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Los Alamos, New Ilexico 87545
and
Department of Physics
Purdue University
West Lafayette, Indiana 47907

ABSTRACT

A quantitative understanding of spin strengths in nuclei is
of vital importance in studies of nuclear double bet,x decay and in
solar neutrino spectroscopy. The current status of th,’se problems
is outlined.

INTRODUCTION

Fiftj years ago Pauli postulated the existence of a new par-
Llcle, the neutrino or “little- neu-tron,” 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, apin 1/2
and no charge. Today we know that neuLriuvn come in three flavors
associated resp~cLively with three charged partners: the electron,
the muon, and the tauon. Together with thesr charged partners
they participate in a variety of charge-changing weak intrrar-
Cions, including the familiar beta decay.

The dinrovery a decade auo that a neutrino could scatter off
● nucleon without being changed into it~ chargt=d partner dcmon-
atrated lhe ●xisLence of a new rlaas of weak interactions, thoac
mediated by the neutral current. This helped sub~t.antiate what ia
now wi.d~ly regarded as one of the ❑ajor Lheorrtical advancrs in
modern phyaicat the unified description of Lhe weak and clrrtro-



magnetic interactions in the model of Glashow, Weinberg, and Salam
(GUS) [1]. Within this model nputrinos are massless and certain
quantities, such as leptou number, baryon number, and ❑ uon n~ber,
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 alr~;,dy met with ~ome success
in that certain ❑odels predict the value of the ‘Wein’Derg angle, a
free parameter in the electroweak theory. The prejudice in grand
unified theories for “naturality,” the reluctance to postulate a
priori global conservation laws, also suggests that many of the
conservation laws of the GUS model are in fact only approximate,
reflecting the enormous mass scale ~overnin~ the stron~-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 experimental constraints? The situ-
ation is quite different from th,~t which

f
revailed a decade ugo,

when the electroweak unification mass (-10 GeV) appeared directly
accessible, stimulating the development of remarkable accelerator
technology. The ●xpected grand unification m~s6 (-10!5 GeV) may
condemn us to investigation in the “low energy limit” for some
time, “!’hus increasingly the future of particle physics will de-
pend on the development of technologies to isolate rare event~ and
to measure small branching ratios, Present experiments probing
nuclron stability at the level of 1032 years may be in the vatl-
guard of this effor’t [3].

The opportunities are present for nuclear ph’jsics t.o play an
important role in this ques~. The nu:leus can ~erve as a filtrr
for rare processes, isolating interaction accordink to spin, imu-
spin, and parity. In Table 1 a few of thr ongoing nuclear experi-
ments that may have a profound impact on particle physics ● re
liStc(i. These and other possibilities for fruitful collaborations
between the nurlrar and Farticle physics communities remind one of
th~ importance of the ~-decay studies that teated the CVC hypoth-
esis and the V-A throry of weak interactions 25 year~ ago [4,5].
In particular} today I will diocuss two problems, ~fl-decay ●nd
solar Ileutrino detrction, which promise to constrain possibl~
descriptions of tbr neutrlno. These ● re prnrticul~rly relev-nt to
th~ diacutiujons of this ronferencr, us ●n under~tanding of spin
excitations in nuclei is ● prrrequisitc to th~ir interpretation,
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Table 1

Symmetry/Interaction Nuclear Teat

baryon number decay of bound nucleon

lepton number: masses and right- double beta decay
handed couplings of Hajorana
neutrinos

time reversal

flavor mixing; neutrino
masses

separate lepton number

As= O weak hadronic
current

neutrino mass

DIRAC AND tlAJORANA

One powerful

nuclear electric dipole
moment; nuclear y-decay

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

u -8 e Conversion in
muonic atoms

parity mixing of nuclear
levels

tritium $-decay

NEUTRINOS

proble of iepton number conservation, of the
mass and charge conjugation properties of the el~ctron nt?utrino,
and of possible right-handed admixtures in the weak leptonic cur-
rent is nuclear ~~-decay, (A,Z) + (A,Z+2) [6]. Thifi process, a
fundamental nuclear decay modr, can be obgerved in a number of
even-even nuclei where, due to the pairing interaction, the COM-
peting decay (A,Z) + (A,Z+l) kti energetically inaccessible (see
FiR. 1).

The quention historically associated with flfl-deray is whether
th~ netiLrino nhould hf. described by a Dirac or Hajorana fi~ld. If
the nrutrino is ● Dirac particle, it has a distinct ●ntiparticle;
if tlajorana, the particle und antiparticle are indistinguishable.
Thr neutrino ia unique amon~ the f~rmiona in permitting Lheae al-
ternative descriptions: ●ny fcrmion having a charge or measurable
magnelic moment necessarily has a di~Linrt anLipartic]’:.

