PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA
RECEIVED: February 26, 2007

ACCEPTED: February 26, 2007
PUBLISHED: March 12, 2007

Gravitino dark matter in R-parity breaking vacua

Wilfried Buchmiiller,* Laura Covi,* Koichi Hamaguchi,’ Alejandro Ibarra,® Tsutomu
T. Yanagida®

@ Deutsches Elektronen-Synchrotron DESY
Hamburg, Germany

b Department of Physics, University of Tokyo
Tokyo, Japan

E-mail: puchmuwi@mail.desy.de, Laura.covi@desy.dd,
lhama@hep-th.phys.s.u-tokyo.ac. jH, plejandro.ibarra@desy.dd

ABSTRACT: We show that in the case of small R-parity and lepton number breaking cou-
plings, primordial nucleosynthesis, thermal leptogenesis and gravitino dark matter are nat-
urally consistent for gravitino masses mgz/, 2 5 GeV. We present a model where R-parity
breaking is tied to B-L breaking, which predicts the needed small couplings. The metastable
next-to-lightest superparticle has a decay length that is typically larger than a few cen-
timeters, with characteristic signatures at the LHC. The photon flux produced by relic
gravitino decays may be part of the apparent excess in the extragalactic diffuse gamma-ray
flux obtained from the EGRET data for a gravitino mass mg/; ~ 10 GeV. In this case, a
clear signal can be expected from GLAST in the near future.
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1. Introduction

Most supersymmetric extensions of the standard model impose R-parity [l as an exact
symmetry of the supergravity Lagrangian. In this way, one forbids renormalizable baryon
and lepton number violating interactions which might cause too rapid proton decay [B]. On
theoretical grounds, however, theories with and without R-parity are on the same footing,
and in low-energy effective theories obtained from string compactifications R-parity plays
no preferred role.

One can also construct supersymmetric extensions of the standard model without R-
parity [f], and the phenomenological constraints on these theories have been studied in
great detail [[fl. Without R-parity conservation, the lightest superparticle (LSP) is no
longer stable and, in general, it does not contribute to dark matter.

Stringent constraints on the lepton number and R-parity violating interactions
War=1 = )‘ikjlie;lk + A?{}j’id;,;Q_jlk (1.1)

are imposed by baryogenesis. Both operators contain lepton doublets. Together with
sphaleron processes they therefore influence the baryon asymmetry at high temperature
in the early universe. The requirement that an existing baryon asymmetry is not erased
before the electroweak transition typically implies [f]

AN <1077, (1.2)



It is very remarkable that for such a small breaking of R-parity a gravitino LSP has a
lifetime much longer than the age of the universe [f]. This is due to the double suppression
by the inverse Planck mass and the R-parity breaking coupling, I'3 /5 o A2m§/2/Mp2. We
find for the gravitino lifetime

A\ TP mgy (73
26
Tz~ W (107> <10 GeV) : (13)

which is consistent with gravitino dark matter.

For a gravitino LSP, the properties of the next-to-lightest superparticle (NLSP) are
strongly constrained by primordial nucleosynthesis (BBN). In the particularly interesting
case of a charged NLSP, like a scalar 7-lepton, its lifetime has to be relatively short,
™Lsp < 103 — 10% s [ﬁ]l, which typically requires mg;, < 1 GeV. Even for neutral
particles, BBN excludes a neutralino NLSP for lifetimes longer than 10 s due to the
strong constraints from hadronic showers [[]. Only a sneutrino NLSP could be marginally
acceptable also with longer lifetimes, and therefore larger gravitino mass, in the region
where the hadronic branching ratio of the decay is below 10~3 [LT].

On the other hand, standard thermal leptogenesis [[[d], an attractive model for baryoge-
nesis, needs a large reheating temperature in the early universe, Tg 2 10° GeV (cf. [L3, [4]).
This reheating temperature implies m3/, 2 5 GeV for a gluino mass of mg = 500 GeV in
order to avoid overclosure of the universe due to thermal gravitino production [[[5, [[§]?.

The lower bound on the gravitino mass scales as mg‘/l; ~ Tng.

