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Introduction
“Standard” thermal history of the Universe

Temperature time
leV 10%3s decoupling of photons/CMB
1MeV 1s decoupling of neutrinos
0.1MeV-10MeV 102 — 10—2s BBN
100MeV 10~%s QCD phase transition
100GeV 10~ 1% EW phase transition
10° — 1019 GeV 10724 — 10~ 2%s leptogenesis?
? ? reheating
? ? Inflation
? 0 Big Bang
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New elements have to be incorporated into the thermal
history of the Universe:

e Dark matter
e Dark energy

Cosmic pie determined by WMAP

Alejandro Ibarra (DESY) Gravitino Dark Matter — p.4/4.



New elements have to be incorporated into the thermal
history of the Universe:

e Dark matter
e Dark energy

Cosmic pie determined by WMAP

Alejandro Ibarra (DESY) Gravitino Dark Matter — p.4/4.



More evidences for dark matter

150 —
- NGC 6503 .
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Clowe et al.
astro-ph/0608407

Composite image from NASA of the Bullet Cluster (1E 0657-56). Superposition of an optical
image by the Hubble Space Telescope, an X-ray image from Chandra (red), and a weak
lensing map (blue). The X-ray image shows the distribution of hot gas (baryonic matter) and
the weak lensing map, the distribution of matter. There is more matter apart from the
baryonic matter —> direct evidence for dark matter?
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Candidates for dark matter
Many! Some interesting candidates are:

# Massive SM neutrinos (now excluded)
#» AXxions
# Heavy sterile neutrinos
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Candidates for dark matter
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# Neutralinos (requires R-parity)

#» Gravitinos
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Neutralinos (requires R-parity)
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Candidates for dark matter
Many! Some interesting candidates are:

Massive SM neutrinos (now excluded)
AXxions

Heavy sterile neutrinos

Neutralinos (requires R-parity)
Gravitinos

AXINosS

Lightest Kaluza-Klein particle
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Goal: construct a consistent thermal history of a Universe
with supersymmetric dark matter (neutralino/gravitino)

Constraints:
® leptogenesis (T > 10°GeV, t < 10~%%s)
® BBN (7'~ 0.1 — 10MeV, t ~ 10%> — 1072s)

® CMB (T ~ 1eV, t ~ 1015s)
And of course, the relic dark matter abundance should be
the observed one Qpy ~ 0.23.
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LeptogenesiSe was

After the discovery of neutrino oscillations, leptogenesis stands as one of the most
appealing explanations for the observed baryon asymmetry of the Universe.

Simplest realization: the lightest right-handed neutrino decays out of equilibrium,
producing a lepton asymmetry. Sphaleron processes partially convert the lepton
asymmetry into a baryon asymmetry.

Buchmiiller, di Bari, Plimacher

np = LB~ 0.0l sy OF T TSI T T

K 10%° & : : .

e c; = CP asymmetry

3 Mims Davidson, A.l.

87 <H0>2
— Lower bound on M;

IA

€1

M; (GeV)

e s = efficiency factor, that
can be parametrized by

mi = 5;\2/ <HO>2

1057 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIIEI| 1 Ill:lllll 1 IIIII7

107 107° 1074 1072 0.01 0.1 1
T?Ll (GV)
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Big Bang Nucleosynthesis

The Standard Model prediction for the abundances of primordial elements are in
good overall agreement with the observations.

Baryon density Qgh?
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If the gravitino is NOT the lightest supersymmetric particle (i.e. the neutralino is the
LSP), it decays into the lightest neutralino and a photon: 35 — 3.
Potentially problematic for BBN!

The photons can dissociate the light-elements if the photon energy is above a
certain threshold. For example

D+vy—n+p, By =2.225MeV

T T INNHW I

*He < 0.22

T, (GeV)
T, (GeV)
2

Kawasaki, Moroi
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Even worst, if ms,2 > mg the gravitino could decay into gluon and gluino, that
hadronize producing energetic hadrons — hadro-dissociation of the primordial
elements. Other hadronic channels are also dangerous.

