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From SUSY to SUGRA

action not invariant:
"LE‘"[, - / ;.'T_L.:r' ‘;_r,u “ if_fur't {.L )

with J# = v (z)~* uv(x).

photon A,.(x): 04,(x

{ L)

14

"::' — _::[. = / i.lrL_'.-"' JH(r "_—L

invariant under /ocal U(1) transt.!
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SUGRA:

So = invariant under global SUSY

local SUSY transformation:

[I}'."J'-H-;' _, eHElT)Q+eiT) fI‘H_rJ.H_;!.L_

action not invariant:
-"‘1.5'[:- e / !:’T_I?i" _J#; i iz 'fll'u =prl.L)

where .J# is the supercurrent.

gravitino v#(z): ov¥(r) ~ Mpd,=,(x)

ET == 1'5".4': g = 1 -‘.'F—If]"ju VE JWpVE) = ic
. 2Mp N

invariant under local SUSY transt.!
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Properties of the Gravitino G

— @ is the gauge field of local SUSY (=<SUGRA) transformations

— superpartner of graviton, spin 3 /2 Majorana field
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Properties of the Gravitino G
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— @ is the gauge field of local SUSY (=<SUGRA) transformations

— superpartner of graviton, spin 3/2 Majorana field

— spontaneous SUSY breaking:

e vl & il

— super-Higgs mechanism:
goldstino becomes helicity =1 /2 components of G
depending on breaking: 10 eV < mz < 100 TeV

— softly broken global SUSY (e.g. MSSM) + G interactions
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Properties of the Gravitino G

— @ is the gauge field of local SUSY (=<SUGRA) transformations
— superpartner of graviton, spin 3 /2 Majorana field

— spontaneous SUSY breaking:
— super-Higgs mechanism:
goldstino becomes helicity =1 /2 components of G
depending on breaking: 10 eV < mz < 100 TeV
— softly broken global SUSY (e.g. MSSM) + G interactions

— couplings fixed by the symmetry, e.g.
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Reheating

e Inflaton decays
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Thermal Graviiino Production - Framework

 time evolution of G-density governed by

the Boltzmann equation

dn =
3 (_r I & e 5
- Reheating B ' 3Hng =Cg

Tz ~ O(10° — 10'°) GeV
— thermal G production

e (5.2 —2scatterings + ~
finite T approach e s
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SU(2)r. Contributions
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+ crossings — in fotal 10 processes
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SU(2)r. Contributions

~logarithmic singularity £2) |sabe)2]

— regularized screening effects of the plasma

. — Hard Thermal Loop (HTL) resummed propagator
[E_!_raﬂten. E'isarski, 1990 |

q - 3 = s
e s = s
T - TSt T be|2
F 3 i 1= - 4 } — O E
A 5 & t
A 7 r. At L & |
- ‘_', _,.._-'"-C' ‘_ J_\__.-‘- .

+ crossings — in total 10 processes
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Thermal Production Rate [Braaten, Yuan, 19911

seperate scales
soft — g1 < ¢ < T — hard
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Thermal Production Rate [Braaten, Yuan, 1991]

seperate scales
soft — g1 < ¢ < T — hard

o Soft Part: e Hard Part:

. =
v S “_,-L-_H 2 .
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= - e 1 ™
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Thermal Production Rate [Braaten, Yuan, 19911

seperate scales
soft — g1 < ¢ < T — hard

e Soft Part: e Hard Part:
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Thermal Gravitino Production - Framework

 time evolution of G-density governed by

- End of Inflation the Boltzmann equation
fhi!,:ﬁ g
- Reheating 7 T oHng =Cg

Tz ~ O(10° — 10'9) GeV
— thermal G production

e (52— 2scatterings + <~
finite T approach L

3 - ; 9
q 3¢(3)T M:? & k;
G = , 14 = cigrln | —
& ; 16303 3mz £ (gz )

[Bolz. Brandenburg, Buchmidiller, 2001]
[JP. Steffen, 2006]
(see also [Rychkov. Strumia, 20077 )
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Gravitino Dark Matter

. ; : B i
— solve Boltzmann equation in terms of the Yield: }{EP = =
3 =
T . MZ(TR) ki Ir
} TP _ . g- (13 1+ - ' 1
G ;:1 Yi 9; (LR) ( 31’?1% ) n (Q’z‘[TR)) (1010 GeV



Gravitino Dark Matier

3 s :
5 Z 9 M=(1Tg) k; Ir
—‘IP — - ¥ i L
}G v 9; (1r) (1 Sm%;- ) » (QE{TR)) (1010 GeV)
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Gravitino Dark Matter

