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ABSTRACT

A quantitative understanding of spin strengths in nuclei is
of vital importance in studies of nuclcar double beta decay and in
solar neutrino spectroscopy. The current status of thcse problems
is outlined.

INTRODUCTION

Fifty years ago Pauli postulated the existence of a new par-
ticle, the neutrino or "little_neutron," in order to conserve
energy in beta decay, n* p + e + v. The name is suitable, as
the neutrino has little or no mass and, like the neutron, spin 1/2
and no charge. Today we know that neulrivwos come in three flavors
associated respectively with three charged partners: the electron,
the muon, and the tauon. Together with these charged partners
they narticipate in & variety of charge-changing weak interac-
tiong, including the familiar beta decay.

The discovery a decade ago that a neutrino could scatter off
a nucleon without being changed into its charged partner demon-
strated Lhe existence of a new class of weak interactions, those
mediated by the neutral current. This helped substantiate what ia
now widely regarded as one of the major theoretical advances in
modern physics, the unified description of the weak and electro-



magnetic interactions in the model of Glashow, Weinberg, and Salam
(GWS) [1). Within this model neutrinos are massless and certain
quantities, such as lepton number, baryon number, and muon number,
are exactly conserved.

Presently great theoretical effort is being expended in an
even more ambitious endeavor, the search for a unified description
of the electroweak and strong interactions [2]. Attempts to con-
struct "grand unified" theories have alrei.dy met with some success
in that certain models predict the value of the Weinberg angle, a
free parameter in the electroweak theory. The prejudice in grand
unified theories for '"naturality," the reluctance to postulate a
priori gilobal conservation laws, also suggests that many of the
conservation laws of the GWS model are in fact only approximate,
refiecting the enormous mass scale governing the strong-electro~
weak unification. The manner in which these conservation laws are
broken should impose important constraints on formulations of
grand unified theories.

How can we obtain these exprrimental constraints? The situ-
ation is quite different from that which frevailed a decade ago,
when the electroweak unification mass (~10° GeV) appeared directly
accessible, stimulating the development of remarkable accelerator
technology. The expected grand unification muss (~10%5 GeV) may
condemn us to investigation in the "low energy limit" for some
time. Thus increasingly the future of particle physics will de-
pend on the development of technologies to isolate rare events and
to measure small branching ratios. Presenl experiments probiag
nucleon stability at the level of 1032 years may be in the van-
guard of this effort [3].

The opportunities are present for nuclear physics to play an
important role in this quesi. The uu-leus can serve as a filter
for rare processes, isocolating interactions according to spin, iso-
spin, and parity. In Table 1 a few of the ongoing nuclear experi-
ments that may have a profound impact on particle physica are
listed. These and other possibilities for fruitful collaborations
between the nuclear and particle physics communities remind one of
the importance of the P-decay studies that tested the CVC hypoth-
esis and the V-A tacory of weak interactions 25 years ago [4,5]).
In particular, today I wjli discuss two problems, Pp-decay and
solar neutrino detection, which promise to constrsin possible
descripltions of the neutrino. These are particularly relevant to
the discussions of this conference, us an underetanding of spin
excitations in nuclei is a prerequisite to their interpretatjon.



Table 1

Symmetry/Interaction

baryon number

lepton number: masses and right-
handed couplings of Majorana
neutrinos

time reversal

flavor mixing; neutrino
masses

separate lepton number
AS = 0 weak hadronic

current

neutrino mass

Nuclear Test
decay of bound nucleon

double beta decay

nuclear electric dipole
momert; nuclear y-decay

neutrino oscillations
(e.g., solar neutrino
detection)

u * e conversion in
muonic atoms

parity mixing of nuclear
levels

tritium p-decay

DIRAC AND MAJORANA NEUTRINOS

One powerful proble of iepton number conservation, of the
mass and charye conjugation properties of the electron neutrino,
and of possible right-handed admixtures in the weak leptonic cur-
rent is nuclear BB-decay, (A,Z) » (A,Z+2) [6]. This process, a
fundamental nuclear decay mode, can be observed in a number of
even-even nuclei where, due to the pairing interaction, the cou-
peting decay (A,Z) *» (A,Z+1) 1s energetically inaccessible (see
Fig. 1).