If we drfine th~ nrutrino nnd nnLinrutrfno by
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Fig. 1. Level scheme for the $~-decay of a2Se.

n+pte -+;
●

v +n+p+e-
●

the second order wrak interaction

2n+n+p+e-+Ge+2p +2e-+2ie

(1)

(2)

will occur. This twe-nucleon process will contribute to the decay
(A,Z) + (A,Z+2), producing ● final state with four leptons, re-
gardless of the charge conjugation properties of the neutrino. If
the neutrino is ● tlajorana field , ● second decay mode is possible

2n*n+p+e-+Ge Zn +p+e-+ve+2p+2e- (3)

producing ● neutrinoless final state. Thi~ second process enjoys
a considerable phase epace advantage over the reaction in ~q. (2)
and, in the ●bsence of the chirality suppression we will discuss
momentarily, will dominate ~fl-decay rates for ● Flajoram ●lectron
neutrino.

Early g~ochemical measurements of fl~-decay Bhowed that the
half lives for the decay (A,Z) + (A,Z+2) far exceeded the values
expected for the process in Eq. (3), T1 z - 1012-1016 years.
wns interpreted ms ● demonstration of {he Dirac character ofr!~:
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electron neutrino, and prompted the introduction of lepton number
E to distinguish the neutrino from its antiparticle: the electron
and neutrino are assigned f. = +1, the positron and antineutrino
1= -1. The assumption that additive lepton number is couserved
then allows two-neutrino ~$-decay, but forbids neutrinoless ~$-
decay, for which A(M2) = 2.

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

-(+)
n +p +e- + v

e
J-) + n -p + e-

e
(la)

are the right-handed ; and left-hauded Ve. Thus even if the neu-
trino is a Majorana pa;ticle

-(+)
2n +n+ ; + e- + ce

‘+) + Zp + 2e-En .~p+e-+ue (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 ❑aximsl, the geoch-mical ~~-decay results imply
neither a I)irac electron neutrino nor a conserved lepton number.

The great interest today in ~~-decay stems from the gauge
theory prejudice [7] that a neutrino mass will break the y5-invar-
iance of the weak current. Thus neutrinoless f!~-decay may occur,
theugh at a rate suppressed by (rnU/me)z, if tbe neutrino is a
Majorana particlr. A careful examlnatl~n of 13~-decay raLes then
leads to the following conclusions:

(1) ,’resent laboratory limits on neut inoless 11~-decay place
of ,m?IaJ,

an upper bound on the neut.rino mqss < 10-50 eV. This
bound may impose a fundamental cclstraint on ~b~ char~e conjuga-
tion properties of the neutrino if the tritium p-decay mass result
14 ●V < mv ~ 52 dV is correct [8].

(2) There is a hint, in the georhemical total ~~-decay rates
for lzaTe and laoTe tha~af, o-neutrino decay is occurrin8. The
rate, corresponding ~o <m - 10 ●V, doen not violate any ●x-

tiperimental bound on lepton num er violation.



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

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

NUCLEARDOUBLE BETA DECAY RA?ES

Our knowiedge of ~&decay rates comes from two classes of ex-
periments, geochemical and laboratory.

Ceochemica113~T;urle2mae~ets have determined the total ft&decay
half lives for , and ‘*Se, as shown in Table 2. The
noble gasea are the ‘rarest of the stable nuclidea. Thus, over
geologic times these reactions can produce significant elevations
in the abundances of the daugt,ter nuclei. The experimental pro-
cedure consists of outgasing by stepwise heating of Te- or Se-
hearing ore samples, followed by high sensitivity mass spectrom-
etry. The excess of the daughter isotupe is determined by compar-
ing the resultinp l~oble gas isotopic distribution to that for the
atmosphere. once the ore age is fixed by geologic arguments or by
K-Ar dating, this excess determines the total f$-decay rate.

Laboratory experiments have provided bounds on 2V and Ov fl~-
deray and, in one case, a 2W half life. Of course, only the
elrctrons are detected. A plot of the sum of the eleclron kinetic
energies T is shown in Fig, 2. For Ov f!fbdecay a spike ia found
at T= T , the total kinetic ●nergy release; for 2V decay, the
distribution is continuous over the range from T = O to To.