All these cosmological problems are automatically solved without any fine tuning of

parameters in the case of a small breaking of R-parity, as given in eq. ([.g), with a gravitino
LSP. The NLSP lifetime becomes sufficiently short for A\, ' > 10714,

A\ 7%/ maLsp \ !
~ 103 ( ) . 1.4
Lsp = 107 (1014> 100 GeV (14)

Therefore, primordial nucleosynthesis, thermal leptogenesis and gravitino dark matter are
naturally consistent for 10714 < X\, N < 1077 and ms /2 2 5 GeV. This is the main point
of this paper.

The paper is organised as follows. In section f| we present a model where R-parity
breaking is tied to B-L breaking, yielding the needed small R-parity breaking couplings.
Section [] deals with constraints from neutrino masses. Section f] deals with implications
for cosmology and collider physics. The results are discussed in section f.

1See also [E] Here, we consider myrLsp = O(100 GeV). For a heavier charged NLSP, mnrsp > O(1 TeV),
the bound on the lifetime becomes even more stringent (cf. [H]) We do not consider a late time entropy
production in this paper, which is an another possible way to avoid these BBN constraints [E]

2We use the perturbative result for the gravitino production rate to leading order in the strong gauge
coupling g. Since g and also the thermal gluon mass are large, the perturbative expansion is problematic [E]
The uncertainty due to higher orders in g and nonperturbative effects is O(1). Possible effects due to thermal
masses are also O(1) [E]



2. R-parity breaking and B-L breaking

2.1 A model of R-parity breaking

We consider a supersymmetric extension of the standard model whose symmetry group G
includes U(1)p—r, and R-invariance,

G:SU(?))XSU(2)XU(l)yXU(l)B_LXU(l)R (21)

Three quark-lepton generations can be grouped into the SU(5) representations 10; =
(q,u®,e);, 5; = (d%1); and 1 = v, which together form 16-plets of SO(10). In addition,
we have two Higgs doublets H,, and Hg, two standard model singlets N¢ and N, and three
SO(10) singlets X, ® and Z. The two Higgs doublets are contained in 5- and 5-plets of
SU(5), which we shall also denote as H, and Hyg, respectively. N¢ and N are contained
in 16 and 16 of SO(10), which fixes their B-L charge to be +1 and —1, respectively. X,
® and Z have B-L charge zero. This set of fields is familiar from SO(10) orbifold GUTs
(cf. [1§]): matter fields form complete SO(10) representations, whereas fields which break
SU(2) x U(1)y and U(1)p_r, appear as ‘split’ multiplets. For simplicity, we shall use in
the following often SU(5) notation also for the Higgs multiplets.

The matter sector of the superpotential has the usual form

Wir = h{10,10;H, + h{)5;10,H, + h)8,1;H, + LN, (2.2)

(n
ij 21
where Mp = 2.4 x 10'® GeV is the Planck mass. The expectation values of the Higgs
multiplets H, and H; generate Dirac masses of quarks and leptons, whereas the expectation
value of the singlet Higgs field N generates the Majorana mass matrix of the right-handed

neutrinos 1;. The superpotential responsible for B-L breaking is chosen as
Wp_ = X(NN¢— &%), (2.3)

where unknown Yukawa couplings have been set equal to one. ® plays the role of a spectator
field, which will finally be replaced by its expectation value, () = vp_r. Similarly, Z is a
spectator field 3, which breaks supersymmetry and U(1)g, (Z) = Fz06. The superpotential
in eqs. (R.2) and (R.9) is the most general one consistent with the R-charges listed in table 1,
up to higher order terms which we will discuss later. Note that the choice of a negative
R-charge for N€¢ forbids the dangerous superpotential terms

5H;N¢, 5;5;10,N°, (2.4)

which would yield too large bilinear mixings and too rapid proton decay, respectively.
The expectation value of ® leads to the breaking of B — L,

(N) = (N°) =(®) =vp-rL, (2.5)

3For simplicity, we use a spectator chiral superfield to describe supersymmetry breaking. The field Z is
not essential for the connection between R-parity breaking and B-L breaking discussed in this section.



