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MCMC scan + Bayesian study of SUSY models
new development, led by two groups: B. Allanach (Cambridge), and us

prepare tools for data from LHC and dark matter searches

e.g.: Constrained MSSM: scan over m /5, mo, tan 3, Ao + 4 SM (nuisance) param’s
arXiv:0705.2012 (flat priors)
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SUSY neutralino and other superpartners + Higgs discovered;
neutralino’s density 2, h2, as determined with LHC data, is consistent with 0.1

WIMP signal detected in DM searches;
direct detection c.s. agf consistent with value determined from LHC data

=> neutralino is DM!
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® WIMP signal not found in DM searches down to 21 ~ 10~ 1% pb
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® neutralino seemingly stable but its density 2, h? (determined with LHC data)
convincingly different from Qcpnmh? ~ 0.1 (WMAP, etc)
or

® lightest superpartner at LHC not electrically neutral (e.g. stau)
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Possible outcomes from LHC...

® SUSY neutralino and other superpartners + Higgs discovered;
neutralino’s density 2, h2, as determined with LHC data, is consistent with 0.1

® WIMP signal detected in DM searches;
direct detection c.s. agf consistent with value determined from LHC data

=> neutralino is DM!
Alternatively (potentially more interesting):

® WIMP signal not found in DM searches down to 5% ~ 1019 pb
and

® neutralino seemingly stable but its density €2, h? (determined with LHC data)
convincingly different from Qcpnmh? ~ 0.1 (WMAP, etc)
or

® lightest superpartner at LHC not electrically neutral (e.g. stau)

= DM is made up of exotic WIMP (axino a or gravitino é) or another
E-WIMP/superWIMP

= | it may become possible to determine T'r from LHC data alone

(Tr — highest temp. at which, after inflation, the Universe reaches thermal equilibrium)
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axino and gravitino E-WIMPs

their properties and relic production

LSP relic abundance and LHC

Tr for axino LSP

upper bound on LSP mass

TR for gravitino LSP

distinguishing axinos from gravitinos at LHC

summary
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(extremely weakly interacting massive particles)

historically first:

G: Pagels+Primack, Weinberg ('82)

a: Tamvakis+Wyler ('82, pheno only)
~: Goldberg ('83)

x: Ellis, et al (EHNOS) ('84)
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E-WIMPs: G and a

(extremely weakly interacting massive particles)

historically first:
G: Pagels+Primack, Weinberg ('82
a: Tamvakis+Wyler ('82, pheno only

® neutral, Majorana, chiral fermions ;
~: Goldberg ('83)
4)

(assume usual gravity mediated SUSY breaking) x: Ellis, etal (EHNOS) ('8
axino gravitino
spin 1/2 3/2

interaction || ~ 1/f2 ~ 1/ME

mass * Msusy || < Msusy

#® mass model dependent fo ~ 102-12 GeV - PQ scale

take it as free parameter Mp = 2.4 X 1018 GeV - reduced Planck mass
Msysy ~ 100 GeV — 1 TeV — soft SUSY mass scale
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The Big Picture

well-motivated particle candidates such that 2 ~ 0.1
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AXan a SUSY + axions

spin 1/2 partner of axion: P = \/Li (s +ia) ++v2a0 + Fy00
superpotential Wpq = — \/95; 7 PWW,

e neutral, Majorana
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e neutral, Majorana
e interaction ~ 1/f32
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e chiral fermion: no mass term o« Mgsysy

e tree: ~ M3 gy /fa ~ 1keV (dim5)
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AXan a SUSY + axions

spin 1/2 partner of axion: P = \/Lﬁ (s +ia) ++v2a0 + Fy00
superpotential Wpq = — \/95; 7 PWW,

e neutral, Majorana

e interaction ~ 1/ f2

® mass
e chiral fermion: no mass term ocx Mgysy
e tree: ~ M3 gy /fa ~ 1keV (dim5)

e but easy to generate: ~ MeV — GeV ..strong model dependence

for cosmology: treat m; as parameter
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consider Kim, Shifman, Veinstein, Zakharov model

heavy singlet (chiral) quark superfield

L. Roszkowski, COSMQO’08 — p.1(
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consider Kim, Shifman, Veinstein, Zakharov model

heavy singlet (chiral) quark superfield

e axino—gluino—gluon (dim-95)