The question historically associated with pp-decay is whether
the neatrino should be described by a Dirac or Majorana field. If
the neutrino is a Dirac particle, it has a distinct antiparticle;
if Majorana, the particle ard antiparticle are indistinguishable.
The neutrino is unique among the fermions in permitting these al-
ternative descriptions: any fermion having a charge or measurable
magnelic moment necessarily has a distinct antiparticl.:.

If we define the neutrino and antineutrino by
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Fig. 1. Level scheme for the Bp-decay of 82Se.
n+pt+te +v
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the second order weak interaction

zn+n~~p+e'~~\3e+2p+ze'+2\'»e (2)
will occur. This twe-nucleon process will contribute to the decay
(A,Z) » (A,2+2), producing s final state with four leptons, re-
gardless of the charge conjugation properties of the neutrino. If

the neutrino is a Majorana field, a second decay mode is possible
Zasn+tpte +V Tntprte +v 2+ 2e” (3)

producing a neutrinoless final state. This second process enjoys
a corsiderable phase space advantage over the reaction in Eq. (2)
and, in the absence of the chirality suppression we will discuss
momentarily, will dominate Pf-decay rates for s Majorana electron
neutrino.

Early geochemical measurements of Pp-decay showed that the
half lives for the decay (A,Z) »+ (A,Z+2) far exceeded the values
expected for the process in Eq. (3), T;,2 ~ 1012-101F years. This
was interpreted as a demonstration of the Dirac character of the



electron neutrino, and prompted the introduction of lepton number
£ to distinguish the peutrino from its antiparticle: the electron
and neutrino are assigned £ = +1, the positron and antineutrino
2 = -1. The assumption that additive lepton number is couserved
then allows two-neutrino BB-decay, but forbids neutrinoless PBf-
decay, for which A(22) = 2.

Yet, with the discovery [5] in 1957 that the weak interaction
violates parity conservation maximally (or nearly so), it Lecame
apparent that the Majorana/Dirac character of the electron neu-
trino was still in question. The particles which participate in
the reactions of Eq. (1)

n+p-re + 6£+)
vg-) +n->p+ e (1a)

are the right-handed v_ and left-hauded V- Thus even if the neu-
trino is a Majorana pa%ticle

- =(+
2n *nt+t; te + ug )

n-*p+ e + v£+) $ 2p + 2e” (3a)

as the ne:crino has the wrong helicity for absorption on a neutron.
Therefore, if parity violation in the weak interaction is suffi-
ciently close to maximzl, the geochemical PP-decay results imply
neither a Dirac electron neutrino nor a consexrved lepton number.

The great interest today in Pf-decay stems from the gauge
theory prejudice [7] that a neutrino mass will break the yg-invar-
iance of the weak current. Thus neutrinoless Pf-decay may nccur,
though at a rate suppressed by (m /m )2, if the neutrino is a
Majorana particle. A careful examinat§on of Bp-decay rates then
leads to the following conclusions:

(1) Joresent laboratory limits on neuﬁi}noless BB-decay place
an upper bound on the neutriro rass of <n > < 10-50 eV. This
bound may impose a fundamental ccnastraint on the charge conjuga-
tion properties of the neutrino if the tritium f-decay mass result
14 eV < m < 52 eV is correct [8].

(2) There is a hint, in the georhemical total Bp-decay rates
for 128T¢ and }30Te, thap npo-neutrino decay is occurring. The
rate, corresponding to <m 4> ~ 10 eV, does not violate any ex-
perimental bound on lepton numger violation.



(3) Systematic disagreement exists between the gecchemical
total PBP~decay rates and the two-peutrino rates predicted by
theory and measured in a single laboratory experiment. The origin
of the discrepancy is unclear.

I would now like to summarize the experimental and theoret-
ical work that leads to these results,

NUCLEAR DOUBLE BETA DECAY RATES

Our knowledge of BB-decay rates comes from two classes of ex-
periments, geochemical and laboratory.

Geochemical measurements have determined the total PB-decay
half lives for !3°Te, !28Te, and %2Se, as shown in Table 2. The
noble gases are the rarest of the stable nuclides. Thus, over
geologic times these reactions can produce significant elevations
in the abundances of the dauglter nuclei. The experimental pro-
cedure consists of outgasing by stepwise heating of Te- or Se-
hearing ore samples, followaed by high sensitivity mass spectrom-
etry. The excess of the daughter isotupe is determined by compar-
ing the resultinp uoble gas isotopic distribution to that for the
atmosphere. Once the ore age is fixed by geclogic arguments or by
K-Ar dating, this excess determines the total pp-decay rate.