10, 57 1, H, HA N N° & X Z
Rl|1 1 1 0 0 0 -2 -1 4 0

Table 1: R-charges of matter fields, Higgs fields and SO(10) singlets.

where the first equality is a consequence of the U(1) g_z, D-term. This generates a Majorana
mass matrix M for the right-handed neutrinos with three large eigenvalues, with M; <
My < Mj. If the largest eigenvalue of h(™) is O(1), one has Mz ~ v%_, /Mp. The heavy
Majorana neutrinos can be integrated out yielding for the matter part of the superpotential

v _ 1.1 o
War = h{? 10,10;H, + b\ 5,10,H, — 5 (W) h ) (BiH) (5, H.) (2.6)

with the familiar dimension-5 seesaw operator for light neutrino masses.

Since the field ® carries R-charge —1, the VEV (®) breaks R-parity, which is conserved
by the VEV (Z). Thus, the breaking of B-L is tied to the breaking of R-parity. This is the
key feature of the mechanism for R-parity breaking presented in this paper®. The breaking
of R-parity is transmitted to the low-energy degrees of freedom via higher-dimensional
operators in the superpotential and the Kéahler potential. The leading correction to the
Kahler potential is

1
Mp3

1 _ _
6K, = m(aiZT +a,Z)®T N5 H, + (e;Z" + . Z)®NTB;H, + h.c. . (2.7)
P

Replacing the spectator fields Z and ®, as well as N¢ by their expectation values, one

obtains the correction to the superpotential
5W1 = ,U,Z@gZHu s (2.8)
with )
_YsoL My
Mp? — Mp'’

My = (’)(mg/g) s @ (2.9)

where ms, = Fz/ (v/3Mp) is the gravitino mass. Note that © can be increased or decreased
by an appropriate choice of Yukawa couplings in egs. (P-3) and (-3). Eq. (B-§) is the familiar
bilinear R-parity breaking term [[J]. The correction to the Kéhler potential

k
6Ky = —Z'H,H, + h.c. (2.10)
Mp
yields the corresponding R-parity conserving term [R1]
5W0 = ILLHdHu s n = O(m3/2) . (211)

Note that u and p; are generated by operators of different mass dimension. Hence, their
values may easily differ by one or two orders of magnitude, allowing for u > p;,mg/, and
a gravitino LSP.

4For a recent discussion of the connection between B-L breaking and R-parity breaking in the context
of string compactifications, see [@,



To analyse the complete superpotential including the R-symmetry breaking terms, it
is convenient to perform a rotation of the Higgs and lepton superfields,

Hd:HC,l_Eilg , li:lg—l-eiHC,l, (2.12)
where €; = 1;0/u. In terms of the new fields the superpotential reads

W = Wy + Wy + 6

= pHGH, + by gus Hy + b dsqy Hy + h L H (2.13)

—euhDdtapl, — ehls) Uty — S SO ) (LHL) 1 HL) + O, emy)
The mixing of Higgs and lepton superfields has induced trilinear R-parity breaking terms
O(e). As we will discuss in section [J, the mixing terms yield vacuum expectation values for
the scalar neutrinos that in turn induce mixing terms O(e) of neutrinos with the neutralinos,
and neutrino masses suppressed by O(€?).

It is remarkable that the potentially dangerous operator leading to proton decay is
strongly suppressed compared to the trilinear terms O(e) in eq. (R.13). The leading operator
is

Wy = %quCdCNCqﬁX . (2.14)
Mp
For global supersymmetry one has (X) = 0, which in supergravity is modified to (X) =
O(m3)2) 5. One then obtains

4
m3/;2Vp_p,
Mp®

oWy udid+ ... . (2.15)

For A\, \ satisfying eq. ([L.9), the coefficient of the dangerous dimension-4 AB = 1 operator

is much smaller than the upper bound from the proton lifetime [d].

2.2 Scale of B-L breaking and thermal leptogenesis

The phenomenological viability of the model depends on the size of R-parity breaking
mixings €; and therefore on the scale vg_j, of R-parity breaking. An important constraint
comes from baryogenesis. As already discussed in the introduction, the potential washout
of a baryon asymmetry before the electroweak phase transition is avoided if the R-parity
violating Yukawa couplings satisfy \;jx, A ik < 1077, which in turn implies:

(7e) (%) = ot

This is a sufficient condition, which can be relaxed for some flavour structures [f].

