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In supersymmetric theories vrith R-parity violation, there are new contributions to neutrinoless

double-beta [(PP}p„]decay that do not involve the exchange of Majorana neutrinos. Experimental
information on (PP}~ decay can therefore be used to constrain parameters of supersymmetric
theories. %e also discuss neutrino mass in these theories. %e then discuss how R-parity-violating
interactions can be induced in the low-energy sector of a theory that respects R-parity conservation

prior to symmetry breaking.

I. INTRODUCTION II. DESCRIPTION OF THE MODEL

The minimal supersymmetric extension of the standard
model consists of the following superfields, with their
SU(2)~ XU(1)XSU(3), transformation indicated within
parentheses next to the fields: quarks Q (2,—,',3); U'

(1,——,,3); D' (1+ —,,3'); leptons L (2,—1,1); E'
(1, +2,1); Higgs bosons H„(2,1,0); Hz (2,—1,0). We
have suppressed the generation index for fermions and as-
sume that supersymmetry (SUSY) breaking is dictated by
N=1 supergravity. The nongauge interactions of this
model are specified by the following general form of the
superpotential where we have imposed global baryon-
number symmetry to avoid rapid proton decay:

W=huQH„U'+hd QHdD'+h, LHdE'+i'iH„Hd

+i'2H L+f~ QpLqD +h~p q) LpLqE

where p, q, r stand for generation indices and [p,q] implies
antisyminetry in the two indices; h„,hz, and h, are ma-
trIces in generation space. Supersymmetry-breaking terms
in the Lagrangian dictated by a super-Higgs effect in an
N= 1 supergravity model have the form

~ss ——min J d 88 W+ I d 88 p,,R', 8'-,,+H.c. ,

(2)

where a goes over all the gaugino fields of the model such
as the W gaugino (W) Z gaugino (Z), photino (y), and
gluino (g); 8' represents the supersymmetric representa-
tion of the gauge field tensor E„„;and 8 is the two-
component fermionic coordinate.

It is clear from Eq. (1) that 8 parity defined by
( —1} + +~(where 8, L, and S stand for baryon num-
ber, lepton number, and spin, respectively) and lepton-
number symmetry are violated by the p2, f, and h terms
in the superpotential. They will, therefore, lead to pro-
cesses that violate lepton-number conservation. Many of
these processes have already been studied previously.
Here, we wish to focus on the neutrino mass and neutrino-
less double-beta decay. Before proceeding to this applica-

Neutrinoless double-beta decay' [(PP)~ decay] is be-
lieved to be a sensitive probe of physics beyond the stan-
dard model. In the standard SU(2)z XU(1} model since
8 Lconse—rvation is automatic, (PP)~ vanishes to all or-
ders in the weak interactions. However, once the possibil-
ity of 8—L violation (either spontaneous or explicit) is
accepted, the above processw, hich violates the 8 L—
qumtum number by two units, can occur in a variety of
ways. The simplest and the most well-known way is via
the exchange of Majorana neutrinos or the presence of
(8 L)-violatin—g right-handed currents, and in fact,
present limits on the lifetime for (PP)~ decay are general-

ly interpreted to give an upper limit on the Majorana mass
of the neutrino. It has since been pointed out that, in
left-right-symmetric theories with Majorana neutrinos,
there exist new contributions to (PP}~ decay that involve
the exchange of heavy right-handed neutrinos as well as
the exchange of doubly charged Higgs bosons. s Experi-
mental information on (PP)~ decay can, therefore, be
used to constrain parameters of the left-right-symmetric
models. In this paper, we point out that general super-
symmetric extensions of the standard model give rise to
lepton-number-violating interactions, which, in turn, can
lead to completely new contributions to (PP)~ decay that
involve exchange of gluinos and photinos (and not Ma-
jorana neutrinos). Existing low-energy data constrain the
parameters that control the magnitude of the double-beta
decay rate but are such that the new contribution can be
large enough to be visible in on-going experiments. Turn-
ing the question around, experimental data on neutrinoless
double-beta decay can be used to constrain the parameters
of the supersymmetric model. We also study the neutrino
masses in these models and then discuss the simplest ex-
tensions of the standard model where 8 Lconservation-
is automatically restored. In such models, 8 parity can be
broken by the vacuum leading to an effective theory at
low energies that has induced R-parity-violating interac-
tions. This kind of embedding may help to fix the
strength of the 8-parity-violating interactions.
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where the subscript 1 stands for fermions of the first gen-
eration.

Let us now turn to the magnitude of the coupling. To
study this, we note that Eq. (3) contributes to P decay of
neutrino via the Feynman diagram in Fig. 1. The
strength of this contribution is given by f„q,/M&, and
has pure V —A form, as can be easily seen after Fierz
reshuffling. As a result, it adds to the usual Fermi cou-
pling. This contribution must therefore be less than 1%
of the Fermi coupling from observations on P decay and
n ~ev decay leading to the constraint

f„d,/M~, &2~2GRX10 (4)

FIG. 1. A new contribution to neutron beta decay in a super-
symmetric extension of the standard model.

