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New Vector-Scalar Contributions to Neutrinoless Double Beta Decay and Constraints on
R-Parity Violation
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We show that in the minimal supersymmetric standard model (MSSM), with R-parity breaking as
well as in the left-right symmetric model, there are new observable contributions to neutrinoless double
beta decay (PPo ) arising from hitherto overlooked diagrams involving the exchange of one W boson
and one scalar boson. In particular, in the case of MSSM, the present experimental bounds on PPp,
lifetime improves the limits on certain R-parity violating couplings by about 2 orders of magnitude. It
is shown that similar diagrams also lead to enhanced rates for p, ~ e+ conversion in nuclei, which
are in the range accessible to ongoing experiments.

PACS numbers: 12.60.JV, 11.30.Er, 12.60.Cn, 23.40.Bw

With the standard model of electroweak interactions
brilliantly confirmed by a host of experiments, the search
is on for the next level of physics at TeV or higher scales.
There exist many interesting scenarios which address
the various naturalness problems of the standard model
framework. A generic feature of many of these scenarios
is that conservation laws present in the standard model
no longer remain valid. A typical conservation law that
breaks down is the one corresponding to lepton-number
symmetry. To make any theoretical headway, one needs
to know the strength of the lepton-number-nonconserving
interactions as well as any other kind of interactions that
may accompany them.

It has been known for a long time [1] that neutrinoless
double beta decay (PPo, ) is a very sensitive probe of
lepton-number-violating terms in the Lagrangian such as
the Majorana mass of the light neutrinos [2], right-handed
weak couplings involving heavy Majorana nuetrinos [3,4],
as well as Higgs [5] and other interactions such as those
involving R-parity breaking in the supersymmetric model
[6]. The reason why this observation is interesting is that
the steadily improving experimental limits [7] on ppo,
lifetime can then be translated into more stringent limits
[8] on the parameters of these new physics scenarios.
This is extremely valuable information to have in our
search for physics beyond the standard model.

It is the goal of this Letter to point out another class
of hitherto unnoticed contributions to p po„decay in the
following two classes of theories: (i) minimal supersym-

metric models (MSSM) with R-parity violation and (ii)
left-right symmetric models with a low mass lV~. These
new contributions are of vector-scalar type in that they
involve the exchange of a O'I together with a charged
scalar boson with a virtual light neutrino. These con-
tributions do not involve a helicity flip of the internal
light neutrino, and, therefore, their amplitudes are en-
hanced relative to the ordinary contribution proportional
to the light Majorana neutrino mass by roughly a fac-
tor of pF/m, —(100 MeV)/(1 eV) —10 (pF is the
Fermi momentum of the nucleons in the nuclei). Turning
the argument around, the strength of such lepton-number-
violating scalar boson interactions can be constrained to
be G,qq

~ 10 GF from the (pp)o„process (modulo nu-
clear matrix element uncertainties), which indeed is a se-
vere constraint. The effect turns out to be most dramatic
on certain R-violating couplings in the MSSM in that it di-
rectly involves the R-violating couplings and superpartner
masses. In the left-right models, although such contribu-
tions involve unknown Higgs boson mixings, they do lead
to interesting bounds for a certain range of values for
these parameters. We also point out that similar enhanced
vector-scalar contributions exist in other rare processes
such as p, ~ e+ conversion in nuclei which turn out
to be in the experimentally accessible range.

The new contributions arise from the combination of
two effective four Fermi interactions of the following
type which, as we will show later, can arise in several
interesting classes of gauge models:

GF
H, ff [ey~(1 —y5)v, uy~(1 —ys)d + et'd(l —ys)uv, C '(1 —ys)e

+ ez'd(1 —ys)v, u C '(1 —ys)e] + H.c.
In the above, the first term is the usual (V —A) interaction; the other two are effective lepton-number-violating terms.
In order to evaluate the matrix elements between nuclear states, we need to do Fierz reordering of the e2' term, which
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casts it in the form

GF
2 2

ez'(d(I —ys) ue'(1 —ys) v,

+ 4do-(1 —yg)ue'(I —y5)o-~ v, ).
The parameters e," (i = 1, 2) characterize the new inter-
actions that arise in a gauge model so that any limit on
them translates into limits on the parameters on the theory
leading to this interaction.