As an illustration for possible scales of B-L breaking we use a model [J] for quark
and lepton mass hierarchies based on a Froggatt-Nielsen U(1) flavour symmetry. The mass
hierarchy is generated by the expectation value of a singlet field ¢ with charge Qg = —1

®The VEV (X) = O(mg») also causes an additional contribution to the bilinear term via 6W =
(I/MPS)X<I>N05¢HM7 which is comparable to those from 6 K.



¢; |10 10, 10, 53 55 51 13 1, 1, H, Hy ® X Z
Q] 0 1 2 a a atl b ¢ d 0 0 0 0 O

Table 2: Chiral charges: a=0o0r 1,and 0 < b <c<d.

via nonrenormalizable interactions with a scale A = (¢)/n > Agur, n ~ 0.06. Yukawa
couplings and bilinear terms for SU(5) multiplets 1); with charge @; scale like

hij o Nt o n@ (2.17)

Charges @); describing qualitatively the observed quark and lepton masses and mixings are
listed in table 2. The model also predicts the observed baryon asymmetry via leptogenesis
for the cases where a + d = 2. There are two, at low energies indistinguishable, consistent
scales of B-L breaking: Mz ~ 10> GeV (a =b =0, c = 1, d = 2) and M3 ~ 10'2 GeV
(b=¢c=0,a=d=1). For u;/u = 1.0...0.01 these two cases lead to the R-parity
breaking mixing parameters (cf. eq. (2.9))

(D)

€; €

=1073...107°, (I1) =1075...1078. (2.18)

In the extreme case M3z ~ My ~ M; ~ 10'Y GeV without Froggatt-Nielsen symmetry,
where leptogenesis may still work for an appropriate enhancement of the CP asymmetry,
one has

(IT) ¢ =10"8...10719. (2.19)

In the flavour models (I) and (IT) the RPV mixings ¢; are suppressed by 9. As we shall see
in the following section, model (I) is inconsistent with the constraints from neutrino masses
and baryogenesis washout; the models (IT) and (III) are consistent with both constraints.

The expected mass scale of right-handed neutrinos depends on the mechanism which
breaks B-L. The expectation value of a field with lepton number L = 2 can generate heavy
Majorana masses via renormalizable Yukawa couplings. With B-L broken at the GUT
scale, and for Yukawa coupling O(1) for the third family, one then obtains the canonical
result M3 ~ vg_r, ~ 10" GeV. On the other hand, if right-handed neutrino masses are
generated via a nonrenormalizable dimension-5 operator and the expectation value of a
field with L = 1, as in eq. (2:3), one has instead M3 ~ v} ;/Mp ~ 102 GeV. This
illustrates how the two mass scales for M3, which correspond to the two cases (I) and (II),
respectively, might be obtained.

3. Neutrino masses

The model we are considering generates after supersymmetry breaking bilinear R-parity
violating terms, eq. (R.§), and tiny R-parity violating Yukawa couplings, eq. (R.1), that
we neglect in what follows. Scenarios with just bilinear R-parity violation have been
thoroughly studied in the literature [RJ]. Here, we will limit ourselves to estimate the size
of neutrino masses, following closely [24].



At the high-energy scale, the soft SUSY breaking Lagrangian reads
—Loope = miy | Hal*+my | Hu*+mi ||+ (BHyHy+ Bil; Hy+mj i Hj+h.c)+... (3.1)

For the computation of neutrino masses we find convenient to work in the basis where the
R-parity violating bilinear couplings in the superpotential are rotated away, u; = 0, through
the field redefinition eq. () This choice of basis has the advantage that once the basis
has been fixed at the high energy scale, the condition p; = 0 holds at any scale, and it is
not necessary to redefine the basis again at low energies. We also choose the phases of the
lepton doublets such that the ¢; are real. In this basis the soft SUSY breaking Lagrangian
is given by

— Lsope = mip [Hyl* +my, | Hul? +mip |1 + (B'HgHy + Bili Hy +mij gy [HG" +hee) + .

