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Introduction: composition of Universe
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72% o A few questions

@ What is Dark Energy ?
@ What is Dark Matter ?

@ How is matter produced in the
Early Universe ?

@ Where is the antimatter ?
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Introduction: solving the matter problems

A simple framework
@ Extension of the Standard Model: Supersymmetry
@ Constrained Minimal Supersymmetric Standard Model (CMSSM)
@ Lightest Supersymmetric Particle (LSP): gravitino
@ Conservation of R-parity

In this scenario
@ The gravitino is a good candidate for dark matter

@ The decay of the Next-to-LSP to the LSP during BBN can solve the
lithium problem

However

@ The constraints require low reheating temperature and heavy mass
spectrum

@ Non-standard cosmology with a modified Hubble parameter
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Supersymmetry

Symmetry between bosons and fermions

Q |fermion) = |boson) Q |boson) = |fermion)

New particles with same mass as SM partners

Broken symmetry
@ No observation of superpartners
@ SUSY breaking mechanism is unknown
@ Explicit breaking terms included in effective SUSY lagrangian

CMSSM: My, Mo, Ao, tanp, sgnu

R-parity conservation
PR — (_1)BB+L+ZS

The lightest SUSY particle is stable
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Supergravity
@ If supersymmetry is a broken local symmetry: supergravity
@ Graviton and its superpartner, the gravitino G (3/2-spin particle)
@ Super-Higgs mechanism: G becomes massive

™= VaMn
where v/F is the SUSY breaking scale
GMSB icrmssml AMSB
0.1Ikev ?1ooleev§ 10 ITev mg/2 = ‘[%Mpl

But here we will take the gravitino mass as a free parameter.

Gravitino interactions

m?2 m?2
Gravitational interactions oc —2f « — 9
F mg/zMH
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Evidence for dark matter

@ First observations: F. Zwicky ‘ ‘
(1933) 150

@ Study of galactic rotation curves:
V. Rubin (1970's)

NGC 6503

Other observations
@ Large scale structure formation
@ Gravitational lensing

@ CMB
@ Bullet Cluster 09 5" 25" 30
° Radius (kpc)

WMAP five-year data giving at 3o komatsu etal. (2008)

Qomh? = 0.1099 4+ 0.0124
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Relic density calculation

The Boltzmann equation

- 2
Nx + 3HNx = — (oV) (ni -y )
3 Y for increasing ov 7]

]

In a radiation dominated universe

dy I gi/zmx 2 P N S S
&~ Vass e <oV (YY) :

with x = mx /T andY =nx/s

log [Y(x)/Y (x

’ -20 L gl
1 10 100
x=m/T
The relic density reads: 2 g [ My
Oyh? = 2.742 x 10 (1Gev) Y (To) J
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Gravitino dark matter candidate and non-thermal production

Good candidate
@ No charges
@ Super Weakly Interacting Massive Particle
@ SUSY LSP with R-parity conservation: stable

Gravitino production
@ Non-thermal production
@ Thermal production

Non-thermal production from NLSP decay
@ All SUSY particles decay to NLSP
@ NLSP freeze-out
@ NLSP decays to LSP

NTP,. 2 ms,2 2
Q3/2h = mNLSPQNLSPh
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Gravitino dark matter: thermal production

During reheating, gravitinos can be produced in scattering processes
Bolz et al. (2001), Pradler & Steffen (2007)

g+g — §+6
a+9g — §G+6
g+q — §+6

3 M2 k T
Yrs(Tean) = 1 ° ) ya@iin (=2 ) ( sma—
o) Z( " 3m§/2>y st (5:) (s sev)
Thermal contribution to relic density

10 GeV\ [/ M1z \? Tr
0,h? ~0.32
32" = 032 ( = /2 1TevV,) \ 108 GeVv

Gravitino relic density

Q3/2"12 = Qg?zhz + le/Tghz
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Big Bang Nucleosynthesis : SBBN (1/5)

@ Before 1 s : weak interactions
n+et > p+re

@ Weak interaction freeze-out
np=eT~1/61/7

@ Deuterium bottleneck

p+n — ~+D
vy+D — p+n

@ Deuterium production starts at 200 s
@ D+p —3He+~, D+3He — *He +p

@ “He: most stable element, absorbs all
neutrons
2n

Yp = ~0.25
p+n

1 10 10° 10° o'
(s

@ No stable elementat A=5
and A=28

@ Small abundances of 6Li, “Li

v

Sean Bailly
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Big Bang Nucleosynthesis : predictions (2/5)

Qgh?
0.01

0.02 0.03
028 pr——————

@ SBBN has only one free
parameter

@ Measurement by WMAP

0= % — (6.225 + 0.170) x 10~ 2° 10of
A,

et BTty

e+ He~"Bef

10-10 |
10-t 10-°
baryon—to-photon ratio 7
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Big Bang Nucleosynthesis : observations (3/5)