— solve Boltzmann equation in terms of the Yield: Y1* = ”f?
3 4 | .
) " M= (Tr) ki Ir
G ; Y 9 UR) ( 3m% ) " (gi[TR)) (1010 GeV)

Assume
e G lightest SUSY particle (LSP)
e R-Parity conservation

_. (@ stable and can be
dark matier
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Upper Limit on 7 from Thermal Production

relic G density:

observed DM abundance:

e -+0.021
(237 h= =0.105" 5530

— upper limit on 7Ix:

OTPR2 < 0.126

{

3 2
: _ M*(Tg) k; Ir
yIP _ (TR [1+—L—— | In|{ ———
G ;y 9: '») 3mZ (ﬂi’z‘ETRJ) (10“} Gf-‘V)

Ik ... rehealing temperaiure m s ... gravilino mass
M, . .. gaugino masses y; ... 010712 i—=3.2.1...8U(3)e. SU(2);. U(1)y
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Upper Limit on 7 from Thermal Production

My, = 500 GeV

relic G density:

observed DM abundance: ;

¥ oy -0 (21 .
(2T |= J.=L -
-‘_\-J:-nl}; T I'i- ]'l'}.'}—l_ﬁ,'_,l.gl_i ol Wb - =

1 _____::,_-__:_}
— upper limit on Ix: 0o ——— f___f___,.f

OTPL2 < ().196 oL ——
G == 105

3 2
; " M=(TR) k; Ir
& ; Y; g; \ LR ) 3”1& (g;{TRl) (11)10 GEV)

Ig ... reheaiing temperaiure m ~ ... gravilino mass
M; . .. gaugino masses % ... O =) i =3.2.1...5U(3)¢. SU(2);. U(1)y
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Upper Limit on 7 from Thermal Production

' - it}
Lol = U ]-.l.'-.)___'l i 1

I |r||‘|'|'|'|'

relic G density: . N

I ||||r||[
"

observed DM abundance: ; I_ Ry P Y A 3
D2 10510 = : ]

I,-_,*.E_ / |
— upper limit on Tx: i ¢

¥ 3 ) P . . | / ’ p ¢
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3 9
s 5 M= TRI k; TR
¥ — Fa I
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—1
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Gravitino Production from Decays: NLSP — G + SM

e G LSP — lightest MSSM particle (NLSP) unstable

& =mzYNLsP S/ pc=——"—CNLsP
e / MNLSP

(‘}}_‘:—TP K( T??‘_{:—‘.
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Gravitino Production from Decays: NLSP — G + SM

e G LSP — lightest MSSM particle (NLSP) unstable

1 systematic study of Ontsp
=.>2  — Constrained-MSSM

- my, 2 -..Universal gaugino mass
T - mg ...universal scalar mass

. - Ap ...universal frilinear scalar inferaction

- tan 3 ... ratio of the Higgs vev's

- sgzn u - .. sign of the higgsino parameter
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Gravitino Production from Decays: NLSP — G + SM

e G LSP — lightest MSSM particle (NLSP) unstable

' / 1§ 4 B
% :\TP r - ; - &
Q> =mzYnisp s/ pe = —— ONLsP

taﬂ. j‘ = ].U. .—l.|:| — D- IJ :::“ 'l]

~ e
R 'I L N ..-'"-FF _
N ifﬁ . »

—
_—'—-::_"-H
-
o Al
I T .--"'z e
. "—‘\\\ . _'_F'_'__.- -
%

1000 | | systematic study of Ox1sp
i .II q_ﬂf____..-—-' _d___.--f"'-f | ,«;;ff_ 1
of | _______ N I — Constrained-MSSM
._,."/_'_'__‘\ 1
2 . S ;(
= I #| & S By 1 : :
il i,ff’:,;;::f % — NLSP - my /5 ...universal gaugino mass
= | . =7 .
o = 7 1 - mg ...universal scalar mass
s B = - ; o ; :
-0 % ; % = - Ay .. .universal frilinear scalar interaction
g e J 5 . | - tang3...ratio of the Higgs vev's
i = : T = - sgn u ... sign of the higgsino parameter
10 b a1
1) 2l S0 1 M0 20040 S
my 2 [GeV]
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Constraints on 7y in the CMSSM

0.075 < (QIP L OFTPY,2 < 0.126
== N G

— 2 more parameters: mz & Iz
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Constraints on 7y in the CMSSM