It is easy to see that the two interaction terms in Eq. (1)
give contributions to p po, decay which do not depend
on the neutrino mass and involve a vector current at one
hadronic vertex and a scalar current in the other [hence
the name vector scalar; of course as just mentioned, the
E2 -type scalar interaction of Eq. (1) after Fierz reordering
generates also a tensor coupling]. The resulting effective
AL = 2 Hamiltonian is then given in momentum space
by

eel 1
Ht]L=z = GF ~

—e]' + ~u(1 + ys)duy~(1 —ys)dey~(1 —ys)

ee — p 1+ uo. (1 + ys)duy~(1 —ys)dey" (1 —ys) tr~ Ce
~

+ H.c.
8

(2)

In Eq. (2), q refers to the momentum of the internal
light neutrino propagator. This effective Hamiltonian of
course has to be evaluated between nuclear states. This
gives rise to an effective neutrino potential as in the
case of the neutrino mass contribution to ppo, decay
with the difference that (m, /q )N„,] gets replaced by
(y . q/q )N„,] (and a different operator for the tensor
coupling). To the best of our knowledge, such nuclear
matrix elements for PP]], decay have not been evaluated
in the literature. We therefore resort to a crude estimate
and assume an average value of q to be equal to the
Fermi momentum pF of the nucleons in the nucleus
(=100 MeV). The present upper limits on m, of about
1 eV then translates to an upper limit on the new
interaction parameter e as follows:

e'2~1X10 (3)
We realize that due to the crudeness of our estimate

of the nuclear matrix element, the above upper limit is
likely to be uncertain by perhaps a factor of 5 or so.
Nevertheless, it is important to note that the limit on e~ 2,
barring unforeseen nuclear suppression, is rather stringent
and will imply important restrictions on the parameters
of the gauge models leading to Eq. (1). Let us therefore
proceed to the kind of gauge models where the last two
terms in Eq. (1) can arise at low energies.

MSSM with R parity viola-tion —As is well kn. own, the
MSSM can have explicit [9] violation of the R symme-
try [defined by (—1) + s], leading to lepton-number-
violating interactions in the low energy Lagrangian. The
three possible types of couplings in the superpotential are
[10]

proton decay, which can be avoided by setting the A" = 0.
In this case, the baryon number remains an unbroken sym-
me'. ry while the lepton number is violated [11].

There are two types of vector-scalar contributions to
PP]], and related AL = 2 processes. These are shown
in Figs. 1 and 2. The dominant contribution to pp]], in
this model arises from Fig. 1, where the exchanged scalar
particles are the b —b pair. This leads to a contribution
to e2' given by

( g»3P]3]
z 2 p, tan + Abmr] . 5

(2~2GFMb) ],Mq, f
Here A, mo are supersymmetry breaking parameters, while
p, is the supersymmetric mass of the Higgs bosons. tanp
is the ratio of the two Higgs vacuum expectation values
and lies in the range 1 ~ tanP ~ m, /mb = 60. For
the choice of all squark masses as well as p, and the
supersymmetry breaking mass parameters being of order
100 GeV, A = 1, tanp = 1, we find from Eq. (5) that
A j ] 3 A J 3 J

~ 3 X 10, which is a more stringent limit on
this parameter than the existing ones [12]. The present
limits on these parameters are 4~~3 ~ 0.03, A~3~ ~ 0.26,
which shows that the bound derived here from ppo, is

(4)
Here L, Q stand for the lepton and quark doublet super-
fields, F' for the lepton singlet superfield, and U', D' for
the quark singlet superfields. i, j, k are the generation
indices and we have A;~I, = —A~;I„A;'~& = —A;'I,'~. The
SU(2) and color indices in Eq. (4) are contracted as fol-
lows: L;Q~Dk = (v;dj —e;uj )Dk, etc. The simulta-
neous presence of all three terms in Eq. (4) will imply rapid

e

FIG. 1. The dominant diagram contributing to e2' type four
Fermi term [Eq. (1)] in the s]]persymmetric model.
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FKJ. 2. The diagram contributing to e& type four Fermi
terms relevant for p, ~ e+ conversion in the supersymmetric
model.

about 5 orders of magnitude more stringent on the product
A»3A]3~. If the exchanged scalar particles in Fig. 1 are
the s —7' pair, b gets replaced by s in Eq. (5) and one
obtains a limit A]q~A~~2 «1 X 10, which also is more
stringent by about 4 orders of magnitude than existing
limits (A'i2i —0.26, Ai i2 0.03). We note that the gluino
exchange diagram [6,8] discussed in the context of p pic„
constrains only the parameter A~ ~ ~, while the vector-scalar
exchange graphs constrain several other couplings.

The diagram in Fig. 2, due to the antisymmetry of A;~~,
does not contribute to p pti, decay, but will be important
for p, ~ e+ conversion (see discussion below).