Element SBBN Observations
(2) (2.60+0.16) x 107° | (2.687921) x 10~°
(%) (1.05+0.04) x 1075 | (1.1+0.2) x 10~°
Y 0.2487 + 0.0006 0.242 +0.002
107 —-107% (3—-5)x107*
(4.2679%) x 107 | (1.2-1.9)x 107

©
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N——"

—
I/
"

Sean Bailly Gravitino, dark matter candidate and BBN 16/ 40



Big Bang Nucleosynthesis : lithium-7 (4/5)

Spite plateau points to a primordial
abundance which disagrees with

SBBN
L L e e e A AREREE mmmm
F §§§§§§§?§‘§jﬁ'§zw‘““a"“" e 1 Possible origin of discrepancy
35 O Nissen etal. (1999) a —
F ossr‘izs“slyﬁggéﬁ ass 1 @ Nuclear rates (re-examined and
sk e . restricted by solar neutrino flux
z fff . Coc et al. (2003), Cyburt et al. (2003))
Y25 . o ap® —
o e e 0, @5 0%ue 1 @ Stellar depletion Richard etal. (2004)
[ Mﬁ&?%@{‘ T o Ty ] . )
:F © ¢ e o 8BV ] Korn et al. (2006)
C Se” oo, ]
oF s,2 ] @ Startemperature scale mvelendez &
F E Ramirez (2004)
|7;.H\\HHIH\\\HHIH\\4\5\u.luu\u..\uu’s ° ParticledecayduringBBNMoroiel
[Fe/H]

al. (1993), Feng et al. (2003), Cerdeno et al.
(2005)
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Big Bang Nucleosynthesis : lithium-6 (

Debate on the existence of plateau ?

-9 1 T T T T T T T T T

o
@
&

— 6Li/i = 0.00

Normalized Flux
o
©

log (BLi/H), log (Li/H)

0.85 - 61i/7Li = 0.05|
- - Li/"i = 0.10
08 L |
67075 6708
MA)
B S U AR ..
—4 -3 ) -1 0 Or|g|n
[Fe/H]
@ Cosmic rays in the galactic
Rollinde et al. (2006) formation suzuki & inoue (2002)

@ Cosmic rays from Pop Ill stars
Rollinde et al. (2006)

@ Particle decay during BBN
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Decay of relic particles

Massive unstable particle X with lifetime mx ~ 10> — 10° s
Decay to Standard Model particles
Injection of photons and nucleons: photodisintegration, “He spallation. . .

¢ © ¢

(2

8Li production: n(*He, pn)®H(a, n)°Li
"Li destruction: “Be(n, p)’Li(p, )*He
Abundance change is constrained by observations

¢ ©
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Catalyzed BBN

@ Negatively charged X particles: bound state formation
@ Reactions catalyzed rospelov (2006)

@ oceen ~ 108 x osan
@ Important production of lithium-6 for = > 3000 s

The BBN code developed by «. sedamzik (2006) takes all CBBN effects into
account (CBBN reaction rates kamimura et al. (2008))

Sean Bailly Gravitino, dark matter candidate and BBN 20/ 40



Table of contents

@ Stau NLSP and gravitino LSP

Sean Bailly Gravitino, dark matter candidate and BBN 21/ 40



Stau NLSP and gravitino LSP

The two-body decay dominates

~ 1 ms m3,, )
I—(7~'—>TG):KM2 T2 1-— 2
™ Mamg,, mz
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The lepton 7 decay processes:
@ mMesons:. 7T —m Vr, T — 7r77r01/T
@ leptons: 7 — e Velr, T — | Dpvr

For stau lifetimes < 100 s, the mesons interact hadronically inducing
charge exchange reactions n <> p with an increasing ratio n/p. The impact
on BBN is an increased “He abundance strongly constrained by
observations.

For stau lifetimes > 100 s, the mesons decay electromagnetically. In a
good approximation, the two body decay of the stau induces dominantly an
electromagnetic cascade.

2 2

m —m
Ban=1-Brag~1 and Een—a| ——F "5/2 o~

2mpisp

N =
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Hadronic cascade: four-body decay (1/3)

First approach : Bra(¥ — 7Gq) = Braa(7 — 7GZ)B(Z — q§) Feng (2003)

A more general calculation steffen (2006)
< r(# — r6qd
Braa(7 — 7GQqg; mgg) = w
tot

with the 4-body decay width

5 < M —M3/z—Mr dr — r6qg
F(T—>Tqu:mqa)=/ g 17 7C49) dmag 99)
Mag

vy
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Hadronic cascade: four-body decay (2/3)

Sean Bailly

tan§ = 10
/%
r,..«v""/w 107
o 10*
w 10°
10°
107

§

A,
i

10°

T Joa L
msz (GeV) 10°
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Hadronic cascade: four-body decay (3/3)

Hadronic energy steffen (2006)

