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Abstract

The discrete R-parity (Rp) is usually imposed in the Minimal Supersymmetric
Standard Model (MSSM) as an unbroken symmetry. In this paper we study very
weak gravitationally induced R-parity breaking, described by non-renormalizable
terms inversly proportional to the Planck mass. The ligthtest supersymmetric par-
ticle, a neutralino, is unstable but its lifetime exceeds the age of Universe and thus
it can serve as Dark Matter (DM) particle. The neutralino lifetime is severely
constrained from below due to production of positrons and anti-protons, diffuse
gamma-radiation etc. The violation of Rp generated gravitationally by dimension
five operators in MSSM is shown to violate these constraints if they are suppressed
only by the Planck scale. A general theoretical analysis of gravitationally induced
Rp violation is performed and two plausible and astrophysically consistent scenarios
for achieving the required suppression are identified and discussed.



1 Introduction

A discrete symmetry, called R-parity (Rp) is usually imposed [1] on the Minimal Su-
persymmetric Standard Model (MSSM) [2]. This assumption makes the Lightest Super-
symmetric Particle (LSP) stable. The most natural candidate for the LSP in the MSSM
is a neutralino. Indeed, in the MSSM with soft supersymmetry (SUSY) breaking terms
and radiatively induced electroweak symmetry breaking calculations one can show that
one of the neutralinos is the LSP in a wide range of allowed parameters. Moreover, the
relic density of neutralinos in this scenario satisfies the requirements for cold dark matter
density in large areas of SUSY parameter space [3].

The hypothesis of neutralino as Dark Matter (DM) particle is amenable to experi-
mental verification [3]. The neutralinos can be detected directly through their elastic
sca,.ttering off nuclei [4]. The annihilation of neutralinos can produce remarkable indirect
signals in the form of high energy neutrino radiation from the Sun and Earth [5], in the
form of galactic anti-protons and positrons [6], and some others.

If Rp is very mildly broken instead of being exactly conserved then the LSP can be
DM particle, but unstable one. Naively one would expect that neutralino with lifetime of
the order of the age of the universe could provide the DM. But specific neutralino decay
channels, e.g. containing positrons, anti-protons, pions, are severely constrained from
observations. They typically require the neutralino lifetime to be much larger than the
age of the universe [7].

While it is possible for Rp to remain unbroken on technical grounds, there is no deep
theoretical reason requiring Rp to be a symmetry of nature. In fact many models of Rp
violation have been proposed [8] but in the absence of fine tuning they lead to large Rp
violation inconsistent with LSP to be a dark matter particle. Only very weak violation
of Rp can make the decaying neutralino a realistic dark matter particle. Such possibility
was studied in [9] in the context of a specific mechanism [10] of spontaneous Rp violation
through a right handed sneutrino vacuum expectation value (VEV) close to the weak-scale
and a very tiny v»°¢H, Yukawa coupling.

A more natural possibility is given by Rp violation due to gravitational effects. In
fact, it is well known that quantum gravity effects, associated with worm-holes or " vir-
tual” black holes violate all non-gauge symmetries including the discrete ones and Rp
in particular [11, 12, 13, 14, 15, 16, 17]. In this paper we shall describe a gravitational
breaking of Rp by non-renormalizable terms inversely proportional to the Planck mass.
We shall discuss also the relevance of these terms to the wormbhole effects.

Although the gravitational violation of Rp seems to be a realistic possibility, one



cannot ignore the alternative case of exactly conserved Rp in presence of all gravitational
effects. Such theories were indeed constructed [18, 19, 20, 21, 22]. A discrete symmetry is
respected by all interactions including quantum gravity if it is remnant of a spontaneously
broken gauge symmetry. In the case of Rp, the matter parity (= (=1)3B-L) ) forms a
discrete subgroup of the gauged B — L symmetry. Hence in the presence of a gauged
B — L symmetry, Rp could arise as a discrete gauge symmetry [21, 22] in the low energy
theory if the breaking of B — L is accomplished by Higgs fields with appropriate values
of B — L [19, 20]. In this case Rp is exactly conserved.