1Og10(7'3/2/sec)
6 4 2 0 — _2
oo /oA 4 1010
1o° 1 < 10°
= 108 - < 108
) = =
S 107 = 1 10
= 10° E E - 108
- 6, : - -
105 3 Li/H B(y,~gl)=1 % B(y,~yqq)=10" 105
104 C il Ll Ll Ll L Ll L1l 104
10% 103 10 105 102 103 104 10®
I 3/2 (GeV) m 3/2 (GeV) Kawasaki, Kohri, Moroi
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Even worst, if ms,2 > mg the gravitino could decay into gluon and gluino, that
hadronize producing energetic hadrons — hadro-dissociation of the primordial
elements. Other hadronic channels are also dangerous.

log,o(73,5/s€C) log,o(74,,/s€C)
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Difficult to reconcile with the leptogenesis requirement Tr > 10°GeV.

Hadronic decays of the gravitino are an important constraint for the scenario with
thermal leptogenesis and neutralino dark matter.
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Solutions:
® Very heavy gravitino (anomaly mediation) e, kitano, Murayama, Yanagida
® |ate-time entropy production konri, vamaguchi, Yokoyama

® The “standard” (thermal) leptogenesis scenario is not valid.
Alternative mechanisms have to be advocated working at lower T": resonant
leptogenesis, Affleck-Dine baryo/leptogenesis, electroweak baryogenesis...

® The gravitino IS the LSP — gravitino dark matter pageis, primack 1
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Gravitino dark matter

® Gravitinos are thermally produced in the early Universe by QCD processes.
For example:
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® Also produced by non-thermal processes (inflaton decay, NLSP decay)
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Gravitino dark matter

® Gravitinos are thermally produced in the early Universe by QCD processes.
For example:
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® Also produced by non-thermal processes (inflaton decay, NLSP decay)
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Gravitino dark matter
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Gravitino dark matter

® Gravitinos are thermally produced in the early Universe by QCD processes.

For example:
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it is nicely compatible with leptogenesis! . i
(But it is undetectable with direct searches) 7108 — 109 - Wiglo - o
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The next-to-lightest SUSY patrticle

Most likely candidates: lightest neutralino, lightest charged slepton (right-handed
stau). (In some speciphic models, the NLSP could also be a sneutrino or a stop.)

If the gravitino is the LSP and R-parity is conserved, the NLSP can only decay
gravitationally into gravitinos and SM particles, with a decay rate suppressed by Mp:

F;ﬁ

m2

>~ = very long lifetimes.
3/2°°P

48m™m

m 2
® Stau: 7T — T¢s3/2, 77~ 9days (még/) (1521(;~ev)

® Neutralino: x§ — Yb3s2,  Tzo =9 days (még/) (%) (for 9 = 7).

X1

The NLSP is present during and after BBN. The decays could jeopardize the
abundances of primordial elements.
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Neutralino NLSP

The photons from y{ — 5 /2 can dissociate primordial elements. Also,
) — Z1p3 /o could be kinematically allowed, and the hadronic decays of the Z
could be disastreous.

~

For v{ = B,

Feng, Su, Takayama
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Neutralino NLSP

The photons from y{ — 5 /2 can dissociate primordial elements. Also,
) — Z1p3 /o could be kinematically allowed, and the hadronic decays of the Z
could be disastreous.

~

For v{ = B,

20T

10 '
100 10l 1072 101 100 10! 103
mg (GeV) mg (GeV) Feng, Su, Takayama

Incompatible with leptogenesis (ms,» ~ 10 — 300 GeV).
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Right-handed stau NLSP

The two body decay 7r — 73,2 Only releases electromagnetic energy. Hadronic
decays only arise in three body decay processes: Tr — 7Z3,2 OFf Tr — VW13,
with suppressed branching ratio.