WaL~O f~,g)L)D)+H. c.+ (3)

tion, we would like to briefly comment on the allowed

ranges of the couplings f and h. The most stringent con-
straints on the couplings come from (M~3e and KL
~p, e decay but both these constraints can be satisfied by
constr&mug h[ 1

~ md h[ l„.to b tiny' but sin~
fy, ,e)e~

these couplings do not play any role in neutrinoless
double-beta decay„we will not concern ourselves with the
details and simply set h =0. Also for simplicity, let us set

(Ql ——0 and assume that f is diagonal in the quark indices.
The part of the f coupling relevant in our discussion is
given by

III. MAGNITUDE FOR (pp)D„DECAY

Coupled with the Majorana masses for the Z gaugino,
photino, and gluino„ the R-parity-violating interaction in
Eq. (3) will contribute to (PP}o„decayvia the Feynman di-
agrams in Figs. 2(a)—2(c). The contribution of the gluino
exchange diagram in Figs. 2(a) and 2(c) can be estimated
to

1 1

M„- M& e

M-4n.a,
X 1 1 Q LdRpQ LdR, KLCeLp2+M 2

(a,P denote the color index), whereas those involving the
exchange of y, Z from Figs. 2(a} and 2(b) are

2 2
(g) fiuk g'

cos 8gr

1 2
T —TSln 8a —

1 +sill 8a
+ 1 Sill 8' t Mg

+ 4 Q LdR~Q LdRpeLCeL 1
M~,

"
p +M@

(6)

M-
M ~frigg 417(x ~

—
4 + 4 Q LdRNQ LdRpeLCeL( ) 2 j, 1 p y y

3M„- M,— 3M~, p2+M-

In order to estimate these contributions 'we first consid-
er the gluino-exchange diagram which has the strongest
couplings, among all these graphs. Although it involves
color-octet operators if the gluino is heavy, the net in-
teraction is pointlike; as a result, we can do a Fierz
reshuffling and make both the operators into color-singlet
ones with an extra factor —', . For further estimation, let us
assume M„-=M&„'since the present collider result seems

to indicate' that M„-=M&,=M- & 60 GeV, with

M-& 100 GeV; using this, we can predict the strength for
neutrinoless double-beta transition decay to be

where A,„,(M ) represents the nuclear matrix element of
the hadronic part of M.

However, we wish to emphasize that, crucial to our
conclusion is the assulnption that we can do Fierz reshuf-
fling leading to color-singlet operators which is, of course,
valid ln the strict point-Interaction llllllt. If this ls Ilot al-
lowed, then, the matrix element will be extremely
suppressed since we will need colored intermediate states.
These objections do not apply to y or Z exchange, which
we consider now. A.gain, for simplicity, we assume
M„-=M,-=M&, & 60 GeV for the Z exchange and we get
for the strength of the (PP)o„amplitude

(z) f~ 7X 10
A (pp) M Appal(M )

ov
(9)
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As far as the photino contribution goes if we make the
same assumption as above, the amplitude vanishes; how-
ever, experimentally, the lower bound on M,—is about 50
GeV, whereas as mentioned before collider results' put a
lower bound on M-& 60 to 75 GeV. As a result, we ex-
pect the cancellation to be imperfect and if we define
Am =M~ —M, , we find

g)(
2

(y) J ude
A (pp)

~
4

(10)

The photino and Z-gaugino exchange diagrams could be
comparable, because while the present lower limit on M-
is about'0 5 GeV and that on M- could be of order" 33
GeV, we assume the factor (1+rri- /m,—)b,rn /M,- = —,

'

to —„.From now on we will assume the effective Z
strength to be comparable.

I.et us now turn to discussion of the nuclear matrix ele-
ment in order to put bounds on scalar-quark and scalar-
lepton masses from experimental limits on double-beta de-
cay. For this purpose, we will consider the gluino dia-
gram separately from the photino and Z-gaugino dia-
gram. In the case of the former, we assume that we can
make a Fierz transform.

The nuclear matrix elements here are Fermi type and,
as has been noted, ' they are expected to be about 1% of
the corresponding Gamow-Teller (GT) matrix elements,
due to the fact that there are no nuclear states in the same
isomultiplet as the ones that undergo double-beta transi-
tion. Using a finite-size approximation for the nucleus'
and following the discussion of Haxton and Stephenson'
(their Fig. 14b) and using the suppression of the Fermi-
type matrix element, M~ ——10 MoT, we estimate that
the constraint of (PP)o„decay of 6Ge implies (for a typi-
cal gluino, photino, or Z-gaugino mass of 100 GeV)

a &Gp g10
M„-

TABLE I. %'e summarize the lower bounds on the scalar-
quark masses for various values of the gaugino mass coming
from a lower bound on 7 Ge Ov half-life of 2.5X10 3 yr. The
gluino case and the Z+ y case are given separately.

FIG. 2. New contributions to neutrinoless double-beta decay
in supersymmetric extension of the standard model mediated by
(a) photino (y), (b) Z-gaugino (Z), and (c) gluino (g) exchange.