Table 2: A summary of geochemical ~~-decay reISulLs. The total
kinetic ●nergy carried off by leptons, To, is given in
units of the ●lectron masa.

Reaction
.-—.———

To (mec2)
..—

_J(:-A
..—.—.

~30Te ~ 130Te 5.0 (2.0 - 3.1)”1021 [9,10]

128Te + 12t9(e 1.7 (3.2 - 4.9)”1024 [11]

82se + 02Kr 5.9 2.76 ● IO*O [12]
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0.6 0.8 12 1.6
T (Mv)

Fig. 2. Comparison of the differential decay rate dw/dT, where
T it the sum of the kinetic ●nergieG carried off by the
●lectrons, for Ov ●nd 2V ~fl-decay. The Ov spectrum is ●

line ●t T = To.

Table 3: Laboratory Limits on 2V And Ov #$-decay.

Renction TO (mec2)
.—

48c8 + 48Ti 8.4 ~ lozl”~, Ou [13]

~ ]019”66, Zv [13]

TGGe + T6Se 4.0 ~ lo*l”~, Ov [14]

azse + ●2Kr 5.9 : -921”6, Ov [15]

@e”020”2 , 2V [16]

The ●xperimental task of discerning signal from background is
thus simpler in the cmse of Ov decay, ●ccounting for the strin8ent
limits ●bowm in Table 3.

The remainint task in to comparr these results with the theo-
retical prediction for ~~-decay r diated by Dirac ●nd Hajorana
neutrinos. If the neutrino in Dirm
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(4a)

UJ=UJ CmMaJ> ) .
2V + Wov(m v (4b)

(I have mllowed brea’ing of the y~-invariance of the weak leptonic
fia,,

current by ● ❑ ass <m , ●s discLssed ●arlier, ●nd by an ●xplicit
right-handed current ~fv stxength q.) Clearly the ●xperimental
limits on Ov ~&decay constrain the mass and right-handed coupling
of a Hajorana ●lectron ~~~trino provided one can calculate WOV●s
a function of q ●nd <m . One can ●lso use total geochemlcal
rates to constrain these pa~ameters.

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

a)

\e2

\‘1

b)

\ea

\
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/
nucleus

*
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{
state <=>
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initial
nucleus
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nucleus
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Fig. 3. Two-nucleon ●echanisms
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for 2V (a) ●nd Ov (b) ~~-decay.
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‘N
-E1+u+c-<EN-E1>+u+ c (5)

sum over virtual nuclear states can be compll ed by closure.
Eq. (5) EN and E represent the energies of the intermediate
initial nuclear &ates, while v and E are the energies of the

neutrino and electron emitted in the first ~-decay.] Evaluating
each ~-decay in thfi $al owed approximation and special~zing to
transition between J = O nuclear states, one finds

U2V=#$ [FPR(Z+2)]2

~11
1

(<EN - E1> + To/2 + ❑
— f(To/me)2 ;!

e)

x [F;l~l 2 + F:ltlGT12 - 2F;F:Re(MF ● H:T)l (6a)

where

2nazFPR(Z) = ~ . exP(-2~~

f(E)
~2 ~3

=&’[l.};+r+x

~=<Fl+Z ~+(i) ~+(j)l I> (6d)
ij

(6b)

84

+ id
(6c)

(6e)

The factor 42V 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 cm occur via
the two-nucleon process of Eq. (3). The rate can be calculated
for the following choice of the leptonic current

Jfp(xl = $e(x)yp[(l - Y5) + fl(l + Y5)14J~aJ (X) . (7)

The y5-invariance is broken by an explicit
admixture q and by a Ma.jorana neutrino mass

<~@~-handed current
The general

‘v”
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result for
is somewhat

rl=o =
‘Ov

where

the decay rate for transitions between Y = 0+ states
complicated [17,18]. We given oal.y the rate for q = O.

<mW, *
t ‘4 [FPR(Z + 2)]2m~ ( m ‘)
‘=OVF

e

f@ =
4&2 + C2 + g]

&[l+2&+—
3 3-- 30

g(r..)
M; = <Fl$ Z ~+(i)~+(j)~(i) *~(j) ~11>

ij iJ

g(r..)
M; = <Fl$ Z r+(i)~+(j) ~11>

ij lJ

with g(r,.) = 1 a slowly-varying functiofi of r., =
the gene~~l result for q # O two additional r~at~~x e

g(r,.)