1000

700

500

(GeV)

TR

2

300

m

200

100

1 5 10 50 100 5001000
mg (GeV) Feng, Su, Takayama
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Right-handed stau NLSP

The two body decay 7r — 73,2 Only releases electromagnetic energy. Hadronic
decays only arise in three body decay processes: Tr — 7Z3,2 OFf Tr — VW13,
with suppressed branching ratio.
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Compatible with leptogenesis (ms3/2 ~ 10 — 300GeV)!
The “revised” thermal history of the Universe seems to point to gravitino LSP,
with mgz /o ~ 10 — 300 GeV, and stau NLSP.
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A new turn of the screw

Recently another effect of stau NLSP during BBN has been realized:

stau catalysis of lithium 6.

Pospelov

D y D OLij
He L @S“'je_x_‘) ________ X
‘He +D — °Li+~ (*HeX )+ D — °Li+ X~
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A new turn of the screw

Recently another effect of stau NLSP during BBN has been realized:

stau catalysis of lithium 6. | rospeiov

D
He

‘He +D — °Li+~ (*HeX )+ D — °Li+ X~
The cross section for the catalyzed channel is around eight orders of magnitude

larger than the standard channel! This leads to an overproduction of °Li of a factor
300-600.
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Summary of the implications of a high reheat temperature (T’ > 10° GeV)
neutralino LSP gravitino LSP

for SUSY dark matter:

neutralino NLSP RH stau NLSP other candidates

| | |

Y32 — X7 hadrons X} — 43,5 hadrons  Catalytic production stop

Hadrodissociation of Hadrodissociation of ©f °Li LH sneutri_no
primordial elements primordial elements RH sneutrino

Conflict with BBN Conflict with BBN Conflict with BBN
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BBN Is the Achilles’ heel of SUSY dark matter

Root of all the problems: the NLSP is very long lived.

Simple solution: get rid of the NLSP before BBN — | R-parity violation

Alejandro Ibarra (DESY) Gravitino Dark Matter — p.19/4.



Gravitino DM with broken R-parity

< When R-parity is broken, the superpotential reads:

W = Warssn + pi(HuLi) + X6 (LiLj)e§, + N (QiLg)d§ + Ny (usdSds)
The coupling )\;;. induces the decay of the right-handed stau. For example,
Tr — vy With lifetime:

—92 ~ —
e 2 10%s (+205) 7 (o)

Even with a tiny amount of R-parity violation (A > 10~1%)
the stau will decay before the time of BBN.
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Gravitino DM with broken R-parity

< When R-parity is broken, the superpotential reads:
W = Warssn + pi(HuLi) + X6 (LiLj)e§, + N (QiLg)d§ + Ny (usdSds)
The coupling )\;;. induces the decay of the right-handed stau. For example,
Tr — vy With lifetime:
~ 103 A )2 mz 1
7 = 10 S(10—14) (100 GeV)

Even with a tiny amount of R-parity violation (A > 10~14)
the stau will decay before the time of BBN.

< The lepton/baryon number violating couplings A, \’, A" can erase the
lepton/baryon asymmetry. The requirement that an existing baryon asymmetry is
not erased before the electroweak transition implies:

by )\, < 10_7 Campbell, Davidson, Ellis, Olive

Fischler, Giudice, Leigh, Paban
Dreiner, Ross

Plenty of room! 10~ '* < A, X’ < 10~ 7. In this range leptogenesis is unaffected.
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% Interestingly, even though the gravitino is not stable anymore, it still constitutes
a viable dark matter candidate. It decays for example 3,5 — vy, with lifetime:

—3
26 A \—2 ([ m3/2
T3/2 ~ 1077s (10—7) (10 Gev)

(Remember: age of the Universe ~ 10'"s)
Stable enough to constitute the dark matter of the Universe. Tkavama. Yamaguchi
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(Remember: age of the Universe ~ 10'"s)
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In summary: The existence of a gravitino LSP with a mass in the range

5-300 GeV, and a small amount of R-parity violation 10~** < X\, X' < 1077, is

consistent with the “standard” thermal history of the Universe + SUSY dark matter
(allows leptogenesis, and does not spoil BBN or CMB observations).
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% Interestingly, even though the gravitino is not stable anymore, it still constitutes
a viable dark matter candidate. It decays for example 3,5 — vy, with lifetime:

—3
26 A \—2 ([ m3/2
T3/2 ~ 1077s (10—7) (10 Gev)

(Remember: age of the Universe ~ 10'"s)
Stable enough to constitute the dark matter of the Universe. ™kavama. vamaguchi

In summary: The existence of a gravitino LSP with a mass in the range

5-300 GeV, and a small amount of R-parity violation 10~** < X\, X' < 1077, is

consistent with the “standard” thermal history of the Universe + SUSY dark matter
(allows leptogenesis, and does not spoil BBN or CMB observations).