Laboratory experiments have provided bounds on 2v and Ov BB-
decay and, in one case, a 29V half life. Of course, only the
electrons are detected. A plot of the sum of the electron kinetic
energies T is shown in Fig. 2. For Ov Bp-decay a spike is found
at T=T , the total kinetic energy release; for 2v decay, the
distribufion is continuous over the range from T = 0 to To.

Table 2: A summary of geochemical BB-decay results. The total
kinetic energy carried off by leptons, To' is given in
units of the electron mass.

Reaction T° (mecz) Ti_(yenrs)
130Ta » 1307, 5.0 (2.0 - 3.1)-102! |9,10]
1287 » 128y, 1.7 (3.2 - 4.9)-10%* [11)

82ge » 82kp 5.9 2.76 - 102° [12)
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Fig. 2. Comparison of the differential decay rate dw/dT, where
T is the sum of the kinetic energies carried off by the
electrons, for Ov and 2v Bp-decay. The Ov spectrum is a

line at T = To.

Table 3: Laboratory Limits on 2v .nd Ov BB-decay.

Reaction To (necz) tsi(yelrs)

48cy » 487; 8.4 10213 ov [13)

>
> 101956 2y [13)

76Ge + 78ge 4.0 1021°7 ov [14)

v

825e + 82k, 5.9 > 0215 oy [15)
lcxo-oio-z' v [16)

The experimental task of discerning signal from background is
thus simpler in the case of Qv decay, accounting for the stringent
limits shown in Table 3.

The remaining task is to compare these results with the theo-
retical predictions for PB-decay r diated by Dirac and Majorana
neutrinos. If the neutrino is Dira.



w= Wy (4a)

end if Majorane

w=w. + wo\’(n, <||H.j>v) . (4b)

2v

(I have allowed breaﬁing of the yg-invariance of the weak leptonic

current by a mass <m 83> , as discissed earlier, and by an explicit
right-handed current cf strength 1n.) Clearly the experimental

limits on Ov PpR-decay constrain the mass and right-handed coupling

of a Majorana electronﬂgeutrino provided one can calculate w, as

a function of n and <m I> One can also use total geochemical

rates to constrain these parameters.

The lepton pumber-conserving process of Eq. (2) gives rise to
the nuclear decay shown in Fig. 3a. The corresponding decay rate
can be evaluated in time-depecdent perturbation theory. If the
dependence of the energy denominator on the energy of the inter-
mediate nuclear state is approximated by an average value [6]

a)
fino|| P P
nucleus

N " A%
virsug

\ / state <=>

NV Y
initial
nucleus

final

:z\ nucleus

virtual <&
\ state

¢ \\

initiol
nucleus n n

Fig. 3. Two-pucleon mechanisms for 2v (a) and Ov (b) Pp-decay.



1 ~ 1
- EI +v+e <EN "Ep tv+te (5)

Ey

the sum over virtual nuclear states can be complc ed by closure.
[In Eq. (5) Ey and E; represent the energies of the intermediate
and initial nuclear Jiates, while v and € are the energies of the
neutrino and electron emitted in the first B-decay.] Evaluating
each p-decay in thﬁ algpwed approximation and specializing to

transition between J = 0 nuclear states, one finds
11
_ 1664 , PR 2 1 Te
UJZV = gz‘, ~n—’_ (F (Z + 2)] (<EN - EI> + Tolz ry me)z T f(TOIme)
4 2 4 2 2.2 *
X [F1|MF| + FA‘"GT' - ZFIFARe(HF HGT)] (6a)
where
PR - 2n o Z
F2(2) = 1 - exp(-ZnEij (6b)
_ Ty ., €, €2, &3 e
f(e) = e'[1+35+5 * 55 * 1980 (6c)
Mp = <FI% I 1,7, ())IT> (6d)
ij
> . P, . .
Mo = <Fly Z o(i)-o(i)r (D), (G)IT> (6e)
1]

The factor £, is a phase space correction needed because Eq. (6a)
has been written with the approximate Coulomb correction of Eq.
(6b); it varies from 1.2 to 5, roughly, between Z = 22 and Z = 54
[17}. The double Fermi matrix element is nonzero only through
isospin impurities in the final state, and quite generally can be
neglected.

