The exceptional source strength of 42 mol of 7®Ge and the extremely low back-
ground makes the described experiment to the so far most sensitive probe of
a nonzero Majorana neutrino mass. The source strength of the full experiment
will be ~100 mol. Assuming a moderate improvement of our measured back-
ground to 0.1 c/keV-y-kg the sensitivity of the complete set-up will be about
3:102%y or in units of the neutrino mass ~ 0.2 eV within 5 years of measurement.
Even for the most sophisticated experiments either working or being planned on
other enriched isotopes like !3®Xe and !°°Mo (see contributions in this volume)
it will be difficult to attain the sensitivity reachable in this experiment. However
they are of great importance to reach some systematics on this nuclear decay
mode.

This work is supported by: Bundesministerium fiir Forschung und Technologie der
BR Deutschland and State Committee of Atomic Energy of the USSR.
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ABSTRACT

The experiment (~7000 h) with three scintillation crystals
116CdWO4 (19; 14 and 13 cm3) enriched by 116Cd to 83% and
natural one CdWO4 (57 cm3) has been made at the Solotvina
Underground Laboratory. The limits Tji;2 have been set for
the double beta decay of 116Cd to ground and excited states of
116Sn and for OvB+/electron capture of 106Cq:

0v2p (g.s.- g.s.) -
0v2p, Mo (g.s.-g.s.) -
2v2B (g.s.-g.8.) -
0ov2p (0+ - 2+) -
Ov2p (0+ - 0t) -
2v2p (0+ - 2+) -
2v2p (0+ - 0+) -
OvB+/EC (106Cd) -

1.1022y
11021y
11019y
5-1020y
11020y
1.1019y
6-1018y
1-1019y

(90% CL)
(90% CL)
(99% CL)
(90% CL)
(90% CL)
(99% CL)
(99% CL)
(90% CL)
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The energy released in the 2B transition 116Cd - 116Sn is
2802(4) keV. To search this process 116CdWO4 scintillators
enriched by 116Cd to 83% has been used 1). Samples of
metallic 116Cd were obtained at the State Foundation (619 g;
91%). A cadmium wolframite single crystal with a full mass of
510 g has been grown by the Czochralski technique from a
composite material prepared by sintering a mixture of the
oxides WO4 and 116CdO. The crystal was cleaved into five
samples and the best from them (19; 14 and 13 cm3) were
used in the measurements. The number of 116Cd nuclei in
these samples is 2.18x1023; 1.61x1023 and 1.42x1023
respectively. The energy resolution of the crystals with
photomultiplier tube (PMT) XP2412 were 12 - 13% for y-line
of the 137Cs with energy of 0.661MeV.

All searches have been performed in the Underground
Laboratory of the INR which was built in the operating
Solotvina salt mine. The Laboratory is situated 430 m deep
from the earth surface that corresponds of 1000 m water-
equivalent overburden which reduces the muon flux by a
factor of 104. Due to low radioactive contamination of the salt
the natural y-background in Solotvina Laboratory is 10-100
times lower than in other Underground Laboratories 2).

The experiments were carried out with two kinds of the
installation. In first set up two crystals (enriched - 19 cm3
and natural - 57 cm3) were coupled to PMT's through the
light pipes 9 cm long. The active shielding consisted of four
well-type CsI(T1) crystals with diameter 15 cm and full length
40 cm. The 116CdWO0O4, CdWO4 and CsI(TI) scintillators were
surrounded by the high purity mercury (8 cm thick), lead
(23 cm) and polyethylene (24 cm). The plastic scintillator
(110x110x6 cm3) was operated as antimuon shielding. The
measurements were made during 2600 h 3. 4),

The next set up consisted two enriched crystals 116CdWO4
(19 and 14 cm3) which were coupled to PMT's (XP2412)
through the quartz light pipes 25 cm long. The detectors were
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shielded by the OFHC copper (3.5 cm thick), mercury (8 cm),
lead (23 cm) and polyethylene (24 cm). The background rate
in these conditions was little less than early. Therefore it is
possible to sum the last spectra which were collected during
about 3000 h to the previous ones 3. 4). The results of the
adding are shown in Fig. 1 and give for enriched crystals
850 hxkg (measuring time multiplied by mass), for natural
one - 1392 hxkg. The peaks presented in the spectra are
caused mainly by 40K and 208T1 from PMT's and 137Cs. There
are two differences in these spectra: increase in counts below
320 keV for natural crystal and the small peak at the energy
about 800 keV for enriched crystals. The first difference can
be attributed to the fourth-forbidden B decay of 113Cd which
is contained in the natural crystal (half life about 1016 y)
Second one can be caused by a-particles from intrinsic
radioactive contamination of the enriched scintillators with
the level of about 5-10-11 g/g (235U) or 3-10-10 g/g (238U).

Using the data accumulated by enriched crystals during
850 hxkg (Fig. 1) the half life limits for double B decay of 116Cd
to ground state of 116Sn have been set:

0v2p (g.s.- g.8.) - 7-1021 y (90% CL);
0V2B, Mo (g.s.- g.s.) - 1.1021 y (90% CL);
2V2B (g.s.- g.s.) - 11019 y (99% CL).

Since in the measurements with an active shielding the
background spectra have been registered in coincidence with
the CsI(T1) counters as well as in anticoincidence it is possible
to search the 2B decay of 116Cd to the excited states of 116Sn
and Bt/electron capture of 106Cd which must be followed by
v-rays with energies of 1294 keV (0t - 2+), 463 and 1294
keV (0t - 0+) and 511 keV (B+/E capture). Taking into account
the numbers of nuclei, time of the measurements and
background rates in the corresponding energy regions of
the coincidence spectra the limits Tis2 were deduced for the
2B decay of 116Cd to the excited states of 116Sn and for
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OVpB+/electron capture of 106Cd:

0vV2B (0t - 2+) - 5-1020 y (90% CL),
0V2B (0+ - 0+) - 1-1020 y (90% CL);
2V2pB (0+ - 2+) - 1-1019 y (99% CL);
2V2B (0t - 0) - 6-1018 y (99% CL);
OVB+/EC - 11019y (90% CL).

Comparing our experimental result for OV2p decay of
116Cd with theory 5) we find the limit of the neutrino mass
less than 8 eV.

The experiment is still running now with three enriched
crystals (19+14+13 cm3) and after the replacement of the
PMT’s XP2412 by the PMT’s FEU-110 with the lower
radioactive contamination. The energy resolution of the
crystals is about 7.8% at 2.6 MeV and background rate around
2.8 MeV (within FWHM energy interval) is equal 2.3
counts/y/keV/kg. With 540 hxkg of a data taking the present
limit Ty/2 is 1022 y (neutrino mass less than 7 eV). After
one year of measurements it is possible to improve this limit
till 3-1022y (my, < 4 eV). Now we are preparing the big scale
experiment with 116CdWO04 crystals (10 kg of the 116Cd) in

which for OV2B decay of the 116Cd the limit Ty > 1025 y can
be reached (my < 0.2 eV).
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The Neutrino(less) Experiment with
MOlybdenum: 2" prototype

J.E. Campagne
LAL, Centre d’Orsay, Bat. 200, 91405 Orsay Cedex, France
representing the NEMO collaboration *

Abstract

The NEMO-II detector has been running successfully since August 1991.
After 2000 hours no 2e-event has been observed with an energy greater than
2.3MeV on a very pure copper foil. Simultaneously, the level of pollution of
a natural molybdenum foil not specialy purified has been measured, and the
results are in good agreement with a germanium y-spectroscopy measurement.
Delayed emission of a particles has also been observed using eya-events.

*CEN Bordeaux, CRN Strasbourg, INR Kiev, LAL Orsay, LPC Caen.
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1 Introduction

The NEMO collaboration plans to built an experimental set-up managing 10 kg of
99% enriched °°Mo to study §(0v) decay, in order to probe effective neutrino mass
of the order of 0.1 eV.

To reach this goal improvements have to be made in two different fields. First,
ultra low radioactivity detectors [1] and sources [2] have to be built to observe count-
ing rates as low as expected in double beta decay. Second, in order to increase the
signal/noise ratio, new types of set-up must be developed with multiple selection
criteria, such as tracking, time of flight signatures, and detection of X and v rays, in
addition to the measurement of energy in a large solid angle.

2 The NEMO-II set-up

The NEMO-II detector (Fig.1) has been built in order to gain experience in the second
field mentioned in the introduction, and to build on the results obtained to date [1]
from the 64 cell detector. All the materials used in this detector have been carefully
chosen for their low radioactivity level, except the photomultipliers. The detector is
presently running in the Fréjus Underground Laboratory (4800 m.w.e depth).

W o o o’

Figure 1: The NEMO-II set-up
1) Central source foil.
2) Tracking volume 1 m? with alternate horizontal and vertical Geiger cell planes.
3) Phoswich of 2cm plastic scintillator NE110 and 2.5 mm of CsI(Na).
4) 3" Photomultiplier RTC XP2312 with associated fibre for laser calibration.
5) Shielding: copper frame 2 cm (hatched area), lead 5 cm (dark), iron 20 cm (grey).
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Figure 2: Typical 2e-event
1) 1 m x 1m plane of the source foil.
2) Circle with radius corresponding to the drift time in a Geiger cell. The trajectory
of the particle is tangential to the circles.
3) Longitudinal position deduced from the plasma propagating time in the Geiger
cell

4) Plastic scintillator fired giving energy and time measurements.

2.1 The tracking device

On either side of the central source are arranged 5 modules, each containing 64
Geiger-cells, of which half are orientated vertically, half horizontally in two separate
planes. The octogonal cells have 30 mm in diameter and 1 m in length. On both
ends there is a copper ring used as a cathodic probe. The 1 m3 detector volume
filled with a mixture of helium gas and 2% of ethyl alcohol at atmospheric pressure,
is enclosed by sheets of aluminized Mylar (36 pm Mylar, 0.08 pm Al) which are in
turn protected by a layer of Rohacell (expanded plexiglass 1 mm thick, density 50
kg/m3). This tracking device provides a 3D-reconstruction (Fig.2) of charged tracks
with o7 = 500 pm and o7 = 5 mm for the transverse and longitudinal precisions,
respectively.

2.2 Energy and t.o.f measurements

On either side of the tracking volume a plane of 64 counters (12 x 12 cm? each)
csl)nsisting of 2 cm of NE110 plastic scintillator and 2.5 mm of CsI(Na) coupled to
3" PMTs is used first to measure the energy deposit by electrons or v/X rays, and
second to record the e/ arrival time. The electronic threshold of the leading edge
discriminator corresponds to about 50 keV deposit in the plastic scintillators.

The energy calibration is achieved using different kinds of e/~ sources (*°7Bi,
137Cs and 8Y) and it yields a FWHM 0f16% at 1 MeV. The photomultiplier gain sta-
bility is checked daily using a laser/light-fibers system. During 4 months of running,
the relative gain variation has been less than 5%.
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For t.o.f measurement, which is a particularity of our detector, amplitude cor-
rections must be made. This is because the apparent time difference between a 100
keV electron signal and a few MeV electron signal is as large as the t.o.f of a 100
keV electron along 50 cm (= 3 ns). Using high energy Compton electrons, a time
resolution of 400 ps at 1 MeV has been measured.

2.3 Detection of X rays and « particles

To face the problem of natural radioactive decay simulating double beta events, one
should reduce as far as possible the radium isotopes concentration in the source
by radiochemistry, but one must also provide for the detection of the remaining
impurities. This can be done by tagging X rays and a particles.

Taking into account the design of the phoswich, the computed efficiency of X
rays detection inside the CsI(Na) is 70% at 80 keV. As for « particles, we record
events occurring between 12.0 ps and 1 ms after an e/ coincidence; in addition, the
tracks left by o particles characteristically stop within the tracking volume. The «
particle detection efficiency is only about 5.5%, mainly due to the thickness of the
source foil.

3 Data acquisition and first analysis

Usually the trigger requires the firing of at least 2 plastic counters within 50 ns,
followed by 4 Geiger modules within 2.5 ps. Since we started taking data the trigger
rate has shown a very good stability 0.231 & 0.004 Hz.

Since August 1991, the central source foil has been divided into two halves.
One half consists of a very pure copper foil (1.0 x 0.3 m?, 70 pm thick); the other
half consists of an unpurified natural molybdenum foil (1.0 x 0.3 m? 50 pm thick).
The purpose of this exercice was to determine the impurity level of the molybdenum
foil and to compare the result with a germanium --spectroscopy analysis. So far the
detector has accumulated more than 10° triggers in about 2000 hours of continuous
running.

3.1 The NEMO-II data

The detector allows us to observe 2e-eventslike the oneshownin (Fig.2). An electron
is defined as a track associated to a scintillator with an energy deposit greater than
200 keV. The rate before any cut is about 70 h™’. To decrease the high level of
background coming from Compton electrons due to the “°K isotope concentration
(~ 10° dpm/kg; 1 dpm = one decay per minute) present in the photomultiplier
glasses, we make a rough cut based on criteria of t.o.f to separate events of external
origin from events originating from the source foil. We reduce the background noise
(= 0.8 h~!) without loss of signal.

The X-position of the vertices of the remaining events is shown in (Fig.3). It is
clear that most of the events come from the molybdenum foil. This corresponds to
~ 22000 events/m?/y. A simulation using GEANT/(3] based on the geometry of the
NEMO-II together with the elementary processes and a simplified !*Bi decay scheme
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Figure 3: Horizontal vertex position on the central plane of 2e-events after t.o.f cut.
The positions of the two foils are [-30 cm, 0 cm] and [2 ¢cm, 32 cm] for the copper and
the molybdenum, respectively. During 930 hours there were 723 events (31 events)
on the molybdenum foil (copper foil).

gives a figure of ~ 200 dpm/kg for this number of events. A similar analysis done
with ey-events gives the same order of magnitude of pollution with 10° events/m?/y
observed.

It is also quite interesting to look at e/ coincidences followed by a particle
emission which is a good signature of the ?*Bi — *Po — 1°Pb decay scheme. We
have been monitoring this kind of event for 400 hours and the delay time histogram
(Fig.4) of the a particles shows a decay structure with  ~ 185 us which is in good
agreement with the last cascade time constant (164 ps).

3.2 Comparison with germanium ~y-spectroscopy

The useful isotope activities of the molybdenum foil measured using a 100 cm? "p”
type HPGe crystal in the Fréjus Laboratory are: 90 = 10 dpm/kg for the 2*4Bi (*3%U
chain) and 7+ 2 dpm/kg for the 2°8T1 (232Th chain). It is obvious that this industrial
quality foil is not suitable for a double beta decay experiment, but it is encouraging
to note that the 2'*Bi concentration deduced using NEMO-II data is in quite good
agreement with this germanium measurement.

3.3 High energy events

The 31 events left on the very pure copper (during 930 hours) are due to external
electrons escaping the t.o.f cuts, and to external photon Compton interactions in the
foil followed by Msller scattering. In any case, thereis no event with an energy greater
than 2.3 MeV (Qgs = 3.03 MeV for the 1°Mo). On the molybdenum foil, above 2.7
MeV one predicts from the germanium v-spectroscopy results about 6 events (3%
efficiency assumed) which is consistent with the 3 events observed.
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Figure 4 Time delay distribution of a particles occuring in eya-events tagging
24Py — 210Ph decay. A maximum likelihood fit with a flat background hypothe-
sis gives a decay time value T = 185%3; us which is in good agreement with the table
value of 164 ps .

4 Conclusion

The NEMO-II detector, second stage of a long term project of 83(0v) study of the
100Mo isotope, has been running successfully since August 1991. The events are very
clean and for the most part easy to interpret. An exercise has been carried out
using a natural molybdenum foil not specially purified. It turns out that the level of
pollution of this foil, as measured using NEMO-II 2e-events and ey-events, is in good
agreement with a germanium v-spectroscopy. Moreover, the decay of Polonium into
Lead by delayed emission of & particles has also been observed using eya-events.

After 2000 hours no event has been observed with an energy greater than 2.3
MeV on a very pure copper foil. We plan to introduce in the near future a very pure
natural molybdenum foil' which is more suitable for studying the background in the
3.03 MeV region where §3(0v) decay possibly takes place.
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Abstract

A Xenon TPC with an active volume of 207 liters has been built to study
neutrinoless double beta decay in 13¢Xe. Data were taken in the Gotthard Un-
derground Laboratory with 5 atm of xenon enriched to 62.5 % in 36Xe. A total

of 6218 hours of data has been taken. Data analysis is in progress and new limits
are presented.
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Introduction

Neutrinoless double beta decay provides a sensitive probe for lepton number violation
and, in particular, Majorana neutrino mass as well as right-handed weak currents®.
The implications of this so far unobserved nuclear decay have stimulated intense ex-

perimental efforts in recent years?.

Experimental Setup

We have built a Time Projection Chamber (TPC) to study double beta decay in 3¢Xe
(transition energy 2.48 MeV), in both the Ov and 2v channels®. The schematic diagram
of the experimental set-up is shown in Figure 1. The TPC has a cylindrical active vol-
ume of 207 litres. The operating pressure is 5 atm, with an admixture of 3.9% methane
to increase the drift velocity and to suppress diffusion of the secondary electrons. Xenon
enriched to 62.5% '3°Xe is used, giving a total of 1.6 x 10?* *¢Xe atoms in the active
volume. There are 168 readout channels, with 3.5 mm pitch, in each of the X and Y
axes. The detector has been built with low background materials, and is shielded by
20-30 cm of lead. The experiment is being conducted at the Gotthard Underground
Laboratory, with a 3000 meter-water-equivalent overburden which attenuates the muon
flux by a factor of 10°.
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Figure 1: A schematic diagram of the time projection chamber with
the associated setup.
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Track Reconstruction

The track reconstruction capability of the TPC provides a powerful means of back-
ground rejection. A double beta decay event is identified as a continuous trajectory with
the characteristic “end features”: large angle multiple scatterings and increased charge
depositions (charge “blobs”), at both ends. A typical “two-electron” event, which ex-
hibits such features, is depicted in Figure 2a. Such events can be distinguished easily
from those due to alpha particles, cosmic rays, single electrons and multiple Compton
scattering. Figure 2b shows a beta decay (that is, a single electron with charge blob
at only one end) with the emission of an alpha particle at the same (X,Y) co-ordinate
50 us later. This event is due to the cascade ***Bi — "Po+e” + 7, (Q = 3.28 MeV,
T1 =19.7min), followed by 4Py — 21%Ph 4 o (Q = 7.8MeV, T, = 164pus), and is
evidence of trace radon emission in the system. This cascade can be singled out by
looking for the ~100 us post-trigger alpha activity after an initial single electron event.
The energy of an event is obtained by integrating the anode signals over the drift time.

— p

Fig. 2. A typical (a) “two-electron” event, and (b) beta decay with
delayed alpha emission.

The energy resolution and calibration has been studied with various gamma sources.
A 10-15% variation in charge multiplication across the effective area of the anode plane
is observed. To correct this effect, the anode plane is sub-divided into 45 squares and
a gain variation map is made from a measurement with a !37Cs source. The anode
signals are then compensated at each time bin, based on the (X,Y) co-ordinate of the
event at that time. A notable improvement on the energy resolution of 6.6% FWHM
at 1.6 MeV is subsequently achieved.
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Results

The “two-electron” spectrum from 6218 hours of data is shown in Figure 3. The
measured background level at the Ov range is 0.01 countskeV~'kg~! yr~!. Considering
a resolution of 6.6% FWHM at the Ov transition energy, and an exponential background
from 2000 keV to 2650 keV together with a constant background from 2650 keV to 3000
keV, we obtain a 90% C.L. exclusion curve as indicated by the solid line.
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Fig. 3. Energy spectrum for “two-electron”event.

Folding in the respective detector (25% and 21%) and analysis efficiencies (81% and
64%) for the mass mechanism and right-handed currents modes, we obtain the following
90(68)% C.L. half-life limits for the 0t — 0F transition:

T%((m.)) > 4.1(7.8) x 10%® years,
2

and
T¥(RHC) > 2.2(4.2) x 10% years.

These limits represent a factor of 30 improvement over existing ones®®.

The limit for the Majorana neutrino mass parameter thus deduced depends on which
nuclear matrix element calculation one adopts. To illustrate the range of sensitivities,
the limits deduced from the calculations by the Caltech® and Heidelberg’ groups are
tabulated in Table 1. For comparison, the best "®Ge 0v half-life limit® as well as the
projected sensitivity of this experiment with 3 years of data are also shown.

Table 1. Limits on Majorana neutrino mass parameter from the
"6Ge and *¢Xe experiments, adopting calculations from the Caltech
and Heidelberg groups.

Isotope (run time) T‘;"((mu)) / yr (m,) / eV

(at 68% C.L.) Caltech Heidelberg |
"6Ge (3 years) > 8.8 x 1073 <24-48 <14
136X e (6218 hours) >78x10% | <22-28 <17
136X e (projection for 3 years) (>)3.3 x 102* | (<)1.1—1.4 (<)0.8
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Owing to the theoretical uncertainties, it is essential that double beta decay investi-
gations are pursued in various isotopes (preferrably with different ranges in Z). The
experiment described here is at present the only one which has achieved the 038 sen-
sitivities of "®Ge with a different isotope. The simultaneous tracking and calorimetry
capabilities of the TPC, using the source as its detector medium, prove to be ideal for
double beta decay studies. The technique of using the difference in dE/dx to measure
the directionality of low energy electron can be a great asset to other experiments at
nuclear energies (like the measurement of the neutrino magnetic moment using reactor
neutrinos®).
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Abstract

Tworecent results obtained with low temperature thermal detectors are presented.

First a search for double beta decay of 130Te is described; a low temperature thermal
detector consisting in a single TeO; crystal of 73 g has been operating for 868 hours in the
Gran Sasso laboratory. Performances of the detector and results of the measurement are
described; a lower limit of 2 x 102! years (90% C.L.) was obtained for neutrinoless double
beta decay of 130Te.

Then a new approach to the study of double beta decay of 48Ca is presented. The
technique is a combination of scintillation and thermal pulses detection, studied to reject o
particles background which is relevant for such decay, whose transition energy is very high
(Q=4271 keV). Simultaneous detection was successful in a measurement performed with a
2 g CaF3(Eu) crystal at T = 60 mK. Future evolution of the technique is discussed.
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1 - Introduction

Double beta decay (DBD) of 130Te has been observed in experiments performed by
the geochemical technique, which is not able to distinguish between the conventional two-
neutrino (2v) decay and the lepton number violating neutrinoless (0v) decay. The world
average of results, as presented by O. Manuel in Bratislava (1990)[1], yields a half-lifetime
7172 = 0.8 x 1021 y; it is therefore of some interest to understand which is the contribution
of the Ov channel to DBD of that isotope, if any. Since transition energy is high
(Q=2528.8+ 08 keV, in between the 2615 keV ¥ line of 208T1 and its Compton edge)
and isotopic abundance is 34 % in natural Tellurium, a direct detection technique, in which
source and detector coincide, can reach a good sensitivity to the process, considering that,
according to recent theoretical calculations[2:3], a more favorable nuclear merit factor
(phase space x | nuclear matrix element | 2 ) than in the case of 76Ge is obtained.

48Ca, even if its isotopic abundance is very low (0.187 %), is also a good candidate
for the study of Ov DBD, since its Q-value is very high (Q = 4271 * 4 keV), well outside
natural radioactivity background, and recent calculations, based on the QRPA approach(4],
show that its nuclear merit factor is also favorable in comparison with 76Ge, while recent
experimental resultstS] are still far from lifetime limits that would give a sensitivity to
neutrino effective mass comparable to that of 76Ge. At such a high transition energy it is
however possible that o decays from radioactive natural chains (mainly 238() induce a
background in the energy region of interest; it is therefore necessary to develop some
technique to identify such decays in the energy spectrum of the measurement. A possible
new technique will be described in the following.