Another example is given [23] in SU(5) x SU(5) model where Rp is conserved in
presence of non-renormalizable Planck scale terms.

In all these examples matter parity is conserved and one has a standard neutralino as

a stable dark matter particle.

2  Astrophysical constraints on Rp violation

Let us first quantitatively discuss constraints on the amount of Rp violation. We can
parametrize the effective Rp violating interactions responsible for the neutralino decay in

terms of the MSSM fields as follows:

Wesr = /\I(UCDCDC)F+/\2(LLEC)F+/\3(QDCL)F (1)
+ €(LH:)Fr

The notation for the fields is standard. Each of the \; has three generation indices,
which for simplicity we have suppressed. Eq.(1) includes renormalizable terms relevant
for neutralino decay. However, as it will be understood from the discussion below, this
expression has wider generality.

The lightest superposition of wino W, bino B and two Higgsinos, H, and H, is asso-
ciated with the DM particle x in the usual way:

X = ZxWaW3 + ZXBB + Zth ffl + le:hffg. (2)

The above interactions result in neutralino decay to three fermions. The width for this
decay depends upon whether it proceeds through the Higgsino or gaugino component. In
the former case,

Grm?2 ms
Iy = \Z2p— X (3)
xH192(2m)3 m}
where m,, , My and my are masses of neutralino , sfermion and fermion respectively. In

case of quarks the width should be multiplied by the number of colours. When decay



proceeds through the bino component B of the neutralino the decay width is

Y? m®
F — /\2 72 Qem x
xB192(2r)? cos2 Ow ™} )

where Y}, is hyper-charge of the right fermion and 8w is the Weinberg angle.
Finally, the width of x — v + et + e~ due to the last term of Eq.(1) is

GEm3 5
19273’ (5)

1
Fx = CZZ:I.I(Z + sin? Ow + %sin‘* ew)

Constraints on \; and € come from the condition 7, > to, where tg is the age of the
universe. However, much more stringent limits follow from production of positrons in
our Galaxy [7, 9], from diffuse gamma-radiation [7, 9] and from neutrino-induced muons
[24]. ;From the analysis presented in [9] it follows that when the decay to positrons is
unsuppressed as in the present case, the strongest constrains on both ); and ¢ follows
from the observed flux of positrons in our Galaxy. The lower limit on neutralino lifetime

from this flux is [9]

T (x — e + anything) > 7 - 10'°/m1gotoh, (6)

where migo = m, /100 GeV and h is dimension-less Hubble constant.
Using this limit and keeping in mind indirect production of positrons through decay

of other particles, we obtain the following constraints on A; and e:

A<4- 10_21Z (1 T V) (].OOmGCV)g/S(]. GeV)1/2
€<6-107°Z7% ;0?./“ GeV (7)

3 Difficulties with gravitational violation of R-parity

The above estimates demonstrate that if the neutralino is DMP the R-parity violating
parameters are very strongly limited from above. With the superpotential terms given
explicitly by Eq.(2) it implies a fine tuning. However, if R-parity is broken by gravitational
effects these parameters may result from the effective non-renormalizable interactions and
therefore can be very small.

Let us start with a systematic analysis of non-perturbative gravitationally induced
R-parity-violating operators in MSSM. It is convenient to perform this analysis in terms
of of effective Rp violating operators of different dimensions.

The first terms in the expansion of R-parity breaking operators in powers of the Planck

mass, Mp;, have dimension d< 4. They are given by Eq.(2) and we already discussed



them. Very small coupling constants needed for the LSP as DM particle are extremely
artificial.
The next terms in the expansion are proportional to Mz and they are given by the

following d=5 operators *

b B2 B3 Ba
—(H\H;E)p, —(QLU%)p, —(U°D"E®)p, ———(LHH\H;)F, 8
MP[ ( 14&9 )D MPI (Q )D MP[ ( )D MPI ( 2441 2)F ( )