‘C(a’gg) — 81r(f /N) CL")/5O' gbi

dominant in a production from scatterings (high Tg)

L. Roszkowski, COSMQO’08 — p.1(



a Interactions

consider Kim, Shifman, Veinstein, Zakharov model

heavy singlet (chiral) quark superfield

e axino—gluino—gluon (dim-95)

L(agg) = 81r(f /N)a'750' gbi
dominant in a production from scatterings (high Tg)
e axino—squark—quark (dim—4)
L(aqq) = QSJ{? EIVJL/R 7; Pr/L7’a

dominant in a production from q decays (low Tr)
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a Interactions

consider Kim, Shifman, Veinstein, Zakharov model

heavy singlet (chiral) quark superfield

e axino—gluino—gluon (dim-95)

~ =\ — ~b b
‘C(a’gg) 81r(f /N) CL")/5O' g G
dominant in a production from scatterings (high Tg)

e axino—squark—quark (dim—4)
I L/R ~L/R _
L(aqq) = geff qg/ iPr/ry’a
dominant in a production from q decays (low Tgr)

...plus a~yx interactions...

dominant in a production from NLSP freezeout and decay
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Producing Relic Axinos

consider: Covi+d.E. Kim+Roszkowski, PRL99
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Producing Relic Axinos

consider: Covi+d.E. Kim+Roszkowski, PRL99
e a =LSP * |
e x =NLSP (LOSP) )

e Y first freezes out

Log|n(x)/n,

e thendecays: x — a~

10 100 1000
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Producing Relic Axinos
consider: Covi+d.E. Kim+Roszkowski, PRL99
e a =LSP T
e x =NLSP (LOSP)
e Y first freezes out

e thendecays: x — a~

3
a 100 GeV e
T(x — a~v) >~ 0.3 sec ( — ) o
(x : é) - 1 e iOO) ‘]HOOO
...before BBN! X' = m/T (time )
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Producing Relic Axinos

Covi+dJ.E. Kim+Roszkowski, PRL99

consider:
e a =LSP
e x =NLSP (LOSP)
e Y first freezes out
e thendecays: x — a~

3
a ~ 100 GeV S
T(x — av) ~ 0.3sec ( s ) P
(X : é) 1 e . ‘tl-‘I[;DO ‘]”OOO
before BBN' X = m/ (time -)
o NTP: Ng =N NTPL2 _ ma 3
X QT he = o Q. h
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Producing Relic Axinos
Covi+J.!E. KimfF.{.OSZkC.N.V.Ski’PRE.gg

consider:
e a =LSP
e x =NLSP (LOSP)
e Y first freezes out
e thendecays: x — a~

3
a ~ 100 GeV e
T(x — av) ~ 0.3sec ( e ) P
(X = é) j 5 o o o tl.”[‘ao(_’_) 1000
...before BBN! Xl =m/T (time )
e NTP: ng=mn NTP L2 _ ma 5
a X QT he = . Q. h

NTP: non—thermal production

can have Q25 ~ 1 while “Q2,, > 1"
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Producing Relic Axinos

consider:

e a =LSP

e x =NLSP (LOSP)
e Y first freezes out

e thendecays: x — a~

T(x — a~vy) ~ 0.3sec (

100 GeV ) 3

Covi+dJ.E. Kim+Roszkowski, PRL99

Log[n(x)/n, (x=1)]

my

...before BBN!

Q§Tph2 — Mg Qxhz
a ™My,

can have Q25 ~ 1 while “Q2,, > 1"

NTP: non—thermal production

e plus TP processes: gqqg — ag, g — agq,... TP: thermal production

QIPh? ~ 5.5¢%In (

S

_ 11 2
1.9108) (0.1%%\/) (10 ffeV) (10;1“%)

TP dominance =

Tr < f2/mg

Covi+d.E. Kim+H.-B. Kim+Roszkowski, JHEP’01

Brandenburg and Steffen £04),, .,

. RoszkowskKi,



Yield vs TR

my = 300 GeV, mz, =474GeV, mg = mg = 1TeV

Choi, Roszkowski, Ruiz '07
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Axino Relic: NTP vs TP

Covi+H.-B. Kim+J.E. Kim+Roszkowski (CKKR), JHEP 01 (hep-ph/0101009)
general MSSM:
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I L.CoviH B .Kim ,JE.Kin & L.Rosskowddd (HEP'01)
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...axino cold DM: = low Ty < 10° GeV
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Gravitino G

spin—3 /2 partner of the graviton

in gravity—mediated SUSY breaking models:

® Mass.
_ _F
meg = v3Mp
F ~ 101! GeV — SUSY breaking scale
Mp = 2.4 x 10'® GeV - reduced Planck mass
soft masses ~ F/Mp

natural to expect: mg ~ GeV — TeV
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Gravitino G

spin—3 /2 partner of the graviton

in gravity—mediated SUSY breaking models:

® Mass.
_ _F
meg = v3Mp
F ~ 101! GeV — SUSY breaking scale
Mp = 2.4 x 10'® GeV - reduced Planck mass
soft masses ~ F/Mp

natural to expect: mg ~ GeV — TeV

e couplings: suppressed by Mp, 5-dim goldstino ¥ term

Le= \/iﬁfrl\rjlimé Ye 1,719 b
G: cold DM

L. Roszkowski, COSMQO’08 — p.1:



Producing Relic Gravitinos

(analogous to a LSP) Roszkowski+Ruiz de Austri+K.-Y. Choi,

B hep-ph/0408227
e G =LSP

e NLSP (x or ) first freezes out, then decays
~ 5
T7(NLSP — G +~/71) NlOssec(looGeV) (o0& )2

MM NLSP 100 GeV

(NLSP = x(~ B), 7)
...well after BBN
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Producing Relic Gravitinos

(analogous to a LSP) Roszkowski+Ruiz de Austri+K.-Y. Choi,

N hep-ph/0408227
e G =LSP

e NLSP (x or ) first freezes out, then decays
~ 5
7(NLSP — G + ~v/71) ~ 10® sec (M> (&)2

MNLSP 100 GeV

(NLSP = x(~ B), 71)
...well after BBN

= NTP:

NTP: non—thermal production (neglect other possible contr’s)
QlSTP — _™Mg
G ™MNLSP

ONLSP
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Producing Relic Gravitinos

(analogous to a LSP) Roszkowski+Ruiz de Austri+K.-Y. Choi,
. hep-ph/0408227
e G =LSP

e NLSP (x or ) first freezes out, then decays
_ 5 _
7(NLSP — G + v/71) ~ 10® sec (M> (L)z

MM NLSP 100 GeV

NLSP = x(~ B), 7
( x( )s T1) ...well after BBN

= NTP: NTP: non—thermal production (neglect other possible contr’s)
NTP _ _ "G
Q2 = nrss INLsP

Feng, et al (FST 02-04), MSSM
Ellis, et al (EOSS 03), CMSSM
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Producing Relic Gravitinos

(analogous to a LSP) Roszkowski+Ruiz de Austri+K.-Y. Choi,
. hep-ph/0408227
e G =LSP

e NLSP (x or ) first freezes out, then decays
~ 5
7(NLSP — G + ~v/71) ~ 10® sec (M> (&)2

MNLSP 100 GeV

(NLSP = x(~ B), 7
(=~ B),71) ..well after BBN

= NTP: NTP: non—thermal production (neglect other possible contr’s)
NTP _ _ "G
Q2 = nrss INLsP

= [P: gq — ég, qg — éq, TP: thermal production

P12 T 100 GeV \ (™5 (1) 2
QCN; h _0.27(10101&6\/)( mg )(1’%‘eV)

Bolz+Brandenburg+Buchmouller ("00)

(corr’s from Rychkov+Strumia not included ('07))
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Producing Relic Gravitinos

(analogous to a LSP) Roszkowski+Ruiz de Austri+K.-Y. Choi,
. hep-ph/0408227
e G =LSP

e NLSP (x or ) first freezes out, then decays
~ 5
7(NLSP — G + ~v/71) ~ 10® sec (M> (&)2

MNLSP 100 GeV

(NLSP = x(~ B), 7
(=~ B),71) ..well after BBN

= NTP: NTP: non—thermal production (neglect other possible contr’s)
NTP _ _ "G
Q2 = nrss INLsP

= [P: gq — ég, qg — éq, TP: thermal production

P12 T 100 GeV \ (™5 (1) 2
QCN; h _0.27(10101&6\/)( mg )(1’%‘eV)

Bolz+Brandenburg+Buchmouller ("00)

(corr’s from Rychkov+Strumia not included ('07))