ITI‘,G— — 100 GeV. tan 3 = 10. _-L._p — 4k = 0

2000 ¢ [ 08«2 _ 51052902 |

““dm” T 030 - ,

b 13
B "
ILLL LS L 3
S I 1
oS < (OF 1 2 <019 . |
G { — > 1
3 200+ 1
— 2 more parameters: m= & Ix = G not LSP :
' = 100F N
mg = 100 GeV -0 | N
I L .
' =0 - 4
. ==
20 | ' o, N
[ —_ =
I

1) ) S0 1O ) SN
my ;2 [GeV]
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Constraints on 7y in the CMSSM

Mg = Mg, tan3 =10. 45 =0. u > 0

2000 -

032A% = 0.10525550 st
LOOO - 1
200 1 G not LSP 1
0075< (O + O <0126 1
- {_r ..-E"
T 200} |
— 2 more parameters: mz & Ir =
_ T 100 1
Mg = Mg -0 1
M+ = = 1
I

100 200) 500 1000 2000 5000
my 2 [GeV]
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Big Bang Nucleosynthesis (BBN)

Barvon density L2g#-
0.01 0402 0.03

Non-thermal nuclear
reactions

/.

=5

—E - S Beyond the Standard Model:
e 7 Timing “extra neutrino

gl ' \ = species

Ly ol

Barvon-to-photon ratio i x 10719
[Fields, Sarkar. PDG2006]
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NLSP decay during BBN

e NLSP can decay during/after BBN, e.g. ) — G Z/~
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NLSP decay during BBN

o NLSP can decay during/after BBN, e.g. \) — G Z/~

e electromagnetic and hadronic energy release by decay products affect
abundances of light elements, 1.e.. D, He, and Li

— contraints on m 5, mnpsp and Ynisp

Pirsa: 08050055 Page 29/76
5 SRl e = e B THL TR gy P e B ~r RED S

=1 far el = = s r =]

ri AW WL LR MUt LA el 28 Py u



NLSP decay during BBN

» NLSP can decay during/after BBN, e.g. ) — G Z/~

e electromagnetic and hadronic energy release by decay products affect
abundances of light elements, 1.e.. D, He, and Li

— contraints on m 5, mnpsp and Ynisp

e 1| NLSP disfavoured in CMSSM
71 region: BBN bounds important but much less severe
e.g. [Ellis et al., 2004; Feng et al., 2004 Jedamzik et al.. 2006: Siefien. 2006; Cyburt et al., 2006]

e — in the following 7 = NLSP
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NLSP decay during BBN

s
i

1 can decay during/after BBN, leading to ...

i

o electromagnetic energy release o

Pirsa: 08050055
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NLSP decay during BBN

e 7 can decay during/after BBN, leading to . ..

-3 G

o electromagnetic energy release I

‘.
& 187m2Z M2 m>. T
—]_ e {'.r P T
T 21T T 6T) = = L—=—
mz m=
e hadronic energy release R
By <3 x 1073 (mz, < 2 TeV) [Steffen. 2006]
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BBN Constraints from em_/had. energy injection

W — D T
10—5L “He |

::'; 10— 4
i WPPRES. -

0o 11 1
T [keV]
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BBN Constraints from em_/had. energy injection

0 D 0

= ' 3

g F . 1077 = =
----------------------- “He = 3

W g 10 *® = 5
_ 10-2 é‘ —é
1 | e = =

- Sy > 10-10 £ o 3

FN—5& | "H,E. Sty - - _E

= - | 1 e 1)1 3 - - X Yp(FO) =
S ' % _E Yp@D) - Sl
> sl | > 1012 B P Yot
= 1012 = A -

10— e = _]___ - 1 G {4 é_ H-_.,-_L L &, . _H______?z
_E Oy _.|_,_.E D =

10—12F . 1 1015 & 2E_,—1TeV -

. — n=(6.1=03)x10-1° =

}— 16 = : |

10 = _———_ CMB constraint 2

10-v7

100 10 i 0 5 10

Log,,(7y/sec)
my = 1TeV
[Kawasaki, Kohri, Moroi, 2005]
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Constraints on 7 from catalyzed BBN

Mg = Mg. tan 3=10. Ag=0. >0

2000 |

OdF 12 o ppstoet
e h® =0.105

— 0, 30 -
-
LI:II.I'.I = 4 |
S - <
~ L 1
™= 200t i
d AU
=
= 100 - +
= b |
=0
r =3 A 1
—_ S | GaW
Mt = 1

10 M) 00 10 MO LI

my o [GeV]
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BBN Constraints from em._/had. energy injection