‘3
= <Fl$ 2 ~+(i)~+(j)~ij *&(i)?ij *;(j) ~~~

ij ij

(8a)

(8b)

(8c)

(8d)

+
r. -;jl. In
e~ents

1> (9a)

. R

‘4 = <Fl# 2 r+(l)~+(j)Rij*(~ij x (~(i) - ~(j))) +’ g(rij)lI>
ij ij

with R.. = 1;. + ;.1, also appear. Note that the the matrix ele-
ments ~~ Eq. ~Ea)Jdiffer from the 2U operators MF and MGT only by
their radial dependence, g(rij)/r, ,.IJ

To evaluate the expressions in Eqs. (6) and (8) one must cal-
culate the two-body nuclear matrix elements. Recently che 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 provide a
brief summary.
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The $~-decay transition 48Ca + 48Ti appears extremely favor-
able: the structure is thought to be relatively simple, and the
large kinetic energy release T = 4.3 MeV promises considerable
phase space enhancement of the pate. However, Lawson showed in a
simple Nilsson ❑odel that t9GT = O as the result of a K selection
rule [1.1]. This constraint 1s relaxed a~mewhat in more realistic
intermediate coupling ❑odels. Our shell ❑odel diagoual.ization was
performed with the Kuo-Brown full g-matrix [22] in the 2plf model
space. A closed 40Ca core is assumed, and all configurations of
●ight valence nucleons for which the lf7,2 occupation is at least
four

more
ical

are allowed, I

The treatment of the decays 76Ge + 7%e and a2Se + 82Kr is
complicated, A direct shell model calculation in the canon-
model space, involving the orbitals lf5,2, 2p3,2, 2p112, and

$9’~nstead employ a
lying between the magic numbers 28 and’50, is’mt febsible.

weak coupling approximation in which full
shell modeJ. calculations are performed separately for the v~lence
protons and neutrons [19]. The proton-neutron interactAun is
then diagonalized in a basis formed from the 50 proton and 50 neu-
tron wave fun~tions lowest in energy, yielding wave fuactions of
the form

(lo)

We again employ Lhe Kuo g-matrix. It should be noted thaL certain
spin partners, lf7,2 and lg., z,

k
are outside ~he model space.

Naively onc Pxpects the influe ce of these subshclls to be small.
Furthermore, inrlu~ion of these orbitals would introduce spurious
center-of-mass wa’le function component~ that could have serious
effects, as the g- ●.rix i6 not Lranslationally invariant,

The calculations for thr decays ~30Te + ~30Xe and ‘28TF +
‘*aXe were also performed in a weak coupling bssis. ‘fhe mode]

space includes Lb.= orbital~ lg7 z, 2d5 z, 2dJ z, 3s1 z, and lhll z
4lying betwem the magic numbr s 4 ‘6:9 $nd 82,’and L e interactl n

employed is that of Baldridgr and Valy 123]. Thr separate proton
and neutron calculations involve sufficiently many configurations
that some re6iLrictions musl he imposed on thr occupation of th~
less favored orbitals.

‘a~> will deprnd 011The reliability uf our limits on ~ ●nd ~m
the quality of th~se wnvc funcLions. There is or% obviou~ check
suggestml by thr nimilarily of the OV matrix elements to thosr
governing 2v fi~-dPcfIy: do thesr wavr [unctions proprr]y rtpro(lurp
th~ 2V decay rates?
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The results shown in Table 4 are surprisin ~ Theoretical
and laboratory rates for 2V $fl-decay ir. 4aCa and 0 Se are in good
agreement. However, the upper hounds that can be placed on I?l I
from total geochemical rates are consistently ❑uch smaller t ll~n
values predicted by theory. The laboratory ●nd geochemical rates
are also in shar

‘2 Se+ 8$&iRa8re
ement for the one case permitting a com-

g;;;son . The large theoretical matrix elements for
‘2Se, 12aTe, and ‘30Te come about throrgh a coherent addi-

tion’of ❑any amplitude in the two-body dentiity ❑atrix. Very re-
cently Zamick and Auerbach [24] have obtained similar theoretical