2 - The technique

The idea of detecting particles through the measurement of heat released in a medium
was put forward by E. Fiorini and T. Niinikoski in 1984[6), A crystal of pure dielectric and
diamagnetic material has a thermal capacity given by:

- m T 3 1
c-1944A(TD) IK
where m = mass, A = molecular weight, T = temperature, Tp = Debye temperature. If T is
low enough (100 - 10 mK) and Tp is high enough, then C can be so low that even the
energy deposited by, for instance, an electron of 1 MeV, can produce a detectable raise in
the crystal temperature (AT = E)’ which can be transformed in an electrical signal by a
suitable thermistor.

The detector used in this work is a 73 g TeO; crystal (Tp = 275 K), whose theoretical
thermal capacity at 20 mK is 0.5 nJ K-1, corresponding to a AT = 300 pK for a 1 MeV
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energy deposition. Theoretical resolution with such detectors can be extremely good,
namely of 10 eV (R.M.S.) in the above quoted case.

3 - Experimental setup

The 73 g crystal is mounted in a suitable frame (OFHC Copper) and held by 68
spring loaded tips to compensate for different thermal contraction of materials and minimize
vibrations; thermal to electrical signal transducer is a NTD thermistor, provided by E. Haller
(Berkeley), which is glued on the crystal surface by a two component epoxy glue. The
signals are read out via a cryogenic differential voltage sensitive preamplifier and recorded
on computer by a CAMAC digitizing system.

Crystal and its frame are mounted in a dilution refrigerator that was specially built by
Oxford Instruments Company using materials selected for low radioactivity content; when
possible OFHC Copper was used instead of stainless steel.

The refrigerator, whose cooling power is 1000 uW at 100 mK, can reach a base
temperature of 5.5 mK and it is installed in a building in Hall A of INFN Gran Sasso
Underground Laboratories (LNGS), located near thetown of L'Aquila, in Central Italy.

The mountain overburden guarantees a reduction of cosmic ray flux to 1 p m-2 h-1,
and neutron flux to about 10-6 neutrons cm2 s-1; more-over the refrigerator is shielded
against environmental radioactivity by a 10 cm thick Lead shield, is closed in a plastic bag
flushed with Nitrogen to reduce Radon contaminations and is surrounded by a Faraday cage
to suppress electromag-
netic disturbances of
local origin.

The base temper-
ature for the crystal is 12

10000

mK, which raise to 16 8 100
mK when bias is applied %

to thermistor (25 mV on S 100
a 438 MQ resistance).

Detector perfor-
mances are shown by
Fig. 1 in which a com- T T T .
parison is reported with a 300 1200 1600 2000 2400
conventional Ge diode; . . My(n.v)
in the calibration spec- Fig. 1 - Calibration spectra of Ge(Li) and TeO3 detectors
trum with a 232Th source
energy resolution is ~ 6 keV practically independent of energy.

C srpod eeol trnwl sl it
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4 - The measurement

After having collected data for 868 hours (the spectrum is shown in Fig. 2) a
preliminary background analysis is already possible.

All relevant vy lines have E
been identified and most of
them can be attributed to 222Rn 0.
daughters, showing that there is
still a Radon source in the
surroundings of the detector;
232Th lines appear only at high
energy (2.6 MeV), indicating a o002
possible source external to the —_———
cryostat. Moreover a clear pe:ak e ™ 2600
appears atlf, = 5413 keV, which Fig.2 - Spectrum after 868 h of measurement
can be attributed to a contam-
ination of 210Po in the crystal; considering that a. particle energy is Eq = 5305 keV, the
difference to 5413 keV is due to full detection of nuclear recoil, which is an interesting
feature in view of possible Dark Matter experiments with this technique. The activity from
210pog corresponds to 7.3 + 0.4 mBg/kg.

Considering a 10 keV window centered on the Ov DBD energy of 130Te at 2528 keV,
a maximum likelihood procedure allows to quote the following result after 868 h of
measurement:

0.018 3 1764 XV
Bl

1

Lot

1

Counts keV h )

g

0.010

TR
k4
8
-—

N=-24 _+13_'10 events

Therefore, after renormalizing conservatively the likelihood function to the physical
region (N > 0), we obtain the following result:

112(0v; 0t - 0% >2x 1021y (90% C.L.)

which implies that neutrinoless DBD contribution to the geochemical result previously
quoted is excluded at a level greater than 40 %.

The above quoted result must be considered as preliminary; to improve we have to
collect higher statiswcs, to decrease backgrounds at least in the energy region of interest and
to use larger crystals. A possible goal would be the use of an array of 4 crystals of 400 g
each, with which it could be possible to reach a sensitivity of ~ 1023 y, in the limit of 0
events. Finally it must be stressed that the device described above is also a very sensitive y

ray detector, owing to the high Z of Tellurium.
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5 - The CaF2 experiment: heat pulse detection tests

Scintillation technique has been, until now, the most direct way to study 48Ca DBD;
much better resolutions, as shown before, can however be achieved by using a low
temperature thermal detector. In this case a detector consisting in a CaF3 crystal, whose
Debye temperature is rather high (Tp = 400 K) can be used. However 238U « lines can
appear at energies around 4.2 MeV, and a contamination level as low as 10-1! at/at would
give about 1000 238U decays/year in a 30 g 48CaF crystal. This problem can be
circumvented considering that, since the light yield of a's is about 1/5 of that of electrons at
the same energy, it is possible to discriminate o background by collecting scintillation
pulses in coincidence with thermal pulses from the crystal at low temperature (< 100 mK);
the ratio of scintillation to thermal pulses would be different for 's and electrons of the
same energy. A preliminary measurement was performed at T = 60 mK on a pure CaF3
crystal of ~ 2 g, showing a resolution of 50 keV at 1.6 MeV; the measurement was repeated
with a crystal of the same mass doped with 0.01 % Eu, which is commonly used to
produce scintillation, in order to check possible side effects of the dopant on the thermal
capacity of the crystal, and the same result was obtained.

6 - The CaF, experiment: scintillation tests

Scintillation of CaF at low temperatures was also tested. Crystals of = 2 g with
different doping levels (from pure to 0.07 % Eu content) were cooled down to 4 K with a
100 mm? silicon photodiode glued on one face, while the crystal was covered by a teflon
light reflector, and irradiated by a 24! Am « source. Results of such test showed that light
yield at 420 nm decreases until T = 50 K and then stabilizes at a level of 50 % (in the case
of a 0.03 % doping) of that detected at room temperature, while pure CaF light is no more
detectable below such temperature. A further test was performed on the crystal doped at
0.03 % level, only changing the reflective coating to aluminum 10 pm thick not to spoil the
thermal properties of the CaF7; the same result as before was obtained down to 30 mK with
a light yield for 5.5 MeV a particles of = 4500 photoelectrons, corresponding to = 4000
photoelectrons/MeV for electrons.

7 - The CaF, experiment: coincidence measurement

After having performed the above quoted tests, the final setup was mounted in a
dilution refrigerator in Milano, in order to test the simultaneous detection of light and heat.
The same CaF2(0.03 % Eu) crystal that was used before was glued to two 100 mm2 AME
photodiodes by means of a special two component optical glue, and firmly mounted with
spring loaded tips. Photodiodes were parallel-connected and DC coupled to a GaAs charge
preamplifier operating at 4 K. On a side of the crystal a NTD Ge thermistor was glued to
collect the thermal pulses; since a room temperature preamplifier was used a large parasitic
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capacitance gave thermal pulse risetimes of = 10 ms. Nevertheless at T = 20 mK it was
possible to collect data in coincidence between the two channels, even if the characteristic
signal collection times in the two channels differ by about 3 orders of magnitude (thermal
pulses t = 10 ms, scintillation pulses t = 10 us). In the scatter plot reported in Fig. 3
coincidence events are plotted according to their pulse height in the thermal channel (Y axis)
versus scintillation channel (X axis); two features appear: a cluster of events that correspond
to 241 Am o particles, and events grouped around a straight line, which correspond to
photons from a 232Th
source. It is therefore
proved that simultaneous
detection of light and heat
pulses at low temper-
atures can be performed;
this implies that CaFj
scintillation can be de-
tected down to 20 mK
and that doped CaFy
crystals can be success-
fully used as thermal

detectors with good 100 200 300
resolutions. Scintillation pulses amplitude (mV)

Preliminary tests Fig. 3 - Scatter plot of thermal pulse height versus
show that a new kind of  Scintillation pulse height; pulses are produced by o particles
mounting is possible, in from 241Am and y rays from 232Th,

| NN

a signal

8

P TN S O AP Y A AU I O O A A

y signal

Thermal pulses amplitude (mV)
3 3

which the light detector

(photodiode) is not optically (and hence thermally) connected to the crystal and the light
reflector is just a white paint on the inner walls of the copper mount of the crystal (which is
always kept in position by spring loaded tips); such a configuration should improve the
thermal response of the system that would work as in a purely thermal detection setup.
Such tests have been performed on a 70 g crystal, using a AME photodiode of 900 mm?2
down to about 20 K the system will be moved soon into the dilution refrigerator for lower
temperature and coincidence test.
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UPDATED REVIEW OF 17 keV NEUTRINO EXPERIMENTS

Douglas R.O. Morrison
CERN
Geneva, Switzerland.

Abstract

A brief review of the history of 17 keV neutrinos up to August 1991 is given
and it is noted that experiments using tritium are unreliable because of atomic
effect and BEFS fluctuations. Recent experimental results are presented. The
question of neutrinos from Supernova 1987A, ‘shape correction factors' in
magnetic spectrometer experiments, and the problems of Si(Li) detectors with
backscattering etc. are discussed — in each case the evidence is not favourable for
17 keV neutrino. Overall the balance of experiments is strongly against there being
any heavy neutrino near 17 keV,
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1. Introduction

A review of experiments on a possible 17 keV neutrino up to August 1991
has already been given [1]. In this present review the main results up to that time
are recalled briefly and new results and future experiments are considered in
more detail.

2. History of 17 keV neutrino, 1985 to Aug. 1991.

In 1985 J.J. Simpson reported [2] that in the decay spectrum of electrons
from tritium, there was a deviation from the theoretical prediction, being a kink 17
keV below the peak energy, Eg of 18.7 keV. He interpreted this as a new heavy
neutrino of 17 keV mass with a 3% branching ratio. However, other experiments
at Princeton, Alzitoglou et al. [3], Tokyo, Ohi et al. [4], ITEP, Apalikov et al. [5],
BARC/TIFR, Datar et al. [6], Caltech, Markey and Boehm [7], and Wark and
Boehm [8], Chalk River, Hetherington et al. [9], and, at CERN, using internal
bremsstrahlung, Borge et al. [10], all showed no evidence for a 17 keV neutrino
and gave upper limits on a branching ratio much lower than 3%, (being 0.4%,
0.3%, 0.17%, 0.6%, 0.25%, 0.25%, 0.35%, 0.9% resp., at least 95% Confidence
Limit).

Several theoretical papers, Lindhard and Hansen [11], Druckarev and
Strikman [12] and more recently Koonin [13], showed that the region of the
tritium spectrum near one keV where Simpson claimed to observe a deviation,
had major problems with atomic effects and fluctuations due to Beta
Environmental Fine Structure [13]. It was concluded that tritium could not safely
be used to study a possible 17 keV neutrino. The experiments [3-9] used sources
(35S or 63N ) which had higher end-points so that these atomic effects did not
apply to them. In what follows, experiments with tritium will not be seriously
considered as they are unreliable for studying the 17 keV question.

Thus in the period 1986 to 1988, it was generally considered that the
experimental evidence, plus theory, was strongly against the existence of any
heavy neutrino near 17 keV.

However in 1986, Simpson [14] strongly criticized the null experiments and
said some of them actually showed in their published data evidence for a kink
corresponding to a 17 keV neutrino. In particular he presented a graph of the
results of Ohi et al. [4] which appeared to show data consistent with a 17 keV
neutrino with 2% mixing; he said that only the region near the expected kink
should be considered and defined this as + 4 keV. However, the interval chosen
was in fact, +4.1 to -4.9 keV which included favourable fluctuations and excluded
unfavourable fluctuations; furthermore the fit chosen is inconsistent with the end-
point — this is shown more fully in ref. [1]. Also Ohi et al. took considerably more
data [15] which show no fluctuation in favour of a 17 keV neutrino. A similar
analysis by Simpson of the early Hetherington et al. data [9] was also shown to be
a statistical fluctuation [16). Simpson [14] also noted a deviation from a straight
line in a plot in the Apalikov paper [5] but this is inconsistent with the actual
spectrum published and a re-analysis gives an upper limit of 0.16% with 90% CL
(17].

It was suggested by Simpson [14,18] that the null experiments used magnetic
spectrometers and these had large correction factors making them unreliable. He
was correct in saying that all magnetic spectrometer experiments up to 1989
needed to introduce a “scale factor' or “shape correction factor' to correct for
imperfections, and it is useful that he made this comment and brought the subject
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to people's attention. However, the essential question is Do these scale factors
introduce an anti-kink in the spectrum which would cancel out the kink that a 17
keV neutrino would introduce?' Inspection of the scale factor curves shows them
to be smooth and no evidence for an anti-kink has been found in any experiment.
Further there are many different designs of magnetic spectrometers and different
shapes and dimensions, so that it would be a remarkable coincidence if all these
scale factors had anti-kinks at exactly (Eg - 17) keV.

In 1989 interest was revived when in the Phys. Rev. of April 1st appeared
two papers from Guelph, one by Simpson and Hime 218] claiming a neutrino of
(16.9 + 0.4) ke V with mixing of (0.73 £ 0.11)% using 338 as a source thus avoiding
the atomic effects problems of tritium (the other paper, by Hime and Simpson,
used a tritium source) Then in 1991 Hime and Jelley [19] in a new experiment
found with a 35S source, evidence for a (17.0 + 0.4) keV neutrino with a mixing of
(0.84 £ 0.08)% . A major change from the earlier work at Guelph was the use of
baffles to ensure the electrons from the source impinged almost normally on the
detector. Further confirmation came from Berkeley where Sur et al. [20] using a
14C source found evidence for a (17 * 2) keV neutrino with a mixing of (1.4 £
0.5)%. Also in Zagreb, Zlimen et al. [21] found weak evidence(two standard
deviations) for a 17 keV neutrino with 1.6% mixing. On the other hand at Caltech,
Becker et al. [22] found no evidence for a 17 keV neutrino and gave an upper limit
for the mixing of 0.6%.

This series of reports re-awakened interest in 17 keV neutrinos and many
experiments were started and a large number of theoretical papers were written,
some investigating the consequences of the existence of such a particle and
others describing the problems for such a particle to be consistent with current
ideas and knowledge of astrophysics and cosmology.

J.J. Simpson [23] noted that in Supernova 1987A, there was a gap in time
between the early and late neutrinos recorded by Kamiokande and IMB
detectors. Assuming this is caused by a 17 keV neutrino which decays to a
normal neutrino giving a time delay, he calculated the mean life of the 17 keV
neutrino to be (0.6 to 1.6).104 s.

3. New experimental results

A further sign of the great interest was that a three-day meeting on 17 keV
neutrinos was held in Berkeley in December 1991 where some new data were
presented plus many proposed experiments.

Later in 1991, a paper by Hime and Jelley [24] gave further evidence for a
neutrino of (16.75 £ 0.35 £ 0.15) keV mass and a mixing probability of (0.99 + 0.12
+ 0.18)% but this time using a different source, 63Ni.

The Berkeley group of Sur et al. [25] have increased their statistics and their
new value is (17.1  0.6) keV with a (1.2 £ 0.3)% mixing, that is the significance
has increased to four standard deviations. The group leader, Eric Norman's
conclusions [26] are (1) they have evidence for a kink in their data and, (2) they
have no interpretation of this kink.

A major new experiment at Caltech has been reported at this Moriond
conference by Tom Radcliffe [27]. They find no evidence for a 17 keV heavy
neutrino with an upper limit of 0.45% mixing at 90% CL, and they exclude a
0.85% admixture at the 99.9% confidence level. To check that if a kink were
there, they would have detected it, they inserted a thin (17 micron) aluminium foil
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covering about 10% of the source, which with corrections, was expected to give a
spectral distortion resembling a 1% mixture heavy neutrino. Analysing the
resultant spectrum assuming a kink, gave a 15.6 keV “neutrino' with a 2.5%
mixinﬁ. The “scale factor' for their spectrometer was shown and is completely
smooth with small errors and no sign of an anti-kink at 17 keV below the end-
point. The experiment is continuing.

Schreckenbach et al. have presented results [28] from a magnetic
spectrometer of an unusual design at ILL, Grenoble. They claim to have no shape
corrections in the region expected for a 17 keV neutrino. They use a 177Lu
source. They find no evidence of a 17 keV neutrino with an upper limit of 1% with
90% CL. They expect to reduce this to about 0.1 to 0.3% soon.

A joint Oxford/NPL experiment [29] using the NPL magnetic spectrometer,
has found no evidence for a 17 keV neutrino. They find that they need a scale
factor for their spectrometer and are continuing the experiments in the hope of
removing this factor.

The experiment with the most impressive statistics (2.4 billion events over
1800 energy bins!), is by Ohshima et al. [30] of INS, Tokyo. They use a magnetic
spectrometer and checked that the scale factor is smooth and has no anti-kink.
They find no indication of any significant kink in their data. They give an upper
limit of 0.1% with 95% confidence for the mixing probability of a 17 keV neutrino.

A question that is frequently asked is why do people who find heavy
neutrinos always find them at 17 keV and not at some other mass. An Argentine
group, DiGregorio et al. [31]7from Tandar, report that in an experiment studying
the inner bremsstrahlung of 71Ge, they find a best-fit mass of (13.8 £+ 0.18) keV
with a mixing of (0.8 £ 0.25)% and they exclude a mass of 17.2 keV with a 0.85%
mixing with 96% confidence. Thus observation of other masses is possible.

4. Special subjects

4.1 Supernova 1987a

Simpson [23] has suggested that there is a gap in time in the events recorded
by Kamiokande and by IMB. The actual time distribution is shown in fig. 1 of ref.
[32], normalized to a common time zero. It may be noticed that the later IMB
events fall in the gap of the Kamiokande events. Further it is important to note that
the events must be weighted by their efficiency of observation which is very high
near the threshold. The thresholds are 20 eV for IMB and 7.5 eV for Kamiokande.
The weights are 5 and 7 times for the two IMB events which fill the gap. Some
typical weights are marked against the points in this figure. It may be seen that
there is no significant gap in the arrival time of neutrinos from Supermova 1987A.

However it is interesting to note that after Simpson (23] justifies his
calculation by the existence of a gap, he later says that assuming the result
obtained, calculation shows that there should not be a gap.
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Fig. 1: Plot of energy versus time for the Kamiokande and IMB events, taking
time zero for each experiment as the time of their first event. Some typical
weights estimated are shown as numbers against the event.

4.2 Null experiments associated with magnetic spectrometers

Many have noted the claim [14,18,19] that null results are associated with
experiments using magnetic spectrometers and these spectrometers require
“shape correction factors' which are of the same magnitude as the effect
searched for. Three points can be made:

a) There are experiments which do not use magnetic spectrometers and
which do not find a 17 keV neutrino. The experiments of Borge et al. [10] and
DiGregorio et al. [31], both use intemal bremsstrahlung, and, more importantly,
the experiment of Ohi et al. [4] uses Si(Li) detectors as do those finding a 17 keV
neutrinos. Instead of using a single detector where there is a major problem of
backscattering (between 13 to 30%), they have a better design where they use
two Si(Li) detectors close together with the source in between - one is taken as
the main detector and the other as the veto - see refs. [1,4]. Ohi et al. give an
upper limit of 0.3%.
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b) Thanks to Simpson, who correctly pointed out the existence of “scale
factors', the groups using magnetic spectrometers now consider their correction
factors very carefully. They point out that they are smooth in the region of interest
and could not conceal a kink. Simpson has commented on the high-statistics
experiment of Hetherington et al. [9] noting that the correction factor was of the
same magnitude as the effect needed to see a 17 keV neutrino. However, recent
analysis [16] shows that the actual correction used increased with electron
energy instead of decreasing as required by Simpson — in addition the shape was
quite different from that required by him.

c) In general the addition of a magnetic field allows the momentum of the
electrons to be measured and controlled. This extra control results in a lower
background and thus a better experiment.

43 Problems of Si(Li) detectors

The major problem of Si(Li) detectors is the large and uncertain amount of
backscattering. In the 1989 experiment at Guelph, Simpson and Hime [18] used
no baffles between the source and the detector. They state that this is similar to
the case of diffuse electrons and assume the value of 30% for the amount of
backscattering (whereas they say that if the electrons had been incident normally
there would be 15% backscattering); further, they make the important assumption
that the rate of backscattering is independent of the energy. In the 1991
experiments, Hime and Jelley [19, 24] used apertures in front of the source and of
the detector and an intermediate baffle to try and make the electrons strike the
detector normally and they state that there is no energy dependence.
Remembering that they claim an accuracy of one part in a thousand for the
mixing, it is interesting to check if there is an energy dependence. In the thesis of
A. Hime [33), a graph is shown of published data for the % backscattering for
normal electrons and a value of (13.5 £ 0.2)% is quoted. In addition are shown
three experimental points they have measured giving an average of (12.9 * 2.4)%,
but the three 3points suggest an energy dependence. Also over the energy ranges
for 358 and 63Ni there is a significant energy variation. Further, if the apertures
work perfectly, the electrons are up to 10 degrees from normal and this would
also give a significant energy dependence. Further, the intermediate baffle is
unfortunately placed as its flat edge is visible to both the source and the detector.
The existence of an energy dependence is important as this could appreciably
reduce the significance of any effect and would increase the error making it more
than one part in a thousand.

In a paper presented at this conference, Piilonen and Abashian [34] list eight
possible sources of energy-dependent errors in the Hime and Jelley experiment
[19], and have been able to calculate five of them — these five would account for a
third of the effect claimed.

In future it would be safer to fit the electron energy spectrum with an
additional term of the form (1 + aFE), where E is the electron energy and a is a
parameter.

It is possible that the explanation of the kink could be some other effect not
mentioned here.

S. Future experiments
So far we know of 17 experiments in progress or proposed. Four are taking
further data (Radcliffe et al., at Caltech, Wark et al. at Oxford/NPL, Norman et al.,
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at Berkeley, and Schreckenbach et al., at ILL). Two new experiments are taking
data (Pomansky et al., at Baksan, and Mortara et al., at Argonne/Berkeley).
Seven other experiments are starting and of these four are using tritium; some of
these use interesting new techniques. It is interesting to note that 9 of the
experiments are in the Bay Area.

6. Summary of experimental results

The main experimental results are summarised in fig. 2. It may be seen that
there are four experiments which observe an effect with a mixing of about 0.8 to
1.0%. There are 10 experiments which observe no effect and which have upper
limits which are less than 0.6% with 90% confidence, that is, the upper limits are
significantly less than the positive values claimed. Further, some have very low
upper bounds, in particular Ohshima et al. [30] have an upper limit of 0.1% with
95% confidence.

The criticisms of the experiments showing no effect, have been shown not be
applicable. Worries have been presented about the use of Si(Li) detectors
because of the large amount of backscattering (13% to 30%), and possible energy
variations which could be serious compared to the the error of one part in a
thousand claimed.

It is concluded that the balance of experimental results is strongly in favour of
there being no 17 keV neutrino.