The lepton number-violating decay of Fig. 3b can occur via

the two-nucleon process of Eq. (3). The rate can be calculated
for the following choice of the leptonic current

5100 = 5,009,100 - ¥9) + a0+ ¥ (7)

The ys-invariance is broken by an explicit rjght-handed current
admixture n and by a Majorana neutrino mass <m J>v. The general



result for the decay rate for transitions between gt = 0+ states
is somewhat complicated [17,18]. We given only the rate for n = 0.

Ma j
<m > 2
n=0 _ G4 PR 2 7 v
Woy = Sop g5 [F (2 + 217m, ( mg )
20 - w2yn2
fl(TO/me)IFAM2 FIHII (8a)
where
_ 4e?2 g2 g
fI(E) -€[1+2£+T+3~+3—0] (8b)
> 2> g(ri')
My = <Fl% X 1,(i)1,(3)0(i)-0(j) —?-'J—ID (8¢c)
ij ij
g(r;.)
My o= <FIy I r,()T,(5) —D (84)
1j ij
- > >
with g(r..) ~ 1 a slowly-varying function of r,, = |r. - r.|. In

the gene%Jl result for n # 0 two additional netflx elements?

. N g(r, ;)
- . L\ A . Py A R . __‘_']_
H3 = <F|% ;_ T+(1)T+(J)tij 0(1)rij o(j) == 1> (9a)
ij 1)
M, = <F|3 X T,( DR .+ (F,. X (3(i) - 3G))) Séi >
6 = Fle 2 T, (DT (IR (x, 0 x (0(1) - 0(i))) = &(r, )T
1j 1]
with R, . = l?. + ;.I, also appear. Note that the the matrix ele-

ments 1R Eq. kﬁa) Miffer from the 2v operators MF and MGT only by
their radial dependence, g(rij)/rij'

To evaluate the expressions in Eqs. (6) and (8) one must cal-
culate the two-body nuclear matrix elements. Recently the group
at Los Alamos (Haxton, G. J. Stephenson, Jr., and D. Strottman)
has tackled this structure problem with state-of-the-art shell
model techniques [17,19,20]. Although the length of this talk
precludes a detailed description of this work, I will providc a
brief summary.



The PB-decay transition 45Ca » 48Ti appears extremely favor-
able: the structure is thought to be relatively simple, and tke
large kinetic energy release T = 4.3 MeV promises considerable
phase space enhancement of the fate. However, Lawson showed in a
simple Nilsson model that M_.. = O as the result of a K selection
rule [Z1]. This constraint 1s relaxed somewhat in more realistic
intermediate coupling models. Our shell model diagonalization was
performed with the Kuo-Brown full g-matrix [22] in the 2p1f model
space. A closed 1°Ca core is assumed, and all configurations of
eight valence nucleons for which the 1f7/z occupation is at least
four are allowed.

The ireatment of the decays 75Ge + 76Se and %2se + 82Kr is
more complicated. A direct shell model calculation in the canon-
ical model space, involving the orbitals lfs/ 2p3/2, 2p; ,2, and
139/2 lying between the magic numbers 28 and 50, is'rot feasible.

instead employ a weak coupling app.oximation in which full
shell model calculations are performed separately for the v~lence
protons and neutrons [19]. The proton-neutron interact.on is
then diagonalized in a basis formed from the 50 proton and 50 necu-
tron wave functions lowest in energy, vielding wave fuuctions of
the form

50
n _
Wi, = 2 w*’ @wJY . (10)

i,j=1 1 j'j J=0

We again employ the Kuo g-matrix. It should be noted that certain
spin partners, 1f7 and )3,,,, are ouvtside the model space.

Naively onne expects the 1nf1ue‘ce of these subshells to be small.

Furthermore, inclusion of these orbitals would introduce spurious
center-of-mass wave function componentte that could have serious
effects, as the g- *“rix is not translationally invariant.

The calculations for the decays !3°Te + !30Xe and 128Te -~
128Xe were also performed in a weak coupling basis. The model
space includes th- orbitals 1g,,,, 2dsg,;, 2d, y 3s1,2, and lh;,,3
lying between the magic numbefs L J(i 82, nnd t“; interacti n
employed is that of Baldridge and Very |23]. The separate proton
and neutron calculations involve sufficiently many configurations
that some restrictions must be imposed on the occupation of the
less favered orbitals.

The reliability of our limits on n and <mMaJ> will depend on
the quality of these wave functions. There is one obvious check
suggested by the similarity of the Ov matrix elements to those
governing 2v fp-decay: do these wave functions properly reproduce
the 2v decay rates?