(3.2)
where
m, = miy, + &iRe(mf ) + O(leil?) ,
m? = m? —eRe(m? )+ O(leif?) ,
B' = B + Bye;
Bl =B, — Be;,
M2y, = m2y, +e(m? —m3,) + O(lef?) . (3.3)

Minimisation of the scalar potential yields non-vanishing vacuum expectation values for
the neutral components of the Higgs doublets, as well as for the sneutrinos,

/ 2
Bjtan g + M b

=2 152
my = 5 M7 cos2[3

3
2 ~\2
(Hg), vi=) (7). (3.4)
i=1
These vacuum expectation values induce mixings between neutrinos and gauginos, giving

rise to one non-vanishing neutrino mass through an “electroweak” seesaw mechanism. The

resulting neutrino mass is
2
)

(3.5)

1 . |e
R 2 2 Zo
my,” = =gy g

a=1 mxg

where gz is the Z-boson gauge coupling, m,o are the neutralino masses and ¢z, is the Zino
component of the neutralino x%. In the following estimates we will replace the sum over
inverse neutralino masses by the inverse of the characteristic SUSY breaking scale, 1/m.

The size of the neutrino masses depends crucially on the mechanism for supersymmetry
breaking. Generically, one expects

Bz/ ~ ,u,iﬁL ~ 6ﬂ7l2, mIQ,Hé = 6ﬂ7l2 . (3.6)
7

Then, using eqs. (B.4) and (B.5) we find for €1, ez < e3,

~ —1
Fo 104y (ZB) (™ 3.7
My © (10—7 > 200GeV ' (3.7)




We can now insert the values of €3 for the different flavour models considered in the
previous section. Clearly, model (I), which has a high scale of B-L breaking, is excluded.
In models (II) and (III) one has e3 < 10~7 and €3 < 1078, respectively. Here the neutrino
mass terms induced by R-parity breaking are negligible and the baryogenesis constraint,
eq. (R.14), is fulfilled for all values of tan .

4. Cosmology and collider physics

4.1 Gravitino decay

Since R-parity is broken, the gravitino is no more stable in our setting, but it still has a
lifetime much longer than the age of the universe, since it is suppressed both by the Planck
mass and the small R-parity breaking parameters.

The two-body decay is determined by the mixing of the neutralinos with the neutrinos.
Neglecting the small neutrino masses, one has [

1 3/2
Dy = W) = Vsl 5 (4.1)

The photino-neutrino mixing can be approximated by (cf. eq. (B.4))

4 ~ -1
. Uy 78< €3 ) m
0l —2 | ~ 10 4.2
;cmcmm 0 107 (200 GeV> ’ (42)

X&
for €1, €5 < €3, where we made the rough estimate 0.1/m for the weighted sum of neutralino

‘UﬁV’ =9

masses and the coupling, taking into account that not all mixings can be maximal. Using
Mp = 2.4 x 10'8 GeV, one obtains for the gravitino lifetime [f]

_ ~ 2 -3
2-body 4, 10275 (3 m ms /o 4
T2 =Ax10 S<10—7) 200 GeV (10 GeV) ' (4.3)

The three-body decay is usually subdominant due to the phase-space and intermedi-

ate heavy particle suppression. For the decay with intermediate heavy Tg, neglecting all
external masses in the phase space factor, we find

3

[Aijs|? M3 ms
1N l;l;)) = F B 4.4
(V32 = TrLiL;) 3(32)273 MZ~ \mgp) (44)

where ) 5 )
(1 —x) 1
F = d ~ . 4.

(a) /0 v (1—z—a2)?2 " 60a* (4.5)

The full expression has been obtained in ).
In the case where only bilinear R-parity breaking is present, the A;j; couplings are
generated from the Yukawa couplings as

)‘ijk = Ezhgi) . (46)



Then the inverse partial width for the three-body decay,

(¥ ly) = 4 107s (2 )72 tan 5Y 7 (__m 4( /2 )77 (4.7)
— il ~ .
3/2 = TRlil; \10-7 10 200 GeV ) \10 GeV/ ~’

is much larger than the lifetime determined from the two-body decay, eq. (L), as long as
the mixing between photino and neutrino is not unnaturally suppressed.