7. Conclusions

1) The original 1985 experiment of Simpson using tritium, is shown to have
no significance and the value of 17 keV obtained is arbitrary.

2) There are four significant experiments (Simpson and Hime [18], Hime and
Jelley [19], Hime and Jelley [24] and Sur et al. [25]) which show evidence in
favour of a 17 keV neutrino. There are 13 significant experiments which find no
effect; of these 10 have upper limits on the amount of mixing which are
significantly less than the mixing claimed. Further, there are several high-statistics
experiments which have upper limits on mixing far below the values claimed.

3) Generally the use of magnetic fields in an experiment is a major
advantage as they allow better control and improve signal-to-noise ratios. Most
magnetic spectrometers have “scale factors’ which correct imperfections. An
anti-kink, which would cancel out a real kink indicating a 17 keV neutrino, has
been looked for but in every case the scale factors are smooth and give no such
indication.

4) Si(Li) detectors have a major problem of backscattering (13% to 30%)
and energy dependence which seem not to have been completely studied yet.

5) The experiments finding no evidence for a 17 keV neutrino have been
performed by many different groups and a variety of techniques. The experiments
supporting a 17 keV neutrino involve rather few people and a narrow range of
techniques.

8. Overall conclusion

One cannot say with 100% certainty that a 17 keV neutrino exists. One
cannot say that the probability of it existing is 0%. But the balance of experimental
evidence is strongly against a 17 keV neutrino existing.
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Fig. 2: Main experimental results on % mixing of 17 keV neutrinos. In addition
DiGregorio et al. [31] find a best fit of 13.8 keV with 0.8% mixing and exclude a
17.2 keV neutrino having 0.85% mixing with 96% confidence
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NEW LIMITS ON THE 17 keVNEUTRINO

T. J. Radcliffe*, M. Chen, D. A. Imel**, H. Henrikson and F. Boehm
California Institute of Technology
Pasadena, California 91125

ABSTRACT

We have performed a new measurement of the beta decay spectrum of 35S, using the
Caltech double-focusing, iron-free beta spectrometer. Several important sources of sys-
tematic error present in previous magnetic spectrometer experiments have been
identified and controlled. A simulation code for the spectrometer has been written, and
initial runs have given insight into aspects of the spectrometer shape factor. Most impor-
tantly, we have been able to induce a kink in the beta decay spectrum of 35S by artificial
means, which allows us to demonstrate "positively and directly by experiment" that we are
sensitive to features of the kind for which we are searching. No evidence for a 0.85%
admixture of a 17 keV neutrino is seen at the 99.9% confidence level.

* present address: Medical Physics, MCTRF,100 Olivia St. Winnipeg, Manitoba, Canada;
** present address: JPL 300-319 Pasadena, CA 91109
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Introduction

Several studies'™® of the shapes of beta spectra using magnetic spectrometers were
conducted following Simpson’s claim’, in 1985, to have found evidence for a 17 keV neu-
trino in the beta spectrum of H. The Caltech studies of the 17 keV neutrino with the
V/2r spectrometer began with the work of Markey and Boehm? in 1985 finding no evi-
dence for the admixture of a 17 keV neutrino to the usual light neutrino in the beta decay
of 35S). This result agrees well with the other spectrometer experiments quoted above
confirming the absence of a heavy neutrino in the mass range of 5 - 50 keV. (For a brief
review see Boehm® and Boehm and Vogel®). Encouraged by the renewed announce-
ments by Hime and Simpson'® and Hime and Jelley!! we have repeated our experiment
with improved techniques. An early account was presented at last year’s Moriond
Workshop®.

The present report describes results from recent studies of the beta decay spectrum
of 3°S employing direct measurements of the magnetic field. Careful attention was paid to
account for possible systematic effects.

Experimental Details and Results

Spectrometer and Detector. The 35 cm radius, iron-free double-focusing /27 mag-
netic spectrometer at Caltech (momentum resolution 0.27%) employed at its focus a sili-
con surface barrier detector cooled by Peltier elements to approximately S C. Its energy
resolution (figure 1) between 120 - 160 keV is = 4 keV FWHM. The detector has an
active surface layer of 300 um and an area of 4 mm x 25 mm. A pulser was used to moni-
tor the stability of the electronics.

Source Preparation. The spectrometer was calibrated using a 100 xCi 57Co source
vapour deposited onto a 0.9 micron thick mylar backing. Scattering from the backing is
less than 1%. Two 3°S sources were made using a technique that is a combination of
vapour deposition and aqueous deposition. A layer of barium was first deposited on the
gold-coated mylar through a mask in the shape of the desired source (in this case, 2 mm x
20 mm). An aqueous solution of ammonium sulfate containing 35S was then brought into
contact with the barium coated region of the foil. After the solution had been in contact
with the surface for about an hour, it was drawn off using a micro-pipette. This process,
with a yield of about 40%, allowed us to make sources of 3 and 7 mCi strengths.

Stability. We directly monitored the magnetic field with two fluxgate magnetome-
ters. A Bartington Instruments magnetometer and high field probe were used to measure
the vertical component of the spectrometer field. A Walker Scientific magnetometer
monitored the horizontal component of the ambient field, outside of the spectrometer
coils. The stability of the spectrometer field was better than 30 ppm over fifteen minutes.
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We observed a secular variation in the ambient field consistent with typical fluctuations in
the Earth’s magnetic field. We also measured irregular but large (= 1% of the Earth’s
field) variations whose apparent origin is local to the building. These field fluctuations are
almost certainly the cause of the non-statistical scattering observed by Becker et al.5.

Calibration and Detector Response. We used the 3’Co conversion lines to determine
the spectrometer calibration and its response function. The conversion electron spectrum
is shown in figure 2.

Data. Two data sets were acquired, both using the 3 mCi source. In the first (run
A), the beta spectrum was measured from 130 keV to the endpoint. In the second data
set (run B), a 10 keV region around the kink for a 17 keV neutrino was scanned with high
statistics. Each data point was corrected for source half-life and dead-time. Background
counts in the detector, measured with the spectrometer set above the 358 endpomt, were
subtracted from eachdata point.

The counts observed at a given momentum setting were taken by summing the
counts from the detector spectrum, including those in the backscattered tail, down to a
fixed fraction (20%) of the peak energy. Published parameterizations'? of surface barrier
detector response indicate that the fraction of counts excluded by this method has less
than 0.3% energy dependence over the region of interest. This procedure has significantly
reduced the size of the required shape corrections to the spectra.

Analysis and Results. The corrected binned data were analyzed using various fits to
the allowed beta decay spectral shape for 35S, That shape included Fermi function and
radiative corrections provided by Petr Vogel. The response function of the spectrometer,
determined from the ¥’Co K-conversion lines, was convoluted with the theoretical spec-
trum and the result used to fit the two data sets.

Data run A, from 130 - 165 keV, gives a fit with x2/DOF = 66.1/50, when the end-
point and normalization are allowed to vary as free parameters and the neutrino admix-
ture and shape corrections are fixed at zero (figure 3a). A significantly better fit
(x*/DOF = 36.5/48), according to the F-test, is obtained by allowing linear and quadratic
shape factor corrections as free parameters. It should be noted that the magnitude of
these corrections over the energy range of interest is less than 1%. Data run A is shown
in figure 3b, plotted as the fitted residual to the spectral shape without heavy neutrino
emission (0% admixture). The results of various fits which attempt to include the emis-
sion of a 17 keV neutrino are shown in Table 1. In these fits, the endpoint, normalization,
linear and quadratic shape factor terms were all allowed to vary freely. These results
place an upper limit on the admixture of a 17 keV neutrino of 0.45% at the 90%
confidence level and rule out a 0.85% admixture at the 99.3% confidence level.
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Data run B features a high statistics study of the beta spectrum around 420 keV/c,
the momentum threshold for the emission of a 17 keV neutrino. Fitting this data without
shape corrections for a 0% admixture results in a x*/DOF = 27.9/30 with a fitted end-
point of 167.483 + 0.007 keV. Over this limited region, no shape correction is required
for a good fit. In attempting to include a 0.85% admixture, the data give a poor fit of
»2/DOF = 57.5/30, representing a better than S o exclusion of this admixture. Nonethe-
less, because knowledge of the spectrometer response was shown to be incomplete in run
A by the requirement of a shape correction, one can admit a linear shape term as a free
parameter in the fit to this data. The fit to 0% admixture is slightly improved to x?/DOF
= 25.7/29, with an endpoint of 167.547 + 0.043 keV, while the fit to a 0.85% admixture
gives x*>/DOF = 36.4/29 and a linear correction three times as large as is required in the
previous fit. The results of these fits are shown in Table 2. They place an upper limit on
the 17 keV neutrino admixture of 0.42% at the 90% confidence level and in particular rule
out a 0.85% admixture at the 99.9% confidence level. Figure 4a shows data run B plotted
as the residual to the fitted spectrum without heavy neutrino emission. Figure 4b shows
the same data with fits normalized above the threshold for 17 keV neutrino emission.
One sees in this plot that the data can indeed admit a small linear correction, but that it
does not easily accomodate the kink from a heavy neutrino.

Combining the statistical exclusion from the two independent runs and neglecting
correlated systematic errors, we find that our data give a best fit admixture to a 17 keV
neutrino of -0.21% =+ 0.23%, consistent with no mixing. Thus, we can place a combined
90% CL upper limit on the admixture of a 17 keV neutrino to be: U2 < 0.27%. For all
the quoted exclusions, the prescription of the Particle Data Group'? for estimating
parameters constrained to lie within a bounded physical region (positive U2) was used.

Synthetic Kink In order to demonstrate that spectrometer experiments can detect a
kink such as that produced by a hypothetical 17 keV neutrino we have carried out the fol-
lowing auxiliary experiment.

We have introduced a kink of known size and energy into the spectrum by masking
off roughly 10% of the source with a 17 micron aluminum foil, which causes a minimum
energy loss of 16 keV for 150 keV electrons passing through it. Taking the shape as
estimated by an EGS4 calculation of electron transport through the foil, we predict a
spectral distortion induced by this foil that resembles heavy neutrino emission with a best
fit admixture of about 1%. This is lower than the fraction of the source area covered
because the spectral distortion created by energy loss is quite different from the kink
expected for a heavy neutrino, with which we fit. In addition, some fraction of the elec-
trons incident on the foil are scattered out of the transmission aperture of the spectrome-
ter or backscattered towards the source, reducing the magnitude of the distortion.
Analyzing a spectrum taken over 48 hours, with the 7 mCi source and the aluminum foil,
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gave a best fit heavy neutrino fraction of 2.5%, with a mass of 15.6 keV, demonstrating the
sensitivity of the spectrometer (figure 5). It is expected that a more detailed calculation,
which includes the spectrometer transmission of scattered electrons, will improve the
agreement.

Conclusion

Motivated by criticism of earlier work, we have made a precise measurement of the
beta decay spectrum of 3°S. We have identified systematic effects that may have
influenced the limits on the 17 keV neutrino from the Caltech magnetic spectrometer
reported previously. We have measured the spectrometer magnetic field directly for the
first time, and have demonstrated positively and directly by experiment that we are sensi-
tive to spectral features similar to the kink caused by a 17 keV neutrino.

From two independent data sets, we rule out a 0.85% admixture for the 17 keV neu-
trino at the 99.3% and 99.9% confidence level, respectively.

The origin of the feature so clearly seen by Simpson and by Hime et al. in the beta
spectra of 3H and 35S, with both internal and external sources, with different detector
materials, and with careful control over systematic effects, remains to be explained.

We wish to thank Petr Vogel for generous advice, and the USDOE for support.
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M [keV] | % x 100 Q [keV] X /v
without shape factor - 0.0 167.610 + 0.007 [ 66.1/50
with shape factor - 0.0 167.563 £ 0.030 | 36.5/48
17 0.85 167.512 + 0.030 | 45.2/48
17 0.4 167.539 + 0.029 | 39.7/48
17 -0.58 £ 0.45 | 167.598 + 0.041 | 34.8/47
18 -0.54 £ 0.45 | 167.600 % 0.041 | 35.0/47
16 -0.65 + 0.48 | 167.595 + 0.038 | 34.5/47

Table 1: Results of Fitting to Data Run A

M [keV] [<*x 100 | Q [keV] v
without shape factor - 0.0 167.483 £ 0.007 | 27.9/30
17 0.85 167.562 + 0.007 | 57.5/30
with shape factor - 0.0 167.547 £ 0.043 | 25.7/29
17 0.85 167.368 + 0.042 | 36.4/29
17 0.4 167.463 £ 0.043 | 28.3/29
normalized above - 0.0 167.498 39.1/32
kink 17 0.85 167.498 236.2/32

Table 2: Results of Fitting to Data Run B

Figures

Figure 1. Typical electron spectrum in the silicon surface barrier detector for
mono-energetic incident electrons. For this spectrum, an electron momemtum
of p = 420 keV/c was selected by the spectrometer. Approximately 17% of the
incident electrons are backscattered, depositingless than their full energy in the
detector.

Figure 2. Momentum calibration of the spectrometer from the directly mea-
sured magnetic field, using a 37 Co internal conversion electron source.

Figure 3. Data run A (a) fit to a beta spectrum without massive neutrino
emission before shape correction. (b) after fitting with linear and quadratic
shape factor terms. The solid curve represents the hypothetical shape of a best
fit experimental spectrum with a 0.85% admixture, 17 keV neutrino.

Figure 4. Data run B (a) fit to a beta spectrum without massive neutrino
emission. The solid curve again represents the best fit experimental spectrum
with 0.85% mixing probability to a 17 keV neutrino. (b) fit with the normal-
ization of the experimental spectrum only to data above 421 keV/c. The solid
curve represents a spectrum with a 0.85% admixture, 17 keV neutrino.

Figure 5. Synthetic kink induced in the beta spectrum by a 17 pm thick
aluminum foil. The data clearly show the spectral distortion induced by the
foil. The solid curve superimposed on the plot is the hypothetical experimental
spectrum from a 15.6 keV neutrino with a 2.5% admixture.
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Figure 3b - Data Run A
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On the Strength of the Evidence for the 17 keV Neutrino

Leo Piilonen and Alexander Abashian
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

We have performed an independent reanalysis of the 1991 35S beta decay
experiments at Oxford that were asserted to provide evidence for a 17 keV
component of the electron antineutrino. Although the form of the response
function used in the original analysis did not properly account for all of
the processes in the Oxford spectrometer, the distortion seen in the original
analysis persists even when these effects are incorporated, although it is no
longer consistent with a 17 keV neutrino.
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Existence of a heavy component of the D, with mass 17keV/c?, was first claimed
by Simpson! in 1985 as necessary to account for an excess of low-energy electrons in
measurements of the beta decay spectrum of H implanted in a Si(Li) detector. Many
experiments since then have denied?~? or confirmed!®~!3 the existence of this 17 keV
neutrino. A lengthy review of these measurements was recently completed by Hime.!*

We have reanalyzed the 1991 35S data of Hime and Jelley!? to see if the distortion
in the beta spectrum can be accounted for by a more mundane effect than a 17keV
component of ¥.. Since we did not have access to the raw data, we transcribed the
relative deviations— (DATA-FIT)/FIT—for runs 1 and 2 from the published graphs. Here,
DATA refers to the counts in each 606 eV bin after subtraction of ambient background and
unrejected-pileup events and a subsequent shift up by eVp to account for the voltage bias
Ve = 1.529kV on the detector contact, while FIT refers to the massless-neutrino beta
spectrum with Q = 167.013 (167.016) keV for run 1 (2), convolved with the spectrometer
response function described in detail in Hime’s thesis.!®

Figures la-c show the relative deviations of the transcribed data after shifting the
Q-value of the FIT spectrum up to 167.072keV in order to move to zero the relative
deviations near the endpoint. The solid curves in these figures, as in Hime and Jelley’s
paper, represent the relative deviations that would be expected if a synthetic data set
containing a 0.9% branch for a 17 keV component of U. were compared to this new FIT
spectrum. The curve has been deliberately left out of Figure 1c to avoid guiding the
reader’s eye. While the combined data is certainly consistent with the 17 keV hypothesis,
there is simply not enough statistical precision near 150keV to see an unmistakable kink.

If some other more mundane explanation could be found for the distortion in these
data, the principle of Occam’s razor would clearly prefer it to the two-component neutrino
hypothesis. In the following sections, we re-examine the methodology used by Hime and
Jelley in their analysis of the 35S data to explore the possibility of an alternate hypothesis

that could account for their measurements.

Ambient Background: The energy spectrum Ng(E) of the ambient background
was measured by Hime and Jelley in separate runs before and after the 3%S data. This
1.3 Hz background was not due to cosmic rays, whose rate in a detector of ~ 1 cm? projected
area was only 0.02 Hz and whose mean, most probable and lowest energy losses in 0.16 cm
of silicon were 620, 325 and 240 keV, respectively, well above the range of interest. We

note also that the ambient background rate in the later *3Ni beta spectrum measurement!®
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with the same spectrometer fell by a factor of three to 0.42 Hz. This background must have
been due to some local (radioactive?) source whose intensity varied with time. The energy
spectrum, from the ®3Ni preprint, is adequately represented between 25 and 120keV by
a falling exponential with a scale of A = 0.0189keV ™! and an extrapolated intensity in a
151.5€V bin near 150keV of ~ 178 counts for **S run 1 (or 0.14% of the signal). The 35S
signal falls below this ambient background at energies above 164.9keV; thus, an over- or
under-subtraction of the ambient background from the raw data would have distorted the
DATA spectrum only within ~ 2keV of the endpoint.

Unrejected Pileup: The unrejected-pileup spectrum Np(E)—due to random coin-
cidences within the 340 ns resolving time of the pileup inspection logic—was derived by
Hime and Jelley from the raw 35S data by convolving the beta spectrum N,,,,(E) with
itself between E,in, = 1.4keV and the biased endpoint Qp = Q — Vg ~ 166.5keV:

min(E,Q5)

N,(E) = / Nraw(€)Nraw(E — €)de . (1)

max(Bmin,B-Qp)

This spectrum was then rescaled, along with the ambient background spectrum, so that
their sum matched the raw data above the 3*S endpoint, and then subtracted from the raw
data to yield the net 35S beta spectrum (denoted by DATA in the introduction). The 35S
signal falls below this unrejected-pileup background for energies above 163.5 keV; thus, an
over- or under-subtraction of the unrejected-pileup from the raw data would have distorted
the data only within ~ 3.5 keV of the endpoint. The systematic errors associated with not
using zero for the lower limit of the convolution (which would have changed the shape of
the pileup spectrum below Qg + Emi») and not iterating the convolution procedure after
background subtraction were found to be negligible—assuming there were no high-intensity
spikes in the raw data below Enmin.

There is another potentially serious problem related to pulse pileup, however. From
the discussion in Hime’s thesis, the data acquisition system was dead for about 25.7 us
after the arrival of an event in run 1 (about 10% deadtime at 4100 Hz), whereas the pileup
inspector was active only for the first 18 us. There was thus a 3.1% (2.3%) probability in
run 1 (2) that a second pulse arrived in the last 7.7 us after the pileup inspector turned off
but before the ADC was ready to begin a new conversion. It is not clear if this second pulse
was discarded, recorded correctly, or recorded with a defective (reduced) pulse height. The
last case would result in the appearance in the DATA spectrum of a ghost of the 3°S beta
spectrum at lower energy characterized by the typical pulse height defect. The probability

of this process was only 0.3% (1%) in the 5" Co (1°°Cd) conversion line sources because of
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their reduced strength, and non-existent in the ®*Ni beta spectrum because of the longer
pileup inspection gate.

Theoretical Spectrum: Wehave compared Hime and Jelley’s method for computing
the screened Fermi function with a direct calculation,!” as prescribed by Behrens and
Janecke,® that solves for the relativistic electron radial wave function in the presence of a
finite-size nucleus and an atomic electron cloud parameterized by a Hartree-Fock potential.
They agree to within +8 x 10~° between 100 to 170keV, so this cannot account for the
distortion that they saw.

In their 1991 paper, Hime and Jelley neglected the radiative corrections!® to the beta
decay process in calculating their FIT spectra. Hime covered this point later in his thesis,
where he said that including them in the BEST FIT reduced sin? 8 from 0.0084 to 0.0078.
The radiative corrections modify the theoretical beta spectrum by about 1.5% between 120
and 165keV, and at first blush would be expected to cause an energy-dependent distortion
of comparable magnitude in the relative deviations (DATA-FIT)/FIT if they were left out
of the FIT spectrum, and by implication would have reduced sin? @ by about one-third
when properly included in the FIT. However, this energy-dependent distortion is fairly
well masked in the interval 120-164 keV if the endpoint of the FIT is adjusted downward
by just 15eV—the change in the phase space factor then compensates for the neglect of
the radiative corrections except within 3keV of the endpoint. This conclusion has been
verified in fits of many synthetic data sets having statistics comparable to Hime and Jelley’s
runs, in which the data was generated with radiative corrections then compared to a fit
spectrum that neglected them. Thus, for Hime to have seen any change in the best fit
value for sin? @ when radiative corrections were included in the BEST FIT is remarkable,
and was most likely due to the fitting procedure’s attempt to better match the somewhat
questionable data near the endpoint.

Response Function: We performed a detailed EGS4?° simulation of the Hime and
Jelley spectrometer to get an accurate determination of all of the contributions to the
electron response function as well as their dependence on energy. In this simulation, we
made two modifications to EGS4 that permitted us to study the passage of electrons
through extremely thin regions, and a third modification that allowed us to model the
transport of soft x-rays in the gold contact and silicon of the detector.

First, the EGS4 multiple scattering routine for electrons was replaced with a routine
based on Mott elastic scattering from screened nuclei. This routine duplicated the Moliére

distribution for a large number of scatterings but also generated the correct angular dis-
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tribution for single or plural scattering.

Second, the average restricted electron energy loss due to ionization in aluminum,
copper, gold, mylar, or silicon was replaced with a routine based on the work of Talman?!
that simulated the inelastic scattering from the electrons in the atomic shells of each
element. This routine’s energy loss distribution had the same average as the value used by
EGS4, while giving a more realistic spectrum of the individual energy losses suffered by
electrons in traversing sub-micron distances.

Finally, in the detector only, our energy loss routine and the EGS4 routines for Mgller
scattering and the photoelectric effect were modified to permit the explicit creation and
propagation of K, L and M x-rays above 1keV? so that we could monitor the recapture
of gold x-rays in the active volume and the escape of silicon K x-rays.

We simulated the histories of electrons at six different energies for both geometries of
the spectrometer. We threw 2.5 x 107 events in each case, or 3 x 10® in all, of which ~
3.8x10° entered the Si(Li) detector. From these entering events, we were able to deduce the
probabilities of occurrence for the energy-lowering scattering processes in the spectrometer,
as well as the distributions of post-scattering energies for electrons that suffered any one of
these processes. The energy dependence of the probabilities determined what fraction of
electrons were removed from the full-energy peak of the response function at each energy
in the 3°S beta spectrum, while the distribution of scattered energies determined where (if
anywhere) these electrons reappeared in the beta spectrum. Hime and Jelley considered
only ionization in the detector’s gold contact and back-diffusion from the Si(Li) as the
relevant scattering processes. Our simulation indicated a more complicated response.