At high Tr > 10” GeV, TP is important
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Yield vs TR

my = 300 GeV, mz, =474GeV, mg = mg = 1TeV

Choi, Roszkowski, Ruiz '07

1072 gy
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Yield vs TR

my = 300 GeV, mz, =474GeV, mg = mg = 1TeV

Choi, Roszkowski, Ruiz '07 Choi, Roszkowski, Ruiz '07
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Relic Abundance and LHC

® iotal relic density of LSP (axino or gravitino): sum of TP and NTP contributions

OTEh? + QNIFR? = Qrsph?
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Relic Abundance and LHC

® total relic density of LSP (axino or gravitino): sum of TP and NTP contributions

OTEh? + QNIFR? = Qrsph?

® assuming LSP to make up most of DM in the Universe, this gives

TP 12 m 2 _ 2
Qi sph? (Tr, mLsp, Mg, MNLSP, -+ +) + s INLsph® = Qcpmh® ~ 0.1
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Relic Abundance and LHC

® total relic density of LSP (axino or gravitino): sum of TP and NTP contributions

OTEh? + QNIFR? = Qrsph?
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Relic Abundance and LHC

® total relic density of LSP (axino or gravitino): sum of TP and NTP contributions
QFEh? + ONEPR? = Qrsph?

® assuming LSP to make up most of DM in the Universe, this gives

TP 12 m 2 _ 2
Qi sph? (Tr, mLsp, Mg, MNLSP, -+ +) + s INLsph® = Qcpmh® ~ 0.1

® once (NLSP) neutralino mass m,, and “abundance” QnLsph? = Q, h? are
determined at LHC, above master formula will give

relation between T'r and my,sp

» ifQ, A% > 0.1: NTP often dominates and Q,sph? ~ 0.1 can be achieved by
adjusting the ratio MiLsSpP /mNLSp

® ifQ, h? < 0.1: TP dominates
TP can dominate even if 2, h2 > 0.1, or (accidentally) 2, h? ~ 0.1
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Example for a LSP

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC
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T, (GeV)

Example for a LSP

assume neutralino x to be NLSP and its “density” Qnr1,sp h? determined at LHC

Choi, Roszkowski, Ruiz '07

108

§ T |||||||| T |||||||| T |||||||| T ||||||§
Fa LSP .
10° = My 5p=300GeV E
- m;=0.01GeV I
10° = E
- iGe E
101 1 IIIIIII| IIIIIIIIII 1 IIIIIII| LU LIl
100 10! 102 103 104
2
Oyisph
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T, (GeV)

L I

Example for a LSP

assume neutralino x to be NLSP and its “density” Qnr1,sp h? determined at LHC

Choi, Roszkowski, Ruiz '07 Choi, Roszkowski, Ruiz '07

108

E T |||||||| T |||||||| T |||||||| T ||||||§ 106 EIIII“"] ||||||T|'| |||||||T| ||||||||| |||||||T| T iE:
Fa LSP i - & LSP i
10° £ my;p=300GeV E 10° & my;p=300GeV E
- ] -~ N ]
10* = o 10t g E
: m,=0.01GeV ] o F ;
103 = = /103 E
3 E = 3 E
10% gr==mmmm=s E 10% & ! E
101 . 1 IIIIIII| IIIIIIIIII| 1 IIIIIII| 1 IIIIIIT 101 . 1 IIIIII,IJ IIIIILI_IJ I:I:IIIILIJ IIIIIIII| IIIIIILIJ 1 I_
100 10! 10® 103  10% 103 1072 10-! 10° 10! 10%
2
Oyisph m, (GeV)

both panels: TP (NTP) dominant on left (right) side

a cold DM: mg > 100 keV (Covi, et al, (CKKR))
= TEa* < 4.9(fo /10 GeV)? X 10° GeV (+ weak dependence on mnLsp)

= |if axino = CDM, upper bound Tr < 10° GeV can be set
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Upper bound on LSP mass

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC
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mmax (GeV)

Upper bound on LSP mass

assume neutralino x to be NLSP and its “density” Qnr1,sp h? determined at LHC

Roszkowskl Ruiz '07

IIIIII|T| IIIII|T|'| IIIII|T|'| TTTI

103

10?2
once mnrLsp and (at least lower bound on)

ONLSP h? are known:
upper bound on mg can be set

10!

100

10-!