4.2 Extragalactic diffuse gamma-ray emission

A stringent astrophysical constraint for decaying gravitino dark matter is the measured
gamma-ray flux [ff]. Assuming that the gravitino constitutes the dominant component
of dark matter, its decay into neutrino and photon gives rise to an extragalactic diffuse
gamma-ray flux with a characteristic energy spectrum, corresponding to a red shifted
monochromatic line. A photon with measured energy E' = mg3/5/(2(1+2)) has been emitted
at the comoving distance x(2), with dy/dz = (1 + 2)7%2/(agHo\/Qum (1 + £(1 + 2)73)).
Here ayp and H{ are the present scale factor and Hubble parameter, respectively, and

k= Qp/Qp ~ 3, with Qp + Q) = 1, assuming a flat universe. For the photon flux one
obtains, for 73/, > HL

—1/2 5/2
dJ, 28 \3 2 \*/ 2E
dE m3 /2 msz/2 m3/2
with 0 1
C, = % =106 (szstr S)flGeV < T32/82 > ; (4.9)
87T’T3/2HOQM 10%s

here 73,5 is given by eq. (E-3), and we have taken the gravitino density equal to the Cold
Dark Matter density as 93/2h2 = 0.1, p. = 1.05 h? x 107°GeVem ™2, Qy; = 0.25 and
Hy = h 100 km s~ Mpc™! with h = 0.73 [B§].

In addition to the extragalactic signal one also expects a sharp line from the halo of our
galaxy with an intensity comparable to the extragalactic signal and strong anisotropy [27].
We have in fact from the decay of halo gravitinos

dJIhalo 2F
E? =D,6(1- 4.1
dE ! ( m3/2> ’ (4.10)
where ”
HQ =2 =
D, = C, ="M phato(D)dl . (4.11)

! Q3/2pc l.o.s.

The ratio D, /C, is given only by cosmological constants and the halo dark matter density
integrated along the line of sight, so the intensity and angular distribution of the halo signal
is very sensitive to the distribution of the dark matter in the Milky Way. It is surprising that
for typical halo models, such number is of order unity [R7 and shows moderate angular
dependence if one excludes the galactic centre region. The anisotropic part of the halo
signal may be partially hidden in the diffuse galactic «-ray emission due to conventional



astrophysical processes. We expect therefore the isotropic signal in the extragalactic y-ray
flux to be a combination of both the continuum spectrum in eq. ([L.§) and part of the halo
line in eq. (§.10).

Assuming that one understands the diffuse galactic y-ray flux, one can extract from
the EGRET data the extragalactic diffuse component. The first analysis of Sreekumar et
al. [Rg] gave an extragalactic flux described by the power law

FE
1 GeV

focked

=1.37 x 1076
dE % (

—0.1
> (cm?str s) "1 GeV (4.12)
in the energy range 50 MeV-10 GeV. A non-observation of a «-ray line can then be used to
constrain the allowed gravitino mass and lifetime [f]. Assuming the gravitinos to make up
all the Cold Dark Matter density, and taking a 30 upper bound on the flux above 100 MeV
corresponding to 2.23 x 107%(cm?str s)~1GeV [BY), we can have directly a rough bound on
the gravitino lifetime from C, as

T30 2 4 x 10%s . (4.13)

The more recent analysis of the EGRET data [R9] shows in the 50 MeV — 2 GeV range
a power law behaviour, but a clear excess between 2 GeV and 10 GeV. The maximal flux
allowed by the data taking into account the model dependence and systematic errors is
not very far from the one obtained in the old analysis, in fact the integrated flux between
0.1-10 GeV is given as (11.1 + 0.1) x 107 %m™2 str~! s=! compared to (14.5 & 0.5) x
107 %cm=2 str~t s7! 9.

This is precisely the energy range where, based on our lower bound on the gravitino
mass of 5 GeV, one may expect a gravitino signal. It is very remarkable that also the
measured flux corresponds to the expectation of the model for R-parity and B-L breaking
discussed in section P] as can be seen from the bound eq. (f.1J). On the other hand we
would expect also an anisotropic flux from the halo component that EGRET does not
resolve probably due to the galactic background, which is an order of magnitude larger
than the extracted extragalactic signal.