11



The results shown in Table 4 are surprisingz. Theoretical
and laboratory rates for 2v BB-decay ir. 43Ca and °®2Se are in good
agreement. However, the upper bounds that can be placed on |M_.|
from total geochemical rates are consistently much smaller tﬁIn
values predicted by theory. The laboratory and geochemical rates
are also in sharp disagre=ment for the one case permitting 8 com-
parison 825e » 82Kr. The large theoretical matrix elements for
"6Ge, 825e, '28Te  and '39Te come about throvgh a coherent addi-
tion of many amplitudes in the twec-body density matrix. Very re-
cently 2amick and Auerbach [24] have obtained similar theoretical

values for M. in 8Ca and 7%Ge using a Nilsscn model with pairing.

Importantly,GIhey attribute the coherence found in the shell model
to pairing, and demonstrate that large matrix elements result in
their treatment for any reasonable choice of the pairing strength.

What is the reason for this disagreement? Perhaps the most
troublesome aspect of the theoretical treatment is the replacement
of the E™'-wzighted sum over intermediate nuclear states by the
non-energy-weighted sum. Yet both the coherence described above
and tests involving explicit summation over low-lying intermediate
states [19] indicate that no significant bias is introduced by the
closure approximation. A possibility of great interest in view of
the discussions at this conference, the coupling to delta-hole ex-
citations, had little effect on HGT in the calculations of Zamick
and Auerbach {24].

Table 4: Calculated and Experimental Double Gamow-Teller Matrix
Elements M.

GT
Hucleus Mo1! iheory Mg exp
I
130T, 1.48 [17] 0.10-0.13 [9,10])
*
1287, 1.47 [17] 0.18-0.23 [11])
82Ga 0.94 [19) 1.43 [16)
0.27% [12]
76Ge 1.28  [19])
48¢Ca 0.22 |20} <0.19 (13)

*
Maximum values determined from total geochemical rates.

12



Alternstively, one can question the geochemicsl assumptions.
Are noble gases retained in the ore over geologic timwes? The con-
sistency betwveen geologic estimates of the ore age and the results
of K-Ar dating demonstrates that this ligher noble gas does remain
in the ore [25]). Furthermore, there is reasonable consistency be-
tween the ge. iemical half lives determined from different ores by
different geochemiste [25]. In sumsary, we can find no obvious
flaw in the geochemistry, in the theoretical treatment, or in the
825¢ laboratory experiment of the Moe and Lowenthal. The origin
of the inconsistencies in Table IV is unkoown.

Obgerving that the Ov matrix elements differ from their 2v
counterparts only by the gentle radial dependence g(r..)/r..,
Primakoff aud Rosen [6] suggested in their early work on A -deldy
that a scaling relation might exist betﬂfen Ov and 2v matrix
elements, M'/M.. =~ 1/R_ with R = 1.2 A3 the nuclear radius.
Our calculftiShs for® 76Ge, 8258 128Te, and 13T demonstrate
that this scaling holds remarxably well, though with a somewhat
different strength, M./M T = (0.57 £ 0.03/R . One then expects
the discrepancies in é‘ti tes of 2v and total BB-decay rates to
carry over Lu.0v PBA-decay. The resulting uncertainties in the
bounds on <m >“ and n for the BP-decay of 32Se are apparent io
Fig. 4.
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o

Fig. 4. Dahnsd lines show boundaries of allowed regions in n -
<o 9>  plane which result if all 82Se BB-decay matrix
elemen¥s are normalized to reproduce the total geochea-
ical rate [12) and the laboratory 2v i1ate of Moe and
Lowenthal [16). Solid line employs theoretical matrix
elements.
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Pontecorvo suggested that the question of matrix element nor-
malization might be circumvented by comparing BP-decay rates for
two different nuclei, !%28fe and !3°Te. As the structure of these
isotopes differs only by a neutron pair, Pontecorvo assumed that
the PB-decay nuclear matrix elements would be identical. The Los
Alamos calculations (see Table IV) and those of Vergados [26]
support this assumption. The ratio of the total PB-decay rates
for these isotopes should then be determined by phase space. Be-
cause the energy releases for these decays are quite different
(see Table 2), one finds

12%(128)

2v
T
b

5100
(130)

and

0v 128)

r:U(IJO)

1

s0 that the ratio of half lives tests sensitively the decay mech-
anism. The experimental result (11]

IH(IZB)

Ty

suggests that both_,2v and Ov Af-decay may be contributing. The
values for n and <m %45 that are consistent with the experimental
ratio can be derived given only the relative strength of the 2v
and Ov matrix elements. The solution is shown in Fig. 5.