The acceptance of the spectrometer for unscattered electrons was 0.001593 4 0.000003
(0.000941 + 0.000003) for the geometry of run 1 (2), independent of energy. The energy-
dependent acceptances, relative to the unscattered acceptance, after scattering from the
source backing (alone or in combination with another structure), from either the source
or detector aperture (or both), and from the anti-scatter baflle (alone or in combination
with either aperture) are plotted in Figure 2. These events are what constitute the bulk
of the low-energy tail seen in Hime and Jelley’s ®"Co response function curves, rather
than events suffering large ionization energy loss in the detector contact. Although the
individual components have a strong energy dependence, it is remarkable that the overall
detection probability for any scattered electrons is very nearly constant over the range 120-
170keV. This may explain the success of Hime and Jelley’s use of a “flat-tail” response

function in analyzing their run 2 data.
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FIGURE 2. The acceptances for electrons after scattering from the spectrometer
structures, relative to the constant unscattered-electron acceptance. The fit curves are:

105.34/T? (source backing); 3.477 x10~° T (apertures); 0.0216 and 0.0260 (anti-scatter
bafle for runs 1 and 2). T is the pre-scattered kinetic energy in keV.

The normalized scattered-energy spectra following scattering from the source, aper-

ture(s), and baflle can be parameterized by

b
Ns(T,T.) = ‘;—se—*ﬂ + 72 6(=) )
N aa —Axz
AT To) = 7-e (3)
Np(T,T.) = %o-e"\" (apz + bpz? + cpz®) (4)

with T, and T denoting the pre- and post-scattering energies in keV and z = 1 — T/T,
the fractional energy loss. The coefficients are as = 9.109, bs = 0.1666, As = 10.93,
as =4.351, Ay = 4.291, ap = 284.2, bgp = —1533, ¢cg = 3511, and Ap = 13.15.

The probability that an electron of velocity B¢ incident on the detector’s gold contact
would backscatter elastically out of the detector was found to be 0.000147(1 — 32)/3* for
a detector surface of 250 A of gold and 0.1 pm of dead silicon.?® The systematic effect of
ignoring this inefficiency in Hime and Jelley’s 3°S analysis was small, since the backscatter
probability was less than 0.2% for energies above 120keV. However, their **Ni analysis
should have included this effect.
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Electrons passing through the detector surface into the active volume nearly always
suffered some ionization energy loss, although this process typically involved scattering

from a valence electron. The post-ionization energy distribution could be written as
Dion(T,To) = [1 = Pion(T5)] (T — To) + Pion(To) Lion(T, Ts) (5)

where the simulation gave

A4 A A
Pion(To) = Ao + 7t T + T

Lion(T, T2) = (TfT)2 [a1+b1 (%) ter (T—JE“T)Z] T.-T 2B (7)

with To and T in keV, 4, = 0.4982, A; = 58.85, 4, = —2564 and 4s = 39311, B =
0.050keV, a; = 3.275keV ™", by = 29.147 and ¢; = —28.40, The tail of this ionization

(6)

distribution fell off much more rapidly than in the corresponding distribution used by
Hime and Jelley.

We used the parameterization from Hime’s thesis for the distribution of energies de-
posited in the Si(Li) for electrons that back-diffused out of the detector (our simulation
gave the same distribution). However, we used the empirical formula of Tabata?* for the
probability of back-diffusion, which varied by 2% for incident energies between 120 and
167keV.

Finally, we used Hime and Jelley’s energy dependence for the width of the gaussian
that was used to smear the energy deposited in the Si(Li) into the energy recorded by
the ADC. The net response to monoenergetic electrons predicted by our simulation is in
excellent agreement with the "Co and !°°Cd conversion line measurements of Hime and
Jelley.

When we reanalyze their DATA with a FIT massless-neutrino beta spectrum convolved
with our form for the response function detailed above, we still find a serious disagreement
between the combined DATA and this hypothesis, as shown in Figure 3 where the Q-value
of the FIT spectrum was chosen by using only those points between 158 and 164 keV.
However, there is even less evidence of a kink at 150keV than there was in Figure 1c. (We
speculate that the form of the response function used by Hime and Jelley was overly broad
on the low-energy side of the full-energy peak and that this caused a serious distortion in

their FIT spectrum within a few keV of the endpoint.) The relative residuals appear to fall
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FIGURE 3. Relative residuals of Hime and Jelley’s combined DATA when compared
to a massless-neutrino FIT spectrum with Q = 167.140keV (to match the points between
158 and 164 keV) that was convolved with our response function.

on two separate straight lines that cross at 142keV. It would be interesting to see if this
is an artifact of some small non-ideal behaviour, such as a differential nonlinearity, in the
data acquisition system.

Note that the quality of the fit can be improved somewhat by including linear and
quadratic shape factors in the massless-neutrino FIT of the form typically employed in
magnetic spectrometer experiments. In doing so, however, one is hard-pressed to find a
suitable explanation for the need to include such terms in the fit.

Conclusion: We agree with Hime and Jelley that there is a serious distortion in
their 3°S data, though we cannot pinpoint any definite cause for it. We believe that if
the original data is reanalyzed by Hime and Jelley with a more realistic electron response
function such as we have derived in our simulation, then the consistency of this distortion
with a two-component neutrino hypothesis (with m; = 17keV) will disappear.

We are indebted to A. Hime, D. Morrison and M. Bahran for valuable discussions on

this topic.



234

REFERENCES

W N

® N w

10.
11.
12.
13.

14.
15.
16.
17.
18.

19.
20.
21.
22.

23.

24.

J. J. Simpson, Phys. Rev. Lett. 54, 1891 (1985).
T. Altzitzoglou et al., Phys. Rev. Lett. 55, 799 (1985).
V. M. Datar et al., Nature 318, 547 (1985).

A. Apalikov et al., Pis'ma Zh. Eksp. Teor. Fiz. 42, 233 (1985) [JETP Lett. 42, 289
(1985)].

T. Ohi et al., Phys. Lett. B160, 322 (1985).
J. Markey and F. Boehm, Phys. Rev. C 32, 2215 (1985).
D. W. Hetherington et al., Phys. Rev. C 36,1504 (1987).

H. W. Becker, D. A. Imel, H. Henrikson, V. Novikov and F. Boehm, Search for Evi-
dence of the 17 keV Neutrino in the B-spectrum of 35S, (California Institute of Tech-
nology preprint, 1991).

M. Bahran and G. R. Kalbfleisch, Limit on Heavy Neutrino in Tritium Beta Decay,
(University of Oklahoma preprint, 1991); also submitted to the Joint International
Lepton-Photon Symposium and Europhysics Conference on High Energy Physics,
Geneva, Switzerland, July 1991.

A. Hime and J. J. Simpson, Phys. Rev. D 39, 1837 (1989).
J. J. Simpson and A. Hime, Phys. Rev. D 39, 1825 (1989).
A. Hime and N. A. Jelley, Phys. Lett. B257, 441 (1991).

B. Sur et al., Phys. Rev. Lett. 66, 2444 (1991), and Proceedings of the Conference on
Intersections between Nuclear and Particle Physics, Tucson, Arizona, May 1991 (to

be published).

A. Hime, Pursuing the 17-keV Neutrino, to be published in Mod. Phys. Lett. A.
A. Hime, D. Phil. thesis, Oxford report OUNP-91-20 (1991).

A. Hime and N. A. Jelley, Oxford report OUNP-91-21 (1991).

L. Salkind, Senior thesis (unpublished), Princeton University (1981).

H. Behrens and J. Janecke, Numerical Tables for Beta-Decay and Electron Capture,
edited by H. Schopper (Springer-Verlag, Berlin, 1969).

A. Sirlin, Phys. Rev. 164, 1767 (1967).
W. R. Nelson, H. Hirayama and D. W. O. Rogers, SLAC Report 265 (1985).
R. Talman, Nucl. Instr. and Meth. 159, 189 (1979).

Fluorescent yields and Coster-Kronig transition probabilities from W. Bambynek et
al., Rev. Mod. Phys. 44, 716 (1972), E. McGuire, Phys. Rev. A3, 587 (1971), and
J. Scofield, At. Data and Nucl. Data Tables 14, 121 (1974); Auger emission rates from
M. H. Chen et al, At. Data and Nucl. Data Tables 24, 13 (1979).

Typical silicon dead layer from G. F. Knoll, Radiation Detection and Measurement,
(John Wiley and Sons, New York, 1979), p. 487.

T. Tabata, R. Ito and S. Okabe, Nucl. Instr. and Meth. 94, 509 (1971)



235

PHYSICS OF A 17 KEV NEUTRINO*

Boris Kayser
Division of Physics, National Science Foundation
Washington, DC 20550 USA

Abstract

The possible 17 keV neutrino, if real, cannot be vy, but could be essentially v;.
Relic 17 keV neutrinos from the big bang must have disappeared, through a non-
Standard-Model decay or annihilation process, before the present epoch. If we
assume that the 17 keV neutrino is not a Dirac neutrino of the conventional kind,
then we are led to picture it as a Dirac neutrino of the unconventional Zeldovich-

Konopinski-Mahmoud kind. It is then an amalgam of v and V},.

* This is a brief summary of the talk presented at the Workshop. A more complete account of the
physics discussed there and further references may be found in the article on which the talk was
based, being prepared for Reviews of Modern Physics.
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If the possible 17 keV neutrino should turn out to be real, how would it fit in
with what we know about neutrinos? In discussing this question, I will make ex-
tensive use of a nice analysis by Caldwell and Langacker,1] draw on laboratory and
astrophysical data, and inject some personal prejudices. Let us recall that in the
standard model (SM), extended to include neutrino masses and mixing, the
charged-current weak interaction is given by

Fee = % Wo Z ilg Yolfm VmL + h.c. e))

f=e,1,T
m

Here, £ is the electron, ?,u is the muon, etc., the vy are neutrino mass eigenstates,
and L is a nontrivial unitary leptonic mixing matrix. Let us refer to the 17 keV neu-
trino as v3. It is claimed?2] that the mass of this mass eigenstate is
M3 = 17keV, (2)
and that the mixing matrix element Le3 connecting it to the electron obeys
ILe312 = 0.008 . 3)

If we assume that leptonic mixing, like quark mixing, is small, then each
neutrino of definite flavor, such as ve, consists of some dominant mass eigenstate
component plus small amounts of the other mass eigenstates. Given the small
value of |Le3 |2, vg is clearly not the dominant mass eigenstate component of ve. A
comparison of |Le3 |2 to the upper bound on VeV oscillation3] shows that v3 cannot
be the dominant mass eigenstate in vy, either. The v3 could be the dominant mass
eigenstate in v, so we shall at times think of it as essentially vr.

If v3 is stable, then v3 particles created in the hot big bang contribute about 200
times more to the present mass density of the universe than is observationally
allowed.4! Thus, the v3 particles from the big bang must have disappeared, either
thg'ough decay or annihilation, before the present epoch. Standard-model processes
cannot lead to decay within the required time,5] so physics beyond the SM must be
involved. It can be shown that disappearance via annihilation would have to involve

non-SM physics as well.4:6]
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Is v3 a Majorana neutrino (i.e., its own antiparticle) or a Dirac one (i.e., not its
own antiparticle)? There is an argument based on the observed neutrino burst from
supernova SN1987A and on nucleosynthesis in the early universe that suggests that
v3 is not a Dirac neutrino, or at least not one of the conventional kind.”4] Recent
work makes this argument inconclusive.8] However, the most popular explanation
of the lightness of neutrinos is the “see-saw” mechanism, and this mechanism pre-
dicts that neutrinos are Majorana particles. Thus, it is still attractive to explore the
possibility that v3 is a Majorana neutrino.

If v3 is a Majorana neutrino, then a nucleus (A,Z) containing Z protons can
decay to the nucleus (A,Z+2) by emitting a pair of virtual W~ bosons, which then
exchange v3 to produce an outgoing pair of electrons. This decay, (A,Z2) — (A,Z2+2) +
2e—, is referred to as neutrinoless double beta decay, or foy. The amplitude for this
process is proportional to an effective neutrino mass, Meg. Including the contribu-
tions of all the Majorana neutrino mass eigenstates vy which can be exchanged by
the virtual W bosons to yield the outgoing electrons, and neglecting CP violation,9!

Mefris given by10]
Mefr = Z CP(m) | Lgm!2 My, . 4)
All Majorana
mass eigenstates
Vm
Here, My, is the mass of vy, CP(m) is its intrinsic CP parity (which can be either
odd or even), and Lgn, is defined by Eq. (1). So far, Bfov has not been seen, and the
experimental upper limit on its amplitude,!!] combined with calculations of the
nuclear matrix element for the reaction,12! yields the bound
| Megrl S 2eV. 5)
Now, if v3 is a Majorana particle, then, all by itself, it makes a contribution to Mef of
magnitude (cf. Eqs. (2) and (3))
ILe312 M3 = (0.008)x (17 keV) = 140 eV . 6)
If the constraint (5) is not to be violated, this contribution must be cancelled, to

within ~ 1%, by that of some other neutrino or neutrinos!
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It may appear that such a cancellation must involve a highly unnatural con-
spiracy among neutrinos. However, it can actually occur quite naturally as a result
of a symmetry or conservation law. The required cancellation of the vg contribution
cannot be provided by v1, the dominant mass eigenstate in ve, because My < 9 eV,13!
and |Le112 < 1. It can be provided by v, the dominant mass eigenstate in v, if

CP(2) = - CP(3) ¢))
and
ILe212 Mg =ILgl2 M5 . (8)
These constraints could be satisfied by a v2 heavier (not lighter) than v3.1! However,
a perhaps more attractive possibility is that they are satisfied as the result of a sym-
metry which has the effect that Mo = M3, 1 Le212 = | Leg 12, and CP(2) = —CP(3).

A Majorana neutrino, being its own antiparticle, consists of just two states,
one left handed and one right handed. (If a familiar neutrino such as ve is a Major-
ana particle, then its right-handed state is the one with antifermion-like interac-
tions that we normally refer to as the “antineutrino.”) By contrast, a Dirac neutrino,
being distinct from its antiparticle, consists (together with that antiparticle) of four
states with a common mass: the left-handed and right-handed neutrino, plus the
left-handed and right-handed antineutrino. Now, if the constraints (7) and (8) are
satisfied by a pair of Majorana neutrinos v2 and vg with identical masses, then the 17
keV neutrino, v, is actually a Dirac neutrino. It has four states, coming from the
states of the degenerate v2 and v3. The left-handed state of v is just v, + €veL, where
lel2 = | Lgg12 =0.008. This makes v the dominant mass eigenstate in v,, as allowed
by neutrino oscillation data, and allows it to couple to an electron, so that its claimed
emission in nuclear p decay is possible. Since at the time of nucleosynthesis the
number of neutrino species was strictly less than four,14] the right-handed state of v
cannot be an extra, exotic state, but must be the antiparticle of one of the three
known left-handed neutrinos: veL, vuL, or vi. This right-handed state cannot be
(Ve)R, the antiparticle of veL, because the dominant mass eigenstate in ve,v1, weighs

no more than 9 eV, and v weighs 17 keV. Nor can it be (V7)R, because then it would
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be essentially the antiparticle of the left-handed state, so that we would have a
Majorana neutrino, rather than a Dirac one. Thus, it must be (Vy)R. Hence the 17
keV neutrino has the structure15,1]

VL = ViL +€VeL 9.1)
and

Vg = OpR 9.2)

and is not a conventional Dirac neutrino, but one that is referred to as a Zeldovich-
Konopinski-Mahmoud (ZKM) neutrino.15,1]

It is easily shown that in the models where the 17 keV neutrino has the struc-
ture (9), (electron number) — (muon number) + (tau number) is conserved.16] Since
neutrinoless double beta decay, (A,Z) — (A,Z+2) + 2e—, obviously does not conserve
this quantum number, this decay is completely forbidden. Thus, the cancellation
among the different contributions to Mesf must be complete because of the conserva-
tion law.17]

An elegant possible explanation of the observed deficit of solar neutrinos18] is
provided by the Mikheyev-Smirnov-Wolfenstein (MSW) effect.19] This effect converts
a Ve, which is produced by nuclear reactions in the solar core and which would be
detectable in terrestrial solar neutrino detectors, into an undetectable, or largely
undetectable, neutrino vx. This vx may be the vy, the vz, or some sterile (i.e., non-
interacting) neutrino. If the conversion is to occur for neutrinos throughout the
solar neutrino energy range of interest, then the masses of ve and vx must be very
close:20,191

M2 - M2 < 10-6eV2 . (10)
Now, since ve ~ v1, My, < 9eV. Thus, if the 17 keV v3 is essentially vr, then clearly vx
cannot be v;. Furthermore, whether the BBoy constraint (8) is satisfied by a vg ~ v,
heavier than vg, or by a v, degenerate with v; and forming the ZKM neutrino (9) with
it, clearly vx cannot be vy, either. Hence, to explain the solar neutrino deficit by the

MSW effect, one must invent an extra neutrino vx which is light so that Mvi - Vze <

10-6 V2 can be satisfied, and which is sterile so that it would not have been observed
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experimentally, just so that solar electron neutrinos can convert into it.1:21] We
leave the attractiveness of this invention to the reader’s judgment.

Interestingly, our exploration of the possibility that the 17 keV neutrino is a
Majorana particle led us to a picture in which it is a Dirac particle, albeit one of the
unconventional ZKM type. Part of our motivation for exploring the Majorana possi-
bility was the observation that the see-saw explanation of the lightness of neutrinos
predicts that they are Majorana particles. If the 17 keV neutrino is actually a ZKM
Dirac neutrino, can one still explain its lightness, relative to, say, the 1, by a see-saw
mechanism? It has been shown that indeed one can,22! in the sense that one can
construct a model of this neutrino in which its mass is inversely proportional to a
large but physically reasonable mass, just as in the normal see-saw mechanism. To
be sure, the physics of this model is quite different from that of the normal see-saw,
but the model involves the same key algebraic structure as the latter.

In summary, the possible 17 keV neutrino does not violate anything that is
known about neutrinos. However, if it is not a conventional Dirac neutrino, then it
is not easily accommodated within the existing constraints. It will be interesting, to

say the least, to see whether this neutrino turns out to be real.
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ABSTRACT

Dirac masses of any neutrino species can be bounded by Supernova cooling ar-
guments. The so obtained upper bound lies in the tens of keV. This is obviously
relevant for the case of the 17 keV neutrino. We conclude that general luminosity
arguments cannot strictly reject the 17 keV neutrino, but detailed analyses using star
evolution codes that include the backreaction of neutrino cooling probably do.
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The energy drain in Supernova collapse proceeds mainly through thermal neu-
trino emission. This is a surface effect. The neutrinos diffuse through the very dense
material (neutrino trapping occurs for core densities in excess of 2 x 10'1g/cm?) ex-
periencing very many scatterings until they reach the neutrino-sphere where they
are subsequently blackbody radiated. The gravitational binding energy released is
about 10%3 erg. Indeed, at most 4 x 105 erg are emitted and from observational
data! (IMB, Kamiokande) on SN1987A we know? that the energy carried away by
neutrinos was larger than 2 x 10% erg. This energy was radiated in a diffusion time
on the order of 1-10 seconds. As a consequence any additional energy drain (besides
the one associated to standard left-handed (LH) neutrino emission) should have a

luminosity below 2 x 10%3 erg/s.

Should neutrinos be massive Dirac particles, then right-handed (RH) degrees of
freedom do exist and they should provide for an extra source of SN cooling®~6. In fact,
RH-neutrinos should be produced in the hot SN core via helicity flip mechanisms.
For small enough neutrino mass, RH-neutrinos stream freely out of the star because
RH-neutrinos are (almost) sterile. This is a volume effect. The size of the effect
is proportional to the neutrino mass squared and the relevant spin-flip processes
are: neutrino nucleon elastic scattering, nucleon nucleon neutrino bremsstrahlung
and ete” annihilation. The RH-neutrino luminosity associated to the processes that
take place in bulk matter of the SN core (T' ~ 60MeV, R ~ 10Km) can be easily

calculated.

One reaches the conclusion that®
my S 14 keV

otherwise, the emission power would exceed the limit 2 x 1053 erg/s.

We can check “a posteriori” that neutrinos with m, < 14 keV do indeed stream

out freely. The mean-free-path in the core is calculated to be

8x102km(

4

50 keV) 2

when the main opacity source vgN — v N is taken into account. Now, it is obvious
from this that by increasing m, sufficiently we shall reach a diffusion regime and, if

m,, is large enough, the corresponding difussion time will be long enough such that
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the luminosity is again below 2 x 10%3 erg/s. Hence a lower neutrino mass bound (as
oposed to the previous upper limit) follows. It can be obtained in the following way.

First, the vp-sphere R is calculated by imposing that the optical depth

oo

7(r) = / d—; (A = mean — free — path)

r

be 2/3 at r = R. Next, use Stefan-Boltzmann’s law to compute the luminosity. One
needs to know for this purpose the temperature at the vp-sphere (and we use the
temperature profile of ref. 7). The luminosity depends inversely on m2 and the

constraint I < 2 x 10%%erg/s implies then

my R 34 MeV

Hence, there is a forbidden mass window between about 14 keV and 34 MeV
for the Dirac neutrino mass of any species. Only the lower end of this range is of
phenomenological interest. Specially in the light of the 17 keV Simpson neutrino®.
In this respect, the question arises as to the reliability of the bound. Of course,
a (most) important source of uncertainty is our ignorance of the equation of state
at supernuclear densities. Allowing for the density to change by a factor of two
implies that the core temperature spans the range 30 to 100 MeV (i.e. the typical
temperature interval entertained in models of stellar collapse) and leads to a factor

~ 3 uncertainty in the bound.

This bound - based on the luminosity argument - could be somewhat improved
but not much. We expect that by including previously neglected effects (like charged

current processes in nucleon-nucleon bremsstrahlung) one may reach the limit
my, S 0(10 keV) x (3%1)

On the other hand, similar conclusions can be obtained using other arguments. Bur-
rows and Gandhi® obtain m, S 28 keV based on detailed numerical analysis using
proto-neutron star evolution codes which include the backreaction of cooling via
massive neutrinos. In particular, they study the effect of cooling by emission of
wrong helicity neutrinos on the duration of the detected neutrino bursts. Unless

m, S 28 keV, this duration is intolerably short.
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Recently, Turner? has reexamined the issue and claims that the absolute limit
should be well below 10 keV.

Our own conclusion is that the sole luminosity argument is unable to exclude the
17 keV neutrino and that one needs more elaborate considerations as well as detailed

analysis (such as the ones used in refs. 6 and 9) to exclude the 17 keV neutrino.
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NEUTRON INTERFEROMETRY:
A UNIQUE TOOL FOR QUANTUM MEASUREMENTS

Helmut Kaiser and Samuel A. Werner
University of Missouri Research Reactor and Physics Department
Columbia, Missouri 65211 USA

Abstract

Since its successful realization in 1974, neutron interferometry has
become an important and unique technique for probing and elucidating
fundamental quantum mechanical principles on a macroscopic scale. To date,
all neutron interferometry results have been in agreement with the predictions
of quantum mechanics, yet they serve to enhance our understanding about the
interpretation of this theory. In this paper we present an introduction and
overview of this field and describe in some detail the following three
experiments carried out in Missouri: (a) Gravitationally-induced quantum
interference; (b) Topological effects in quantum mechanics; (c) Coherence effects
and interference.
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1 Introduction and Overview

Neutron interferometry in the Angstrom wavelength range generally
uses Bragg reflection from crystal planes to split and recombine the beam.
Historically, this idea of using a monolithic perfect silicon crystal was first
developed for x-ray interferometry by Bonse and Hart in 1964.) Neutron
interferometry was first demonstrated by Rauch, Treimer and Bonse?) at the
TRIGA reactor at the Atominstitut in Vienna in 1974. A year later, the first
successful neutron interferometry experiment in the U.S. was performed: the
gravitationally-induced quantum interference experiment by Colella,
Overhauser and Werner.3) Since that time many significant experiments have
been carried out, and this single-crystal device has proven to be a marvelous
laboratory for probing and elucidating the fundamental quantum mechanical
principles of nature.