Question 1:is 107'* < A\, M < 1077 reasonable?

Question 2: which are the experimental signatures for this scenario?
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A model for small (and peculiar) R-parity breaking . g "

We want to construct a model with small lepton number violation
(107 < A, ) < 107 7) and tiny baryon number violation ( X'\’ < 10727)

Some insights to construct such a model:

® For convenience, we use SO(10) notation (but no GUT in our model!).
Quarks and leptons in 16;, Higgses in 10y.

® To give Majorana masses to neutrinos, B — L has to be broken, either by a 16,
16 (with B — L = +1), or by 126 (with B — L = 2). To have just small
representations, we use 16 and 16 — R-parity is necessarily broken when
(16) ~ (16) = vp_1.
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® There are two type of terms in the superpotential:
16;16,10x. “Good term”. Produces Dirac masses.

16,16,1616. “Good term”. Produces right-handed neutrino masses.
16,1610%. . Produces vp_1 LH,. Too large neutrino masses.

16,16,16,16. . Produces ~f-Fud®d®, -+ QLd°. Too fast p decay.
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® There are two type of terms in the superpotential:
16;16,;10x. “Good term”. Produces Dirac masses.

16,16,1616. “Good term”. Produces right-handed neutrino masses.

1688105 . . Produces vs_ LH,,. Too large neutrino masses.
16,1616 081 . Produces “Z=tu‘d°d, “2==QLd". Too fast p decay.

® Key point: the “bad terms” always involve the 16. We cannot get rid of 16, but
we can try to suppress/forbid the couplings.
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16,16,1616. “Good term”. Produces right-handed neutrino masses.

1688105 . . Produces vs_ LH,,. Too large neutrino masses.
16,1616 081 . Produces “Z=tu‘d°d, “2==QLd". Too fast p decay.

® Key point: the “bad terms” always involve the 16. We cannot get rid of 16, but
we can try to suppress/forbid the couplings.

® We will forbid the bad terms by means of a U (1) g symmetry:

16, 10y 16 16 | 1
R 1 0 o -2 -1

(the SO(10) singlet has been introduced to break the R-symmetry).
With this assignment, holomorphicity guarantees that there is no R-parity
violation in the superpotential.
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There are two type of terms in the superpotential:
16;16,;10x. “Good term”. Produces Dirac masses.

16,16,1616. “Good term”. Produces right-handed neutrino masses.

1688105 . . Produces vs_ LH,,. Too large neutrino masses.
16,1616 081 . Produces “Z=tu‘d°d, “2==QLd". Too fast p decay.

Key point: the “bad terms” always involve the 16. We cannot get rid of 16, but
we can try to suppress/forbid the couplings.

We will forbid the bad terms by means of a U(1)r symmetry:

16, 10y 16 16 | 1
R 1 0 o -2 -1

(the SO(10) singlet has been introduced to break the R-symmetry).
With this assignment, holomorphicity guarantees that there is no R-parity
violation in the superpotential.

Key point 2: the Kahler potential is not protected by holomorphicity. Terms line
116'16,105, 1716 16,105 can appear in the Kahler potential, producing
eventually bilinear R-parity violation.
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The model

Particle content:
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The model

Particle content:

Q,u, e, d, L,v° H,Hy N N°|®& X Z
B-1L +1/3, +1 0 1 -1]/0 0 O
R 1 0 0 2|1 4 0

® and Z are spectator fields, (?) = vp_r and (Z) = Fz60.