The excess in the extragalactic y-ray flux above 2 GeV from the EGRET data [R9] has
also been related to the annihilation of heavy neutralinos in the galactic halo [B(]. Due
to the current limitations in the determination of the diffuse galactic v-ray emission [BI]
theoretical interpretations of the EGRET excess remain uncertain at present. Clarification
can be expected from the Gamma Ray Large Area Space Telescope (GLAST) [BZ, to be
launched this fall, that aims to improve by a factor 30-50 the sensitivity of the EGRET
satellite to the diffuse gamma ray flux in the range 20 MeV—-10 GeV.

Another constraint comes from the neutrino flux. In the energy range of interest,
from about 1 GeV to 1 TeV, the extraterrestrial neutrino flux is constrained by the flux of
upward-going muons measured by the IMB experiment, that does not show any discrepancy
with respect to the expected neutrino flux from cosmic ray interactions in the atmosphere.
The requirement that the neutrino flux from gravitino decay does not exceed the observed
flux, translates into a lower bound on the gravitino lifetime, which is roughly 73,5 2 6x 10%*s

,10,



for mg/5 = 1 TeV, and becomes weaker for smaller gravitino masses BJ. This bound is
clearly consistent with a signal in the EGRET data, as discussed above.

4.3 Collider signatures

The collider signatures depend on the nature of the NLSP. Here we consider the cases that
the NLSP is the lightest stau or the lightest neutralino.

The lightest stau, that we assume mainly right-handed, decays through 7 — 71, pv;.
On the other hand, the small left-handed component of the stau mass eigenstate can trigger
a decay into two jets through 7, — b, provided the process is kinematically open. The
hadronic decays are enhanced compared to the leptonic decays by the larger bottom Yukawa
coupling and by the colour factor, but are usually suppressed by the small left-right mixing.

If the leptonic decay channel is the dominant mode, the decay length can be approxi-

)
lep ( ms )*1( € >*2 tan 8 414
erem S0 em(ogcev) 107 10 ' (4.14)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

mated by

eq. (R-16), implies the observation of a displaced stau vertex at future colliders, more than
3mm away from the beam axis for e; < 1075, In the particular case of the flavour model
(IT) discussed in section B2, €2 ~ 6 x 1078, one has a spectacular signal consisting on a
heavily ionising charged track of length ~ 0.8 m, followed by a muon track or a jet and
missing energy, corresponding to T — uv; or T — Tv,, respectively.

If the hadronic channel 77, — b°t is the dominant mode, the decay length is given by

had 14m( ms )—1( €3 >f2 tan 3\ 2 [ cosf,\ > 15)
T ' 200GeV 107 10 0.1 ’ ‘

where 6, denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.
These characteristic signatures would allow to distinguish at colliders our scenario from
the case with conserved R-parity where the decay 7 — 1357 leads to (cf. [B4)

er? ~ 40 em <1mljé\2/)2 <20(;n(§ev>_5 ' (4.16)

Hence, for a gravitino mass mg/; < O(10 keV), the decay length of the lightest stau is
shorter than O(10 m), and would therefore decay inside the detector into tau and gravitino.
The experimental signature for this process would be identical to the decay 7 — 7v,.
However, the scenario with R-parity violation also predicts the decay 7 — uv,, with
very similar branching ratio due to SU(2) invariance. Although this signature could be
mimicked by a scenario with conserved R-parity if lepton flavour is violated, through the
decay T — w39, large branching ratios are precluded from present bounds on flavour
violation [B3. In consequence, the observation of a comparable number of tau and muon
events in stau decays would constitute a signature for the scenario with R-parity violation.
Also, the observation of a stau decaying into two jets would undoubtedly point to the
scenario with R-parity violation.
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On the other hand, if the lightest neutralino is the NLSP, it decays through x{ —
7EWF B4, or through x? — bb¢v [B7 if the former decay channel is kinematically closed.
The corresponding decay lengths can be approximated by

m.o -3 -2 /tan 32
2—body _| 9 X1 < €3 ) an 41
Y 0 cm <200 GeV) 107 0 ) (4.17)

~ 4 m. o =5 —2 tan/@ —2
3-body _, s < My, > X1 < €3 ) ‘ 418
T8 300 Gev/ \ 200 Gev 10-7 10 (4.18)

Again, this scenario can be easily discriminated at future colliders from the scenario

with conserved R-parity. In this case, the neutralino decays into gravitino and photon [B§]
with decay length

-5
3/2 mgo \ 2 M9
~ 80 em (=5 . 4.19
T “MN\T kev <200 GeV (4.19)
For a gravitino mass mg/, < O(10 keV) the neutralino would decay inside the detector
producing an energetic photon and missing energy, which is clearly distinguishable from
the signals in the R-parity violating scenario that in general involve jets.