1 |'!.—:§—

Pirsa: 08050055

BInLY |

DM and cosmmologicsl consirsimnis. Penmetier insiuk

104
1077

o T T L
= - \ Yp(FO) =
=  Yo(FO Li/H = n 3
= g5%C. 2 =3
. Li/H W =
= Ss = “He/D =
E_ o ‘e-tz['el;.‘ _E.
= p=(6.1-03)x10p0 3
= ___ CMB caonstraint =

0 5
Log,

my = 1TeV
[Kawasaki, Kohri, Moroi, 2005]

\ T/ 5ec)

ov X

10

Page 36/76

~r AADM Fiur
i

L

=l

[F))

"



Constraints on 7y from catalyzed BBN

W0 b

O 2 _ 0105 o0
D™ = 010575 5an

1000

{0 G not LSP

-

- -"I-.'||" i |

e e

= 1]

— : g

= 1{H) = -
W) §

F Gal

10O 200 SILL ILLLL 2000 5000

m, o [GeV]
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Constraints on 7 from catalyzed BBN

g [GeV]|

10O 200 SILL ILLLL 2000 5000

M, 2 [GeV]
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Constraints on 7 from catalyzed BBN

ms =mg.tan3 =10. 45 =0. x> 0 ms =100GeV.tan3 =10. 4g=0.u >0

¥

2000 ¢

* Tl ¥ Y ¢ 3 - 3 4
1 } dor LE =
i =) !.f.;m.- T = U1 g aan

- '"_“--\.‘_‘\_ = é - f!
-\1

L0 | \ 2

3 _ 403 E
Qgﬁ:lh =} Il]S_,:. K30

I = 1 T 7 g |
[ [ = e 1
=00 | SO - 1
> 1 > 1
= 200+ 7200 ¢
=, —
= = & not LSP

.
LEP Higas

1) WD S 1 M0 MW 000

my ;2 [(GeV]
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Big Bang Nucleosynthesis (BBN)

Barvon density Og/i-
0.005 0.01 0.02 0.03

W B
_ E g_f,f =
Tp _ % 5
* g Beyond the Standard Model:
Timing “extra neutrino

species”

i
b=

Non-thermal nuclear
reactions

\.
o |I/

i A ) &

“catalyzed BBN”

2 L I 'I'!‘"”“I "/

Barvon-to-photon ranio 1y < 10

[Fields. Sarkar. PDG2006]
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Catalyzed BBN

¢ bound-state formation of X~ with light elements opens up new
reaction channels
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Catalyzed BBN

o bound-state formation of X~ with light elements opens up new
reaction channels

e most significant for production of °Li  [Pospelov, 2006]

standard BBN: J ,m:?’“"’ﬂ
—{osv He ™ °Li

D )
catalyzed BBN: \. =
— (U (-TIE"X_) g X_
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Numerical Study of CBBN

e Bound state (BS) formation be-
comes efficient at 7' ~ 10keV Ly
after Standard BBN | He|free

x = 1085, ¥ _35x 106 4

ffj!::L; = : f‘q
- = (oct)5YRpg) ' 4
T C BSID C

dYBs
dt

— \OU _-}T_:,, — ]__‘_i{—-}_BS I'.’_"-'L |

— {(ocv)sYmsYp

i/ nh

103 HeX ), . Mo 4

] B e

e (o.r)Y; parameterizes com-
petiion  between  photo- L Ry T
dissociation and recombina- _
tion of (*He X} i | ‘ .

cana approx. |

100 10 1

° (Ferdt) = [Kamimura et al., 200?] T [ke‘._
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Numerical Study of CBBN

e Bound state (BS) formation be-
comes efficient at 7' ~ 10keV
after Standard BBN

dYe;
dt

dYBs
dt

oct)sYpsYp

= ). _-}T_:, . ]-H_‘{—}_E‘,E

— (ocv)sYBslp

etc . ..

e (o.v)Y; parameterizes com-
petition between photo-
dissociation and recombina-
tion of (*He X

] Octl

- . . [Kamimura et al.. 2007]
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Numerical Study of CBBN

e Observationally inferred pri-
mordial abundance:

[Cyburt et al.. 2002]
Wi/ 2% 10—

— upper bound on
Y —Y¥. /2
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Constraints on 7 from catalyzed BBN

mgs = Mg. tan 8=10. Ag=0.u1>0

MO0 -

do g2 _ g jp5 02t
D™ =0.1057; 5an

J_l:lq:ll_l | 2

4 1)

g [GeV]|

10 M) S0 LT MM SO0
my 2 [GeV]
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Constraints on 7 from catalyzed BBN

ms =me.tan3 =10. Ag=0.pu >0 ms =100GeV.tan3 =10. 4g=0. u >0

00 - MWW - I o= B2 0 insT "l: 4
FAL = +Svim L O

do g2 _ g jps o0
D™ = 0.1057; 5an

1000

S

"l|l'.l|?
.
e
=
=T
[ s
| —
e |1 ] 8 ARESHT
i

200

o [GoV|

: /_y‘ i/ = & oot LSP il <
] | L . 1 = 1l D= . d
100 | a ';/ Y 10 F ay 1
L i 1 [ ” of | i 1
7 - 1} wl
- I -{ i | — F - [}'. ﬂ& _: -
W E 1 ) ’ - = 1
L c _J“" 1 L o 3 b et 1
e Lr = .
- 2 . ’ A 2 IR
= | I G=W f T3 jros
M+ = 3 1 0+ ' . IV C=V .
= = . ' : = 5
o 4 s r = r
r ) | I.E

10 G ; P e i M b 10 b : ==y
100 200 STLL ILLLL 2000 5000 160 200 300 1000 2000 000

my 2 [GeV] my 2 [GeV]
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Constraints on 7 from catalyzed BBN

Mg = Mg. tan 3—=10. A¢=0. >0

ms =100GeV.tan3 =10. 4g=0.u >0

03 B* — 01055000

""“‘-u_,‘_:: E R 7-

10040 ) L <

= - \' E

W L L B = o > \ '.: - 1

- G not LSP g = 7 |

5 L s | A ' |

<. 200 Ir < 10 GeV hlghest eosmo[egleal viable temperature ! =
.:" J-I:II:I | E" Lr DN LN

a l“'*\I ‘:

- streng bound for medels of inflation

— disfavors thermal leptogenesis which needs Tk > 10° GeV

1080

& = l - A
Db 1 0L
100 200 1000 2000 5000 100
my 2 [GeV]
Pirsa: 08050055
YA o e ieienl A metrairts Derrmasas e
i WL _-_:" s TR S 5 ! L

2000 000

e i/ > _{:T‘?’R__
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Constraints on 7 from catalyzed BBN

e For typical Ynrsp = 7 x 10~ the stau lifetime is constrained
= < 5x103s

o Implies a lower limit on the mass splitting between m=, and m
e Scan over the CMSSM parameter space (mz, — mys):

mype = 0.1—6 TeV,
tan 3 = 2 — 60.
senu = 1.

——l}'?h:, {i _.__lj:l ':-:_- —_L.r??#:l
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Constraints on 7 from catalyzed BBN

e For typical Ynrsp = 7 < 1071+ the stau lifetime is constrained
= < 5x 103s

o Implies a lower limit on the mass splitting between m=, and m;
e Scan over the CMSSM parameter space (mz, — my3):

m'l_-l__ < lejlmf , In the 7, NLSP region ( mZ_, ~0.15m7 , + mg +A)
Pl_ri'fl 08050055 B e Page _?0/_7(_3 -

it WE ML LR UM L =] e wlURLE]



Constraints on 7y from catalyzed BBN

e For typical Ynrsp = 7 < 1071 the stau lifetime is constrained
= < 5x 1035

J.l__\'

o Implies a lower limit on the mass splitting between m=, and m
e Scan over the CMSSM parameter space (mz, — my3):

)

1

mz < 0.21m7 ,, in the 7 NLSP region ( m2_ ~0.15m3 , + m3 + A)

e 25

5> > 0.9TeV (—G,)
/2 = U EEY\10 GeV

T < Tcev (™€ _\"°
49 % 107 (—)
o~ “Y'\10 cev
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Constraints on 7 from catalyzed BBN

Pirsa: 08050055

For typical Yxisp 2 7
5 <5 x10%s

< 10~ the stau lifetime is constrained

Implies a lower limit on the mass splitting between mz, and mz
Scan over the CMSSM parameter space (m=, — m;»):

mz < 0.21mj ,, in the 73 NLSP region (m2, ~0.15m7 , + m3 + )

T _\i mé 2__;;5
. > 0.9TeV (—)
T

T < e (e YF
49 x 107 GeV (—)
x ““'\10 cev

SUSY mass spectrum scales with m, ,» In the 7, NLSP region!
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Constraints on 7 from catalyzed BBN

ms = Mg. tan 8 =10. A¢ =0, >0

M) = 3 = r
200 mg — 2.5 TeV
o3 12 i =+ 2E =z
D™ =0.1057; 5an

J_1:||.4:| -

S -
- I
- "I..'H" L
h e
b
=

110
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Constraints on 7 from catalyzed BBN