4aCa and 76Ge using a Nilsscin model with pairing.
~~~~~~a~~~y~c~h~~ attribute the coherence found in the shell model
to pairing, and demonstrate that large matrix ●lements 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--w~ighted sum over intermediate nuclear states by the
non-enecgy-weighted sum. Yet both the coherence described above
and tests involving explicit sumation over low-lying intermediate
states [19] indicate that no significant bias is introduced by Lhe
closure approximation. A possibility of great interest in view of
the discussions at this conference, the coupling to delta-bole ex-
citations, had liLtle effect on HCT in the calculations of Zamick
a:ld Auerbach 124].

Table 4: Calculated and Experimental Double Gamow-Teller tlatrix

‘lements ‘CT”

Nucleus
—-—.

IH ICT Lheory-. -.. . . ..
Ill I_ GT ●xp

130Te 1.48 [17] 0.10-O. 13* [9,10]

128Te 1.47 [171 0.M-O.23* [11]

n2rJe 0.94 [19] 1.43 [16]
0.27* [t2]

7r3Ge 1.28 [19]

4Rca 0.22 [20] : 0.19 [13]

*
Haximum valurs detrrminrd from total gcochcmical rates.
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Alternatively, one can quextion the geochemicsl assumptions.
Are noble gases retained in the ore over 8eologic times? The con-
sistency between geolo~ic ●stimstes of the ore age ●nd the results
of K-Ar dating demonstrate that this ligher noble gas does remain
in the ore [25]. Furthermore, there is reasonable consistency be-
tween the Be. lemical half lives determined from different ores by
different geochemist [25]. In s~ry, we cm find no obvious
flaw in the geochemistry, in the theoretical trea-ent, or in the
‘2Se laboratory ●xperiment of the Hoe ●nd Lowenthal. The origin
of the inconsistencies in Table IV is unknown.

0bsemin8 that the OV matrix ●lements differ from their 2V
counterparts only by the gentle radial dependence 8(r..)/r..,
Primakoff ●nd Rosen [6] sugaested in their ●srly work on $~-de~~y
thst ● sc#ling relation might ●xist bet ~en Ov ●nd 2v ●atrix

= l/R “
;;?e;~;;u;i%ls for” ‘i;~~ a2~~,

= 1.2 Al J the nuclear radius.
~2aTe, sod laOT@ demonstrate

thst this scalin8 holds remarkably well, though with J somewhat
different strength, H“/ti = (0.57 t 0.03/R . One then expects

% ~tes of 2V ●nd to!al ~~-decmy rates tothe discrepancies in ● ti
carry over
bounds on <m

~j~~ ~’~d~c;~~ t~~eP~~~~~~~n~f ~~~’t:~~t~~~a~~ntt~~

Fig. 4.

Fig. 4. hfi~~$ 1ines SIIGW boundaries of ●llowed rc8ions in rl -
pl~nc which result if s1l ‘zSe ~~-decay matrix

v●lenwn s ● re normalized to reproduce the total 8rochem-
ical rate [12] ●nd the laboratory 2V late of Hoe ~nd
Lowenth~l [16]. Solid lin~ ●mployn theoretical matrix
●lement-.
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Pontecorvo suggested that the question of matrix element nor-
malization ❑ight be circumvented b,3JT;ompari ng flfl-decay rates for
two different nuclei, lza’fe and As the structure of these
isotopes differs only by a neutron pail, Pontecorvo assumed that
the fl~-decay nuclear matrix elements would be identical. The Los
Alamos calculations (see Table IV) and those of Vergados [26]
support this assumption. The raLio of the total ~fl-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

:3128)
— = 5100

l:’)( 130)

and

so th~t thr raLio of half Iivrs Lt’sLs srnsiLively LIIC dPt’,Iy mrrh-
anism. The rxprrimrn~.al rr~lllL ( 111

sug~csts that both 2U nlld OU flfi-dccny may bc rontrihuting.
tlJ1.)>

‘rh(
ViilllPS for tl nnd <m Lhilt arc coilsi~LenL with the FxpcrimenLu]
rtitio ctin h<’ drrivrd ~iven only thr r~lativr sLrrngth of tlIe ~V
Jlld Ov m;ll rix rlemrnts, Ttlp fiolutiofl i~ SIIOWIIill FiK, S,

1 br]ievr thdt thi!i purportrd rvidrnce Ior Irploll Ilumhrr vlO-
liitiofl is really ql.liLf’ wrak. It i~ di!firlllt to 0[’(c:I1 Lhr thco-
rrtical d~mon~tration 0!” MatriX r]CmCllL rqutility in Vlt%’ of thr
nlnrming dincrrpanry hrtvrrn lhrory and g~olhemistry in thr nt~so-
5olutr r3tes. Furlhcrmorc, KirsLrn hn~ rr(’rut]y rcporlrtl 125] R
mrnsurrment of” Lhr halt lift’ rntio wllicli IN irlt’on#i~LrllL with lhc
ol[lcr fli~s{]uri group value [Ill givrn FIhovr mId collsi~trut with
