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1. Introduction

Supersymmetric models with the gravitino as the lightepessymmetric particle (LSP) with
R-parity conservation have very interesting phenomenotiagpite the fact that they produce no di-
rect and indirect detection signals. The gravitino is a aatd for dark matter and can be produced
in many ways: from scattering processes during reheatifigpor the decay of the next-to-lightest
supersymmetric particle (NLSP). The lifetime of the NLSIA & quite long (above one second)
because its couplings to the gravitino are suppressed bRldrek mass. Consequently the de-
cay of the NLSP to the gravitino along with Standard Model jSMdrticles can occur during Big
Bang Nucleosynthesis (BBN). The injection of SM particleduces electromagnetic or hadronic
cascades that can alter the production of the light elendimiag BBN. Observations put strong
constraints on the abundance of these elements and indosgaints on the characteristics of the
NLSP: its abundance, lifetime, mass and decay branchiiagsrat

The standard picture of BBN (SBBN) assumes that there is waydef an unstable relic
particle occuring in the plasma at the time of BBN. The modgiahds on a single parameter, the
baryon to photon ratio well measured by the WMAP mission [1] :

Nio= 1010% — 6.225+0.170 (1.1)
Y

Predictions are in good agreement for deuterium and hefiufherefore SBBN is a rather good
description of Big Bang Nucleosynthesis physics. Forlithi7, observations made in low metal-
licity regions present lower abundances by a factor a fewpared to the theoretical model. In the
1980’, measurements showed that lithium-7 abundance wiap@mdent of the metallicity for the
low metallicity stars (Spite plateau). This was interpdets the primordial abundance of lithium-
7 and therefore presented a discrepancy with the model. Tigm @f the problem could arise
on the one hand from observation difficulties, incompletadelisation of star mechanisms with
turbulence and mixing, or on the other hand from the modédh witcertainties on some reaction
rates or an incomplete picture with the decay of unstableéges during BBN. Although refined
observations of the Spite plateau show a little scattenmbeadouble plateau making interpretation
much more difficult, the lithium-7 problem still needs to liFessed. The lithium-6 is much more
difficult to measure than the lithium-7 but careful studiesrs to point out to a lithium-6 prob-
lem, observations of lithium-6 abundance being a few ordénsagnitude higher than the standard
picture prediction.

To solve both lithium problems a possible scenario is to eapphe decay of the NLSP dur-
ing BBN into the gravitino. The decay cascades would modify abundance of lithium-6 and
lithium-7 without changing deuterium or helium-4. This wdsne in many studies, first with
electromagnetic and hadronic decay and then by addingytataffects when the charged NLSP
forms a bound state with the light elements. The scenarib avistau NLSP decaying to a grav-
itino can solve both lithium problems and it was shown thatas possible to account for the right
amount of dark matter from the gravitino LSP. However thisnggio requires a gravitino mass of
mg/> ~ 100 GeV, a stau mase; ~ 1.5 TeV and a low reheating temperattiig~ 10° GeV [2, 3]
well below temperature needed for a successful thermaldepiesis scenaridg ~ 10° GeV).

To reconcile the stau-gravitino scenario with thermal dgphesis, one can assume a non-
standard cosmological history with for instance the presai an additional energy density before
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the beginning of BBN which then becomes negligible in ordetrto interfere with observations.
The model used in this study is presented in [4] and resudtsleweloped in [5]. Here we will first
present this non-standard cosmological scenario and tidation on the expansion rate, then the
consequences for the gravitino dark matter relic densityfimally the stau decay to solve the BBN
problems.

2. Pre-BBN modified expansion

In [4], an additional dark component with a positive energnslty is added in the early
universe, it is parametrized as follow :

T \™

pp(T) = KpPrad(Teen) (T—> (2.1)
BBN

with kp < 1 in order for this component to be negligible at the begignih BBN to ensure a

radiation dominated era during BBNggn = 1 MeV is the typical temperature of the Universe at

the beginning of BBNpraq is the radiation energy density anddnp < 8 depending on the nature

of the dark componentf = 4 radiation,np = 5 non-relativistic mattenp = 6 kination anchp > 6

can find justification in scalar decaying models).