The effective theory is described by W ~ Wi ssnm + Wioe + WRp:

o Wirssim = h®LHge® + h*QHad® + h*QHyu® + nH, Hy
2

e Wye = h" LH,v® + Mv°ve, with Ms ~ ——~
« W = I\ LLe® + N QLd® + \'ucd®d"
U2
A~ CL5Lpe ~ 25 RE

M]% Mp

>\/ NCUQB—Lhd Ncﬁhd

M?%, M p

4 2
VB — ms3/2 M
)\// ~ T B—L ~ 3
3/27M% Mp \ Mp
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The model
Particle content:

Q,u, e, d, L,v° H,Hy N N°|®& X Z
B-1L +1/3, +1 0 1 -1]/0 0 O
R 1 0 0 2|1 4 0

® and Z are spectator fields, (?) = vp_r and (Z) = Fz60.

The effective theory is described by W ~ Wi ssnm + Wioe + WRp:
e Wirssy = h°LHge® + h*QHyd® + h*QHyu® + pnHy,Hy

2

e Wye = h" LH,v® + Mv°ve, with Ms ~ ——~
o W = X\ LLe® + NQLd® 4+ \'u®d®d®  In a particular flavour model

) Buchmdiller, Yanagida
A~ CE5Ehe ~ Cafthe A~ 1077R¢
P
A~ C”ff;—; h ~ C 472 h? A~ 107"
7 PU%—L msg/2 Mg 2 7 —28
A ng/g M15:, ~ Mp (MP) A7~ 10

Then, Az;j, Ms;; ~ 1078, within 107 < A\ < 1077
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|- Sighatures at gamma ray observatories

The gravitino lifetime is much longer than the age of the Universe, but a few
decays are happening NOW, and the decay products could be observed.
In particular, the could be observable as an extragalactic diffuse
gamma-ray flux with a characteristic spectrum.

Shining dark matter
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|- Sighatures at gamma ray observatories

The gravitino lifetime is much longer than the age of the Universe, but a few
decays are happening NOW, and the decay products could be observed.
In particular, the could be observable as an extragalactic diffuse
gamma-ray flux with a characteristic spectrum.

Shining dark matter

First analysis of Sreekumar et al. from the EGRET data gave an
extragalactic flux described by the power law.

E?2L =137%x107° (5 gev)_o'l (cm?str s) ' GeV, for 50 MeV< E < 10 GeV

This flux is close to the predictions of models.

This scenario might be tested soon!!
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The more recent analysis by Strong, Moskalenko and Reimer ('04) shows a power law
behaviour between 50 MeV and 2 GeV, but a clear excess between 2 GeV and 50GeV!!

100.07 T T TTTTIT T T TTTTIT T T 1T T \\\HH‘ T T TTTTIT T T TTTTIT T T TTITIT T T 1T LN T \\\Hu
HEAO A2,A4(LED) ]
“'.ﬁ_ HEAO-A4 (MED) ]
% 100 — -
3 L .
[ _
”g COMPTEL EGRET 2
< i
S * %ﬁ}
> -+ +
W 10 + —
: +y +ﬁ, -
01 L \\\HH‘ L \\\HH‘ L \\HH‘ L \\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\HH‘ L \\HH‘ Lot
101 109 101 102 10° 10* 10° 100 107 108 10°
Photon Energy (keV)

The extragalactic gamma ray flux from the decay of gravitinos may be hidden in this excess.
Still, many open questions:

* Extraction of the signal from the galactic background

* Is the signal isotropic/anisotropic?

* Precise shape of the energy spectrum?

* Is the excess really there? Stecker, Hunter & Kniffen
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Gravitino decay channels

® Light gravitino ms ;o < Mw Y
® Y30 — YV LES/Z
3
1 2m3/2
T = —|Us | =4~
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Gravitino decay channels

® Light gravitino ms,» < Mw Y
$ )3/0 — YV LES/Z
1 2/2
F(¢3/2 — ) = 391 Uiv‘ MI%

#® “not-so-light” gravitino 100 GeV < mg3,2 < 300 Ge;/

PRI . 70, LEs/z
14
1 M2 ‘ od
3 2 Vv <06
(432 — Z'v) = BT’UZ N / f ( 2 ) Foa
Q 3/2 0.2
i % 02 04,06 08 1
$ )3/ — WEeF W2
"
3
2 mg /o M2 |
I Wty = — Uy, |2 W
(Y32 — ) 327T| el M2 f<m§/2>
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Gravitino decay channels