Gaugino mass

100 GeV
10 GeV
10 GeV
10 GeV

Lower bound
on m„ for the

gluino case

3 TeV
950 GeV
300 GeV
105 GeV

Lower bound
on m„ for the

Z+y case

440 GeV
150 GeV
40 GeU
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V. 8-PARITY CONSERVATION IN EXTENDED
TO ELECTROVfEAK MODELS

a- =1.6&10Z+y

where we have assulncd

(12)

and for the photino, Z-gaugino case

M-&380 GeV .

MzA„(Mz)=(hm /M~ )M~A„„,(M„).

Clearly, using the maximum value in the constraint in Eq.
(4), we find, for the gluino case

(13)

We now wish to point out that the existence of an R-
parity- (and L-) violating interaction depends on the kind
of electroweak gauge group one works with. As an illus-
trative example, consider the SUSY electroweak group to
be SU(2)L, XU(1)I,„XU(1)ii L. In this case, there exist

no interactions' in the superpotential that violate lepton
number. To see this, we assign the quarks and leptons to
the gauge group as follows

for quarks, Q(2, 0, —,
'

), U'(1, ——,, ——,
'

), D'(1, + —,, ——,);
for leptons, L (2,0, —1), E'(1,+ —,', + 1), &(1,——,', + 1);
for Higgs bosons, H„(2,—,,0), Hq(2, ——, ,0) .

In Table I, we give the constraints for various values of
the gaugino masses using Fig. 14 of Haxton et al. ' as re-
scaled by Caldwell et al. using the Ge Ov half-life' of
& 2.5)& 10 yr.

The most general gauge-invariant superpotential in this
model can be written as

W= h„QHN U'+ hd QHgD'+ h, LHgE'

IV. NEUTRINO MASS +h+H„v'+pHgHd . (15)

The dominant contribution to neutrino masses in this
class of theories will come from Feynman diagrams de
picted in Fig. 3. They involve two electroweak
symmetry-breaking doublet vacuum expectation values
(VEV's) and also a supersymmetry-breaking parameter
m 3/2 If we ignore the contribution of higher generations
to the electron neutrino mass, then we estimate that the
induced Majorana mass for the neutrino from Fig. 3 is
given by

m~~ (14)
16m' migs

For a scalar-quark mass of 500 GeV, f„q,'&7.5X10
choosing the SUSY-breaking scale m3qz-100 —1000 GeV,
we find m„&0.5—0.05 eV. This is interesting since it im-
plies that contribution of the neutrino mass to (pp)o„de-
cay is about 10—100 times smaller than the contributions
of direct R-parity-violating interactions. As a result, de-
tailed characteristics of (pp)o„decay must be studied be-
fore one can conclude a value for the Majorana mass for
the neutrino from the (pp)0„lifetime, once it is observed.

for QLD', hdh„(v') /p;
for LLE', k, h„(v')/p, .

(16)

Since h„contributes to Dirac masses of neutrinos, we ex-
pect h„-(mD/Mq ), which for the first-generation fer-
mions is =10 or so. Similarly, we expect hd -10;as

We see that all terms in Eq. (15) conserve the lepton num-
ber (and 8 parity). Of course, the h„term in Eq. (15)
may induce a large Dirac mass for the neutrino, which in
turn may require R-parity violation's or lepton-number
violation via new Higgs bosons to understand the small
neutrino mass. R-parity- (and lepton-number) violation is
not intrinsic to the theory (for instance, we could set
h„=Oand, we will not need any lepton-number violation
at aB). Thus, it may be more natural to work with this
kind of extended gauge models to understand the origin of
lepton-number violation should it be observed. In order to
obtain R-parity-violating interactions from this picture,
we can give a nonzero VEV to the scalar partner of the
right-handed neutrino, ' '6 i.e., (v')&0. Then, via the
Feynman diagram shown in Fig. 4, interactions of type
QLD' and LLE' are introduced The st.rengths of these
interactions is estimated to be the following:

Hu

FIG. 3. One-loop diagram for neutrino mass in the presence
of R-parity-violating interactions.

FICi. 4. Feynman diagram that induces E.-parity violation at
low energies.
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a result, even if (v') ~)u, , the strength of effective 8-
parity-violating interactions is very weak. It is, however,
easy to extend this theory further by duphcating the
Higgs superfields to (H„',Hz ), i = 1,2 with the same quan-
tum numbers as H„and H~ such that the strength of in-
duced R-parity-violating coupling becomes much bigger.
To see this, we write the new supexyotential as

W= g (h„'QH„'U'+ItgQHgD'+h, 'LHgE'+h+H„'v') .

In conclusion, we point out that in the most general su-

persymmetric extension of the standard model, there exist
new contributions to neutrinoless double-beta decay which
may be used to provide constraints on the parameters of
the modeL We also comment on the possible extensions
of the model where such contributions are absent prior to
spontaneous symmetry breaking and can arise with arbi-
trary strength in the low-energy sector after symmetry
breaking.

It is now phenomenologically acceptable for the Higgs
ftelds Hii and Hg to have no VEV; the Yukawa coll-
plings h„~,hq~, h, 2, and h„2can then be of order 1 lead-
ing to large induced R-parity-violating interactions at low
energlcs.
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