I believe that this purported evidence for lepton number vio-
lation is really gquite weak. It is difficult to accept the theo-
retical demonstration of matrix element equality in view of the
alarming discrepancy between theory and geochemistry in the abso-
solute rates. Furlhermore, Kirsten has recently reported [25] a
measurement of the halt life ratio which {4 inconsintent with the
older Missouri group value [11] given above and consistent with
lepton number conservation. While Kirsten's measurement wan made
with relatively young ore, and thus his statistical error exceeds
that ot the Missouri group, certainly his result (ndicates that
the experimental situation is unsettled.

In summary, the laboratory lim:'s on Ov Bp-decay yield <mH“j>
< (9-52) eV, with the range reflectiag the discrepancy between the

14



Fig. 5. Values of n and <mh.j> lying on the dashed line five,
under the assumption o} equal matrix elements in “39Te
and 128Te¢, the ratio of geochemical rates measured by
the Missouri group [11}]. The solid lines show the bound-
aries of the allowed regicn derived by using theoretical
matrix elements and attributing the entire decay rate to
O0v BB-decay. The inconsistency between so0lid and dashed
lines reflects the disagreement between theory [17,19]
and the geochemical results [§,10].

laboratory and geochemical measurements for %2Se. If the magni-
tudes of H%Srix elements are taken from the Los Alamos calcula-
tions, <m "°> < 13 eV; in this case one finds that the limits
on Ov decay in, 48Ca and 7%Ge impose somewhat less stringent con-
straints on <n™> . The geochemical rates in '30Te and 120Te
giﬁg, under the Poltecorvo esrumption of equal matrix elements,
<m 7> <10 eV. (We choose the inequality becsuse of the con-
flict betneen the results of Kirsten and the Misrourji group.)

Hanhu' a cautious interpretation of these results indicates
<} "> <50eV. If, in addition, one chooses to believe the
Pontec¥rvo assumption, the result of Moe and Lowenthal, or the
theoretical mejix element calculaticn, then the more stringent
con:traint <m "> < 10 eV follows. Recently, a measurement of
the endpoint specfrum in the P-decay of the triton yielded 14 <
m, < 46 eV [8]. If this is corre.t, then the more stringent Bp-
décay limit demonstrates that the electron neutrino capnot be a

15



Majorana mass eigenstate! This exciting result underscores the
importance of extending current Ov pp-decay limits one to two
orders of magnitude as, under the most cautious interpretation,
such results could test the charge conjugation properties of the
neutrino.

Finally, I would like to mention a few topics that may convey
some of the flavor of present studies in PBf- ecay, Rosen [27) and
Doi et al. [18]) recently pointed out that 0 -+ 2 pp-decay trans-
itions are of particular interest in that the Ov mechanism can
occur only via the right-handed current. Unfortunately, according
te our Lur Alamos work, the matrix sleme ts that govern such
transitions are quite weak, #o that 0 -+ 0 transitions provide
much more stringent constraints on n. If, bowever, Ov decay is
observed, 0 -+ 2 trapnsitions may prove a valuable tool for sepa-
rating mass effects froxr those of the right-handed current.

There bas also been considerable discussion of mechanisms in-
volving the Pp-deray tiansition Azs * n within the nncleus [18,28,
29]. It cap be skown, jin the allowed approximation, that this
amplitude vanishes for 0 + 0 2v and, iu the SUQ?) limit, Ov BP-
decay. The possibility of strong 433 * o 0 -+ 2 Ov transitions
is presently under study. Other lepton nunter-violsting pp-decay
mechanisms that have been discussed include Majoron production (30}
and Higgs exchaoge [31) (Fig. 6). Recent work indicates that the

o) b) . .-
u e M 7} Ju
[ 3 3 A 3

?A
e hin *-"?"@"“:4

A Al ¢ 4 ad

Fig. 6. Mechanisms for Pp-decay involving (a) Majoron production
(30) and (b) Higgs exchange [20,31,22].

16



Higgs exchange mechanism is much less important than originally
believed (20,32). Majoron production poses a difficult problem
experimentally, as this light scalar would carry off kinetic ener-
gy, leaving an electron energy distribution that would be diffj-
cult to distinguish from that for 2v decay.