The first three terms in the above equation contain the auxiliary F-terms of the anti chiral
fields Hj, L* and D** respectively. These are determined in the supersymmetric limit by
the standard Rp conserving superpotential of the MSSM. For example, the dimension five

term associated with the first operator leads to an effective interaction:
(HH}E®)p ~ (H,"E°)(uH] + A DU¢) (9)

As long as the charged Higgs Hi is heavier than the LSP, the above interaction leads to
three body decays such as ¥ — ¢s¢, where £ = e, u, 7. The resulting rate involves small
Yukawa couplings and can be shown to satisfy the astrophysical constraint Eq. (7) for
reasonable values of B;. Similar considerations also apply to the next two operators in Eq.
(8). In contrast, the decay induced by the last term cannot be suppressed kinematically

and leads to the effective Rp breaking operator displayed in Eq. (1) with
€~ ,34M3V/MPI ~ ,64 10_15G6V.

This value of € is extremely small and lead to a LSP lifetime longer than the age of the
universe. But surprisingly enough it is in conflict with the astrophysical constraints (7)
by several orders of magnitude, unless the parameter (4 is suppressed, 05 < 1073, This
situation is similar to the gravitationally induced axion mass [16] [17] where the quantum
gravitational corrections are not small enough to suppress it adequately.

If 1/Mp; terms are forbidden (for example by some unbroken symmetry), then 1/ M3,

terms (d=6 operators) become important. An example of such operator is

g .
I ((LHz)(H H2)")p (10)

This term gives rise to a neutrino-Higgsino mixing (vH,) with the mixing parameter

(H) (Fez) + (H;) (Fay)
g M, -

pMy,

~1 -32
M2, 07°*GeV,

B

which is around 10 orders of magnitude less than needed to produce observable effects.

10perators like (QH1QQ) r would lead to lightest neutralino decays only at loop level. Moreover, since
this operator violates baryon number rather than lepton numbers, its co-existence with lepton number
violating operators may be strongly constrained by proton decay.
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Therefore, while in MSSM 1/M3, terms are too small, the 1/Mp; terms are too large
and need additional suppression, i.e. small 3.
There exist at least two possibilities to obtain the required strong suppression in the

coefficient of the dimension 5 operator £.

1. If wormhole effects are responsible for the terms we are discussing, they can contain
a topological suppression leading to very small 8 [16]. Generically, this suppression
is described by factor e~5, where S is an action of a wormhole which absorbs the
Rp charge. In the semi classical approach S ~ 10. In particular, for Peccei-Quinn
symmetry such estimates give S ~ In(Mpi/fpq) ~ 16. It results in suppression
factor 3 ~ 107, which is needed in our case. A detailed discussion of a suppression
factor for wormhole effects is given in [16]. It is shown that the action S is connected
with the size of the throat of the wormhole R(0) and can vary from S = 6.7 for
naive estimate R(0) ~ Mg}, to very large value 87%/g2, =~ 190 in string inspired
models. Thus the wormhole effects have the suppression needed to ensure a long-
lived neutralino 8 ~ 107 — 10~° in case the action is close to the semi-classical

value.

2. Suppression of dimension 5 operators can occur due to some additional symmetry.
Let us assume that there exists a singlet sector which communicates with the MSSM
sector only gravitationally through non-renormalizable terms in the Lagrangian. R-
parity can be broken spontaneously in this sector, for example, due to some Rp-
odd field 5 developing a non-zero VEV. Rp violation can penetrate the MSSM
sector through non-renormalizable interactions between n and the MSSM fields. In
contrast to the first case, gravity is not directly responsible for breaking of Rp but
it leads to effective Rp violation in the observable sector through the presence of
non-renormalizable interactions. We shall discuss this possibility first in a model-

independent way and then provide an example.