1 M7 —Mg/—Mr drz — r6qg
Ehad = - — / quq Mqg 7( dme- qq)
M7 — 7Gaq) Jmg g
Realistic calculation
Use of CalcHEP (event generation) + PYTHIA (realistic neutron distribution)
@0 . m: ~ 1 TeV and lifetime ~ 300 — 1500 s
5 - |
— 45 '
= :
= '
5] Y r !
o s = 20 |
. = f ;
2 A o -mme
. [ T
" 2 |
R R T a— : :0 L ;) IR
T (10° K) ) N %6 (Livea = L) "Listcien
v
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Results (1/2)

m= : 5Li solution : 7Li solution mm : ®Li and “Li solution

CSSM an =10 4y =0 my € 001,500 GeV

CMSSM tan =350 Ay = 0y € 001,50 GV

102 103

10? 103
my (GeV) myys (GeV)
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Results (2/2)

m,=80 GeV tanp=:

\CMSSM tand =10 Ay = 0 my = 100 GeV

[ Gravitino not LSP

Qé\;gl"hz
3
Nl
2
N

TL/H > 95 g

102

7713
Vo =
o

090

10 10°
.

_ o il
1073 -

102 10 10°

my, (GeV)

The red region solves both problems simultaneously for m;,, = [3 — 5] TeV
corresponding to stau masses m: = [1 — 1.8] TeV and gravitino masses
m3,, = 60 — 120 GeV

Sean Bailly Gravitino, dark matter candidate and BBN



Results: drawbacks

Matter-antimatter asymmetry

To explain
n="2""% _ (6225+0.170) x 102

Ny
A possible scenario is the thermal leptogenesis

A requirement for this model is T > 2 x 10° GeV

Our scenario:
@ requires lower reheating temperature Tg < 107 GeV
@ has quite heavy masses (above LHC range)
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A scenario with a modified Hubble parameter

Addition of a dark component in the early Universe Arbey & Mahmoudi (2008)

polT) = po(Tomn) (1)

TeaN

with Tgeny = 10 MeV

As we require a radiation dominated era for BBN, we introduce the parameter

_ po(Teen)

= <1
P prad(TBeN)

where the radiation density praa(T) = ger(T ) 25 T*

Modified Hubble parameter

871G
H? = WT (pm + praa + po)
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Non-thermal production (1/4)

Since the Hubble parameter is larger as in the standard scenario, the NLSP
freeze-out occurs earlier

Boltzmann equation
—1/2
dy ¥2m T
i 9 2NLSP 1+ PD(Z ) <O'effV> (Y2 — Y;)
dx 45 X 24
Prad 35

The NLSP abundance is higher, same for the gravitino relic density

m3/2

ng:hz Q Lsoh?
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=8

CMSSM tan 3 =10 kp = 107 np

CMSSM tan 3 = 10

(

10 |

myjs (GeV)

10°

2
myy (GeV) 10

103

10?
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=8

CMSSM tan 8 =50 kp = 10~ np

CMSSM tan 8 = 50

tachyonic

myjs (GeV)

10°

10?
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Non-thermal production (4/4)

m,,=1000 Gev, m =100 GeV, tan p=10
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Thermal production (1/2)

3 2 T
M2 / Ka R dT
Y3/2(Teen) = Z (1 +3m2 ) Yo021In (g—) / 7z
3 o T

_ BBN np —4
e 1m0 ()™

For kp, we recover the standard value Ypg

@ Np = 4
Y3/2(Teen) =

1
Yps(T
T+ g ps(Teen)

@ np >4

To AN
Y3/2(Tesn) = Yes(Teen) X 2F1 (1/N7 1/2;1+1/N; —kp (TB:N) )
Relic density

m
Qlf,h? = 2.742 x 10° ( 1 C:/e ZV) Ys,2(Teen)

The thermal contribution is suppressed compared to the standard scenario
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Thermal production (2/2)

m;,=1TeV m,,=1GeV

o=7,K,=102

10°

AL H\

10? 10° 10* 10° 10° 10" 10° 10° 10%°10%' 10%10"
Tr (GeV)

5
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Results on gravitino relic density

CMSSM tan 8 =10 mg = 80 GeV

103
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For a given mass, more NLSP particles decay during BBN

=80 GeV k=10 n,=5 m,=80 GeV k=10 n,=8

%.) [ Gravitino not LSP %.) [ Gravitino not LSP
Q L Q L
= =
S S
€ €
10°E 10°E
10

3 3
10 m,, (GeV) 10 m,, (GeV)
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Conclusion

Dark matter
@ Gravitino good cadidate
@ Non-thermal production and thermal production

Lithium problems
@ Scenario to solve the lithium problems
@ SBBN puts constraints on the model

Modified Hubble parameter
@ Solution for the reheating temperature
@ Lighter mass spectrum
@ Constraints on the pre-BBN era
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