We have not discussed the definition of <mMaJ> except in the
case that the neutrino is a mass eigenstate. Wolfenstein [33] has
shown that in CP-invariant theories where multiple Majorana neu-
trinos couple to the electron

where Ni is the CP eigenvalue and 1 Ci < 1. Thus it may be a mass
i

difference that is constrained in Bf-decay, and this quantity then

is not simply related to that mass measured at the tritium BB-

decay endpoint. Doi et a). [18] have considered more general mass

matrices arising in CP-noninvariant theories.

Finally, in view of the general concerns ¢f this conference,
there is an interesting possibility that rigorous upper bounds can
be placed on |M..| by measuring the GT strength distributions in
the intermediate nucleus from both parent and daughter. Thus fB-
decay nuclei may be attractive candidates for °0 (p,n) and (n,p)
studies [34). Also, such GT strength distributions may provide
important tests of the nuclear wave functions presently employed
in BB-decay studies.

SOLAR NEUTRINOS

I will now briefly discuss the solar neutrino puzzle and the
importanc~ of 6T strength measurements to futur~ plans for neu-
trino spectroscopy.

To date only a single solar neutrino experiment, the 37Cl ex-
periment of Ray Davis, Jr., and conllaborators, [35] has been
mounted. The resulting capture rate, 1.95 % 0.3 SNU, is in seri-
ous disagreement with the predictions of the standard solar and
weak interaction models, 8.0 SNU [36] (1 SNU = 107?¢ captures/37Cl
atom/s). If thisg dikcrepancy is due to a misundrrrtanding of the
physics of the nolar interior, the implications tor present theo-
ries of stellar evolution could be profound [37]. Alternatively,
if the gsun does produce the expected neutrino tlux, then some
mechanism must be aliering the character of thosc neutrinos before
they reach earth. This rRuggestion now seems partjicularly inter-
esting in view of recent evidence for massive neutrinos [8] and
neutrino orcillations [18].

17



These two classes of solutions to the 37C1 puzzle can be dis-
tinguished. Proposed modifications of the standard model to
accommodate the 37Cl1 capture rate result primarily in a reduced
flux of high energy (14 Mev endpoint) 8B neutrinos, whose produc-
tion depends most critically on the central temperature of tie sun.
Neutrino oscillations or decay would, except under unusual condi-
tions, affect all components on the solar neutrino flux equally.
Thus there has been great interest in mounting nsw experiments to
complete the spectroscopy of the neutrino sources shown in Table 5.
Today 1 would like to describe three possibilities for new experi-
ments that 1 find particularly interesting. I will emphasize the
importance of °0 (p,n) Gamow-Teller (GT) strength measurements in
eliminating uncertainties in the neutrino capture cross sections
estim.tes for each of these experiments.

Kuzmin [40] suggzested a solar neutrino experiment based on
the reaction 71Gas(v.e)?!Ge. The calculations of Bahcall [41]) and
others [42] indicate that the 7! Ga capture rate in the standard
model is primarily (70%) determined by the flux of geutrinos from
the driving reaction of the pp-chain, p + p » 2H + e + v. The pp
neutrino flux is effectively fixed, provided only that hydrogen
burning is the sun's energy source, by the observed solar lumi-

nosity. Thus, if a 71Ga experiment yields a capture rate much

Table 5: Reactions (1) - (4) produce solar neutrinos with contin-
uous distributions, while (5) and (6) are line sources.
E is the maximum energy of the neutrinos for all reac-

tions except (4), wherc it has been computed with re-
spect to the center of the broad 2.9 MeV 3Be resonance
popilated in the P-decay uof ®B. Fluxes are taken from
the standard solar model calculation of Bahcall et al.

l')gl_
Reaction E:ax (MeV) Flux (16'°/rm?s)
(1) p+p+2H+e +u 0.420 6.1
(2) 19N » 130 + " 4y 1.199 4.6 x 1072
(3) 1% + 5N+ et 4y 1.732 3.7 x 1072
(4) BB » ®Bc + &' + v 14.02 5.85 x 107
(5) "Be +e v TLi + v 0.862 (89.6%) 4.1 x 107!

0.384 (10.4%)

(6) p+ ¢ +p»2H+ v 1.442 1.5 x 10



reduced from standard model predictions, our particle physics must
be at fault. In this sense the 7!Ga experiment will provide a
test of neutrino oscillations for small Am? and large mixing
angles far beyond that possible with terrestrial neutrino sources.