4 Spontaneous R-Parity Violation in Hidden Sector.

1. Let us assume the existence of a singlet field  beyond the MSSM fields and assume
that n couples to the MSSM fields only through non-renormalizable terms. This can

be achieved by a proper symmetry as we shall discuss. There are four dimension 5



operators involving n which lead to Rp violation:

Ol = —A%PLI(UCDCDC”])F 02 et MaiT(LLEcT])F
Os = 33~ (QD°Hin)F Oy = 35=(LH2n")D (11)

where a; 23,4 are parameters of order one. The operators displayed above conserve
Rp if the field n is chosen odd. The vacuum expectation value of 7 then breaks Rp
and leads to effective interactions displayed in eq.(2) with coupling constants given
by (i =1,2,3):

Mi=o;<n>/Mp e=ay4 < Fpr > [Mp (12)

The effective Rp violation among the MSSM fields is governed by two physically
distinct scales. The < n > signifying the Rp violation determines the trilinear
interactions of eq.(1), while the scale of SUSY breaking in the hidden sector deter-
mines the bilinear term e. In general, these two scales could be quite different. The

constraints derived in (7) imply
<n> <107'GeV;  Fipse S 1072GeV? (13)

if A < 1072 and € < 1072 GeV respectively. If SUSY remains unbroken in the s-
inglet sector then constraint on € is trivially satisfied. Even when SUSY is broken
through the usual soft terms, it is possible to satisfy constraint on F, without sig-
nificant fine tuning as we shall demonstrate through a specific example. In contrast,
the constraint on the trilinear coupling implies very small VEV for the singlet field
which may be unnatural and one should forbid the corresponding dimension 5 op-
erators in this case. If the dimension 5 terms are absent then the dominant Rp

violation would arise from dimension six interactions. For example, the operator

N%%[UHz)(HIHz)n]F (14)

results in € ~ 1073 < n > GeV. The effect of this term could be observable
provided Rp violation in the singlet sector occurs at a large scale close to the grand

unification scale. Let us consider now a specific realization of this scenario.

. Two basic ingredients are needed to realize the above scenario. Firstly one needs a
symmetry which forbids dangerous Rp violating terms of dimensionality four and
five. Moreover this symmetry needs to be a gauged discrete symmetry in order to
prevent the gravitational breaking by dimension 5 terms. The existence of such

local symmetry depends clearly on the structure of the theory at high scale which
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is unknown. But one must ensure that the symmetry imposed here could arise as
remnant of some gauge symmetry. This is done by imposing the discrete gauge

anomaly constraints [21, 22].

It is clear that Rp by itself cannot fulfil the above criteria. It can be a gauge
symmetry as already mentioned but in the presence of an Rp-odd field n required
for spontaneous breaking, Rp cannot prevent a renormalizable coupling like LHan
as required for suppression of Rp breaking. We thus consider an alternative class
of symmetry. This corresponds to a Zy symmetry assumed to act non-trivially
on the Grassman variable §. Such symmetries are already considered in [21] with
the idea of forbidding proton decay in the MSSM. Here we consider them with a
different motivation and in the context of an extension of the MSSM containing 7.
The 6 is assumed to carry Zy-charge -1. The Zy charge of one of the observable
superfield can be chosen to be zero by appropriate redefinition of the Zy generators.
The charges of the remaining fields are then determined in terms of two parameters
(called z and y below) by requiring that the standard Rp conserving couplings of
the MSSM fields are allowed by the Zy symmetry. The charge assignments of the

various fields are given below:

Q U,H DH L E Y

n
0 T 2-z y 2—(z+y) 2 &

where we have introduced a singlet field Y in addition to n in order to obtain
spontaneous Rp violation. Due to the above charge assignments dimension 4 terms
respect Rp and the 7,Y do not couple to the MSSM fields in the renormalizable
Lagrangian as long as z # 2 and z —y # 0, —2, N/2. The most general Zy invariant

renormalizable superpotential in this case can be written as [26]
W = Wussm + 0¥ (n” — f?) (15)