Let us note that there exist indirect limits on the A and A'

couplings arising from the induced neutrino masses. The
magnitudes of these masses are given generically by I;~—
A,'z&Ajz&mi, mt/16rr Mq, where mi, t stand for the masses of
the kth and lth down quarks (with a similar expression for
the A couplings). The coupling A;33Aj33 ~ 6 X 10 is
the most severely constrained (being proportional to the
b-quark mass squared) where the induced neutrino mass
has been assumed to be «100 eV, which is cosmologically
safe. The corresponding limit on At3i A't i3 0.24 (using
m, ~ 1 eV) is a trivial constraint to be compared with the

P Pti„decay limit derived here.
Constraints on the left right symmetric -model —Let u.s

consider the minimal left-right symmetric model with a
seesaw mechanism for neutrino masses [13]. The gauge
group of the model is SU(3)c X SU(2)L X SU(2)R X
U(I)ii L. The Higgs sector of the model consists of
the bidoublet field @ —= (1/2, 1/2, 0) and triplet Higgs
fields: b, l.(1,0, +2) e Ag(0, I, +2). The Yukawa cou-
plings which are invariant under gauge and parity symme-
try can be written as

X, = %,h'PW, + %,h'PW, + g, @h~g,
+ Qz, h~@QR + O'I r2r fhLC ''Pi.

+L~R+ H.c. ,
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where h, h are Hermitian matrices while f is a symmetric
matrix in the generation space. 9' and Q here denote the
leptonic and quark doublets, respectively.

The gauge symmetry is spontaneously broken by the
vacuum expectation values (VEVs): (AR) = Vit, (AI ) =0 0

0, and (@)= diag(~, tc'). As usual, (P) gives masses to
the charged fermions and Dirac masses to the neutrinos
whereas (AR) leads to the seesaw mechanism for the
neutrinos in the standard way [13].

The physics we are interested in comes from the left-
handed triplet sector of the theory through its mixing with
the bidoublet field which arises from the couplings in
the Higgs potential, such as Trg, LPkti, @t) after the full

gauge symmetry is broken down to U(1), . Specifically,
there is a mixing between the singly charged components
of P and Ai [14] (we denote this mixing term by an angle
0). This will contribute to the four Fermi interaction of
the form given by the e&' term through the diagram shown
in Fig. 3 with

h~fii stn20

4~2 GFMH+

where we have assumed that H+ is the lighter
of the two Higgs fields. We get h,f ~ ~ sin28 ~
6 X 10 [Mn. /(100 GeV)], which is quite a strin-
gent constraint on the parameters of the theory. To
appreciate this somewhat more, we point out that one
expects h, = m„/ming = 5 X 10 s in which case we
get an upper limit for the coupling of the Higgs triplets
to leptons fii sin20 ~ 10 (for mH = 100 GeV).
Taking a reasonable choice of 0 —Mtv, /Mtv, —10
would correspond to a limit f~~ ~ 10 . Limits on this
parameter from analysis [15]of Bhabha scattering is only
of order 0.2 or so for the same value of the Higgs mass.

p, ~ e+ conversion. —Another class of rare processes
where the new vector-scalar contribution makes an im-
portant impact is the process of p, ~ e+ conversion in
nuclei which arises with an observable strength in the
R-violating MSSM. This inolves the couplings A;~q which

gAL e

e

FIG. 3. The vector-scalar exchange diagram for PPO, in the
left-right symmetric model.
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were not constrained by the considerations of neutrinoless
double beta decay due to anitsymmetry of the Yukawa cou-
plings. Another contribution involves a different product
of A' couplings than what appeared in the p pt1, process.
We parametrize the effective four Fermi interaction for this
process in analogy to Eq. (1) with et' replaced by two

ep, Pe ep,
terms e~ and e~ and similarly for e2. Here e& is the
coefficient of the term GF/J2[d(l —ys)uv, C '(1—
ys) p, ], etc. The effective strengths of these couplings aris-
ing from Fig. 2 (as well as from Fig. 1 with e replaced by
a p, ) are found to be

/

etL ~123~311
et =

2 2 m (ptanp+A mp),
2 2 GFm-m-'

/ /

eP ~213~131
mb (p, tanP + Ab mp), (8)

2 2 GFmbmb,

with similar expressions for e~ 2. The existing limits on
the A' in Eq. (8) are 3213 ~ 0.09, A'131 ~ 0.26, so that
for the quark masses of order 100 GeV, ez can be as
large as 10 ' or so. The branching ratio for p, ~ e+
conversion relative to p, capture can be obtained by a naive
scaling by the nucleon mass and we find B(p, ~ e+) =
10 ' for this choice of e2 . It is interesting that this is
in the accessible range of the current experiments. The
sensitivity of these experiments is expected to improve by
another order of magnitude in the near future [16].

We note that the corresponding predictions for the left-
right model is down by several orders of magnitude.

In summary, we have discussed a new class of contri-
butions to the double lepton number violating processes
which may arise in several extensions of the standard
model. In particular, we find that the existing experi-
mental limits on neutrinoless double beta decay lead to
very stringent constraints on the R-violating couplings in
MSSM as well as the lepton-number-violating Higgs cou-
plings of the left-right symmetric model. Furthermore, we
find the exciting possibility that for the presently allowed
range of parameters in the MSSM, p, ~ e+ conver-
sion in nuclei is in the observable range. While we have
focused on only two classes of models, our results are
more general and should apply to other schemes, such as
I.-violating leptoquark models.
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