A list of general references is given in Table 1. In Table 2, we give a
compilation of important neutron interferometry experiments to date. The
label MURR means University of Missouri, ILL stands for Institut Laue
Langevin and MIT for Massachusetts Institute of Technology. A new and more
sophisticated neutron interferometer spectrometer is under construction at
NIST (National Institute of Standards and Technology) in Washington and will
presumably be operational within the next year.

We would like to mention a series of other efforts in de Broglie matter
waves interferometry: the first realization of a diffraction grating interferometer
for thermal neutrons in 19854 and, more recently, for very cold neutrons.>6)

Table 1. Neutron Interferometry
General References:

1. Neutron Interferometry, Proceedings of an Internat. workshop
held June 5-7, 1978 in Grenoble, France at the ILL, ed. U. Bonse
and H. Rauch (Oxford University Press, 1979).

2. "Neutron Interferometry,” S. A. Werner, Physics Today, December
1980.

3. "Neutron Optics,” A. G. Kleinand S. A. Werner, Rep. Prog. Phys.
46, pp. 259-335, 1983.

4.  "Neutron Optics,” S. A. Werner and A. G. Klein, Chap. 4 of Neutron

i i jcs, Vol. 23A, ed. K.

Skold and D. L. Price (Academic Press, 1986).

Conf. in honor of Eugene Wigner in NYC, Jan. 21-24, 1986, ed. D.

M. Greenberger, Annals of N. Y. Acad. of Sciences, Vol. 480,

December 1986.

6. Matter Wave interferometry, Proceedings of an Internat.
Workshop in Vienna, Austria, Sept. 14-16, 1987, ed. G. Badurek,
H. Rauch, and A. Zeilinger (North-Holland, 1989).

7. Neutrop Optics, Varley F. Sears (Oxford University Press, 1989).
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Table 2. Neutron Interferometry (1974-1992)

-

First Test of Si-crystal Interferometer. Vienna (1974)

2. Sign Change of Fermion ¥ During 2n Precession. ILL, MURR
(1975, 1976)

3. Gravitationally-Induced Quantum Interference. Ann Arbor, MURR
(1975, 1980, 1985, 1988)

4. Neutron Sagnac Effect.
« Earth's rotation. MURR (1979)
* Turntable. MIT (1984)

5.  Neutron Fizeau Effect.
« Moving boundaries, ILL (1981, 1985)
« Stationary boundaries, MURR (1985, 1988)

6.  Search for Non-linear Terms in the Schrédinger Equation.
¢ LL- 2crystalinterferometer. MIT (1981)
« Long-A Fresnel diffraction, ILL (1981)

7.  Search foran Aharonov-Bohm Effect for Neutrons. MIT (1981)

8. Measurement of Longitudinal Coherence Length of a Neutron
Beam. MURR (1983)

9. Coherent Superposition o f Spin States ("Wigner Phenomena”). ILL
(1983)

10. Search for Quaternions in Quantum Mechanics. MURR (1984)

11. Quantum Interference in Accelerated Frames. ILL (1983)

12. Search for New Guage Fields--Rotating U Rod. MIT (15:!83:)’5

13. Precision Measurement of Scattering Lengths 149 Sm, 235U, 3N,
3H (Four-Body Nuclear Interaction). ILL, MURR (1975-1985)

14. Observation of the Aharonov-Casher Effect. MURR (1989)

15. Stochastic vs. Deterministic Attenuation of a Neutron Beam. ILL
(1987)

16. Neutron Spin-Pendelldsung Resonance. MIT (1988)

17. Coherence and Spectral Filtering. MURR (1991)

18. Observation ofthe Scalar Aharonov-Bohm Effect. MURR (1992)

There are also some very intensive activities in atom interferometry; for a
discussion of its current status see a Physics Today 1991 article.” However, in all
of these cases the beam separation is still rather small (up to a couple
millimeters).

2, Perfect crystal interferometers and quantum phase shift

A neutron interferometer for thermal neutrons is usually machined from
a monolithic perfect silicon crystal, which produces two widely separated,
coherent beams. A schematic diagram of an LLL(Laue-Laue-Laue)-type device is
shown in Fig. 1. Two of the interferometer crystals which are presently in use at
the University of Missouri Research Reactor are shown in Fig. 2. The three
perfect crystal slabs (four in the case of the skew-symmetric interferometer) are
cut perpendicular to a set of strongly reflecting lattice planes, typically the (220)
planes. The common base ensures the perfect alignment of the crystal planes
from slab to slab.

A nominally collimated, monochromatic beam, typically AL/A = 0.01, is
directed from the source to the first slab (point A in Fig. 1), where it is split
coherently by Laue diffraction. The two resulting beams are split by the second
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silicon slab in the regions near points B and C. The central two of these four
beams overlap in the region of point D on the third silicon slab. The two beams
leaving the third slab are superpositions of the wavefunction on beam path I
and beam path II:

Ioc| Wy+¥y |2 o

For an exact treatment, the reflection process within each crystal slab has to be
calculated by using the dynamical theory of diffraction, but it is not essential for
understanding the conceptual operational features. This device is topologically
identical to the Mach-Zehnder interferometer of classical optics.

Beam from
Double-Crystal
Monochromator

Fig. 1 Schematic diagram of our LLL Bonse-Hart Si-crystal interferometer.

Fig. 2 Photograph of our (a) LLL interferometer
and (b) skew symmetric interferometer
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If we place a plate of a certain material with thickness D into one of the
beams (e.g. beam path I), the phase of the wavefunction for the empty
interferometer ¥ | will be shifted by an amount A¢

‘I‘1=l Yo,1 | eisd 2

This phase shift can be described--analog to light optics--with the index of
refraction n for neutrons

Ap=(1-nkD=Nb.AD (€)]
with
n=1- A’Z & (4)
2n

where A is the wavelength of the incident neutron, b, the coherent nuclear
scattering length per atom and N the atom density of the material. Thus with
neutron interferometry, the phase of the neutron's wavefunction, ¥, becomes
directly accessible to measurement.

Now, by placing a plate into both beams (as shown in Fig. 1) and changing
the optical path length by rotating it in small increments o, one obtains--after
recombination of ¥; and ‘¥[--constructive and destructive interference
oscillations, which can be observed in detectors C; and C3. These oscillations, as
a function of the overall phase shift A¢(a), are of the form

h=a-b cos(A¢(a)) ®)
and

Iz=az+b; COS(A([)((X)) ©)
where the constants a,, aj, b, and by are characteristic to the actual
interferometer setup and b, =bjz and a,/a3 = 2.7. Thus, the neutron current is
swapped back and forth between detectors C, and C3 as A¢(ar) is varied. Because
of particle conservation, the sum I, + I; has to be a constant.

The theory of quantum mechanics is based upon potentials, canonical
momenta and phase shifts, whereas classical mechanics is founded upon fields,
momenta and forces. A quantum phase shift can be caused by any potential, e.g.
nuclear, gravitational, magnetic, electric, etc. By using the appropriate
Hamiltonian for a particular problem, the canonical momentum can be
calculated using Hamilton's equations. In general, then, the phase shift in an
interferometer experiment can be calculated by evaluating the line integral of
the canonical momentum around the interferometer loop, namely

86 = §k-ds = %§fw~d§ @)
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where k is the wave vector, p is the canonical momentum and ds the vector
element of length along paths I and 1. We will now apply this fundamental
concept in the following three experiments.

3. Gravitationally Induced Quantum Interference

In most phenomena of interest in physics, gravity and quantum
mechanics do not simultaneously play an active role. However, the neutron
interferometer is sufficiently sensitive to detect the small changes in the
neutron wave function induced by the Earth's gravity, and also the phase shift
due to the inertial consequences of its rotation (Neutron Sagnac Effect). The
Hamiltonian describing the neutron’s motion in our laboratory's coordinate

frame may be written as
=2

}{,:%i- +m8g-f~6)-f. ®
where m; and m, are the neutron's inertial and gravitational mass, p is the
neutron's canonical momentum, T is the position vector from the center of the
Earth, g is the acceleration due to gravity, @ the angular rotation velocity of the
Earth, and L = xp is the angular momentum of the neutron's motion about
the center of the Earth. Using Hamilton's equations with the above
Hamiltonian and Eq. (7), one obtains the following phase shifts: (a) when the
direction of the incident neutron beam is along the local (horizontal)
north-south axis of the Earth and it is also the axis of rotation, the resulting
phase shift is
m;m gAA sinf} 4, 2M0A sin®, cosf )

2nh’ s

A¢ = A¢gnv+A¢Sagmc = -

and (b) when the incident beam and the axis of rotation is vertical, the resulting
phase shift is due to Earth's rotation only,
2m,wA sin®, sinf’ (10)

A¢ = Aq)&gmc = hz

where A is the area enclosed by the beam trajectories in the interferometer, B is
the angle between this area and a horizontal plane, A is the neutron wavelength,
€, is the colatitude angle at the experimental site, and B’ is the interferometer
orientation angle about the vertical axis.

The influence of gravity only (first term in Eq.(9)) was first observed in
19753 by turning the interferometer around a horizontal axis as indicated in Fig.
1, which caused one of the beams to travel on a higher gravitational potential
than the other. This difference in gravitational potential caused the above
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described phase shift A¢g.,,. The magnitude of the second term in Eq. (9),
Adgagnac 18 only about 2% of Adgrav for this particular geometry and was just a
small correction. Subsequently, a series of increasingly precise experiments
have been carried out by our group.89 At present, the observed frequency of
oscillation of the interferogram due to gravity is 0.8% lower than theory
predicts.?) It was suggested!® that this slight discrepancy is due to the different
neutron and x-ray beam sizes we used. We intend to investigate this suggestion
experimentally this coming summer.

The phase shift shown in Eq.(10), which gives rise to the Coriolis force,
was measured in 19808) by turning the interferometer around a vertical axis.
From symmetry, it is clear that for a beam, which is precisely vertical, there is no
phase shift due to gravity. In this case, the Sagnac phase changed according to
the orientation of the interferometer with respect to the cardinal directions, as is
evident from Eq.(10). There is good agreement between observed and predicted
values for the phase shift (see Fig. 3).

d , .
ael eg)4 Effect of Earth's Rotation

1001  on the Quantum Mechanical
Phase of the Neutron

B’ (deg)

0 50 100 150 }3\200 250 300 ?
w N 50]E S w
reference
point
. |251d5e9
. ]
D504 ser -1001

Fig 3. Phase shift due to Earth's rotation. The angle p’ siecifies the orientation
of the interferometer normal area vector with respect to the local N-S axes of the
Earth.

The combination of these two experiments represent a quantum
mechanical interference measurement of the inertial and gravitational masses.

4, Topological Effects in Quantum Mechanics

In 1959, Aharonov and Bohm (AB)!?) wrote a renowned paper in which
they predicted that electrons will suffer phase shifts in passing through regions
of space with zero fields but nonzero potentials. They point out the now
well-known magnetic (or vector) AB-effect, which concerns the phase shift for
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electrons diffracted around a tube of magnetic flux, and the less-known electric
(or scalar) AB-effect, where a phase shift for electrons is predicted when they
pass through a region of electrostatic potential (such as a scalar potential V=-eU).
These types of effects cannot be explained classically and are therefore regarded
as prototype experiments in quantum mechanics measurement, since there is
no Lorentz force (i.e., no change in velocity) acting on the particles. With the
advent of neutron interferometry, the question immediately arose, as to
whether an analog effect for neutrons exists.

In 1984, Aharonov and Casher (AC)12) suggested that electrically neutral
particles with a magnetic dipole moment, such as neutrons, should experience a
phase shift when they traverse a region of space containing an electric field, e.g.
created by a line of electric charge. The AC-effect is regarded as an
electrodynamic and quantum mechanical dual of the vector AB-effect, as shown
in Fig. 4.

In both the AB and AC cases, the effect is topological in that (a) the actual
shape of the paths does not matter, as long as the line of charge (or tube of
magnetic flux) is long and fully enclosed by the trajectories (For the AC-effect,
however, this is only valid if the axis of quantization, fi, is parallel to the axis of
the cylinder.); (b) the cross-sectional shape of the line charge (or tube of magnetic
flux) is irrelevant; (c) it is independent of the speed of the particle. This

(FF++ +++ + + ++)

(a) (b)

Fig. 4. (a) AB-effect: charged particles diffract around a line of magnetic dipoles
(conce%tually replacing the tube of magnetic flux). (b) AC-effect as an analog of
the above: neutral particles with a magnetic dipole moment (e.g. neutrons)
diffract around a line of charge.
topological aspect is important in order to replace a single line of electric charge
with an extended, charged electrode system to carry out an experimental test of

the AC-effect.
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For the arrangement shown in Fig. 4b, the canonical momentum for a
neutron of mass m and magnetic moment [§ moving with velocity V in a
region of space containing an electric field E is

13=ml7+%11x]_~f (11)
For a line charge (or an extended electrode) of lineal charge density A, the phase

shift experienced by a neutron traversing one path relative to the other around
the line charge is

1. . 4x
Mye = 7§05 =0 ;c“‘ (12)

where ¢ =+ 1 for spin up or spin down neutrons.

We carried out such an experiment using our LLL-neutron interferometer
and observed a phase shift after the neutrons had traversed a strong electric field
(30kV/mm), which was produced by a special electrode system. A schematic of
this set-up is shown in Fig. 5. The measured phase shift for our experimental
conditions was about 2 milliradians and the agreement with theory is quite
satisfactory. For a more detailed description of the actual measuring procedure
and results, see ref.1314),

Fig. 5 Schematic for the AC experiment showin% the electrode system which
applies the electric field in the region traversed by the split beams and in one
beam the magnet supplying the vertical magnetic bias field.

Most recently, we carried out a neutron interferometry experiment which
must be regarded--as was pointed out by Zeilinger in 198613)--as the neutron
analog to the scalar AB-effect for electrons. The phase shift in this case is due to
the scalar potential V = —fi-B and the Hamiltonian is
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=2
H= P i B (13)
2m

where fi is the magnetic moment, and B is the magnetic field. A schematic
diagram of the scalar AB experiment for neutrons is shown in Fig. 6. A solenoid
is placed in one of the coherent beams and a current pulse i,(t) is applied while
the neutron is in the force-free interior of solenoid 2. The resulting magnetic
field B,(t) gives rise to a phase shift

Adyg = % [uB,(® at 14)

where 6 = £1 depends on whether the neutron's spin is up or down relative to
the magnetic field, the direction of quantization. In the actual experiment, short
duration current pulses of 8 psec width were applied to a suitably designed
solenoid placed in beam path II of our skew symmetric interferometer. The coil
in beam path I was used to provide a constant bias field for calibration purposes.
With this arrangement, and with a time-of-flight measuring technique, we were
able to measure phase shifts of Ap,g =0 up to 3n/4, which was achieved with
B,(t) = 0 up to 30 Gauss pulses. As is clear from Eq.(14), this again is a topological
effect in the sense mentioned above. For a more detailed write up of the
measuring technique and results, see ref.16).

82(1) [G] PULSE i
BZ<t) ol 64 72 Lo ]
) [ 128 136 U LMSEC

Fig. 6 Schematic diagram of the scalar Aharonov-Bohm experiment for
neutrons. The wave forms of the applied pulses are also shown.

We would like to emphasize that the scalar AB-effect for electrons has
never been measured due to technical difficulties with existing types of electron
interferometers, and that our neutron experiment is the first verification of the
scalar AB-effect.
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5. Coherence Effects and Interference

In a series of experiments we investigated the longitudinal coherence
properties of a thermal neutron beam and the loss and recovery of fringe
visibility or contrast.

When a material with a neutron-nuclear optical potential Vop

v, = 2t Nb, (15)
m

(where m is the neutron mass, N is the atom density and b, the nuclear

scattering length of the material) is placed in one beam path of the neutron

interferometer, there is a loss of fringe visibility (I, Imin)/ Umax+Imin))- the

extent of which depends on the longitudinal coherence length. The coherence

length of the neutrons depends on the spectral width of their wavelength

distribution g(k) with
g®) = [a®)|" | (16)

where a(k) are the amplitudes of the component plane waves. In our
experiments, the spectral distribution is not precisely a Gaussian, but can easily
be modelled by two closely spaced Gaussians. We have shown that the lost
fringe visibility can be restored: (1) by narrowing the spectral distribution; (2) by
placing another slab of material (having opposite sign in V) into the same
path of the interferometer.

In the first case, we placed a series of highly polished Bi metal slabs in
beam path II of our skew symmetric interferometer and placed an analyzer
crystal (pressed Si with narrow mosaic width) after the interferometer in the C4
beam, in order to select out of the spectral distribution g(k) a window of w(k) of
Fourier components k. A schematic diagram of the set-up is shown in Fig.
7. Due to the narrower spectral width of the analyzed C3 beam, the coherence
length is increased and some of the fringe visibility is restored. This observed
interference phenomenon can be described by the mutual coherence function
I'(D,a), which is given by the autocorrelation function of the overlapping wave
functions

T, = <¥O¥Aa)> = @n™ [gk) cosad dk , (17)

where A¢ is the overall phase shift (due to the Bi sample and the Al
phase shifter), D is the sample thickness, a is the phase shifter angle, A¢ =
-1/2(DV0p / E) is the longitudinal displacement of ¥[; versus ¥ and E is the
kinetic energy of the neutrons. The relative contrast (contrast for sample-in
divided by contrast for sample-out) can be calculated using the magnitude of the
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_ Fig. 7 Schematic diagram of our skew symmetric interferometer.

Bi sample in beam path II and analyzer crystal (pressed Si crystal) after the
interferometer as used in the spectral filtering experiment. The interference
contrast is measured by rotating the aluminum }ahase flag (or phase
shifter) in steps o about a vertical axis.
coherence function. The results are summarized in Fig. 8. The contrast falls
off with Bi thickness D as expected and it clearly shows that the relative contrast
for the analyzed beam drops off a lot slower. For D = 8mm Bi, there is still 50%
contrast, whereas there is none for the direct beam (with no analyzer crystal).
We also observed a phase switch of 180° for a certain range of sample
thicknesses. This phase switching and the contrast modulations (tail for the
direct beam in Fig. 8) can be easily explained by modelling the measured spectral
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ge\ 1 ' t 1
:/ 100 4
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Fi% 8 Plot of the relative contrast in the
direct C; beam and also in the analyzed C; beam

as'a function of the Bi slab thickness.
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distribution by two Gaussians. For a more detailed description of the
experiment and the results, see ref.17/18),

In the second case, when we placed different thicknesses of Bi or Ti
samples alone in beam path II, the contrast vanished again with a certain
sample thickness, whereas the contrast was recovered, when the same Bi
(V0p>0) and Ti samples (V0p<0) were jointly placed in the beam. We showed
that there is hardly any loss of contrast up to a combined sample thickness of
45mm. This effect can be interpreted by spatially shifting two wavepackets with
respect to each other: the first sample shifts the packet by Af and the second
sample by —Af. This quantum mechanical phenomenon is also called
"Neutron Phase Echo Effect." See ref.!1% for a more detailed description of the
experiment and result.

We also carried out a neutron interferometry experiment in the time
domain. A chopper served as a source of neutron intensity pulses, which passed
through our skew symmetric interferometer crystal. While travelling the
pulses spread, with the faster neutrons tending toward the leading, the slower
toward the trailing edge. When placing Bi samples of different thicknesses in
one beam path of the interferometer, again a loss of fringe visibility could be
observed. With a time-of-flight measuring technique, the pulses are divided
into time slices, within which the wavelength spectrum is narrower than in the
overall pulse. Thus the coherence length in the time slice is increased and some
of the fringe visibility can be restored, even though it had disappeared in the
overall pulse. We also observed an additional contrast modulation due to the
overlap of neighboring pulses. See ref.20) for a more detailed description of the
experiment.

6. Future Plans

Our plans in this field include the following experiments:
(1) Gravitational-Induced Quantum Interference--stage III. (2) Effect of the
Moon and Sun upon Quantum Interference. (3) Multi-Photon Exchange with a
Neutron. (4) Neutron Michelson-Morley experiment. (5) Wheeler-
Delayed-Choice experiment.
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Abstract

According to its intrinsic interference nature neutron spin rotation in magnetic fields can be used to
measure geometrically induced phase shifts of quantum systems. The most recent experiment of this
kind is presented together with a proposal of an explicit interference experiment with spatially
separated neutron beams. Furthenmore we propose a neutron spin rotation demonstration of the so-
called "magnetic" or “scalar" Aharonov-Casher effect”.
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1. Introduction

In his famous article of 1984 Bemry” showed that the wave function of a quantum system which
evolves adiabatically in a slowly varying environment besides the usual dynamical phase acquires an
additional phase shift which is of purely geometric origin. The classical analogue of Berry’s phase is the
so-called Hannay angle?, which is of geometric nature, too, and refers to the adiabatic dynamics of
classical mechanics, that plays an essential role e.g. in Foucault’s pendulum. Both the classical and the
quantum concepts of geometric phases are closely related to parallel transport at curved surfaces® and
gauge field theories®. Berry’s original phase was specified only for cyclic adiabatic evolutions in
parameter space, that means when some external parameters of the underlying Hamiltonian are cyclically
varied at sufficiently slow rate. Animportant generalization of Berry’s phase was given by Aharonov and
Anandan®, who considered cyclic evolutions of quantum states in the projective space of rays in Hilbert
space. They could show that a geometric phase (AA-phase) appears even for nonadiabatic and noncyclic
variations of the Hamiltonian, provided the quantum state itself is cyclic. They also demonstrated that the
Aharonov-Bohm effect? is a special case of the AA-phase. Subsequently it has been proven that even the
condition of cyclic evolution in ray space is dispensable”. Geometric phases should hence be observable
even for non-cyclic quantum states transported along an open path in parameter space.

Since Berry’s pioneering work more than 450 articles were published® and evidence of geometric
phase shifts was found in a variety of different experiments ranging from the observation of the rotation

of the polarization of light in twisted optical fibres” to optical interferometry'

, molecular energy level
spectroscopy'”, nuclear magnetic resonance'?, electron diffraction'® and neutron spin rotation in slowly
varying magnetic fields'”. An excellent review of geometric phases in physics is given in Ref. 15.

The above mentioned example of a spin in a slowly changing magnetic field actually became a
paradigm in the observation of geometric phase effects. Our own contribution, which will be briefly
summarized in Section 2 was a neutron spin rotation experiment with time-dependent magnetic fields'®.
It represents the first demonstration of geometric phase shifts for non-cyclic evolution of a quantum state.

Although the measurement of a phase shift implies the superposition of states, one should note that in
most of the experiments reported thus far no explicitely separated quantum states were at hand. Neutron
interferometry offers an elegant possibility to perfonn a “genuine" interference experiment with two
spatially separated quantum states which can be manipulated completely independent from each other.
Following essentially the ideas of Wagh and Rakhecha' we propose such an interference experiment with
polarized neutrons. Finally we also propose a neutron spin rotation measurement of the "magnetic”

Aharonov-Casher effect which has very recently been verified by neutron interferometry.'®

2. Geometric phase shift of a spin-% system for non-cyclic evolution
According to Berry’s original paper an adiabatic cyclic variation C of the external parameters retumns

the system to its original state, but with a phase shift that can be factorized in a dynamical part and a
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purely geometric phase exp{iI{C)} which is independent of the rate of evolution
. T
|y (T)) = exp(—% fE(x)dx) - expli T(C)}Hw(0)) m
0

In the case of a spin-}% particle in a magnetic field it tums out that I" = -%4Q(C), where €(C) is the solid
angle the field B subtends around its variation along CV. Let us consider now the special case of a
neusron in a magnetic field rotating in the X§-plane perpendicular to the beam axis (see Fig.1). Initially
the eigenvectors of the Hamiltonian H(t) = -uoB(t) are aligned along X and evolve in time according to

[n@®)), = U@)|n(0)), , with U(t) = exp(-i@tc,/2) @

In the adiabatic limit the unitary time evolution operator U(t) approximately diagonalizes the Hamiltonian,

too. Therefore the approximate solution of the Pauli equation yields a wavefunction of the form
W), = U(D)D(T) |w(0)) , &)

where D(t) = exp(-ic,mT/2) is the exact solution of the adiabatic Hamiltonian in the rotationg frame.
It describes the dynamic evolution of the system whereas U(T) is characterized by the geometry in
parameter space.