— 2/5 1
I??G / I

— T = 1/5 L E R - By = 10—
TS 49 IVl S Yy = 1T

o i = ( 10 GE-V) |
Adopting for = :
(Li/H), = Ax 1 272 107-7%) sl T
[Jedamzik, 2007] . =

T : 5.3 x 10° (6.5 x 10") ' rx- [
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Late-time Entropy Production

out-of-eq. decay of heavy particle X:

o i L W
—— Timer =6 MW

LY

IIIII'II| T

F - E
_. Oraad T 3

r;“'::l ff'l(__;:] ]__-xjuxr,’:}

i g
Il

19 A=V

i~ T T I

see also [Buchmuiler et al.. 2006]

‘I

T
=
T ¥

b
Il

I

™
|||
|

._':I/’I h

r |.|||||
|
|

com, density [GeV |

s

III'III T III|“|

=
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Late-time Entropy Production

[} I.|.|:|

out-of-eq. decay of heavy particle X: P

4

dS _ dQ _ Txpxa® S
“I'Tf' - T - I— r_|_"‘: BT E_;ir..:;:' =.-L...lj'.lf'?1iu- _§

see also [Buchmdller et al.. 2006]

com, density [GeV |
o

decay affer NLSP-decoupling:

2y i o 1 TP,
11’__}" (Lafiei) — I } G ! Iefore

_ | -
Yaasel Lanis) — I} NESP (I before)

b
L

g

B
" ke =

A=—=8{ T, after / S I’:n&fu:ur%
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Late-time Entropy Production

1)

1

out-of-eq. decay of heavy particle X:

T

b L

I'n =6 MeV

dS r!T(;) r}{,‘.f_‘{“’ i 10 10px 1 = Pr_1

a T T A =102
see also [Buchmiller et al.. 2006] PN 1
=

decay after NLSP-decoupling: = & 1
1 e : E

-TP TP - :
}f‘r (Lafter) = . } o | Ivetore E 3

_ | -
Yrgsel D) = ITI NLSP (I before)

T
] )
'= ! -
|
- G
&
bl

A =5(T after ) S T‘_—_,ef-:nrf : s oo
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Late-time Entropy Production

out-of-eq. decay of heavy particle X: o
109 10-1 10-2

,..,

-
I

(W]

dS ,j(_;} ]__-Kf.r_'{h':; 4 B -
ad T T A -
see also [Buchmuiller et al.. 2006] 3 i P ]
decay after NLSP-decoupling: s I .
- L i

1
-TP TP . ]
}(__}-' ( Latter) = I } C ( Ibefore N i
v L i
_ | | i C i
Yorapt Do) — E} NLSP( Ibefore) i -
l__'_'__'_'_,_,-r""l-.. -

] F 1 10
A — 5 IC:ft%r i S I_'ja—?fﬁlfﬁ‘ : T} (MeV)

[Kawasaki, Kohri. Sugiyvama, 1999]
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Late-time Entropy Production

ms —mo. tan3 = 10. 49 =0. u > 0
i T T T T T T -
000 -

out-of-eq. decay of heavy particle X: Q3 52 _g 105002
Ta — 10 GeV

4

dS rff_f_} o ]__'};,t.r_*.; a-

1000 -

iJ'.F?L T I_ S0 E
see also [Buchmuiler et al.. 2006] |

G not LSP

;
o= 200}
decay after NLSP-decoupling: = ,
= 100 - : a2
1 i / -4 :
-TP .o TP . V4
} G | I_,:ﬂter — A } o rber*_-rer _jF.r;: Py 5 _L?f.:f_ |
1 / v -E 73 d\\h\::&
Ynisp(Laster) = 3} NLSP( I before ) 0l & ; %: . .

100 200 500 1000 2000 5000

Ao S T Y ] BT e :
pia e my 2 [GeV]
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Late-time Entropy Production

out-of-eq. decay of heavy particle X:

T T TTTrT|

I'n =6 MeV

dS ,f(_;} ]__'};‘t_r); (I B 1 Wox 1 = pr_1

dt T 1'_

see also [Buchmiller et al.. 2006]

."’.