4.4 Microscopic determination of the Planck mass

Recently, a method has been proposed for the microscopic determination of the Planck mass
in collider experiments [B4], providing a direct test of supergravity. The method requires
a very long lived stau NLSP which decays mostly into tau and gravitino, which is difficult
to reconcile with recent constraints from BBN [, ], unless there is a late-time entropy
production [[(J]. In the picture proposed in this letter, where primordial nucleosynthesis,
thermal leptogenesis and dark matter are naturally consistent, this method cannot be
pursued, as the stau decays predominantly in the R-parity violating channel into charged
lepton and neutrino.

Nevertheless, from a gravitino signal in the diffuse y-ray flux and the width for the
stau decay into two jets, one can still obtain a microscopic estimate of the Planck mass.
The gravitino mass is given by the maximal energy of the photon, mg3,, = 2E,, and the
gravitino lifetime can be determined from the photon flux, eqs. ({.§), (£.10). Then, using
the expression for the gravitino decay rate, eq. (EI), one can rewrite the Planck mass in
terms of the gravitino mass, lifetime and photino-neutrino mixing as

m3 ’7'/ 1/2
3/2'3/2
Mp = Fv

mgje \3/2 T3/2 2 (U5,
=25x 108 i 4.2
5 x 107 GeV <10 GeV) 1% 1077 s 10-8 (4.20)

where |Us,| is related to the decay rate of the stau into two jets®. We can cast the
dependence on the decay rate as a dependence on the decay length of the stau in this

®Note that the decay rate of the stau into leptons depends on ez whereas |Us,| depends on the sneutrino
VEV and therefore mainly on e3 for the hierarchical case.

- 12 —



channel, yielding

had\ —1 ~ -3 2 2
2416 [ CTF m tan 8 cos 6,
U [” =10 (1.4m> <200GeV> ( 10 > < 0.1 ' (421)

The measurement of the decay length of the stau in the hadronic channel, comple-

mented with additional information about supersymmetry breaking parameters, can pro-
vide a determination of |Us,|. The measurement of the photon energy and the photon
flux in the diffuse v-ray background then gives the gravitino mass and lifetime and, using
eq. (f.2(), an estimate of the Planck mass.

5. Conclusions

On theoretical grounds, theories with and without R-parity are on equal footing. In this
paper we have presented a simple model where R-parity is not conserved and its violation is
connected to the scale of B-L breaking. One can then have R-parity violating couplings that
are small enough to be consistent with baryogenesis and gravitino dark matter, yet large
enough to allow for the NLSP decay before nucleosynthesis. For gravitino masses above
5 GeV one obtains a cosmological history consistent with thermal leptogenesis, thermally
produced gravitino dark matter and primordial nucleosynthesis.

Relic gravitino decays into neutrino and photon yield a diffuse halo and extragalactic
~v-ray flux which depends on the R-parity violating Yukawa couplings. It is remarkable
that for a gravitino mass mgz, = O(10) GeV, the predicted photon flux could be part of
the apparent excess in the extragalactic diffuse y-ray flux obtained from the EGRET data.
However, given the current uncertainties in the determination of the diffuse galactic y-ray
emission, this consistency may be accidental. Unequivocal evidence for decaying gravitino
dark matter could come from the results of GLAST.

The flavour dependent pattern of R-parity breaking can give striking signatures at the
LHC, in particular a vertex of the NLSP, that is significantly displaced from the beam
axis. Together with the measurement of supersymmetry breaking parameters at the LHC,
the observation of a redshifted photon spectral line from gravitino decay by GLAST can
allow a microscopic determination of the Planck mass. In the less optimistic case where the
R-parity breaking Yukawa couplings are near to their lower bound, astrophysical detection
will be very challenging whereas signals hinting at R-parity breaking and gravitino dark
matter could still come from stau decays, as in the case of R-parity conservation.
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