]rp~oll nllm}jcr (oll~erval ion, Whilr KirRten’~ meafillrrrnrnt wa~ mndr
Willl rrlativc]y young err, and lhuf~ hifi ~tnti~ti[nl rrror rxcrrdn
thht 0! the tli~~ouri ~rollpj certainly his rrRult ,ndirate~ that
tllr vxl)rrimental ~ltulltioll i~ ull~~ttlrd.

ttklJ \
In ~unmmry, thr laboratory Ilm;’fi 011 Ov ~P-drl’ny ylrld ‘m -v

r. (9-52) rv, With tllr rnngr rrf’le[’lj.lg t.tle (li~(rrpnllcy hftwrrll tllr
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Fig. 5. Values of ~ and <mtia j>
lyin8 on the dashed line ~;;e,

under the ●ssumption o~ ●qual matrix ●lements in Te
●nd 12aTt, the rs’io of 8eochemical rates measured by
the Missouri 8roup Ill], The rnolid line~ show the bound-
●ries of the ●llowed regicn derived by usin8 theoretical
matrix elements and attributing the ●ntire decay rate to
OV ~~-decay, The inconsimLency between solid ●nd dashed
lines reflects the disagreement between theory [17,19]
and tbc 8eochemical results [S,10].

laboratory and 8eochemical measurements for a2Se. If the magni-
tudes of

<m~a)~ix
●lements arc taken from the Loa Al-moo cnlcula-

tiona, :, 13 eV; in this came one findt that the limits
on OV decay i: 4eCa ●nd ‘%e impose somewhat lest strin8ent con-
straint on <m~a~> . The geochemical rates in lgOTe ●nd 12aTe
8i~$, under the Po~tecorvo ●a~u.mption of equal matrix ●lement-,
<m ‘> : 10 ●V. (Ve choose the inequality because of the con-
flict %et&een the result- of Kirsten and the !’linrouri Uroup.)

Thus a cautious intrrprrtation of these rrsults indicates
<m”aJ> < 50 @V. If, in ●ddition, one chooses to believe the
Pontec8rGo ●aaumption, the result of tloe and Lowenthal, or the
theoretical~on:trajnt <#jjx ●lement calculation, then the more strJn8ent

~ 10 eV follows. Recently, ● measurement of
the ~ndpoint apec?rum in the ~-d~cay of thr tr~ton yielded ]L <

m :46eV [8]. If this is corrr.t, th~n the more otringent fl~-
d~cay limit demonotratea that th? ●lectron neutrino cannot be ●



16

tlajorana ❑ asa eigenstate! This ex~iting result underscores the
importance of ●xtending current Ov ~~-decay limits one to two
orders of magnitude ●s, under the most cautious interpretation,
such results could test the charge conjugation properties of the
neutrino.

Finally, I would like to mention a few topic~ that may convey
some of tbe flavor of present studies in ~~-$ecay+ Rosen [27] ●nd
DcIi ●t al. [18] recently pointed out that O + 2 Bfl-decsy trafis-
itions ●re of particular interest in that the Ov mechanism can
occur only via the right-handed current. Unfortunately, ●ccording
to our LUL Alamos work, the m~trix ~leme~ts that govern such
transitions are quite weak, so that O + O transitions provide
much more ~trin~ent constraints on q. If, however, Ov decay it
observed, O + 2 transitions ❑ay prove ● valuable tool for sepa-
rating mass effects frou those of the right-handed current.

There baa ●lso been considerable discussion of mechanisms in-
volving the ~~-decay transition A3a + n within the nl]cleus [18,28,
29]. It can be shown, #n t~e ●llowed approximation, that this
amplitude vanishes for O + O 2V ●nd, iII tty SU~) limit, OV PP-
decay. TLe possibility of stron8 A33 + n O + 2 Ov transitions
is presently under study. Other lepton nun15-r-violstin8 ~fl-decay
mechanisms that have been discussed include ?lajoron production [30]
and Higgs exchan8e [31] (Fig. 6). Rrcent work indicates that the

Fiu. 6. tlcchan~sms for ~~-d~cay involving (a) tlajoron production
[30] ●nd (b) Hicss cxchan8r [20,31,32].
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Higgs ●xchange mechanism is much less important than originally
believed [20,32]. Ilajoron production poses a difficult problem
●xperimentally, as this light scalar would carry off kinetic ener-
gy, leaving an electron energy distribution that would be diffi-
cult to distinguish from that for 2U decay.

‘aj> except in theWe have not discussed the definition of <m
case that the neutrino is a mass eigenstate. Wolfe#stein [33] has
shown that in Cp-invariant theories where multiple Majorana neu-
trinos couple to the electron

<m~a.j,= 1 C;Niro;aJv
i

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