T T

T "'[lﬁ
r

.-J.

decay after NLSP-decoupling: - 1
l 0.1 z-— _;

-TP L = =
} e | LTatter) = B } o | Ihetore F e ]

L"""‘

] 1)
s p
__I-

L
e SRR TN
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Late-time Entropy Production

out-of-eq. decay of heavy particle X: i

o
|
=

L._.}
|
[ 1Y)

-
|

4 109
as rff_,_) ]__'};;.r_'{h"} 1 1 |
't N T o g C .
see also [Buchmdller et al.. 2006] 3 [ — L
decay after NLSP-decoupling: - X ]
el | |

1

-TP TP, L 2
}(__}-' ' I_.-:tft'ff = I ¥ c 5 rh%fu:-:% i :
1l | ]
_ | | . E
Yxnisp(Taster) = ITI NLSP( Ibefore) i | ]
o Ll -

10

i

=5 Tafwr i f S I’.’.u&f-:-r% ) T, (MeV)

[Kawasaki, Kohri. Sugiyama, 1999]
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Late-time Eniropy Production

out-of-eq. decay of heavy particle X: E g

4

dS d() [xpxa®

— — T - e e — 1 3 AV —=

f H_ I I_ 181 ] _, h_r-—r ; ;__ :r -

; E L 0 : 5t
see also [Buchmiller et al.. 2006] 3 [ == 1
decay after NLSP-decoupling: = O E ' 3
= B o
1 :- 3 = Ty r, |
TP, . - o e R = E oo T e
}1’__':" . I_.-:?.H'ff == A }f'_}' - rrueru:-re = .F

) 1.
Ynise(Tasier) = ITI NLSP( T before )

0.01 0.001

A = S(Taseer) S(Tpefore I [GeV]
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Late-time Entropy Production

mas — Mo, tan 3 = 10, 49 =0, £ > 0

MO0 +

out-of-eq. decay of heavy particle X: - T e s
. 1000 |- Te — 10% GeV

dS ( .'7{-,_) B XPpxa i 1
,ff‘ . T —-— 1'_ 00 I _ ,E
me | G not LSP /%
see also [Buchmuller et al.. 2006] = /1
= /
3 200
decay affer NLSP-decoupling: =z
i ]_':'H - Bl

-TP 1 =1 i o
}(_-r :I_after T } C irhz—:-f*:-r&

Ynesp(Latter) = ITI NLSP( L before) 20| &

> v 1/ © \ 100
A=S5 Iaff%r b/ O I-'?*-%f-ili'% ' =
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Late-time Entiropy Production

mas —mo. tan3 = 10. 49 =0. u > 0
| AR i =
MM L

out-of-eq. decay of heavy particle X: 20001 oseg2_gjptoem
1000 L Ta — 10* GeV

..

dS d() r\}f\”

&t T T
see also [Buchmuller et al.. 2006] I -j}’

decay affer NLSP-decoupling:

100 - |
TP, o1 oy , i
} - Laster) = I } ol I'hefore ) - /
e M | Ve .
Ynrsp( Latter) = ITI NLSP( I before ) 0| &

. v J o \ 100 200 S00 1000 2000 S000
A=8 Taffer f J =] T':eefu:-r%' s CeV]
. 172 [GeV]
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Late-time Entropy Production

out-of-eq. decay of heavy particle X: ,‘ ?

2
=]
o
|
[
4 0
]
(%]
o
I
(]

dS dQ TIxpxa® 4r ;
a T T I y
see also [Buchmiller et al.. 2006] 3 [ - i
decay after NLSP-decoupling: S., K ]
ol L _

1
TP TP s g
}1’__':" ( Laster) = I } C ( Ibefore ) C ]
l - o
- 1 [ :
Ynisp(Zaster) = I} NLSP ( Tbefore) - g

i ! 1 10
A = S(Tasier) / S(Tbefore) T, (MeV)

[Kawasaki, Kohri, Sugiyama, 1999]
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Late-time Entropy Production

out-of-eq. decay of heavy particle X: —
I ig = b hkie :

dsS  dQ  T'xpxa“ 10k Wexr=pnr |
= = B\ _ 102 :

dt F 3 f § ; % ~ =1 3
see also [Buchmiller et al.. 2006] I 1
o

decay after NLSP-decoupling: =3 : " 1
B % -

1 E E

-TP -TP E :
} | Latier) = I } & ( Ibhefore) E i
Ve (T ) — —Finsp P ]
NL5SP\ Lafter)] — I NLSP !\ L before ) r . =a(10 GeV 1

A = S(Zaster) S(Tvefore e
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Late-time Entropy Production

out-of-eq. decay of heavy particle X: Te |

Fr—
E"‘-.
[ ]
—
O
B
i
o
|
[
-
|
Ed

r_fr.'fj' pf?'l_(__;) ]__-Xfr_\,;r‘,:} 4 [ i
d T T [ ]
see also [Buchmdller et al.. 2006] 3 [ -
- _."FH_FH_'_ “I
decay after NLSP-decoupling: s - :
- o |