® Light gravitino ms,» < Mw Y
$ )3/0 — YV LES/Z
3
_ Ly e
o
#® “not-so-light” gravitino 100 GeV < mg3,2 < 300 Ge;/ s
® sy — 20 LEs/z
z
/2 MZ vV 0.6
L(¢s/0 — Z'v) = —!U "k s f N
3/2 % 0.2
i % 02 04,06 08 1
® g0 — WELT W2
W

3
2 ULEYD M?2
(13,0 — WEEF) = %WWAQ = <m2W )
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The energy spectrum of photons from gravitino decay is

AN~

m3/2 dNW dN,yZ
dE

0
) + BR(t3/5 — WO —— + BR(ty /5 — 2°) —2

~ BR(3h3/5 — Y00 (E _

m3/2:10 GeV m3/2:150 GeV
1 W

E°dN/dE
2
E® dN/dE

o

0@ o1 1T 100 9®%01 “01 T "0 100
E (GeV) E (GeV)
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UWE‘?

AU

v

What are typical values for |Us,

When R-parity is broken neutralinos mix with neutrinos, through the sneutrino vev

o

Y

Y

Y

Alejandro Ibarra (DESY) Gravitino Dark Matter — p.29/4.



UWE‘?

What are typical values for |Us, |, |U

v

When R-parity is broken neutralinos mix with neutrinos, through the sneutrino vev

|77~ g )
’UZV = 2CW MZ

o
Y
Y
Y

Y

Y

Y
Y
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What are typical values for |Us, |, (U5 |, |Uyi,|?

When R-parity is broken neutralinos mix with neutrinos, through the sneutrino vev
g (v)

’UZV = 2CW MZ

o

Y
Y

® <>
|
|
|
|
|
é

Y
Y
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What are typical values for |Us,

Uz, |, Uil ?

Uz,

When R-parity is broken neutralinos mix with neutrinos, through the sneutrino vev

® <v>
! AT~ | ~ 9 D)
~ : ’UZI/ — 2cw MZ
B ! Vv
> ¢ >
® <v> ® <v>
i i — |Usv|
—~0 ~ ~
W | % y Z°! v
> ¢ > K —>— >
M3z

Assuming universality at the GUT scale,

Us, | ~ 0.32|U |
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Also, the charginos mix with the charged leptons

® <v>
|
|
|
|
é

Y
Y

M s, + Msyc?
’Uﬁ//ﬁ‘ = \/§CW : WM2 = W’UZu’

Assuming universality at the GUT scale, |U;,| ~ 1.09|U7 |
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The branching ratios are determined by the size of the mixing parameters U5,
Uz,, Uy . This is very model dependent, however, their relative size is fairly

model independent:

U

Us| =~

2

WE‘

(Mo — My)swew

Mlc%/v -+ MQS%V

Uz, |

M s%, + Msc?
Ve =W IR 1y

Mo

Assuming gaugino mass universality at the Grand Unified Scale,

|U37V| X |UZV| 5 |Uﬁ7£| ~1:32:35

ms/2

BR(3 /2 — V)

BR(¢3/5 — W)

BR(t3/5 — Z°v)

10 GeV
85 GeV
100 GeV
150 GeV
250 GeV

1
0.66
0.16
0.05
0.03

0
0.34
0.76
0.71
0.69

0
0
0.08
0.24
0.28
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The energy spectrum of photons from gravitino decay is

AN~

m3/2 dNW dN,yZ
dE

0
) + BR(t3/5 — WO —— + BR(ty /5 — 2°) —2

~ BR(3h3/5 — Y00 (E _

m3/2:10 GeV m3/2:150 GeV
1 W

E°dN/dE
2
E® dN/dE

o

0@ o1 1T 100 9®%01 “01 T "0 100
E (GeV) E (GeV)
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Gamma ray spectrum

If gravitinos decay, we expect a diffuse background of gamma rays with two different sources.

