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Post WMAP-5yr  (April 08) ...+ACBAR+CBI+SN+LSS+... Qi = p; /Perit

assume simplest ACDM model

matter Q,,h? = 0.1378 + 0.0043
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baryons Qph? = 0.02263 + 0.00060

=

Qcpvh? = 0.1152 4 0.0042

h = 0.696 4 0.017
Qp =0.715 £ 0.20...

Hubble Ho = 100 hkm/s/Mpc
CMB (WMAP, ACBAR, CBI,...)

LSS (2dF, SDSS, Lyman-«)
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Cosmology After WMAP...

Post WMAP-5yr  (April 08) ...+ACBAR+CBI+SN+LSS+... Qi = p; /Perit

assume simplest ACDM model

matter Q,,h? = 0.1378 + 0.0043

9
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® concordance model works well

baryons Qph? = 0.02263 + 0.00060

=

Qcpvh? = 0.1152 4 0.0042

h = 0.696 4 0.017
Qp =0.715 £ 0.20...

Hubble Ho = 100 hkm/s/ Mpc
CMB (WMAP, ACBAR, CBI,...)

LSS (2dF, SDSS, Lyman-«)

# main components: dark energy and dark matter
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Cosmic Pie

7 3% DARK ENERGY . 239% DARK MATTER

3.6% INTERGALACTIC GAS
4% STARS, ETC.

~
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® DM candidates and particle physics models
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® DM candidates and particle physics models

® SUSY neutralino - most popular candidate
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Outline

® DM candidates and particle physics models
® SUSY neutralino - most popular candidate

® SUSY models: Constrained MSSM, Non-Universal Higgs Model
(NUHM)
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DM candidates and particle physics models
SUSY neutralino - most popular candidate

SUSY models: Constrained MSSM, Non-Universal Higgs Model
(NUHM)

predictions for direct detection
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Outline

DM candidates and particle physics models
SUSY neutralino - most popular candidate

SUSY models: Constrained MSSM, Non-Universal Higgs Model
(NUHM)

predictions for direct detection

indirect detection
# halo models
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Outline

DM candidates and particle physics models
SUSY neutralino - most popular candidate

SUSY models: Constrained MSSM, Non-Universal Higgs Model
(NUHM)

predictions for direct detection

Indirect detection

# halo models

# predictions for Fermi
# predictions for Pamela
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Outline

DM candidates and particle physics models
SUSY neutralino - most popular candidate

SUSY models: Constrained MSSM, Non-Universal Higgs Model
(NUHM)

predictions for direct detection

Indirect detection

# halo models

# predictions for Fermi
# predictions for Pamela

summary
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DM: The Big Picture

* —not invented to solve the DM problem
well-motivated™* particle candidates with 2 ~ 0.1
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DM: The Big Picture

L.R. (2000), hep-ph/0404052

log(a,,,/(1 pb))

o0 0

WIMP—-type Candidates Q,~1

T T T #® neutrino v — hot DM
neutrino v ]
ol meutraino S . ® neutralino
l & “generic” WIMP
. i_axion a axino & _ .. aXIOn a
- . ® axinoa
s L gravitino G E N
ol . w.v. @ gravitino G
log(m,/(1 GeV))
vast ranges of interactions and masses
different production mechanisms in the early Universe (thermal, non-thermal)
axino, gravitino could be either CDM or WDM (or both)
need to go beyond the Standard Model
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To SUSY or notto SUSY?

SUSY - by far the most popular and developed framework

Standard Model

1 12 10t 108 1 1d® d? ad* 1d® 1d%4d°
- u[GeVl

gauge couplings “run” with energy
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Neutralino of SUSY — Prime Suspect

neutralino x = lightest mass eigenstate
of neutral gauginos B (bino), W3 (wino) and neutral higgsinos Hp, H,

_ Majorana fermion (x¢ = x)
most popular candidate
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Neutralino of SUSY — Prime Suspect

neutralino x = lightest mass eigenstate
of neutral gauginos B (bino), W3 (wino) and neutral higgsinos Hp, H,

_ Majorana fermion (x¢ = x)
most popular candidate

® part of a well-defined and well-motivated framework of SUSY

calculable
relic density: 2, h? ~ 0.1 from freeze-out (...more like 10~% — 103)
stable with some discrete symmetry (e.g., R-parity or baryon parity)

testable with today’s experiments (DD, ID, LHC)

© oo 0

...no obviously superior competitor (both to SUSY and to x) exists
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Neutralino of SUSY — Prime Suspect

neutralino x = lightest mass eigenstate
of neutral gauginos B (bino), W3 (wino) and neutral higgsinos Hp, H,