1
-TP -TP 1 i
} b (Lagter) = I } C ( Ibefore C 3
1 E 4
Ynrsp(Lafter) = I}_}TLSP' T rogn:) g ]
o Ll -

_ g 1 10
A = :"l T;Lf!:*:_r } . :,! —I_-_'__:-I%fljlr‘% ' F:-} ":"i'ie'.lili-:

[Kawasaki, Kohri. Sugiyama. 1999]
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Late-time Entropy Production

ms —mo. tan3d = 10. 490 =0. u > 0

00 ,

out-of-eq. decay of heavy particle X: o= 52 g 10500 i
f f I::' F.'T{_) ]-_--‘CJE’P‘; il 3 E_|'_":|” ? TR = lﬂg GeV __l
i.I'Tf' == T — I— =00 - _ L ]

see also [Buchmdller et al.. 2006]

decay affer NLSP-decoupling:

100 B
TPy _ 1y -
} 2 Taster) = A } a ! Ihetore =0 /
e e . _ s
Ynrspe(ZLafter) = ITI NLSP( I before) agl &
o 1K)

- ! o 10, 2040 500 1000 2000 SO00
Ao T f BT ) 100 200 500 1000 200C
e L my ;2 | GeV]
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Late-time Entropy Production

i ]
000 -

Q3T A% — 01051 3 0
Tr — 10° GeV

1000

500 L

A =100 — Ty ~10°GeV OK

Tk |{||l"‘|r"'|
ke

o LEP Higgs

=
=

100 200 500 1000 2000 5000

my 2 [GeV]
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Late-time Entropy Production

mas = me. tan3 = 10. Ao =0, x> 0

W00 +

out-of-eq. decay of heavy particle X: Q3 52 _ g 105t002
as dC) ]__-‘{JH\: ”.'1 1000 Ta =107 GeV 4

dt i 3 I

see also [Buchmuller et al.. 2006]

S0 [

decay affer NLSP-decoupling:

1040 -
= TR _ 1 -TP, f
} a ! Taster) = I } o Ihetore =0 /
NI | /s :
Ynesp(Laster) = I} NLSP( I before ) 0| &
| = 0
|

~ : e Fex  =an  mes e e
lk ey, | I—-;Lj_—"r;r } e § I_-,"u;-:q_l’.':—_* J s A e I _""“'I - el SRR
g o i my 2 [(GeV]

Pirsa: 08050055 Page 70/76

FTTA and ~Arormeie f Drgifia ".'IZ"—'J-ZI-- cibe

LA WL o L A T L

Ly
[44]
el
H
I
L
o
fl
3!
K
L



Late-time Entropy Production

ms = Mg. tan3 = 10, 45 = 0. £ > 0

A ~ 103, Ty ~ 102GeV

thermal leptogenesis OK

J‘-{Rl ~ TR —~— 1012 G‘{.—TV _h
[Buchmilier, Di Bari, Plamacher. 2002] | /
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e Upper limit on Tx from thermal G production

e Severe Constraint Tz < 10° GeV from catalyzed BBN in the 71 NLSP
region in the framework of the CMSSM
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e Upper limit on Tg from thermal G production

e Severe Constraint Tz < 10° GeV from catalyzed BBN in the 71 NLSP
region in the framework of the CMSSM

— strong bound for models of inflation
— disfavors baryogenesis scenarios which need high 1g
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e Upper limit on Tx from thermal G production

e Severe Constraint Tz < 10° GeV from catalyzed BBN in the 71 NLSP
region in the framework of the CMSSM

— strong bound for models of inflation
— disfavors baryogenesis scenarios which need high 1g

e Depending on mz the cosmologically favored region can be
associated with a mass range which will be difficult to probe at LHC

¢ Late-time entropy production can allow for high 7z but contrived
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e Upper limit on Tx from thermal G production

e Severe Constraint Tz < 10° GeV from catalyzed BBN in the 7, NLSP
region in the framework of the CMSSM

— strong bound for models of inflation
— disfavors baryogenesis scenarios which need high 1Ir

e Depending on mz the cosmologically favored region can be
associated with a mass range which will be difficult to probe at LHC

e |Late-time entropy production can allow for high 7z but contrived

This talk summarizes

JP and F D. Sieflen. imphcations of Caialyzed BBN in the CMSSM with Grawiimo Dark Maifer, arXn 07102213 [hep-ph]

JP and F [) Sieffen. Consiramis on the rehesiing temperaiure in graviiino dark maifer scenanos, Phys. L=ttt B 648 (2007) 224

JP and E D Siefien. Thermal gravifino produciion and coliider fests of lepingenesss. Phys. Hev D 75 (2007) 023509
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