If the evolution is not cyclic and the system does not retum to its initial state, how can then a phase
relation be established between the initial and the final state? Pancharamam’s connection'® which was
shown to be equivalent with the adiabatic connection of states™ defines a phase difference y between any
two states by the phase of their scalar product (4 |B) = exp(iv) (A |B)|, provided these states are not
orthogonal (|{A4 |B)| # 0). The states are hence are said to be "in e" if their scalar product is real
and positive. According to Pancharatnam’s connection the phase change of the wavefunction after some

evolution time interval T follows from
{w(0) |y (), = {w(0) |[U(x)D(1) |y (0)) . (O]

For our special field configuration the dynamical evolution operator is D(t) = exp(-ic,®,1/2). If the

initial state is parallel to the eigenstate | n,(0)) of the Hamiltonian one obtains
{(n,(0)|U@)D(1)|n,(0) = exp(-i®z,/2){n (0) |U(T)|n,(0)) . ®)

Because the eigenvectors are perpendicular to the rotation direction of the field the adiabatic solution
describes their evolution along a geodesic arc on the Poincaré sphere, which never leads to a geometric
phase shift’2?, This can be inferred immediately from (r (0)|U(t)|r(0)) = 2cos(@1/2) ,which is
always real and positive for kot < = (i.e. for the shorter of the two geodesic arcs on the Poincaré
sphere connecting the initial and the final state). However, if one starts with an eigenstate |m) of U(t)
it follows immediately from the scalar product
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(m|U)D(T)|m) = exp(iy,)m|D(t) |m) (6)

that in this case the phase shift contains the full geometric information about the evolution. Since |m)
remains parallel to the Z-direction during the evolution one can observe the geometric phase effect at any
time, and not only for cyclic trajectories. For instance, with |m)= }+z) one thus obtains

(+z|U()D(T) | +2) = exp(-i@t/2)cos(@,T/2) , U]
where the geometric phase shift y, =I', = -0t/2 is just minus half the angle the field direction subtends

during the evolution time interval t. The dynamical phase shift 8, = ®,7/2 is due to the spin precession
around B with Lannor frequency @ =2uB/h.
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Fig.1: Experimental setup to study the Bermry phase for noncyclic evolution and
stmboscoplcally measured frequency dependence of the polarization P,, change
along the j-direction in the adiabatic limit (B=3.8 mT). The geometric phase shift
I' increases linearly with rising field rotation frequency (broken line).

To detect experimentally such a geometrically induced phase shift one can exploit the intrinsic
interference character of neutron spin rotation. Each arbitrary spin state of the neutron can be interpreted
as a coherent superposition of two orthogonal base states |+z) and consequently any phase shift between
these two states manifests itself by an orientational change of the neutron polarization vector P = {G).
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For our rotating field configuration this means that in the adiabatic limit @, >> ® the two interfering
states experience geometric phase shifts I', = wt/2 of opposite sign, yielding a total phase difference I'
= I',T. = ot between them. This geometric phase can be separated from their dynamical phase
difference 8 = §,-8. = @t if for given evolution time T and field amplitude |B| and hence constant
dynamical phase shift §, for instance, the polarization change P,, = P (7)/P,(0) along the §-direction

P, = cosI'cos’(8/2) + cos(29, - I')sin?(5/2) ®

is measured stroboscopically as a function of the angular position @, of the rotating field at the entrance
moment of the neutrons. The broken line in Fig.1 indicates clearly the linear increase of the geometric
phase difference between the |+z) states with increasing field rotation angle wrt.

3. Neutron interferometric measurement of geometric phases

Some years ago Badurek, Rauch and Tuppinger’” reported on a quantum beating experiment with
polarized neutrons where the spin state of each of the two coherent subbeams of a Mach-Zehnder-type
neutron interferometer was inverted by resonant neutron-photon interaction within sepacated oscillatory
magnetic fields. Reinterpreting this experiment Wagh and Rakhecha'” recently proposed to measure
geometric phase shifts by means of neutron interferometry. We have invited them to perform together
such an experiment at the perfect crystal interferometer instrument S18 of the ILL Grenoble after the
repairment of the reactor. Its scheme is depicted in Fig.2. Two identical (static) spin-flippers SF,, are
inserted in the two beam paths inverting the initial |+z) or "up” state to the |-z) or "down" state with
respect to the quantization axis defined by a homogeneous magnetic field in the 2-direction which extends
over the whole interferometer region. As indicated, these two flippers are rotated about the 2-axis by
angles %P with respect to the wave front.

p/2
| SE (1) =lez)

\ Vos-se,
i /7 1
~ stg \ -

Fig.2: On the observation of the Aharonov-Ananadan phase with a Mach-Zehnder
neutron interferometer and two spin-flippers SF,, SF, which are rotated around
the 2-axis by angles #f/2. The spin trajectories ] and 2 of these flippers
enclose a solid angle -2f (after Wagh and Rakhecha!”).

The operator F, of the flipping action of flipper SF, can therefore be expressed by F, = UF,U", with



268

the unitary spinor rotation operator U = exp(-i¥4Bo,). Since for both flippers F|+z) = |-z) holds per

definition, it follows that

F,lxz) = exp(=iB)F, |1z} . (&)

Depending on its initial spin state the neutron thus picks up a phase shift +f of obvious geometric origin
on its passage through the interferometer in addition to the dynamical phase, which is due to the excess
Larmor precession in one of the interferometer amns. This additional phase shift is just minus half the
solid angle 2} subtended by the closed loop fonmed by the trajectories I and 2 on the spin sphere when
followed in mutually opposite senses (see Fig.2). The dynamical phase would vary by A8 = @ Ax/v,,
where v, is the neutron velocity, if one of the flip devices is moved a distance Ax along the beam path,
but like all the other phase shift contributions (nuclear, gravitational, intrinsic phase etc.) it would not
change upon rotation of the flippers around the 2-axis. Hence a separation of the geometric contribution
to the total phase could be easily achieved. Evidently, because of the rotation the effective thickness of
the flipper coils varies. Consequently their supply current has to be readjusted in order to maintain exact
spin reversal.

However, one should notice that in this proposed experiment one will measure the Aharonov-Anandan
(AA) phase and not the Berry phase, since here only the "system" and not its environment evolves in

time and, moreover, this occurs nonadiabatically.

4. The magnetic Aharonov-Casher effect

In 1959 Aharonov and Bohm® published their famous proposal of electron interference experiments,
known since then as the AB effects, which stressed the importance of potentials in quantum mechanics,
unlike to classical mechanics where they are considered only as convenient mathemathical tools for
calculating electromagnetic fields of force. The AB effects are illustrious examples of quantum-non-
locality, because they predict an observable phase shift of the electron’s de Broglie wavepacket which
depends on fields in regions of space not accessible to the interfering electron. Hence there is no force
acting on the particle, the phase shift is entirely due to non-zero potentials, namely the vector potential
A(r) in the so-called "magnetic" (or "vector") AB effect and the scalar potential @ in the less often cited
"electric" (or "scalar") AB effect (Fig.3). Whereas the vector AB effect was verified experimentally long
ago®, until now technical difficulties prevented the realization of the conceptually simpler scalar
phenomenon, which requires to raise and subsequently to lower again the electric potential of one of the
two Faraday cages placed along the beams in an electron interferometer while the electron wavepacket
propagates just inside this cage.

The neutron analogue of the vector AB effect, the so-called Aharonov-Casher (AC) effect™, refers to
the phase shift that is induced by placing an electrically charged wire between the two coherent subbeams
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of a neutron interferometer. The first experiment
electr. AB of this kind was reported by Cimmino et al®, It is
important to note that because of symmetry

£=0 arguments this “electric" AC effect is of
W=rt) topological nature only if the wire is oriented
nommal to the interferometer plane®.
-
Very recently Allman et al.'® have realized
electr AC magn. AC experimentally also the neutron analogue of the

scalar AB effect, which for consistency reasons
E=Elr] B=Bft) we shall denote here as the scalar or "magnetic”
AC effect (see Fig.3). There the two interfering
beams traverse two identical solenoids, one of

n \g£0 n them biased by a DC current but the other pulsed

Fig.3: The Aharonov-Bohm (AB) effects in such a way that a homogeneous magnetic field

and their Aharonov-Casher neutron B(t) is switched on and off for a certain time
analogues.

. interval T while the neutron is in this field region
inside the coil. Then no force acts on the neutron and the phase shift

= P1 10
A4y, = +& J’B(t)dt, (10)

where the sign belongs to the two possible spin eigenstates, is nondispersive, i.e. independent of the
neutron wave number &. However, in the cited experiment thermal neutrons were used and, though the
predicted phase shift was found, it was not possible to confirn unambigously that really no force acted
on the neutron. With very cold neutron interferometry*” this goal should be achievable, however.

Again, neutron spin rotation alone without reference to an explicit interference experiment could serve
to demonstrate the essential feature of the scalar AC effect, the non-dispersivity of the phase shift

%Ad;m -0. an

The proposed experimental arrangement is shown in Fig.4. By means of a ®/2-spin-tum device the
polarization of a chopped neutron beam with finite momentum distribution Ak/k is oriented orthogonal to
the direction of a homgeneous magnetic field produced by a coil of length L. A second spin-tum behind
this precession coil rotates the polarization vector back to its initial (and analyzing) direction. If the field
is static then the total Larmor precession angle ¢=d(k) is dispersive. For sufficiently large L the
probability W, to find the neutron in the initial spin state will be 50%. However, if the field is switched
on and off for a short time interval T when the (spreading) neutron ensemble is located just in the cenaral
region of the coil, the precession phase is equal for all neutrons ¢=wrt. In this case W, is a function of
both ¢ and the polarisation parameter p (-1<p<1) of the incident beam. For instance, for complete "up"
polarization (p=1) one obtains W, = cos*(¢/2), as clearly seen in Fig.4.
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Fig.4: Proposed eperimental neutron spin-rotation setup to demonstrate the magnetic
AC-effect. Whereas in a static precession field for the probability W, to find the
neutron finally in the "up” state is 50% for sufficiently large L and spectral width
Ak/k, W, is a function of the Larmor angle @t and the polarization parameter
p if the field is properly pulsed during the neutron transit time.

We wish to thank Prof. H. Rauch for valuable discussions and the Austrian "Fonds zur Férderung der
Wissenschaftlichen Forschung" for financial support (Projects S42/01 and S42/08).
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Are Quantum Particles Really Particulate?
or
Bell theorems without inequalities for two and three spinless
particles'
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Abstract

The Einstein, Podolsky, and Rosen” (EPR) program insisting on local realism was
first enunciated in terms of experiments with definite outcomes, performed on a system of
two spinless particles. Bell’s® famous proof that quantum mechanics is incompatible with
EPR local realism needed the application of their program to experiments with probabilistic
outcomes. Can one find a similar ‘Bell’s theorem’ result, using only experiments with
definite outcomes?

We have found such a disproof of local realism for two spinless particles, but it
requires a different extension of the EPR approach. This extension adopts an additional
assumption beyond those enunciated by EPR, an assumption consistent with a very
strongly particulate view of the nature of a quantum mechanical system. Moreover, without
extending the EPR program, one can still prove EPR local realism incompatible with
quantum mechanics, using only experiments with definite outcomes, if one considers a
three particle system.*
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1. Introduction

The famous paper of Einstein, Podolsky, and Rosen® (EPR) explicitly pursued a
program based on perfect correlations of experimental outcomes. These are the definite
outcomes that would surely be the same in any form of theory: probabilistic, stochastic,
or deterministic, for they involve only probabilities of unity or zero. EPR considered a
variety of space-like separated measurements that could be made on two non-interacting
particles and introduced a very specific viewpoint concerning local reality. "Since at the
time of measurement the two systems no longer interact, no real change can take place in
the second system in consequence of anything that may be done to the first system"
[locality]. "If, without in any way disturbing a system, we can predict with certainty (i.e.
with probability equal to unity) the value of a physical quantity, then there exists an
element of physical reality corresponding to this physical quantity" [reality].

It has long been known that these assumptions, (together with a third one,
completeness of the theoretical description) reasonable as they appear to be, are
inconsistent with quantum mechanics. This fact was discovered by Bell, who considered
the system introduced by Bohm of a spin-0 particle decaying into two spin-1/2 particles.
In the simplest gedanken experiment, when the spin component of one of the decay
particles is measured in a certain direction, quantum mechanics predicts that with 100%
certainty its partner’s spin will be opposite, if measured in the same direction. This
behavior is sufficient to allow the use of the EPR locality and reality criteria to establish
that this particular spin component of the second particle is an element of reality. By
parallel arguments all spin components of both particles are such elements, and their reality
must be established at the time of the original decay, even if they cannot all be
simultaneously known experimentally. We call such a simple case, where the result of one
measurement can be used to predict with 100% certainty the result of another measurement
not yet performed, a case of perfect correlation. For two spin- particles one may easily
construct a deterministic, local, realistic model that can reproduce these perfect
correlations, regardless of the direction in which the original spin measurement is made.

Bell® realized, however, that for more general measurements, where the spin
components of the two particles are measured along different directions, the quantum
mechanical behavior cannot be modeled by any local, realistic, deterministic (or stochastic)
model, thus upsetting the EPR program. He showed that starting from the EPR program
one can derive an inequality, which must be obeyed by any such model, but which is

violated by quantum theory. His proof refers to the imperfectly correlated cases, when the
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particles are measured along different directions. Bell’s theorem says nothing about the
case of perfect correlations.

In the present paper, we investigate the possibility of applying perfect correlation
type arguments to two particles. We find that such an extension exists if one considers,
instead of the more familiar Bohm two-spin system, a two-particle interferometer. The
important physical difference between these cases is the number of paths from source to
detector. Whereas each particle in the Bohm system has only one available path from the
source to the polarization analyzer, each particle in the two particle interferometer has two
available paths through the interferometer. As we shall see below, within the EPR
viewpoint one and only one of these paths is actually taken by any given particle, and the
path taken is an element of reality.

However in order to complete the two-particle argument we find that we must
augment the original EPR assumptions given in the first paragraph above with the
following auxiliary assumption:

If the path taken by a particle is an element of reality then no entity
associated with the particle in any way samples alternate paths (i.e., the
particles are truly particulate).® [particulate paths)

This in turn implies that the particle can be affected only by manipulations along its path,
and cannot be affected by any manipulations that take place along alternate paths not
taken. We believe that our assumption is one possible natural outgrowth of the EPR
viewpoint, but in any case its consequences will be spelled out so that one may judge its
plausibility. The particulate path (PP) assumption is, in part, compatible with quantum
mechanics in the sense that when a particle is experimentally known to be in one beam
path, there is zero amplitude for it to be in any other path. However, EPR assert the
existence of an established element of reality, connecting the particle to a definite path,
even in cases where one has an experimental arrangement that cannot ascertain such

information. Of course, quantum theory denies this possibility.

2. Two Particle Proof Using the Particulate-Path Assumption
Consider the two-particle interferometer arrangement® of Fig.1, where a central

source emits pairs of spinless particles, 1 and 2, in opposite directions. An experimental
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apparatus defines two directions, a-a’ and b-b’. Then the initial quantum state of a pair is
I¥) = (|a)a,+ 1), (B2 ¢))

where ket |a>; denotes particle 1 in beam a , etc.

For the demonstration that the EPR program fails for two particles if it is
supplemented by the PP assumption, we will consider a sequence of four different
experiments with this arrangement. In our first experiment we establish that for each
particle the path taken inside the interferometer is an EPR "element of reality" and, at the
fourth experiment, we will find that the "reality" of this internal path necessarily implies
a total disagreement (i.e., a disagreement for each pair detected) with the quantum-
mechanical predictions of the state (1).

For the first experiment, move the detectors D directly into the beams a, @’ b, b’.
State (1) implies a-a’ coincidences for half the pairs detected and b-b’ coincidences for the
other half of the pairs. These perfect correlations and the EPR local reality assumptions
immediately imply that the path taken, (a’ or b’), by particle 2 is an element of reality, for
if particle 1 is found in path a [b] then particle 2 will, "with certainty," be found in path
a’[b’]. A parallel argument establishes the reality of path (a or b) for particle 1. In short,
according to the EPR view, half the pairs emitted by the source really take the a-a’ paths
and the other half really take the b-b’ paths.

Moreover, and we stress this point, in the EPR view these elements of reality must
exist even when the detectors used to establish their existence are removed and one or both
beam splitters are replaced, as in the next three experiments. Thus, even if we replace the
beam splitter at position G -- and the detectors for particle 2 further downstream, beyond
G (as shown on the right in Fig.1) -- the path inside the interferometer @’ or b’ can still
be determined with certainty by counters in paths a, b. Of course these counters cannot
predict which detector (+ or -) will be struck by particle 2, so we have not yet established
the reality of a dichotomic observable (one giving the distinct results, + or -) which we call
"sign." We do that next.

For the next three experiments, place beam splitters at C & G in the paths of both
particles, and replace all four detectors D behind them, as shown. Then beam a passes

through the phase shifter a, and b’ through B, before recombining respectively with beams
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b and @’ in beam splitters at C and G. So the state (1) becomes:

jeite B

|¥)=
2

[ 14+ |0 | ) cosAf2) + (|4 1)), |+),)sin(Af2)], Q@

whereA=a-p.

In general, Eq.2" does NOT imply perfect correlations, but we shall consider only
experiments with phase shifts (a and $) of 0 or m. These values do produce perfect
correlations.

In the second experiment, set the phase shifts a = § = 0, and again monitor for

coincidences. With these phase values, the state (2) becomes

[ = i(| ) | +h+ [0 -W1V2 ©)
at the output. State (3) predicts + + coincidences for half the pairs detected, and - -
coincidences for the other pairs. There are no + - or - + coincidences. These perfect
correlations and the EPR local reality assumptions immediately imply that the sign of each
particle is an element of reality, for if particle 1 ends up at the + detector, then particle 2
will always strike its + detector. And similarly for negative sign. Every particle has a real
sign, and moreover the source emits no pairs of mixed sign.

Because the reality of the internal path can be established even after that particle
has left the interferometer, we are now in a position to invoke the PP assumption. This
assumption implies that if particle 2 took the path a’, it cannot be affected by the particular
value of the phase shifter B. Similarly, if particle 1 took path b, it cannot be affected by
the value of the phase shifter after a. We will use these results in what follows.

For the third experiment, set both phase shifters a and § to &. Then by Eq.2 the

state at the detectors will be

|¥) = 'i(|+>1|+)2+l"‘)ll")z)/\/i @
which also produces perfect correlations. This means that a-a’ [b-b’] pairs, which
experience the effect of a  phase shift at a [B], remain of the same sign. By locality only
one of the pair could have been affected -- for the a-a’ path, the a particle by a [the b’
particle by B] -- so if the sign were changed by a = phase shift, some of the same-sign
pairs produced by the source would have to be changed into opposite sign pairs. But none
are detected, ever. We conclude that the sign is not only real (from results of the second
experiment) but also that passing through a & phase shifter doesn’t change the sign of a

particle.
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Finally, in the fourth experiment set o to 0 while leaving 3 at sw. Then state (2) is

1) = [+, |-, |12 ©)
Quantum mechanics predicts only + - and - + coincidences will occur. But by comparison
with previous experiments, we find the extended EPR view predicts something very
different. The a-a’ pairs encounter o = 0 and do not encounter the phase shifter in path
b’. According to the PP assumption, they cannot be influenced by its value . We see that
these pairs will still produce only the same sign coincidences, as in experiment two.
Similarly, consider the b-b’ pairs. They encounter § = & in beam b and by the PP
assumption, they cannot be affected by the o = O setting in path a. Therefore as in the
third experiment, these b-b’ pairs also can only produce + + and - - (i.e. same-sign)
coincidences. So the EPR view predicts no + - or - + coincidences will occur, in complete
disagreement with quantum mechanical prediction. This is the announced contradiction
with quantum mechan.ics. Quantum particles are NOT really particulate (in EPR’s sense,

as extended by the PP assumption).

3. The Three Particle Proof With No Additional Assumption

Clearly, the additional assumption weakens our proof; moreover, it is rather strongly
against the spirit of most interpretations of quantum mechanics. Fortunately there is a proof
that the unextended EPR local realistic program itself is incompatible with quantum
mechanics, using only the case of perfect correlations. It requires however, the
consideration of three-particle states. This Greenberger-Horne-Zeilinger (GHZ) proof is the
first simple demonstration of a Bell theorem without inequalities. We present here a
version based on work by Mermin which uses three spin-14 particles.®

Consider a system, much like the two-particle spin-0 system of Bohm mentioned
in section 1 above, but whose source produces spin-correlated triplets (rather than pairs)
of particles. Let the experimental arrangement result in a set of three spatially separated
beams of particles (labeled 1, 2, and 3) each of which impinges on its own Stern-Gerlach
apparatus capable of determining one component of the particle spin. We will need to
account for both x- and y-components of the spin, so imagine that the three analyzing
magnets may each take up either x- or y-axis orientations. For spin-}4 particles, of course,
every spin measurement results in one of two outcomes, + or -, corresponding to spin

along or opposite the axis of the analyzer.
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The proof proceeds, as before, by a series of four experiments. The first three
establish EPR "elements of reality" for both the x- and y-components of the spin of each
particle, while the fourth shows the contradiction. If the state impinging on the three

spatially separated spin analyzers is the entangled superposition of spin-z states

(@, = () | Ju),— |} ), |db,) / 2 (6)

triple

(where Ju> represents spin up along the z-axis and |d> represents down), then conditions
exist for showing that EPR local realism contradicts quantum mechanics.

For the first three experiments, align two of the machines along the y-axis, and the
third along the x-axis, and monitor for triple coincident counts. By symmetry it makes no
difference which particle (i.e. which beam in the laboratory) meets the x-axis machine. The
pattern of results is always the same. Whenever the two y-axis outcomes agree, the +
detector on the x-axis machine fires. Whenever they disagree, the - shows up.’

But this pattern of triple coincidences is one of perfect correlation. By putting two
of the Stern-Gerlach machines closer to the source than the third, we can predict "with
certainty" what its outcome will be. Thus to show that the x-spin of the first particle is
real, simply put the x-axis machine in beam 1, and y-axis machines in the other two.
Then we can predict that whenever the signs of the two y-spin outcomes are the same, the
x-spin component of particle 1 will be positive, i.e. pointing along the x-direction;
whenever the two spins we measure have opposite sign, the x-spin of particle 1 will be
negative. On the EPR view, the x-spin component of particle 1 is an element of reality,
and similarly for those of particles 2 and 3 as well.

These same perfect correlations and the EPR local reality assumptions immediately
imply the reality of the y-spin for each of the particles as well, for we can set up an x-axis
machine and a y-axis machine in the beams containing the other two particles, then predict
with certainty what the outcome of a measurement of the y-spin will be. In fact, we can
even turn the direction of the x-spin machine at the last minute, and show that whichever
of the two (x- or y-spin) variables we choose can be predicted with certainty for the
remote particle.