The above superpotential leads to a VEV for n at the supersymmetric minimum.
This VEV would lead to effective Rp breaking for the MSSM fields through operator
of dimensionality > 5. The choice 2+ y —z = N/2 allows the dimension 6 operator

of (14). The allowed higher dimensional terms are given in this case by
135 * 1 c, % c *
Lyp = m(LHzTI )p + W(JI(LLG n")p + 62(QD°Ln")p
+ 6.(LHen'Y)p + 64(LHy HyHyn)F) (16)

Note that the dimension 5 operator displayed above cannot be forbidden if the

dimension 6 term of in (14) is to be allowed. But as discussed above it does not lead
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to large Rp violation as long as SUSY remains unbroken in the singlet sector. This
indeed happens with the choice of superpotential as in (15). In a realistic situation,
soft breaking of SUSY can introduce terms which will make F; y non-zero. If < n >
is of O(MEw) or smaller than the conventional soft breaking of SUSY can be shown

to lead to
2<n>358%A

Fens ~ md
where my ~ A signify soft SUSY breaking. Mild fine tuning in § allows one to satisfy
constraint (13),e.g. § ~ 1072, my ~ 10°GeV,A ~ 10°GeV and < n >< 100 GeV
lead to F, < 1072GeV?. If < n > is much larger than the weak scale then F,
would also be large and would induce large €. This can be prevented by means of a
symmetry. Specifically, if the kinetic energy terms for the singlet fields are chosen to
be no-scale type [27] then F),y vanish at the minimum of the potential and effective
Rp breaking in this case would arise only from the dimension 6 operator. This

operator could lead to observable signatures if < n > is very large, near the GUT

scale.

The Zy introduced above can be a gauge symmetry if it satisfies discrete gauge
anomaly constraints. These are discussed in [22] and are given in our case as follows
[28]:
~2N,+6=kt N, Ny(y—4)+4=k N (17)
Ny(=T+y—z)+N/2—-9=ks N+ K ks NJ2 (18)

where & is 1(0) for even(odd) N and ky 34 are integers. The first constraint is
automatically satisfied for the case of three (N, = 3) generations. The remaining
constraints can also be satisfied for appropriate choices of z,y and N. An example
of a specific choice which satisfies all the anomaly constraints above and which leads
to the required interactions displayed in (15) and (16) is given by N =3,z = 1/6

and y = —1/3. Clearly many more choices would be possible.

5 Conclusions

There is no deep theoretical motivation for R-parity to be absolutely conserved. In case of
R-parity violation the lightest supersymmetric particle, neutralino, is unstable. In order
to provide the DM the neutralino must be long-lived, i.e. R-parity violation should be ex-
tremely small. It is severely constrained by astrophysical observations, with the strongest
limit coming from neutralino decay to positron in our Galaxy. Barring fine-tuning Yukawa
couplings to be very tiny, only the gravitational interaction can be responsible for the re-

quired weakness of R-parity violation.
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We demonstrated that dimension 5 operators suppressed by the Planck mass result
in R-parity violation which is too strong to satisfy the astrophysical restrictions. We
discussed the additional suppression which can arise in these operators. One possibility is
that these terms are induced by wormbhole effects. In this case the additional suppression
is given by [16] exp(—S), where S is a wormhole action. The action in the semi-classical
limit S ~ 10 reconciles the dimension five operators with astrophysical restrictions.

Another possibility for very weak R-parity breaking can be provided by the existence
of an additional symmetry. We constructed a model with R-parity breaking in the hid-
den sector which communicates to the MSSM fields only through gravity. Additional
suppression of R-parity breaking dimension 5 operators is provided by a Zy symmetry.

The decaying neutralino can have interesting astrophysical signatures. In some models
[9] the neutralino decay to Majoron J, x — v + J may be quite important, resulting in
a detectable isotropic flux of mono-energetic neutrinos. In the more general case of Rp
breaking by dimension 5 operators discussed above, the neutralino decay signature is
weaker and is given by by the ratio of the signals from the Sun and Earth to that from
the Galactic halo. The signal from annihilation of neutralinos in the Earth and the Sun
is the same as for a stable neutralino, while the positron and anti-proton fluxes from the

Galactic halo could be strongly enhanced due to neutralino decay.
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