The Friedmann equation reads

8nG
H? = —5 (Pe+pp) (2.2)

implying an expansion rate larger than in the standard cédtseimportant consequences for the
stau-gravitino scenario. The Universe has a shorter riglgeperiod as it cools down faster and
therefore the gravitino production is less efficient. Astfwe stau, it is initially in thermal equilib-
rium and when the reactions between the stau and the plaematable to maintain equilibrium,
the stau freezes out and then decays to the gravitino. Widxjpansion rate larger in this scenario,
the freeze-out occurs earlier inducing a larger abundahstuos. The gravitino relic density from
the stau decay is therefore larger as in the standard casedafrk component becomes negligible
during BBN so its effect are extremely weak on the productiblight elements.

3. Gravitino dark matter

3.1 Thermal production

The thermal production of gravitinos occurs during the atimg period after inflation. It is
due to scattering processes emitting one gravitino. Theitgra yield is obtained by integrating
the Boltzmann equation

e Cyp(T)
Y3/2(TeeN) = _/TR Tm (3.2)

where integration is performed between the reheating testyoe Tg and a low temperature taken
asTeen, S(T) is the entropyH(T) is the Hubble parameter defined in eq. 2.2 &agh(T) is
the collision term taking into account all scattering pissas producing a gravitino. It has been
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calculated [6, 7, 8] and we will take the result from [7]. Irethtandard cosmological scenario,
Pradler and Steffen obtained the following gravitino yield

3 MZ ka T
Yes(Teen) = UZ <1+ 3m§/2> YaOzIn (ga> (ﬁ) : (3.2)

with Mg the gaugino masgy, the gauge couplings dk, Yo = {0.65,1.6,4.3} x 10712 andky =
{1.2661.3131.271}. One can note that the gravitino production increases \ighreheating
temperature. Constraints on the dark matter relic puts perdpound on the reheating temperature
for a given gravitino mass.

In the non-standard scenario, we find a yield proportionabt0TggN )

T N
Y3/2(TBBN) = YPS(TBBN) X 2F1 (:I./N7 1/2, 1+ 1/N, —Kp <TB::N> ) (33)

wheresF; is an hypergeometric function depending rgnandN = np — 4. For the given inputs,
the hypergeometric function lies between 0 and 1. This ®gswn on the gravitino production
allows to increase the reheating temperature and stiifgatie dark matter relic constraint.

3.2 Non-thermal production

Assuming that each stau NLSP produces one gravitino, theéhemal gravitino relic density
can be related to the stau abundance:

ms
l§I/T2Ph2 2 Qisph?. (3.4)
MnLsP

Since the stau abundance is higher because of an early-foe&zéhe gravitino relic density also
increases.

3.3 Total dark matter
The total gravitino relic density is the sum of the thermal aon-thermal production
Qz)oh* = QFHh* + Qg‘/TZPhZ. (3.5)
In the non-standard scenario, the thermal term is smallélevitie non-thermal is higher with

respect to the standard cosmological case.

4. Stau decay

The stau mainly decays in a gravitino and a tau lepton witHdhewing decay width

1 m mg/z )
Mf—16) = e M2|”§/2 (1— m%> . 4.1)

T
The stau lifetime is approximately equalto~ 1/I' (T — ré). Also, since the tau is unstable, its
decay induces an electromagnetic cascade. The branchimgmd energy associated to this decay

are
NLSP — m§/2>

(4.2)

Bem=1—Bhag~1 and Eem=
em had em — 2( szLSP

4
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Hadronic decays (production of nucleons) are subdominaithey require a 4-body decay.
Nevertheless, their impact on BBN can be strong and mustdea tato account. The width decay
of such processes are calculated as in [9]

~ ~ Mz —Mg/2—My dr(f — 16
M(T — 1Gog; myg) :/ d%q%
Mg Myq
with mgg = 2 GeV is a cut-off mass below which no nucleons are produckd.ehergy associated
to the hadronic decay is calculated in a similar way

(4.3)

1 "Mz —Mg/2—My dr(f — TéCﬁ)

Ehad = r d Myg Mag d Myq (4-4)

(f = 16qq) Jmgg
5. Results

We work in the CMSSM model with imputs: the gaugino mass,, the scalar massy and
the trilinear coupling?Aq (taken equals to zero) at the GUT scale, faand the sign ofu (taken
positive). We also take the gravitino mass as a free param@éfte use Suspect 2.41 to calculate
the mass spectrum, micrOMEGAs 2.2 for the stau abundandeHER to calculate the width
decays and energies and a private BBN code developed byealstiamzik for the light elements
abundances produced during BBN.