Now set all three machines to the x-axis. According to quantum mechanics, the
outcome obeys

05,05 |V, = - [‘l’m.p,‘), ©)

1 triple
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i.e. the product of the signs will be negative: an odd number of - outcomes will always
appear. What does the EPR view predict? If both x-spin and y-spin are real, then the three
particles either have all the same value of y-spin (whether + or -) or one of them differs
from the other two. In the first case, all three pairs of particles agree for y-spin, so by the
results of the first experiment, all three x-machines should have + counts show up. In the
second case, one pair of y-spin values agrees while two disagree. Two negative x-spins
should appear, and only one + value. In all cases, the product of the x-spin signs is
positive, in direct contradiction with the prediction of Eq.7; EPR local realism, without any
additional assumptions, contradicts quantum mechanics. We conclude that particles which

obey quantum mechanics are NOT really particulate.
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Fig. (1)

Two-Particle Interferometer A pair of particles, 1 & 2, emerges
coherently at O, moving along the beams a-a’and b-b’, in the state of
Eq.1. Beams a and b are deflected and pass through a beam splitter
so that particle 1 ends up at a detector D (labelled + or -) at the left.
Similarly for particle 2 at the right. There is one phase shifter, o,
along path a and another, B, along &’. The outgoing state is given by
Eq.2. Note that this state implies the two-particle coincidence rates
(for + +, + -, - +, or - - counts) depend on o and p. Nonetheless, there
is no single particle interference: the count rate at each detector D is
independent of a and p.
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Abstract

Within the framework of the standard electroweak model, observable weak interactions be-
tween baryons and leptons are manifestations of a relatively simple Hamiltonian describing the
underlying behavior of quarks and leptons. Due to dynamical simplifications which arise at
low energies, nuclear beta decay provides an attractive laboratory for such detailed studies of
charged current weak interactions. The beta decay of the free neutron is particularly worthy of
study due to the absence of perturbing nuclear effects and the possibility of measuring a variety
of physical observables. This paper briefly outlines those features of the standard model which
apply to neutron beta decay and describes the relevant phenomenology. It follows with a review
of recent experimental results and concludes with a discussion of the constraints which may be
set on possible deviations from the Weinberg-Salam model. Particular attention is given to the
possible existence of right-handed currents.
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1 Introduction

Within the framework of the standard electroweak model, observable weak interactions between
baryons and leptons are manifestations of a relatively simple Hamiltonian describing the under-
lying behavior of quarks and leptons. For most low energy phenomena this essential simplicity
is obscured by strong interaction effects. To interpret such phenomena, one must first recognize
that the mass eigenstates of quarks are not eigenstates of the weak interaction. Next one must
take account of the effects of the perturbation of the quark wave functions within the baryon
due to the strong interaction. Finally, for phenomena involving nuclei, one must consider the
significant perturbations induced by nuclear binding interactions between constituent nucleons.
For a sensitive comparison between weak interaction theory and low energy experiments, it is
necessary to find a physical system in which the extraction of detailed knowledge is possible.

Due to dynamical simplifications which arise at low energies, nuclear beta decay provides
an attractive laboratory for such detailed studies of charged current weak interactions. The
beta decay of the free neutron is particularly worthy of study due to the absence of perturbing
nuclear effects. Neutron beta decay is also interesting since it is possible to measure a variety
of physical observables (e.g. lifetime, correlation coefficients) which may be compared with one
another and with theory.

In the past, measurements of the parameters describing neutron beta decay have lacked suf-
ficient accuracy and internal consistency to provide a precise theoretical test. This situation has
dramatically changed within the last few years with the publication of several novel experimen-
tal results. In particular, the accuracy in direct determinations of the neutron lifetime 7, has
improved to the few tenths of one percent level. This represents an improvement approaching
an order of magnitude in the past decade. Additionally, measurements using vastly different
measurement strategies are now in quite good agreement with one another. With the current

data, it is possible to set rather stringent limits on possible deviations from the standard model
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for weak interactions.

This paper briefly outlines those features of the standard model which apply to neutron
beta decay and describes the relevant phenomenology. It follows with a review of recent ex-
perimental results. The paper concludes with a discussion of the constraints which may be set
on possible deviations from the Weinberg-Salam model. Particular attention is given to the
possible existence of right-handed currents.

This paper emphasizes the importance of neutron beta decay measurements for elucidating
the nature of the weak interaction. However, it should also be noted that precise measurements
of the parameters describing neutron decay are of importance in a variety of other realms.
For example, an accurate value for the neutron lifetime is required for detailed calculations
concerning big bang nucleosynthesis. [1,2] Among the implications of such calculations are
constraints on the amount of universal baryonic matter. Such constraints lead to intriguing
suggestions concerning the existence of large amounts of non-baryonic atter in the universe.
Additionally, a reliable value for the matrix element describing neutron beta decay is important
for the calculation of the solar neutrino flux and for understanding the details of stellar core

collapse. [3]

2 Historical Review

While it is possible to begin with a general formulation of the standard modelfor the electroweak
interaction and reduce it to the Hamiltonian describing beta decay, it is instructive to briefly
review the historical line of reasoning which originally led to its formulation. This history began
with the work of Fermi who, by an analogy to quantum electrodynamics, considered a point

like interaction in which a current interacts with itself. [4] For electromagnetism the interaction
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between a particle of charge e and an electromagnetic four vector potential A* is given by
Hew = eJ A* = —e¥,v, U, A", (1)
Fermi proposed that the weak Hamiltonian describing beta decay is of the form
Heeae = Gr (957, ¥5) (T ¥s5,) @)

where (ﬁ,’yu\ll") and (W,’y,‘ \I’;,g) are the hadronic and leptonic currents respectively and ¥, ;. ;.
are respectively the neutron, proton, electron and anti-neutrino spinors. The presence of the
~u In Eq. 2 reflects the vector current nature of the Fermi Hamiltonian.

Rather soon after its introduction it became clear that a coupling with a purely vector
character was not adequate to describe all observed nuclear beta decays. In particular, the so
called Gamow-Teller decays require a current having an azial vector character. [5] Formally,
the addition of such an axial vector coupling is simply a generalization of the original Fermi
current. In principle, a current-current Hamiltonian may contain a variety of other couplings
in addition to vector and axial vector. The most general expression for such a Hamiltonian in
lowest order (assuming lepton conservation, Lorentz invariance and a pointlike interaction) can

be written as
Hweak = GF Z [ (Wpoi\l’n) (Weoiwﬁe) for Oi = 1,7;“ V55 YuY55 Opu- (3)

The five operators O; correspond respectively to scalar (S), vector (V), pseudoscalar (P), axial
vector (A) and tensor (T) currents. A careful review of the experimental data revealed that
only a vector and axial vector current were required to account for the experimentally observed

weak interactions. (6]
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The observation of parity violation [7] and the direct determination of the neutrino he-
licity [8] led to the present interpretation that (within the conventional sign convention) the
phases of the vector and axial vector currents are opposite; thus the “V — A” designation of the
weak interaction. The Hamiltonian for such an interaction is described by two free parameters,
conventionally denoted as gy, the vector coupling constant, and ga, the axial vector coupling

constant. The Hamiltonian may be written as
- 5 ga T 8
Huos = G Ty (1= 255) 0, B (1 70) B (@

As will be shown below, a similar result may be obtained from a more modern perspective.

3 The Standard Model in Low Energy Beta Decay

The energy scale for neutron beta decay (Q = 782keV) is much less than the mass of the W
vector gauge boson (Mw = 80 GeV/c). Thus, the range of the weak interaction will be much
smaller than any dynamical length scale in the decay. This implies that the weak interac-
tion will be nearly point like and may be described by a current-current Hamiltonian of the
type anticipated by Fermi with the important distinction that the interacting particles are now
quarks and leptons. The total charged weak current J,, will be given by the sum of a hadronic

component [9-11]
=Ty (=) ut 35 (=) e+ By (1~ )t (5a)
and a leptonic leptonic component

]‘[: = E'Yu (1 - ‘75) Ve +ﬁ7p(1 - 75) Vu +?7u(1 - '75) Vr. (Sb)
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The Hamiltonian will have the form
Hyeax = Gr (J,,J“f + J“fJ,,). (5¢)

In the standard model, the strength of the weak interaction is related to the mass of the W
gauge boson by Gr = (v/2€?)/(8 MZ, sin? O ), where Oy is the weak mixing angle. The primed
spinors in Eq. 5a reflect the observation that the mass eigenstates (unprimed) of the quarks are
not eigenstates of the weak interaction (primed). The weak eigenstates are related to the mass

eigenstates by the Kobayashi-Maskawa mixing matrix

d’ ¢ s163 8183 d

—81C2 C1C2C3 — 32536'6 C1C283 + 826361.‘s

v —81C  €182C3 + €283€" 18283 — cacze’’ b

This mixing does not occur for the leptons; thus nuclear beta decay amplitudes are smaller
than lepton decay amplitudes by a factor which is historically known as cos ©., the cosine of
the Cabbibo angle (cos@, = ¢; = cos 61).

The presence of the factor (1 — 7s) again reflects, within the chosen sign convention, the
V — A nature of the interaction. The operator (1 —+;)/2 is, for massless particles, the projection
operator onto a pure state having left-handed helicity; it is for this reason that the weak inter-
actions are often called “left-handed”. The equality of the vector and axial vector amplitude
reflects the “maximal” parity violating nature of the weak interaction at the fundamental level.

It is important to note that the left-handed nature of the standard model does not (at
least insofar as it is now understood) represent a manifestation of some essential underlying
physical principle. Rather the left-handedness has been put into the theory “by hand” to reflect

observed phenomena. Whether or not this handedness is truly fundamental or whether it is
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only a manifestation of an essentially symmetric theory at some much higher energy scale is
unknown. An important feature of the study of low energy beta decay is its ability to shed
light on this issue. This matter will be revisited in section 6.

In order to confront experiment in a detailed fashion it is necessary to apply the Hamiltonian
of Eq. 5c to a real physical system. In nuclear beta decay the essential simplicity of Eqs. 5a-5¢
is complicated by the fact that the quarks are bound within nucleons. The strong quark-
quark interaction significantly perturbs the wavefunction of the “decaying” d quark within'the
neutron. This perturbation can give rise to several additional amplitudes in the expression
for the hadronic current in the most general case. However, if the interaction is assumed to
be invariant under CP and Lorentz invariance is required, then number of unknown (energy

dependent) amplitudes reduces to six and the hadronic current may be written as

in = b | (e — 91(P) s
+ ifg(qz)a,“,q” + f3(q2)‘b‘

—i92(4") 0, q" s — 93(4°) V59w | n- )

In this expression fi, f2, f3, 91, 92 and g3 are the unknown amplitudes. f; and f5 are “second
class” currents. In a renormalizable field theory, the implications of the existence of second class
currents in beta decay (e.g. non-commutation of the strong and weak gauge groups, possible loss
of asymptotic freedom, order a parity violation) are in conflict with the standard model. [12]
At present, existing procedures for the calculation of quark-quark strong interactions cannot
determine the remaining four unknowns (recall that in the absence of the strong interaction
fH=g1=1and f, =93 =0).

It is interesting (and not at all surprising) to note the similarity between Eq. 7 and the

most general expression for the phenomenological Hamiltonian given in Eq. 3. The effect of
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the strong interaction is a modification of the vector and axial vector amplitudes as well as the
introduction of induced tensor and pseudoscalar currents. Since nuclear beta decay is a very
low energy phenomenon, only the low energy limit (¢ — 0) of Eq. 7 is relevant.

A consequence of the overall gauge invariance of the electroweak theory is the conservation
of the vector current (CVC). In the low energy limit CVC requires that f; = 1. It is important
to note that f; = 1 without regard to the detailed nature of the strong perturbation of the
quark wave functions. Thus the coupling to the vector current will be the same for all nuclear
beta decays. This is the weakinteraction analogue to the fact that the electromagnetic coupling
constant e is the same for all interactions between charged particles. This point has important
consequences for detailed tests of the above theory. Gauge invariance can also be employed to
relate the magnitude of the strong perturbation of the electromagnetic structure of the nucleon
(i.e. its anomalous magnetic moment) to the magnitude of the induced tensor coupling. This
coupling, known as weak magnetism, becomes f5(0) = (pp — £.)/(2m,). It can further be
shown be shown that g5(0) is negligibly small at low energy.

With the above simplifications, it is possible to provide an expression for the complete
Hamiltonian for neutron beta decay in terms of only two parameters; one describing the coupling
to the vector current with magnitude f; = 1 and the other, g;, associated with the axial vector
current, depends on strong interaction dynamics. This Hamiltonian, usually expressed in terms

of two coupling constants gv and ga is then
Hyeak = G cos §; [ﬁ'y,‘(l - z—A'ys)n] ['é’y“(l - 75)178] . (8)
v

Thus one recovers the classical form of Eq. 4.
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4 Phenomenology of Neutron Beta Decay

From Eq. 8 it is possible to obtain an expression for the differential decay probability dW. This

decay probability is usually expressed as

-‘e'-‘ﬁ 0-’;1'-; 0:;1'417
W o (9% +3)F(E.) |1+ b f 4 a2l g pZo b 9)

where F(E.) is the familiar beta electron energy spectrum, pe, ps, Ee and Ej; are the momenta
and kinetic energies of the decay electron and anti-neutrino, and d;, is the initial spin of the
decaying neutron. [13] The correlation coefficients a, A and B are measurable experimental
parameters. If polarization analysis is performed on the decay particles, there are additional
measurable correlation coefficients. However little experimental effort has been directed toward
such measurements. In addition, Eq. 9 does not incorporate the small energy dependent effects
arising from the induced tensor weak magnetism. Though these effects remain slightly below
current detection thresholds, appropriate experimental results are slightly adjusted to account
for their presumed existence. While Eq. 9 represents phenomenology required by the standard
model, there may be additional observables which arise from physics beyond the standard
model. In particular there are more complicated correlations which, if non zero, represent a
violation of time reversal invariance. This issue is discussed by Wilkerson and others elsewhere
in these proceedings.

The correlation coefficients in Eq. 9 may be expressed in terms of the ratio of the free

parameters ga and gy in the Hamiltonian of Eq. 8. Defining A = ga/gv, one obtains

— a2 2 A2
ao L=DE L JPP+Red o A2 - Red

= . 1
1+ 3\ 143 143 (10)

It is also possible to derive, from Eq. 8, an expression for the overall decay probability or
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neutron lifetime 1,. This can be shown to be

5.4
mgc

= Wfo(g", +393), (11)

where fo = 1.71465(15) is a phase space factor which is determined theoretically. [14] Note
that a measurement of 7, provides a determination of the quadratic sum of (g% +3g42) while a
measurement of any of the correlation coefficients provides a determination of the ratio ga/gv.
Thus in combination, such measurements provide values for g and gv.

Rather more interesting is the comparison between the above and measurements of selected
nuclear decay rates ((ft)o+_o+) which can be shown to arise from a purely vector current
interaction (so called superallowed Fermi transitions). The lifetime of such a decay will be
given by an expression similar to Eq. 11 with ga = 0. Of course the phase space factor will
differ from that of the neutron. As noted earlier, it is a consequence of CVC that the amplitude
of the vector current is the same for all nuclear beta decays. Thus a measurement of the lifetime
(and the phase space factor) of such a decay provides a determination of gv. Note that the
combination neutron lifetime, neutron decay correlation coefficient and selected nuclear decay
rates provides an overdetermined set of data from which the two parameters g4 and gy may
be determined. The interrelationship among these data is displayed in Fig. 1. The standard
model requires consistency among the data as reflected in the intersection of the ellipse (7,),
the diagonal line (ga/gv) and the vertical line (gv).

Should the experimental curves fail to intersect within their errors, this could reflect an
error(s) in the measurements (or at least an underestimation of experimental uncertainty), or
it could reflect an error in the theoretical reasoning outlined earlier. Thus the consistency of

the data provides a test the standard model.
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Figure 1: Weak Axial vector coupling constant g and vector coupling constant gy derived
from neutron decay parameters and the combined superallowed Fermi transition rate.

5 Experimental Results

This section reviews two classes of neutron beta decay measurements; direct determinations
of 7, and measurements of the decay correlation coefficient A from Eq. 9. Measurements
of A currently provide the most accurate value of gs/gv. Following a brief discussion of the
measurements of 7, the values with the lowest quoted errors are compared with derived indirect
determinations of 7, from ga/gv, gv through Eq. 11. [15,16]

Two distinct strategies have been used for the direct determination of the neutron lifetime.
In “storage” experiments, neutrons are totally confined within a neutron “bottle”. Such bottles
may be physical containers in which the neutrons are contained by coherent scattering effects
at the wall, or they may be magnetic in character with the neutrons confined by the interaction
of their magnetic moments with magnetic field gradients. In either case, the experimental

strategy involves filling the bottle with a known number of neutrons N(0), storing them for
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a fixed period of time, and finally emptying the bottle and counting those that remain. The
number of remaining neutrons, after accounting for all bottle loss mechanisms, is then fitted to
the exponential decay relation N(¢) = N(0)e~t/".

In a neutron “beam” experiment, the differential form of the decay law, N=N /Tn, where
N is the mean (and approximately constant) number of neutrons present within a detector
and N is the rate at which neutrons are decaying within the detector. Typically the neutron
number is maintained constant by passing a steady state neutron beam through the detector.

Both methods must overcome serious metrological difficulties in order to reach interesting
levels of accuracy. In bottle experiments, all loss mechanisms must be accounted for to an
accuracy at least equal to the uncertainty desired for 7,,. This requires quite high precision
as the bottle loss rates are typically comparable to the beta decay rate. In beam experiments
the absolute neutron number in the detector must be determined as well as the absolute decay
rate within the detector. This requires a high level of understanding of the absolute efficiencies
of detectors. In spite of these difficulties, a number of novel experimental approaches have
produced considerable progress, and several accurate determinations of 7, have been published
within the last 2-3 years.

Notwithstanding some very interesting investigations with magnetic bottles, [17] the most
successful storage measurements have employed bottles with material walls. If such a bottle is
maintained at high vacuum, the dominant loss mechanism will be associated with wall interac-
tions. One normally assumes an average loss probability per wall bounce (for a given neutron
velocity). One may therefore account for wall losses by comparing several measurements having
equal storage times but a different number of wall collisions.

Mampe and colleagues carried out such a measurement using a neutron bottle having a
variable size. [18] The bottle dimensions were changed in such a way that the ratio of bottle

surface area to volume could be varied in a controlled fashion. With measurements of the
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neutron population remaining in the bottle, after a fized number of wall bounces, but differing
lengths of time, the relative loss contribution due to beta decay and wall losses could be
accurately estimated. In order to insure that the bottle surface was unchanged with changing
bottle geometry, the wall coating (a fluorinated diffusion pump oil) was continuously re-distilled
onto the bottle wall. In a different experiment, Serebrov and colleagues examined the bottle
storage time as a function of the velocity spectrum of the neutrons. [19] Since the faster neutrons
collide with the wall more frequently, Serebrov’s method provided a diagnostic for the study of
wall losses.

In the most accurate beam experiment to date, a well collimated, low energy neutron beam
(~ 5meV) was passed through an electromagnetic Penning trap. [20] Protons from neutron
decay occurring in the trap were confined within the trap and later released for detection. This
procedure has the advantage of allowing the detection of neutron beta decay with a very high
signal to noise ratio (= 500). A novel scheme involving a variable length trap was employed
to accurately determine the decay volume. The density of neutrons in the beam was measured
by passing the beam through a very accurately assayed '°B deposit and counting the resulting
alpha particles with a well defined geometry.

The determination of A requires a decay detector capable of identifying the direction in
which the beta electron is emitted following neutron decay. Such experiments must utilize
polarized neutrons so that the direction of the neutron spin is defined. The accuracy of the
determination of A is typically limited by the knowledge of the degree of polarization in the
neutron beam. The neutron polarization determination poses a particular challenge to the
accurate measurement of A.

In the determination of A reported by the PERKEO collaboration (carried out at the
Institut Laue Langevin), the neutron beam was polarized by reflection from a magnetic multi-

layer. [21] This device, known as a supermirror provides a very high degree of polarization
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(= 97%). [22] The polarized neutron beam passed axially through a superconducting solenoid.
Beta electrons from neutron decay were compelled by the high magnetic field to follow tight
helical orbits along the magnetic “field lines”. In a region beyond the main detector volume,
auxiliary coils deflected the electrons into scintillation detectors. From a knowledge of the
neutron polarization and the change in detector count rates upon reversal of the neutron spin,
the value of the coefficient A was inferred. A different, more recent measurement of A identified
neutron decay by coincident detection of decay protons and electrons. [23] That measurement
achieved a very impressive level of accuracy in spite of a disappointingly low (=~ 85%) neutron
polarization.

The results of the above experiments are summarized in Table 1. Given are the direct values
of 7, as well as indirect values derived from the determinations of A (and therefore g»/gv) and
the decay rates of the pure Fermi nuclear decays. It is evident from Table 1 that the direct
and indirect determinations of 7, are completely consistent among themselves. However, if the
quoted errors are taken seriously, there is a 2.40 discrepancy between the direct and indirect

results.

Table 1: Shown in this table are three recent direct measurements of the neutron lifetime
(two bottle experiments and one beam experiment), and three indirect determinations arrived
at from measured values of A and the combined pure Fermi superallowed (ft)o+_o+ value.
Within each group the agreement is excellent; between the two groups there exists a 2.40
difference.

Direct Results Indirect Results
887.6 £ 3. s Mampe et al, 1989 | 897.7 £ 11. s 1960-1976 results combined
893.6 + 5.3 Byrne et al, 1989 8924 + 5.8 Bopp et al, 1986
888.4 + 2.9  Serebrov et al, 1990 | 901.7 + 4.4  Erozolimskii et al, 1991
8888 £ 1.9 Combined result 898.2+ 3.4 Combined result
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6 Discussion and Summary

A real discrepancy between the direct and indirect values for r,, would imply an error some-
where in the line of reasoning described above. While many aspects of the argument may be
reconsidered, it is particularly interesting to reconsider the initial assumption that the weak
interaction is purely left-handed. It is abundantly clear that, at low energy at least, the weak
interaction is dominantly left-handed. However that there may be a small right-handed contri-
bution. Such a contribution could be a manifestation of an overall left-right symmetrical theory
whose symmetry is broken at low energy. [24-26,16] One such theory posits the existence of two
intermediate vector bosons, W, and Wg, which respectively couple to left and right-handed
currents. If these W particles have different masses, the strengths of the left and right-handed
couplings will be different. In general, the mass eigenstates W, and W for these particles will

be a superposition of the weak eigenstates given by

Wi = Wycos( — Wrsin(
’ (12)
W, = Wysin{ + Wgrcos(

where ( is a mixing angle which is a characteristic parameter of the theory. One completely pa-
rameterizes the theory by this mixing angle and the mass ratio § = (M1/M;)? which represents
the relative strength of the left and right-handed interactions.

Within the framework of such a theory, 7,, A and (ft)o+_o+ are now determined by four
parameters ga, gv, 6 and {. With three experimental quantities and four unknown parameters
the problem is underdetermined. However, the constraints on the theoretical parameters can
be displayed on an exclusion plot of { vs 6. Such plots have been widely displayed in the
literature. [27-29,16] Such an exclusion plot, based on the five measurements in Table 1 is

displayed in Fig. 2.
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Figure 2: Limits on right-handed currents from neutron decay parameters and superallowed

Fermi transition rates. The grey shaded region is allowed at 90% confidence. The origin
corresponds to the standard V — A theory.

Note that the origin (§ = { = 0), which represents the standard V — A theory is excluded
in this plot. In essence, this exclusion is representative of the disagreement between the direct
and indirect values for 7, seen in Table 1.