The primary obstacle to the Brookhaven proposal for a 7!Ga
experiment is the cost of the requisite quantity of gallium, esti-
mated to exceed $25 million. However, there are in addition nag-
ging uncertainties in the capture cross section. Gamow-Teller
trapsitions to two excited states in 7‘Ge, the 5/2 (175 keV) and
3/2 (500 keV) states, can be excited by ’Be neutrinos. The 7Be
neutrino flux, like the 8B reutrino flux, depeads seasitively on
the sun's central temperature. If the GT streagths for these
transitions prove to be unusually strong, one cculd no longer ar-
gue that the 7!Ga capture cross was insensitive to solar model
assumptions. Bahcalli bas argued from nuclear systematics that
upper limits cn the relevant transition strengths are log(ft) =
6.0 (5/2 ) and 5.0 (3/2 ) [43]. Yet, in view of the importance of
this experiment, the need for a definitive measurement of these
transition strengths is clear. Presumably °0 (p,n) mappings with
175 keV resolution would settle this matter., (Note: In the dis-
cussion following this talk Dr. Orihara announced results of (p,n)
measurements performed at Tohokn University showing that each of
these transitions is quite weak. This substantia“es the theoreti-
cal work of Bahcall and further strengthens the argument for doing
the 716  experiment.)

Davis, Sam Hurs., ard colleborators [44] have considered de-
signing a solar neutrinc experiment based or the reaction
8l1By(v,e)8!Kr originally discussed by R. D. Scoitt [45]. The
techniques Jeveloped by Davis to isolate 37Ar could also be used
to collect 8'Kr, and noble gas resonance ionization spectrometry
wight permit 81Kr couating at “he necessary sensitivity. The B-
decey measurement of Bennett et al. f46] and the calculations of
Bahcall [47) and Haxton [48] indicate that the capture rate is pre-
dominantly determined by the 7Be neutrino flux. Thus the 81Br and
37C1 experiments would together determine the 7Be/®B neutrino flux
ratio, a quantity that also serves to distinguish flaws in solar
physics from those in particle physics: the flux ratio is likely
to ne unaffected by solar oscillations, but is highly sensitive to
modifications in the standard solar model affecting the sun's
central temperature.

The log(ft) value for the first GT transitior, to the 1/2
(190 keV) state in #'Br, has been measured by Bennctt et al. [46].
The ntrength of a second transition that can he excited by e
neatrinos, to the 5/2 (457 keV) state, is unknown. Thus a °0
(p,n) measurement with 270 keV resolution would be important. Un-
identitied levels exist at 549 keV and 608 k~V in 8'Kr; if these
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states can be excited by the GT operator, an improvement in reso-
lution would be required. The Fkigh energy 8B capture rate should
also be apprecialle, so a complete mapping of the GT strength dis-
tribution below particle breakup in 8!Kr will be needed.

An experiment of quite a different kind has been recently
proposed by G. A. Cowan ard Haxton: a measurement of the concen-
trations of °7lc and °#Tc produced by neutrino absorption ia a
deeply buried motybdenite cre body over the past several million
years [49]. This exper-iment would test the long-term stability of
the sun and, in partir.lar, the suggestion that the solar neutrino
puzzle and the recent Pleistocene glacial epoch are both the re-
sult of sudden mixing in the solar core four million years ago.

Only the BE neutrinos can induce the reaction 28Mo(v,e)981c;
as the 8B phase space varies slowly as a function of nuclear exci-
tation energy, no strong restrictions on resolutien in GT mappings
exist in this case. In addition to ®B neutrinos, the ’"Be neu-
trinos ma contribute importancly to the capture rate for
97Mo(\),e)9 Tc. A resolution of 25C keV should permit an accurate
estimate of this capture rate.

I would iike to acknowledge my collaborators in studies of
BB-decay and solar neutr:no detectior, G, A. Cowan, S. P Rosen,
G. J. Stephenson, Jr., and D. dtrottman. In addition to these, I
thank N. Auerbsch, S. Austin, F. Avignone, J. N. Bahcall, the Kent
State group, J. Repapourt, and L. Zamick for helpful conversations
and communications. This work was suppcerted in part by the
National Science Toundation (grant no. PHY-8021272) aad by the
Department of Energy.
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