® The decay at cosmological distances gives rise to a perfectly isotropic extragalactic
diffuse gamma-ray flux.

) A T () )
dE extgal ms/2 d(Ey ) Qpr

where y = 1 + z,

23 /2pc
C, = 3/2P

8m13/0H082 ),

1
= 10" " (cm? strs) " 1GeV ( 73/2 )

1/2 1028 g
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® The decay of the gravitinos in the Milky Way halo gives rise to an anisotropic ~ ray flux

2F?2 dN.
{Egg] _ 2E2 | dN,
dE | hao ms/2 dk

—

1 ~
where D, = / Phalo (1)dl
8mT3/2 Jios

The precise value of D~ (b,1) depends on the halo profile. Averaging over all sky, one
finds typically D~ /C. ~ O(1) — the halo contribution dominates

L1707 ) L e s e s s B B B LA

50—

Galactic Latitude

—50

100 v v - L .
—200 —-100 Q 100 200
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® The decay of the gravitinos in the Milky Way halo gives rise to an anisotropic ~ ray flux

dJ 2E? _ dN
dFE halo m3/2 dFE

1 = -
8773 /2 Jlos

The precise value of D~ (b,1) depends on the halo profile. Averaging over all sky, one
finds typically D~ /C. ~ O(1) — the halo contribution dominates

jQOF TT T T T T T T T T T T T T T 100
50— — 50— —
o ) [ ]
o o L _
E E
500 5 T ]
© or B © or B
o r © r b
o} (o]
o° o [ 7
(@] @] L B
-50— — —-50— —
100 v v v b e e e e —-100
—200 —100 0 100 200 —200 —100 0 100 200
Galactic Longitude Galactic Longitude
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v ray spectrum for light gravitinos ms,, < Mw

The energy spectrum from gravitino decay is just a delta function: djg =0 (E — m;’”)

—1/2
L a (28 7VR o \ /2 o, 2B
Qrp \ m3yo2 ms /o ms /g

o dJ 2F
E*~Z| =D,6(1-
L AE | haio ms3/2

BE* -~ = C,

d extgal

Bertone, Buchmiiller, Covi, Al

—
S

energy resolution
of EGRET: 15%

E” dJ/E (GeV (cm” s str) )

extgal /

—
S
N
T

0.1 10

E (GeV)
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7 ray spectrum for “not-so-light” gravitinos 100 GeV < ms3/, < 300 GeV

The total flux receives contribution from different sources.

|U§V| : |UZI/| : |UW£| ~1:3.2:3.5

Gamma-ray spectrum for ms,, = 150 GeV
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o
T
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v ray spectrum for “not-so-light” gravitinos 100 GeV < mg/2 < 300 GeV

The total flux receives contribution from different sources.

|U§V| : |UZI/| : |UW£| ~1:3.2:3.5

Gamma-ray spectrum for ms,, = 150 GeV
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v ray spectrum for “not-so-light” gravitinos 100 GeV < mg/2 < 300 GeV

The total flux receives contribution from different sources.
Uzl s U5 |+ Uz, ~1:3.2:35

Gamma-ray spectrum for ms,, = 150 GeV
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v ray spectrum for “not-so-light” gravitinos 100 GeV < mg/2 < 300 GeV

The total flux receives contribution from different sources.

|U§V| : |UZI/| : |UW£| ~1:3.2:3.5

Gamma-ray spectrum for ms,, = 150 GeV
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v ray spectrum for “not-so-light” gravitinos 100 GeV < mg/2 < 300 GeV

The total flux receives contribution from different sources.

|U§V| : |UZI/| : |UW£| ~1:3.2:3.5

Gamma-ray spectrum for ms,, = 150 GeV
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v ray spectrum for “not-so-light” gravitinos 100 GeV < mg/2 < 300 GeV

The total flux receives contribution from different sources.

|U§V| : |UZI/| : |UW£| ~1:3.2:3.5

Gamma-ray spectrum for ms,, = 150 GeV

Al, Tran

total

=
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>
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o
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T30 = 2 X 10%%s = |Uz, | ~ 2 x 10719
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Gamma-ray spectrum for ms,, = 100 GeV