1 IIIIILL| | IIIIIII| | IIIIILL| | IIIIIII| (I ENT

T IIIII|T| T IIIIIII| T IIIII|T| T TTTTT T [TTIT

10—2 | IIIIII,IJ | IIIIII,IJ | IIIILI_IJ | IIIILI_IJ L 111l
10-2 10°! 10° 10! 10® 103 104
2
QNLSPh
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Upper bound on LSP mass

® assume neutralino x to be NLSP and its “density” Qn1.sp h? determined at LHC

Roszkowskl Ruiz '07

IIIIII|T| IIIII|T|'| IIIII|T|'| TTTI

103

10?2
once mnrLsp and (at least lower bound on)

ONLSP h? are known:
upper bound on mg can be set

10!

100

mmax (GeV)

10-!

1 IIIIILL| | IIIIIII| | IIIIILL| | IIIIIII| (I ENT

T IIIII|T| T IIIIIII| T IIIII|T| T TTTTT T [TTIT

10—2 IIIIII|,|J IIIIII|,|J IIIIIL|_|J IIIIIL|_|J 11l
10-2 10°! 10° 10! 10® 103 104

Qypph®

NLSP

® cg., OnLsph? > 100 implies mrsp < 1 GeV
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Upper bound on LSP mass

® assume neutralino x to be NLSP and its “density” Qn1.sp h? determined at LHC

Roszkowskl Ruiz '07

IIIIII|T| IIIII|T|'| IIIII|T|'| TTTI

10° -
i
> : ] once myrLsp and (at least lower bound on)
L0 E Qnrsph? are known:
© B C N
E4 1o [ § upper bound on mg can be set
EF E
1071 & E
10—2 : 1 IIIIII,IJ IIIIIII,IJ IIIIILI_IJ IIIIILI_IJ 11l :
102 10-t 10° 10! 10® 103 10%
2
QNLSPh

® cg., OnLsph? > 100 implies mrsp < 1 GeV

9o onIy QLSth = (mLSP/mNLSP)QNLSth used above
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Upper bound on LSP mass

® assume neutralino x to be NLSP and its “density” Qn1.sp h? determined at LHC

Roszkowskl Ruiz '07

IIIIII|T| IIIII|T|'| IIIII|T|'| TTTI

10° -
i
> : ] once myrLsp and (at least lower bound on)
L0 E Qnrsph? are known:
© B C N
E4 1o [ § upper bound on mg can be set
EF E
1071 & E
10—2 : 1 IIIIII,IJ IIIIIII,IJ IIIIILI_IJ IIIIILI_IJ 11l :
102 10-t 10° 10! 10® 103 10%
2
QNLSPh

® cg., OnLsph? > 100 implies mrsp < 1 GeV

9o onIy QLSth = ('I’I’LLSP/'I’I’LNLSP)fZNLSPh,2 used above

= | upper bound applies to both axino and gravitino LSP

L. Roszkowski, COSMQO’08 — p.1!



Example for G LSP

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC
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Example for G LSP

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC

Choi, Roszkowski, Ruiz '07

109 E T IIIIIII| T IIIIIII| T IIIIIIE
108 00GeV -
-~ |
O 107 ETIoiiIIiofpoiiioooo-o 3
@) = RN
N—" : \ \\ :
[a< 6 = \\\l =
e 10% S
- my=1GeV 3
10° =
- 100Ge\ .
4 1 |||||||| 1 |||||||| 1 ||||||I| I:IIIIIIII
102 10! 100 10! 10?2
2
QNLSPh
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Example for G LSP

® assume neutralino x to be NLSP and its “density” Qn1.sp h? determined at LHC

Choi, Roszkowski, Ruiz '07

109 = T IIIIIII| T IIIIIII| T IIIIIIE 109 E ChOi’ ROSZkOWSki".Ruiz ,OI';
-G L : : :
108 My ep 00GeV = 108 =
- B i - B i
O 107 Ezoiiiiiioppiooioo o = o 107 ¢ -
&) g SO 3 &) 2 e
N— : \‘ : N— : :
o= 6 V= a2 6 K< =
SH: v S E
g mazl(;el\? ] F ) Quspn®=0.11| 3
10° 2 E 105 & 1| E
E100GeV R - 11100 ]

104 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| I:IIIIIIII 104 I:II IIIII| IIII| |