difference that is constrained in ~~-decay, and this quantity then
is not simply related to that ❑ ass measured at the tritium ~~-
decay ●ndpoint. Doi et al. []8] have considered more general mass
matrices arising in CP-noninvariant theories.

Finally, in view of the general concerns cf this conference,
there is an interesting possibility thaL rigorous upper bounds can

be placed on IllGTl by measuring the CT stren~th distributions in
the intermediate nuclells from both parent and daughter. Thus 13f3-
decay nucl~i may be attractive candidates for 00 (p)n) and (n)p)
studies [34]. Also, such CT strength distrj.butions may provide
irnportanL tests of the nuclear wave functions presently employed
in $f.1-decay stadies.

SOMR NEUTRINOS

1 will now briefly discuss th~ solar ncutrlllo pu7zle and the
importance of GT strength mcasurrmcnts to futurm pl~ns for neu-
trino spectroscopy.

To c!atc only a single sol~r nrutrino experiment, the 27Cl ex-
periment of Ray Davis, Jr., and collaborators, (35] htis brcr~

mounted. The refilllting cap~urr rate, 1.95 t 0.3 SNU, is in neri-
ou~ disagreement with the prrdictioll~ of Lhr ,standard solar and
we~k intrrnctioll modrls, 8.0 SNU [36] (1 SNU = 10-3e cnpturrB/37Cl
atom/a), If this di~crepnncy ~s CIUCt.o a m{sund’’rfitnnding of the
physics of the :;olar interior, Lhr implications for present theu-
riesi ot’ ~tellnr evoluLioII cr)IIld be profound [37]. Alternatively,
if the Run docn produrr thr cxprcLrd nrutrino Ilux, Lhrn sorer
mrchnnism munt he allcrjng tlIc rllnr~rtcr of thoHt flvutrinos brforr
thry rench c~rth. Thi~ Ruggrxtlon now firrms part iru]arly intcr-
eaLing in vi~w of recent rvidrnrc for mofisivr nrutrillon [8] and
nrutrino oRrillation~ [38].
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These two classes of solutions to the 37C1 puzzle can be dis-
tinguished.

‘rof:sed ‘edifications
of the standard ❑odel to

accommodate the Cl capture rate result primarily in a reduced
flux of high ●nergy (14 Hev endpoint) *B neutrinos, whose produc-
tion depends ❑ost critically on the central temperature of the sun.
Neutrino oscillations or decay would, ●xcept under unusual condi-
tions, affect all components on tile solar neutrino flux equally.
Thus there has been great interest in mounting new experiments to
complete the spectroscopy of the neutrino sources shown in Table 5.
Today I would like to describe three possibilities for new experi-
ments that I find particularly interesting. I will emphasize the
importance of ‘O (p,n) Gamow-Teller (CT) strength me6s(~rements in
eliminating uncertainties in the neutrino capture cross sections
estim,tes for each of these experiments.

Kuzmin [40] sug~ested a solar neutrino experiment based on
tt,e reaction 71Ga(v,e)71Ge. The calculations of Bahcall [41] and

7’ Ga capture rbte in the standardothers [42] indicate that the
model is primarily (70%) determined by the flux of ~eutrinos from
the driving reaction of the pp-chain, p + p + Zt! + e + v. The pp
neutrino flux is effectively fixed, provided only that hydrogeu
burnink is the sun’s energy source, by tile observed solar lumi-
nosity. Thus, if a 71Ga experiment yields a capture rate much

Table 5: RearLions (1) - (4) pr~duce solar neutrinos with contin-
u;;~ distributions, while (5) and (6) are linr sollrces.
E is Lhe maximum energy of the neutrinos for all reac-

tk’ons except (4), wh~rc i,t hns bee[l computed with rr-

spect t.o the center of the broad 2.9 HPJI *BP resollanre
popllgted in Lhe @-decay uf *B, Fluxes are taken from

thP standard solar model calculation of Bahcali et al.
f79J.

Reaclion E:8X (MeV) FILIX (lG10/rm2s)

(1) p+p+zll+e++u 0,420 6.1

(2)
+l~N .) l~c + c + U 1.199 4,fj x 10-2

(3) 150 b ;SN + ●+ + v 1,732 3.7 x ]0-2

(4)
+

5.85 ~ 10-4SR , 8Br + c + v )4.02

(r)) 7BP+ P P ‘Li + V 0.862 (89.6%) 4.1 x ]0-1

0.384 (10.4%)

(b) ~)+~-+p+ztl+v 1 .4Ii2 ],5 x 10-2
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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 &rIz and large mixing
angles far beyond that possible with terrestrial neutrino sources.