=
o|
o

E? dJ/dE [GeV em?s?t sr'l]
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Gamma-ray spectrum for ms,, = 250 GeV

=
o|
o

E? dJ/dE [GeV em?s?t sr'l]
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lI- Signatures for colliders

The signatures depend on the nature of the NLSP (stau/neutralino)

® If the NLSP is a (mainly right-handed) stau
#® Main decay: Tr — T v, p V- (through AL Le©)

cT;ep ~ 30 cm (20’81%)_1 (1537)—2 (talr(ljﬁ)—Q

Long heavily ionizing charged track followed by a muon track or a jet.
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lI- Signatures for colliders

The signatures depend on the nature of the NLSP (stau/neutralino)

® If the NLSP is a (mainly right-handed) stau
#® Main decay: Tr — T v, p V- (through AL Le©)

cT;ep ~ 30 cm (20’8””%)_1 (1537)—2 (talr(ljﬁ)—Q

Long heavily ionizing charged track followed by a muon track or a jet.

#® Also, the small left-handed component induces 71, — bt (through ) Q Ld°)

et ~1.4m (2082;2\/)_1 (1537>_2

Long heavily ionizing charged track, followed by jets.
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lI- Signatures for colliders

The signatures depend on the nature of the NLSP (stau/neutralino)

® |[f the NLSP is a (mainly right-handed) stau
#® Main decay: Tr — T v, i V5 (through AL Le©)

cT;ep ~ 30 cm (ﬁﬁ)_l (1537)—2 (tablr(ljff)—?

Long heavily ionizing charged track followed by a muon track or a jet.

# Also, the small left-handed component induces 71, — bt (through N Q Ld°)

et ~1.4m (zoglc;%ev)_l (1537>_2

Long heavily ionizing charged track, followed by jets.

® |f the NLSP is a neutralino

® Main decays: \! — 7*WT, or x? — bb° v
0

m -3
2—body X1 €3 —2 /tan 32
€70 ~ 20 cm (200 GeV) (%)~ (%5%°)

(37'30_]:)Ody ~ 600 m (m#)4 (l)_g) ( €3 )—2 (tan5>—2

x§ 300 GeV 200 GeV 10—7 10
If the neutralino decays inside the detector, jets will be observed.
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Conclusions

® During the 20th century, a consistent thermal history of the Universe was
outlined. The recent discoveries of dark matter and dark energy require a
revision of the thermal history.

® We have concentrated on incorporating the supersymmetric dark matter into
the thermal history of the Universe.

® The requirements of succesful thermal leptogenesis and Big Bang
Nucleosynthesis essentially lead to a scenario with gravitino dark matter and
tiny R-parity violation.

® The photons from the gravitino decay contribute to the diffuse gamma
background. They may have already been observed by EGRET. Future
experiments, such as GLAST, AMS-02 or Cherenkov telescopes, will provide
unique oportunities to test this scenario. A flux of positrons, antiprotons and
neutrinos is also expected — in preparation

® This scenario predicts striking signatures at the LHC, in particular a vertex of
the NLSP significantly displaced from the beam axis.
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Isotropy of the signal
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l b Intensity 0.1-10 GeV Description

0-360 < —10, > +10 11.10 £ 0.12 N+S hemispheres
0-360 < —10 11.70 £0.15 N hemisphere

0-360 > +10 9.28 £+ 0.21 S hemisphere

270-90 < —10, > +10 11.90 £ 0.17 Inner Galaxy N+S
90-270 < —10,> +10 9.75 4+ 0.17 Outer Galaxy N+S
0-180 < —10,> +10 10.80 £ 0.17 Positive longitudes N+S
180-360 < —10, > +10 11.60 £ 0.16 Negative longitude N+S
270-90 > 410 13.00 + 0.22 Inner Galaxy N

270-90 < —10 9.14 +£ 0.32 Inner Galaxy S

90-270 > +10 10.60 £ 0.22 Outer Galaxy N
90-270 < —10 8.18 £0.34 Outer Galaxy S
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