102 10"  1Q° 10! 102 10-1 100 10! 102
2 ~
Oy gph mg (GeV)

® Dboth panels: TP (NTP) dominant on left (right) side

N Tr x mg

= | upper bound on T can be set (indep. of G being CDM)

BBN constraints not imposed
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G LSP: upper bound on T'r

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC
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G LSP: upper bound on T'r

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC

Choi, Roszkowski, Ruiz '07
1010 SRRt R B EELLL B L B L

\ G LSP

TTTT
e

10®

Tmax (GeV)

108 & N E
: &,
107 £ Sz \\ E
6 I ERRETTT R AR ERNETATTTT EETTRETIT B ;
10-8 10-2 10! 10° 10! 102
QNLSPh2
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Tmax (GeV)

G LSP: upper bound on T'r

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC

Choi, Roszkowski, Ruiz '07

1010 §_|_IJLIIQ|\\I\IIIIIII| ||||||||| ||||||||| ||||||§
: . G LSP -
10° & =
N N\ o,
K NN
107 E_ ®A \ _E
6 1 |||||||| ||||||||| ||||||||| ||||||||| 111Nl
103 102 10! 10° 10! 102
2
QNLSPh

K
K

9

no need to know m ~

G
use Qgpfﬂ ~

T 100 GeV mg(p) 2
027Gmﬁ&ﬁ)<—me>(1%v)a

G
QgTPh2 = (mg/mnNLsp)2NLsp h?
and
TP} 2 NTPp2 _
Qé h +Qé h< = 0.1

find Tr as quadratic function of m s,
hence derive conservative upper limit on
TR
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Tmax (GeV)

1010

10®

108

107

108

10-3

108 GeV

G LSP: upper bound on T'r

® assume neutralino x to be NLSP and its “density” Qnr1.sp h? determined at LHC

Choi, Roszkowski, Ruiz '07

-—|—|JL||U|\ T IIIIIII| T IIIIIII| T IIIIIII| T TTTTTH

. G LSP

/QQ
1 1 IIIIII|

s

1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 11N

102 10-' 10° 10!
(O ph®

NLSP

0.27
1019 GeV

10?2

®» no need to know
O use QTPR2 ~
G
0.27 ( Tr

QISTP h2 —
G

and

1010 GeV

mé

)(

100 GeV

ma

Qgpfﬂ + QgTPfﬂ — 0.1

mg

0.27

m§

100 GeV

1 TeV 2 ( MNLSP
100 GeV

(1 TeV)2 ( MNLSP

4QNLsph?’

) (0.1 — QNLsph?),

) (744"

(mg/mNLsp)2NLsp h?

® find Tr as quadratic function of mz,
hence derive conservative upper limit on
TR
Tf:r{nax —
1 for QNLSth > 0.05

for QNLSPh2 < 0.05

BBN constraints not imposed
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Impact of BBN

Cerdeno+K.-Y. Choi+Jedamzik+L.R.+Ruiz de Austri, hep-ph/0509275

apply all BBN: D/H + Y, + "Li/H + *He/D + °Li/"Li
Example: CMSSM with m 5 = mg

tang=10, u>0, mg=m,, Tr=10°GeV
E 1 1 L] 1 L] LI !I 1
1000 ~
£ G not LSP
B £
S &
e 4
£ 100 :
10 1 1
100 1000
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Impact of BBN

Cerdeno+K.-Y. Choi+Jedamzik+L.R.+Ruiz de Austri, hep-ph/0509275
apply all BBN: D/H + Y, + "Li/H + *He/D + °Li/"Li
Example: CMSSM with m 5 = mg

e neutralino )x NLSP region excluded

tang=10, u>0, mg=m,, Tr=10°GeV
E ] 1 Illll!l 1

el e only 7 NLSP region remains allowed
= at LHC see charged “stable” LOSP

T1

G not LSP

(GeV)

confirmed Feng, et al (Apr 04)

LEP x*

£ 100
O e low Ty basically excluded (NTP part
only), must include TP contribution to
Qs h2

= mg = O(100GeV): (typically)
need high Tg ~ 10° GeV

L. Roszkowski, COSMO’08 — p.2.
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Determining m, and €2, h* at LHC

® mass m, : up to some 400 — 500 GeV (from missing mass and missing energy)
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Determining m, and €2, h* at LHC

® mass m,: up to some 400 — 500 GeV (from missing mass and missing energy)