In addition to the neutron decay data, there are several additional measurements which
bear on the question of the existence of right-handed currents. These include decay parame-
ters of 1°Ne, relative beta polarization measurements in nuclear decays, and measurements of
muon decay. The overall consistency of these measurements with the V — A model has been
investigated by several authors [16] and an interesting pattern emerges.

According to Carnoy et al, the complete set of semi-leptonic data suggests, at the 95%
confidence level, the existence of an intermediate vector boson with a mass 207 < M; <
369 GeV/c? which couples to right-handed currents. [16] This is inconsistent with the purely

leptonic muon decay data, which is in agreement with the V — A predictions. It is important to
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realize that the discrepancy in the semi-leptonic data is overwhelmingly due to one measurement
of the neutron A coefficient. [23] Reanalysis without the inclusion of this measurement yields
reasonable agreement with the purely left-handed model. As there are only two measurements
of A which contribute significantly to the above analysis it is clear that more and improved

experimental data is required.
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ABSTRACT

The transverse polarization of the electrons emitted in the decay of polarized 8Li has been
measured. The magnitude R of the time reversal violating correlation J - (¢ X &) between
the directions of the nuclear spin J, the velocity 7, and the spin & of the electrons has been
determined. The present result R = 0.004 &+ 0.007 is consistent with time reversal invariance.
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1. GENERAL MOTIVATION

Fundamental symmetries and their violations have always played a very important role
in physics. Recent interest in this field is related to the development of the Standard Model
(SM) of elementary particles and their interactions. Maximum violation of the symmetry with
respect to space reflections (P) has its natural explanation in this theory: weak interactions
are mediated by left-handed spin 1 gauge bosons; their right-handed counterparts do not exist
at all. The situation is entirely different for reflexion of the time axis (T). Although the SM
provides room for violation of T symmetry via the Kobayashi- Maskawa (KM) quark mixing
scheme, the underlying mechanism for such a violation is not understood. Also, contrary
to parity, the experimental information is very scarce. Small effects of CP non- invariance,
which is closely related to T violation have been observed only in neutral K meson decays. A
further positive experimental evidence could answer the question: does T violation originate
in the SM, or is it a signature of a new class of phenomena ?

Some alternatives to the KM picture of T violation have been proposed. E.g. multiplets
of Higgs particles (ref.1,2) can induce T violating scalar interactions in addition to the vector
and axial vector present in the SM. Massive right-handed bosons with their mixing matrices
different from those of their left-handed partners can give rise to effects even in the light
quark sector (ref. 3). There exists also the possibility of exotic interactions mediated by e.g.
spin-zero leptoquarks or tensor bosons (ref.4,5).

Beta decay provides a good testing ground for these hypotheses. The effects are not
obscured by T conserving strong interactions, and a well developed theory can be used in
analyses of different experiments and their implications. The results can be directly inter-
preted in terms of exotic interactions and/or particles, and limits for their strength and
masses can be deduced.

The experiment described below is sensitive to the charged tensor interaction. Such an
interaction might be present in nonstandard models of the weak forces. For details of the
theoretical foundations we refer to our previous report (ref. 6) and references therein. Also,
details of the experiment have been extensively reported elsewhere (ref. 6-9). Therefore,
we will stress particularly recent improvements and present some aspects of the experiment
which were not discussed thoroughly. Finally, we present our new result.

2. THE 8Li EXPERIMENT

We search for T violation by measuring the transverse polarization component in a plane
perpendicular to the nuclear spin for electrons emitted in the decay of polarized ®Li nuclei.
In the experiment the amplitude R of the triple correlation between the nuclear polarization
J, the velocity of the electron ¢, and the polarization of the electron & is determined. For
our purposes the decay rate for an allowed transition from oriented nuclei can be written as

(ref. 10):
W~14+AJ-¥)+RJ-(Fx3) (1)

where A is the usual parity violating asymmetry parameter. In absence of final state
interaction effects, the T- and P- odd R parameter is expected to be zero if time reversal
invariance holds.
., The largest time reversal violating effects should be seen for mutually orthogonal vectors
J, 7 and &. In fact, if electrons are emitted in the direction of the nuclear spin, their
transverse polarization must vanish by virtue of rotational invariance. A general idea of
the experiment is presented in ref. 6. For the present measurements we have constructed
a polarimeter of a novel design. It consists of two conical detector rings located above and
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below the median decay plane, with their symmetry axis coinciding with the nuclear spin axis.
Each ring is subdivided into four segments of triple plastic scintillator telescopes consisting
of two transmission detectors and a 4 cm thick stopping detector which measures the energy
of scattered electrons. The two transmission detectors are indispensable for the reduction
of background to an acceptable level. We use two 90° segments placed in forward direction
with respect to the incoming beam and two 60° segments placed backward for each ring.
The polarization of the electrons emitted from the 8Li source (placed in the center of the
polarimeter) is analyzed by large-angle Mott scattering from a 35 mg/cm? lead foil located
in the median plane. The whole system, i.e. electron polarimeter and monitors of the target
polarization, consists of 28 detectors utilizing 52 photomultiplier tubes. Fig. 1. shows the
location of the scattering foil, the detectors and their shields, as well as some details of the
target arrangement.

Detector

Telescope o ﬁ 3
"yt .

I & —

g Analyzer Source

I Analyzer
foil

._.“
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"Down"
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d beam I__I
gy (I
L ] ]
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Fig. 1. The main parts of the experimental setup. The electrons are scattered from the
analyzer foil and detected in eight triple scintillator telescopes (8, A, E detectors) located
in a symmetric up/down arrangement. Upper part: the vertical cross section through the
apparatus; lower part: top view. The azimuthal angular coverage amounts to 85%. The
desired 360° azimuthal symmetry of the apparatus is partly broken at the ¢ angles 90° and
180° to provide room for support structure and beam pipe assembly. On the top right, the
vectors which enter into the definition of the R parameter are shown schematically. Inset:
.the details of the target chamber with the permanent magnets providing a spin-holding field
and the liquid nitrogen cooling (LN) for the “Li rod. The last section of the beam pipe
and housing of the target are on purpose made of low-Z thin material, in order to minimize
energy losses and to reduce backscattering of the electrons from other objects than the lead
analyzer foil. Recent alterations of the apparatus can be seen by comparing this figure with
the corresponding one in the Letter (ref. 9).
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8Li nuclei were vector polarized by the polarization transfer reaction 7Li(d:p)8]5‘i initiated
with 10 MeV polarized deuterons. Technical details concerning the 8Li source, measurement
sequence, spin relaxation etc. can be found in refs. (6,8).

3. IMPORTANT SYSTEMATIC EFFECTS

Since the effective analyzing power of the polarimeter amounts to -0.10 and the achieved
average polarization of the 8Li source is 0.125 £ 0.005, a statistical accuracy of 1-10~* in the
asymmetry is needed to achieve an error in the R coefficient of 0.01. In fact, this accuracy
must even be slightly better in order to compensate for some losses due to systematic effects,
which must be controlled at the level of at least 10~° in the measured asymmetry.

We have considered a number of systematic effects in this experiment. They include:
nonuniform illumination of the scattering foil, gain shifts of the photomultipliers, depolar-
ization and multiple scattering in the analyzer foil and the source, scattering in the air,
background radiation, accidental coincidences ... Most of these effects and methods used for
corrections were discussed previously (ref. 6-9).

By far the most interesting effect is associated with the nonuniform illumination of the
scattering foil due to the regular parity nonconserving asymmetry in the beta decay. The
intensity distribution N for electrons impinging at the height h on the scattering foil above
or below the median plane is given by:

d

Nu (a:%)~1+pAcos9ml+pAa (2)

where 6 is the polar angle with respect to the nuclear spin axis, @ is the corresponding angle
measured from the median plane (a=7/2 — 6 , see fig.1), r is the radius of the foil, p is
the polarization of the target and A - the decay asymmetry parameter. The upper/lower
sign refers to the up (u)/down (d) telescope. Electrons impinging on the upper side of the
foil are evidently closer to the upper ring, therefore, even in case of perfect alignment of the
detectors, the two corresponding telescopes have different acceptance if h # 0. Expanding the
product of the effective cross section and solid angle o€ as a function of the small parameter
a = h/r, we obtain:

(09); = (0082) |1 £ a7 (o 3

where the derivative is taken at @=0. The rate measured in each detector is proportional

to the integral of the product N-(cf2) over the height of the scattering foil Forming the
asymmetry we obtain:

[[ Ny(o)y — [Na(oQ)g]da 1 ,

ASY = [f Nu(0Q)y + f Na(oQ)a] da —OIO(pA)p (4)

where ag is the limiting angle of the foil. The product pA was continuously measured
with two polarization monitors mounted at §=40°. The parameter p:

= 0090 6(1( Q)lQ (5)

was measured in an auxiliary series of measurements using a narrow (1 cm) scattering foil.

The foil was displaced from the median plane, and the rate was measured as a function of
the angle a . This rate, normalized to the rate observed with the foil in the median plane,
provides directly the slope parameter p =3.1 + 0.4.
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Since the intensity N changes in step with reversal of the target polarization, the false
asymmetry caused by this effect also changes its sign, and therefore simulates a nonzero time
reversal coefficient R. This is in contrast to all geometrical imperfections in the positioning of
the detectors or in their shapes, which stay the same when the target polarization is reversed,
and therefore cancel when spin averaging of the effect is performed (”superratio” method).

4. DATA ANALYSIS AND NEW RESULTS.

We have used two different procedures to evaluate the data. On the one side all the data
were cumulatively added and averaged polarization and analyzing powers were used. On the
other side, a file by file analysis was performed with 1 MeV energy steps. Below, we present
the results with average corrections for these two procedures.

Raw data —0.012 £ 0.007 -0.012 £ 0.007
Decay associated background,

and room background 0.006 £ 0.005  0.007 £ 0.005
Beta decay asymmetry 0.010 + 0.002  0.010 % 0.002
Gain shifts of PM’s —0.001 + 0.002 -0.001 £ 0.002
Accidentals 0.001 £ 0.002  0.001 £ 0.002
Result 0.004 + 0.009  0.005 £ 0.009

Inspection of the table shows that the effect due to the beta decay asymmetry, discussed
above, gives the largest correction to the raw data at present. The only way to reduce this
effect is to diminish the height of the scattering foil at the expense of the rate of good events
and the signal/background ratio which amounts at present to 15. We note, however that
although the value of this correction for the present data is close to the statistical error of the
measurement, its uncertainty is well below the uncertainties of the raw data and background
subtraction. Therefore our experiment is at present limited by counting statistics.

T T T T T

30 =
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10 -
1 ] L

-02 -00 O 0. 02

Fig. 2. Distribution of the values of the R-coefficient measured in 2 hour runs by four
detector pairs after applying the corrections discussed above.

5. CONCLUSIONS

Taking the mean value of our last measurement and previously published data (ref. 9) we
obtain as a present result R= 0.004 + 0.007. This value is still the subject to a theoretical
correction due to final state interactions (FSI). A rigorous’ calculations taking into account
the finite size of the nuclei and other subtle effects were published by P. Vogel. (ref. 11). It
was found however, that all these effects contribute at the level of 10 % of the value of the
first order correction known since the classic publication by J.D. Jackson (ref.10). Such a
correction amounts to 0.0007 in our experiment, and is well below the present accuracy. (We
note, that FSI effects are exeptionally small for 8Li decay due to the small nuclear charge
and high energy release).
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We conclude, that our result is consistent with time reversal invariance. With this result we
can set new limits on the imaginary parts of the tensor coupling constants: Im(Cr+C7)/Ca=

0.012 £ 0.021 .

Recently, the PSI Scientific Committee has approved three weeks of additional beam time
for this experiment. This will allow us to improve the error by another factor of three and for
the first time break the barrier of 0.01 in a direct measurement of the time reversal violating
amplitudes in beta decay.
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ABSTRACT

The results of a measurement of the orthopositronium (o-Ps) decay rate, Az, using the vacuum technique
are presented. This 230-ppm measurement is consistent with a recent 200-ppm measurement of Ar in gases and
disagrees with theory at the 6.2 sigma level. Experimental searches for alternative o-Ps decay modes that might
resolve the discrepancy are reported. A completed search for two-photon decay modes, both QED-allowed and
forbidden, shows that they cannot be responsible for the discrepancy at the 233-ppm level.
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INTRODUCTION

Quantum electrodynamics (QED) has been rigorously tested in bound-state systems of atomic hydrogen
and heavier atoms as well as in the exotic atoms of muonium and positronium. Positronium (Ps), the positron-
electron bound state, offers the advantage of being a purely leptonic system, with the electromagnetic interaction
being the only interaction present at current levels of experimental and calculational precision. The decay
rate of the spin-triplet ground state, or orthopositronium, has been of particular interest due to the existing
disagreement between the theoretical and experimental values. The result of the most recent experiment in
which Ps is formed in gases! is a factor of four more precise (at 200 ppm) than previous measurements and
is 9.4 experimental standard deviations higher than the theoretical value. However, a recent measurement in
which Ps is formed in an evacuated cavity?] found at the 1000-ppm level a value one sigma below theory and
three sigma below the gas result. Neither it nor an earlier 1978 vacuum measurement® is precise enough to
check rigorously the 9.4 sigma discrepancy. Thus, the new vacuum measurement at a precision comparable to
the gas measurement is very attractive because the vacuum measurements are systematically so different from
the gas measurement.

The o0-Ps decay rate, A7, is expressed as a sum of its decay rates into three photons (A3), five photons (As),
etc.:

Ar=Ad3+ A+ A7+ ... (l)

The effect of the five photon decay has been calculated!] and found to be of order 10-6A3. Thus, to sufficient
precision, Ar is given by As, where

2 2
s A - 9) a1, @,
da= ot —97(—[1+A(;)+§a lna+B() +.]- @

The coefficient A hasbeen calculated independently yielding values of A = —10.266(11)) and A = —10.282(3)°1.
Using the more precise value of A from Reference 6, one obtains A3 = 7.03830(7) pus>. We note that B is still
uncalculated, and if it is of order 10, the second order term could contribute 50 ppm, or 0.00035 us~!.
EXPERIMENTAL METHOD AND RESULTS

Our new measurement” of A7, using a systematically improved vacuum technique, employs a slow positron
beam to form positronium in an evacuated (10~° Torr), MgO-lined cavity, similar to the technique used in

Reference 3. Several improvements in beam technology have been utilized; in particular, remoderation®9],

beam gating, and time-taggingm]. The apparatus (see Reference 7) is divided into two sections: a primary
beam that moderates and focuses the positrons from a 50 mCi ?>Na source onto a Ni foil remoderator, and
a secondary beam that delivers the remoderated positrons into the positronium formation cavity. Secondary
electrons produced when the primary beam strikes the Ni foil are detected by a channel electron multiplier
array (CEMA) and serve as the start signal for the timing electronics. This time-tagging of the beam eliminates
systematics associated with a start detector inside the Ps formation cavity. Since the tagging efficiency is only
15%, the noise from untagged positrons must be eliminated by a normally-closed gate that is triggered open by
a start signal. The gated and time-tagged positrons are focused into an aluminum cavity and strike the fumed
MgO layer at 700 eV. The MgO, in addition to being an efficient o-Ps formation surface (~ 25%), minimizes
collisional quenching at the cavity walls. The annihilation gammas are detected by two semi-annular fast-plastic
scintillators that surround the cavity. Each scintillator is coupled by a light pipe to two PMTs, and the output
signals of the four PMTs are mixed to comprise the stop signal.

The lifetime spectrum consists of a histogram of CEMA-start to gamma-stop time interval measurements
in the range from 0 to 2 ps (for further details see Reference 7). Beginning 100 ns beyond the prompt peak,
the spectrum is fitted by a maximum-likelihood program to a function of the form

N(t) = (Ae™ + B)e~ Rt (3)
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Figure 1. The fitted decay rate as a function of AVI (where A’ = kik,A) for

all cavity geometries. Plotting symbols distinguish the —5: values as shown in
Figure 2. The solid line is the intersection of the plane determined by the fit
to Equation 4 with the 5- =0 plane. The x2 of the fit is only 2 for 10 degrees
of freedom, indicating a conservative error bar assignment on the asymptotic
value of A in Equation 3.

where A, B, and A are the fitted parameters and R is the measured background rate during the gate-closed
(beam off) interval. Successively stepping out the start time, g, of the fitting program in 50 ns intervals and
fitting the remaining channels to Equation 3 reveals a 0.5-1.0% drop in X as it asymptotically approaches a
constant value at tg = 400-450 ns. Thus, at least one additional lifetime component is present in the histogram.
The data were therefore refitted to a modification of Equation 3 that included a second exponential component.
We typically obtained fits with acceptable x? beginning at ¢; = 170 ns and with fitted values of A statistically
consistent with the asymptotic value from the single exponential fits. The origin of this additional component
with a lifetime of roughly 40 ns is not understood. It does not depend directly on any cavity shape parameter,
and its intensity is too large to be attributed to the production of excited states of Ps. The most reasonable
explanation that appears to satisfy all the observations is that several percent of the o-Ps is trapped in small
(~ 100 A) pores in the MgO powder. In this, as well as virtually all alternative explanations, the asymptotic
value of A is interpreted as the correct value of A to be associated with that particular cavity. A systematic test
of this interpretation will be discussed in the section on 2 photon decay modes.

The asymptotic value of the fitted decay rate is assumed to be shifted from Ay linearly by terms that
account for the rate of disappearance of o-Ps through the cavity entrance aperture and the rate of annihilation
due to collisions with the cavity walls. Thus,

%klkzé— + %P.,% (4)
where V and S are the cavity volume and surface area, respectively, A is the area of the cavity entrance
aperture through which the positrons are focused, ¥ is the average o-Ps velocity, c is the probability that y-rays
from escaped o-Ps will not be detected, and Pg is the probability of annihilation during a wall encounter.
The disappearance term contains the parameter k; that accounts for reduced o-Ps disappearance through an

A=/\T+c

aperture of nonzero thickness and the parameter k2 that accounts for the non-uniform particle density that
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Figure 2. Results of the individual extrapolations to -"‘,—‘ = 0 are shown for

each cavity as a function of % The solid line represents a linear extrapolation
to % = 0 as our determination of Ar. The x? of the fit is 0.2 for 3 degrees of
freedom.

occurs when the aperture diameter is nearly as large as the o-Ps mean free path in the cavity. The vacuum
decay rate can be obtained from Equation 4 as a 2-variable extrapolation to the intercept of a plane in é and
% (see Figure 1). The intercept of equation 4 is 7.0497+0.0013 ps~!. Note that the measured ) are within one
standard deviation of this intercept, permitting an extrapolation that is almost 2 orders of magnitude smaller
than that encountered in gas experiments.

Equation 4 contains the assumption that the slope of the % disappearance term will be the same for all
cavities. In fact, we see a decrease in this slope at the 1-2 sigma level as % increases. We removed this slope
restriction by refitting the data for each cavity to Equation 4 without the % term. The % = 0 intercepts for each
cavity are then plotted versus & as shown in Figure 2. Extrapolation to & = 0 yields Ay = 7.048240.0015 ps™?,
or about one sigma lower than the 2-variable extrapolation. We select the result of this double-extrapolation
as our determination of Ar since it is the most free of restrictions on the fitted parameters.

Systematic effects that might alter the shape of the annihilation spectrum and hence shift our determination
of Ar have been considered. A major systematic uncertainty that limited the 1978 experiment is related to
the possibility that some of the Ps does not diffuse out of the MgO powder (where the decay rate in the open,
intergranular space is roughly 2.5% higher than A7!!]). A component with a decay rate that close to Ay would
go undetected as the start time (Zo) of the fitting program is stepped out, but it would shift A upwards. To
search for this effect, a lead gamma ray collimator was constructed to view only the gamma rays originating at
or very near the formation surface. We have set a limit on a quantity fago, the fraction of o-Ps beyond 350
ns that decays in the formation powder, of fargo < 0.31%. Its effect on the fitted value of A is then limited to
(2.5%) fas40, or 80 ppm.

The formation of excited states of positronium (Ps*) can also add lifetime components to Equation 3. The
23S, state is the only one with a formation rate and vacuum lifetime (1.1 ps) that could possibly affect the
fitted value of Ap. The probability that any 23S; Pshave lifetimes that long is considered to be unlikely based
on a previous experiment!] that determined the cross section for collisional deexcitation of 23S states in gases
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Figure 3. Recent o0-Ps decay rate measurements.

to be of order 10~* cm?. It is improbable that the 23S, state will survive beyond the first collision with an
MgO grain, which occurs within 50 ns in a typical cavity. In view of these considerations, we conclude that the
effect of excited state Ps for tg > 400 ns is negligible.

Using the extrapolation in Figure 2, our result for the 13S; decay rate is Ay = 7.0482 £ 0.0016 pus™!
(230 ppm). The dominant contributions to the uncertainty are the 210-ppm statistical error (that includes the
uncertainties in the % and % extrapolations), the 80-ppm MgO powder systematic, and the time calibration
uncertainty of 40 ppm. Figure 3 summarizes the status of the recent measurements of Ar and includes our new
vacuum result. The value does not substantiate the low decay rate reported in Reference 2. It is 6.2 sigma
above theory and is in reasonable agreement with the gas measurement of Reference 1.

TWO PHOTON SEARCH

One possible resolution of this discrepancy is that o-Ps may have a small branching ratio for a decay mode
not considered in the calculation. A number of exotic decay modes of 0-Ps have been searched for: an axion and
a single photon!?13];, photonless o-Ps decay into non-interacting particles'] (such as millicharged particles!®l);
and o-Ps decay into two gamma rays'®17118], Mills and Zuckerman!®! have searched for the 2y mode as a test of
spatial isotropy. The decay of o-Ps into two photons in vacuum would violate angular momentum conservation
and charge conjugation invariance. They suggest that o-Ps may interact with some (unknown) field that defines
a preferred direction in space. They search for a diurnal variation in the rate of o-Ps decay in SiOj as the
laboratory frame rotates with respect to this preferred direction. They were thus able to rule out such a large
2v decay mode unless the preferred direction is oriented within 35° of the earth’s axis (i.e., about 80% of all
possible directions are excluded).

We have performed a direct search for this 27 decay mode of 0-Ps™8l. Our search is a particularly definitive
test of the possible contribution of 2 events to the discrepancy because we use exactly the same experimental
conditions under which we measured the o-Ps decay rate. This insures that any hypothesized, non-QED decay
modes are present at that level (if they are to account for the discrepancy) regardless of any model-dependent
interpretation. Using time-delayed gamma-ray energy spectroscopy to measure the energy of one of the decay
photons, we can search directly with a high signal-to-noise ratio for excess 511 keV gamma rays as one indication
of 0-Ps — 29.
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Figure 4. The energy spectrum near 511 keV, with only the background
subtracted, for one of the two data runs. Each dot represents counts in a 0.167
keV wide channel. Thesolid line is the theoretical 3y continuum spectrum of of
Reference 6 after a linear correction and convolution with a 1.7 keV resolution
function. It is fitted to the data between 460 and 508 keV as described in the
text. The channels on either side of 511.0 keV are circled. With the exception
of the summing events above 511 keV, the data are visually consistent with a
pure o-Ps continuum with no 27 peak at 511 keV.

The apparatus is the same as that described for the decay rate experiment with the exception that a Ge
detector replaced the fast plastic scintillators. The gamma-ray energy spectrum from 75 keV to 1350 keV is a
histogram of events that also fall within a delayed timing window. It mainly consists of the o-Ps continuum
spectrum that extends up to 511 keV and somebackgroundeventsthroughout the entire range. We are searching
for an anomalous 511 keV peak at the edge of the o-Ps continuum and for any events between 511 and 1022
keV that cannot be acco