We use the following constraints for the light elements\d=tifrom observations

12x10°< D/H <53x10° (5.1)
3He/D <172 (5.2)

Y, <0.258 (5.3)

85x10 1< 7Li/H <25x10 10 (5.4)
0.015< SLi/’Li <0.66 (5.5)

The last two constraints are the lithium-7 and lithium-6radences compatible with observations.
In the following figures, SBBN values for lithium isotopesiivlie taken as

25x10° 10 < 7Li/H (5.6)
6Li/7Li <0.015 (5.7)

For the dark matter relic density, we use the abundanceréadfdrom WMAP measurements
[1]
Qomh? = 0.1099+ 0.0124 (5.8)

As an element of comparison, Fig.1 presents the resultsBit 8nd dark matter in the stan-
dard cosmological scenario. With fixed valuesnaf = 80 GeV and tafs = 10, one can solve
both lithium problems and obtain the dark matter relic dgnfar values ofmy, ~ 3 -4 TeV
corresponding to stau masseswf~ 1.1 — 1.6 TeV and reheating temperatufe ~ 10’ GeV.

Similar results are presented in Fig.2 for the non-standasthological scenario. Both figures
havekp = 107° andnp = 5 (left) ornp = 7 (right). Fornp =5 the suppression of the gravitino
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m,=80 GeV tanf=10
’ TP DMH<53x103

C Gravitino not LSP
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Figure 1: Big Bang Nucleosynthesis results in CMSSM witlyg = 80 GeV and tay = 10. The light
blue region produces light elements abundances compatithiecSBBN, masses solving the lithium-7 dis-
crepancy (yellow), lithium-6 (green) and both problemsijreThe hatched area labelled NTP indicates a
gravitino relic density from non-thermal production alarmmpatible with measurements from WMAP and
the other hatched correspond to the sum of TP+NTP for givieeating temperature.

m,=80 GeV k,=10° n,=5
NTp  DiH<53x10%"

m,=80 GeV k=10 n,=7
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Figure 2: Results for Big Bang Nucleosynthesis in the modified expansate scenario witlkp = 10>
andnp =5 (left) ornp = 7 (right). Colours and hatched areas defined as in previouefig
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thermal production is strong enough to allow reheating tnapire up tolg ~ 102 GeV but it
does not affect much the stau abundance (less than one Peaandrtherefore the BBN results are
very much similar to those obtained in the standard scendtar np = 7, the dark component
is much larger in the early universe, the suppression of thgitino thermal production is so
strong that there is no constraint anymore on the reheatimgérature. Also the stau abundance
is affected and is enhanced. The consequence is that maagidggarticles are present in the
plasma during BBN and the impact on the light elements is\gia In order to reproduce the right
amount of lithium, lighter staus are required, shifting thgions of interest to smaller values of
my > and smaller gravitino masses (to maintain the right lifetiior the staus). Notice that in this
last scenario it is not possible to solve both lithium pratdeand obtain the right dark matter relic
density. It is somehow possible to solve the lithium-7 peobland satisfy the dark matter relic
density.

6. Conclusion

Supersymmetric models are a promicing extension of thed@tdriModel as they can address
many issues in particle physics and cosmology. Here we foctise dark matter candidate and the
Big Bang Nucleosynthesis in the case of a stable gravitinB BBd a stau NLSP. In the standard
cosmological scenario, in order to satisfy the BBN constsaand not overproduce dark matter, the
reheating temperature upper bound is well below the tenyoereequired for thermal leptogenesis
and the supersymmetric particle must be quite heavy makindugtion at LHC impossible.

The introduction of a dark component with a positive energgsity suppresses the gravitino
production during rehating allowing to have larger reheatemperatures in agreement with ther-
mal leptogenesis. Also the abundance of stau is enhaneaedradl to have lighter masses and still
solve lithium problems and maybe reach LHC (14 TeV) produrctiapacity.
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