® relic abundance 2, h? (assuming neutralino stable): need to measure m,,, Higgs,
gluino and lightest squark masses, several BRs and tan 3 (depending on SUSY
framework):

Noijiri, Polesello, Tovey '04: SPA point: 5-10% error achievable

[<1x] ™ = T
B f,r’.-.'dl S84 [/ &4 T
L I.I ! f04A 1m —
40 ~ S
g g i ]
d E .
3 Bl
20 - -
: -
Og— az %4

Figure 7:  [hsfribubions of the predicted relic densily ﬂzh": meorporating the experimen ol
errars. The distribuions are shoum for an assumed emor on the 7 edge respectively of § GelV
{left) und 0.5 GeV {right].
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® relic abundance 2, h? (assuming neutralino stable): need to measure m,,, Higgs,
gluino and lightest squark masses, several BRs and tan 3 (depending on SUSY
framework):
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® if 2, h% > 0.1 or < 0.1 can be established, and no WIMP signal detected in DM
searches, = neutralino unlikely to be DM
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Determining m, and €2, h* at LHC

® mass m,: up to some 400 — 500 GeV (from missing mass and missing energy)

® relic abundance 2, h? (assuming neutralino stable): need to measure m,,, Higgs,
gluino and lightest squark masses, several BRs and tan 3 (depending on SUSY
framework):

Noijiri, Polesello, Tovey '04: SPA point: 5-10% error achievable

[<1x] = T T
B i [ ] T
- 2y 04k 10—
X | Sgma 0156501 | L

Figure 7:  [hsfribubions of the predicted relic densily ﬂzh": meorporating the experimen ol
errars. The distribuions are shoum for an assumed emor on the 7 edge respectively of § GelV
{left) und 0.5 GeV {right].

® if 2, h% > 0.1 or < 0.1 can be established, and no WIMP signal detected in DM
searches, = neutralino unlikely to be DM

® cven with fewer measurements a lower bound on ©, h? should be achievable by not
finding states that can reduce 2, h?% to ~ 0.1

e.g., no Higgs at ~ 2m,, nor other channels
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Remarks

® all previous results carry through if replace neutralino with stau as
NLSP

except that BBN bounds become weaker
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® if more production mechanisms: make upper bounds on T'r stronger
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Remarks

all previous results carry through if replace neutralino with stau as
NLSP

except that BBN bounds become weaker
if more production mechanisms: make upper bounds on T'r stronger

for axino or gravitino LSP different LHC observables can be selected,
€.J. mNLSP and NLSP lifetime

e.g., Steffen (arXiv:0806.3266) reproduced our results for G LSP and stau NLSP
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for axino or gravitino LSP different LHC observables can be selected,
€.J. mNLSP and NLSP lifetime

e.g., Steffen (arXiv:0806.3266) reproduced our results for G LSP and stau NLSP

no strong assumptions made about specific SUSY model
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L

Remarks

all previous results carry through if replace neutralino with stau as
NLSP

except that BBN bounds become weaker
if more production mechanisms: make upper bounds on T'r stronger
for axino or gravitino LSP different LHC observables can be selected,
€.J. mNLSP and NLSP lifetime

e.g., Steffen (arXiv:0806.3266) reproduced our results for G LSP and stau NLSP

no strong assumptions made about specific SUSY model

method applies in principle to any DM candidate whose density
depends on Tr

L. Roszkowski, COSMQO’08 — p.2:
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G or a: Will we ever know?

® [f neutralino is NLSP: points towards a but hard to confirm
...only indirectly: discover axion and discover SUSY
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G or a: Will we ever know?

® [f neutralino is NLSP: points towards a but hard to confirm
...only indirectly: discover axion and discover SUSY

® |f stau is NLSP: study stau decays at LHC (need > 10* staus)

Brandenburg+Covi+Hamaguchi+L.R.+Steffen, hep-ph/0501287 — PLB’05

Axino LSP Scenario
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G or a: Will we ever know?

® [f neutralino is NLSP: points towards a but hard to confirm
...only indirectly: discover axion and discover SUSY

® |f stau is NLSP: study stau decays at LHC (need > 10* staus)
Brandenburg+Covi+Hamaguchi+L.R.+Steffen, hep-ph/0501287 — PLB’05

Axino LSP Scenario Gravitino LSP Scenario
1 d’C{Fa—+rya) 20 (Fr—77 &)
Tlrp—ryas et =2 =0.1) dx dco=f T(ra—tr 7 Grasei=eg i=0.1) dz dco=d

cos8

u
—0.25 /
—u.s/ mee = 100 GV |
mg =110 GV ||

-0.75 |
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G or a: Will we ever know?