The primary obstacle to the Brookhaven proposal for a 71Ga
experiment is the cost of the requisite quantity of gallium, esti-
❑ated to exceed $25 million. However, there are in addition nag-
ging uncertainties in the capture cross section.- Gamow-Teller
transitions to two excited states in 71Ge, the 5/2 (175 keV) and
3/2- (500 keV) states, can be excited by ‘Be neutrinos. ?he ‘lBe

*B ceutrino flux,neutrino flux, like the depends sel:sitively on
the sun’s central temperature. If the GT str~OgthS for these
transitions prove to be unusually strong, one cculd no longer ar-
gue that the 71Ga capture CTOSS was insensitive to sol&r model
assumptions , Bahcali bas argued from nuclear systematic 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 00 (p,n) mappings with
175 kcV resolution would settle this matt,”r, (Note: In the dis-
cussion following this talk Dr. Orihara anuounced results of (p,n)
measurements performed at Tohokll University showing that ●ach of
these transitions is quite weak. This substantia’.es the theoreti-
cal work of Bahcall and fllrther strengthens the argument for doing
the 71G experiment. )

Davis, Sam Hurs~, and collaborators [44] have considered de-
signing a solar neutrinc experiment hascd ov the reaction
8’Br(v,e) 8*Kr originally discussed by R. D. SCOLL [45]. The
techniques developed by Davis to isolste 37Ar could also be used
to collect 81Kr, and noble gas resonance ionization spectrometry

‘lKr cou.lting atmight permit the necesgary sensitivity. The 13-
’46] and the calculations ofdec~y measurement of Bennett et al. ,

Bahcall [47] and Haxton [48] indicate :hat the capttlre ~ate is pre-
dominantly d~termined by the 7Br neutrino flux. Thus the alBr and
37C1 experiments would togcthe~ determine the 7Bc/8B neutrino flUx
ratio, a quantity that also serves to diatinguiah flaws in solar
physics from those in particle physics: the flux ratio is likely
to ne unaffected by solar oscillaliuna, but is highly sensitive to
modification~ in the standard solar model affrcting the sun’s
cenLral temperature.

The lng(ft) value for the !_irst CT Transition, t.o the 1/2-
(190 kcV) stale in “13r, has been measured by Brnnctt et al. [46].
The nLrength of a sec:nd tran~ition thaL ran be rxcitetl by 7]?F
nriltrinoe) to the 5/2 (457 keV) statr, is unknown. Thus a 00
(p,n) rnea~urement with 270 krV rrHolution woul~ he inr orLant. Un-

I’idc[ltil’ied levels exist at S49 krV and 608 k-V in 8 Kr; if thrBr
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states can be excited by the GT operator, an improvement. in reso -
8B capture rate shouldlution would he required. The Figh energy

also be appreciable, so a complete mapping oi the GT strength dis-
tribution below particle breakup in a]Kr will be needed.

An experiment of quite a different kind has been recently
proposed by G. A. Cowan acd Haxton: a measurement of the concen-
trations of ‘7’~~ and 9UTC produced by neutrino absorption i,l a
deeply buries rno-(yhdenite ore body over the past several million
years [49]. This experiment would test Lhe 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 sudd~: mixing in the solar core four million years ago,

Only Lhe ‘E neutrinos can induce the reaction 9aMo(v,e) 98~c ;

as the *B base space varies slowly as a function of nuclear exci-P
tation energy, no strong restrictions on resolution in CT mappings
exist ~n this case. In addition to ‘II neutrinos, the 7Be neu-
trinos ma~yTc can?. ribute importan~ly to the capture rate for
97Mo(v,e) . A resolution of 25C keV shauld permit. an accuraLe
estimate of this capture rate.

I would iike to acknowledge my collaborators in studies of
13~-deray and solar neiltrlno detectj.on, G, A, Cowan, S. P Rosen,
G, J. Stephenson, Jr., unrl D. btroLtman. In addition to these, I
thank N. Aut=rboch, S. Austin, F, Avignone, J. N. Bahcall, the Kent
State group, J. Rapar,urt, and L. Zamick for helpful conversations
and communirat.ions. This work was suppcrted in part by the
National Scienrc Foundation (grant no. PHY-8021272) a,ld by the
Department of Energy.
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