® |f neutralino is NLSP: points towards a but hard to confirm
...only indirectly: discover axion and discover SUSY

® | stau is NLSP: study stau decays at LHC (need > 10 staus)
Brandenburg+Covi+Hamaguchi+L.R.+Steffen, hep-ph/0501287 — PLB’05

Axino LSP Scenario Gravitino LSP Scenario

i d3C(Fr—trvya) i 4T (Tr—77 &)

Cirr—r 7 G egi=gi=01) dz dco=f

mg =110 G=V

Dl
m3fmz 1

T
Ty “

® typically different lifetimes: shorter (< 1 sec) for axino LSP, longer (~ 102~ 19 sec) for
gravitino LSP

® different event distributions may allow one to distinguish @ from G and, by comparing
2-body and 3-body decays, determine LSP mass at LHC

— | may be possible to distinguish @ from G at LHC
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
B axino or gravitino can be LSP and viable cold dark matter

indications:
® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
® axino or gravitino can be LSP and viable cold dark matter

indications:
o WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1

axino LSP:
® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
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® neutralino may be discovered at LHC and appear stable but not be LSP and DM
® axino or gravitino can be LSP and viable cold dark matter
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® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
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® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
gravitino LSP:

® conservative upper bound can be set on T, independent of BBN
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® axino or gravitino can be LSP and viable cold dark matter
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® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
axino LSP:
® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
gravitino LSP:
® conservative upper bound can be set on T, independent of BBN
either axino or gravitino LSP:

® upper bound can be set on mygp in terms of m,, and its “density” 2, h? as
determined at LHC
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
® axino or gravitino can be LSP and viable cold dark matter
indications:
® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
axino LSP:
® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
gravitino LSP:
® conservative upper bound can be set on T, independent of BBN
either axino or gravitino LSP:

® upper bound can be set on mygp in terms of m,, and its “density” 2, h? as

determined at LHC
DMis cold = 100keV < mrsp < 1GeV <= if @, h? > 100

® the above carries through to stau NLSP, instead of neutralino
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
® axino or gravitino can be LSP and viable cold dark matter
indications:
® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
axino LSP:
® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
gravitino LSP:
® conservative upper bound can be set on T, independent of BBN
either axino or gravitino LSP:

® upper bound can be set on mygp in terms of m,, and its “density” 2, h? as

determined at LHC
DMis cold = 100keV < mrsp < 1GeV <= if @, h? > 100

® the above carries through to stau NLSP, instead of neutralino

® if stau NLSP: it may be possible to tell if LSP is @ or G at LHC, and to determine its
mass = also Tgr
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Summary

® neutralino may be discovered at LHC and appear stable but not be LSP and DM
® axino or gravitino can be LSP and viable cold dark matter
indications:
® WIMP not found in DM searches,
# neutralino’s 2, h? deduced from LHC > 0.1 or < 0.1
axino LSP:
® upperbound TE*a* < 4.9(fa /1011 GeV)? X 105 GeV
gravitino LSP:
® conservative upper bound can be set on T, independent of BBN
either axino or gravitino LSP:

® upper bound can be set on mygp in terms of m,, and its “density” 2, h? as

determined at LHC
DMis cold = 100keV < mrsp < 1GeV <= if @, h? > 100

® the above carries through to stau NLSP, instead of neutralino
® if stau NLSP: it may be possible to tell if LSP is @ or G at LHC, and to determine its

mass = also Tr
STAY TUNED TO LHC!

L. Roszkowski, COSMO’08 — p.2



Backup...
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Y

Yield vs TR

= 300 GeV, mz

Choi, Roszkowski, Ruiz '07
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Dependence on a mass

contours of T in (mnLsp, QnLsp h?) plane such that Q5h%? = Qcpvh? = 0.104
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Dependence on a mass

contours of T in (mnLsp, QnLsp h?) plane such that Q5h%? = Qcpvh? = 0.104
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Dependence on a mass

contours of T in (mnLsp, QnLsp h?) plane such that Q5h%? = Qcpvh? = 0.104
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