_ Majorana fermion (x¢ = x)
most popular candidate

°

part of a well-defined and well-motivated framework of SUSY

calculable
relic density: 2, h? ~ 0.1 from freeze-out (...more like 10~% — 103)

stable with some discrete symmetry (e.g., R-parity or baryon parity)
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testable with today’s experiments (DD, ID, LHC)

® ...no obviously superior competitor (both to SUSY and to ) exists

Don't forget:

» multitude of SUSY-based models: general MSSM, CMSSM, split SUSY, MNMSSM,
SO(10) GUTs, string inspired models, etc, etc

» neutralino properties often differ widely from model to model
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Neutralino of SUSY — Prime Suspect

neutralino x = lightest mass eigenstate
of neutral gauginos B (bino), W3 (wino) and neutral higgsinos Hp, H,

_ Majorana fermion (x¢ = x)
most popular candidate

°

part of a well-defined and well-motivated framework of SUSY

calculable
relic density: 2, h? ~ 0.1 from freeze-out (...more like 10~% — 103)

stable with some discrete symmetry (e.g., R-parity or baryon parity)

L I B I

testable with today’s experiments (DD, ID, LHC)

® ...no obviously superior competitor (both to SUSY and to ) exists

Don't forget:

» multitude of SUSY-based models: general MSSM, CMSSM, split SUSY, MNMSSM,
SO(10) GUTs, string inspired models, etc, etc

» neutralino properties often differ widely from model to model

neutralino = stable, weakly interacting, massive = WIMP
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Two basic approaches:
#® general MSSM

# unification based:
s Constrained MSSM (CMSSM)
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SUSY Models

Two basic approaches:
#® general MSSM

# unification based:
s Constrained MSSM (CMSSM)
» Non-unified Higgs mass (NUHM)
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SUSY Models

Two basic approaches:
#® general MSSM

# unification based:

s Constrained MSSM (CMSSM)
Non-unified Higgs mass (NUHM)
SO(10)-GUT

e o o
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Strategies for WIMP Detection

® direct detection (DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd
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Strategies for WIMP Detection

® direct detection (DD): measure WIMPs scattering off a target
go underground to beat cosmic ray bgnd
® indirect detection (ID):

» HE neutrinos from the Sun (or Earth)

WIMPs get trapped in Sun’s core, start pair annihilating, only v/’'s escape
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Strategies for WIMP Detection

® direct detection (DD): measure WIMPs scattering off a target
go underground to beat cosmic ray bgnd
® indirect detection (ID):

» HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only v/’'s escape
s antimatter (e™, p, D) from WIMP pair-annihilation in the
MW halo

from within a few kpc
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® direct detection (DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd

® indirect detection (ID):

» HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only v/’'s escape
s antimatter (e™, p, D) from WIMP pair-annihilation in the
MW halo

from within a few kpc

o gamma rays from WIMP pair-annihilation in the Galactic

center _ T
depending on DM distribution in the GC
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Strategies for WIMP Detection

® direct detection (DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd

® indirect detection (ID):

» HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only v/’'s escape
s antimatter (e™, p, D) from WIMP pair-annihilation in the
MW halo

from within a few kpc

o gamma rays from WIMP pair-annihilation in the Galactic

center _ T
depending on DM distribution in the GC

® other ideas: traces of WIMP annihilation in dwarf galaxies, in

rich clusters, etc
more speculative
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MSSM: Expectations for o'

general MSSM p >0
Kim, Nihei, LR & Ruiz de Austri (02)
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o-gI— WIMP—proton SlI elastic scatt. c.s.

(elastic c.s. for xp — xp at zero momentum transfer)
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MSSM: Expectations for o'

general MSSM p >0
Kim, Nihei, LR & Ruiz de Austri (02)

100 1000
m, (GeV)

o-gI— WIMP—proton SlI elastic scatt. c.s.

(elastic c.s. for xp — xp at zero momentum transfer)

= |MSSM: vast ranges! Lacks real predictive power!
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“benchmark framework” for the LHC

Mass (GeV)

N W

L e R P o D o

F R S ST T R VRT
log19Q (GeV)

Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
(...e.g., mSUGRA)
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Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

S S ® gauginos My = Mz = mg = my /5
i ] ® scalars
500 F ]
= - 2 2 2 2 2
1 ] mi = ms = m%, = m%, = m
— 400f ] q; l; Hy Hy 0
Q 300¢ ® 3-linearsoftterms A, = A = Ao
g 2o
= 2
100 F
of -
-100 £ =
200;_ lHu 1 It I} il L Il 1-
2 4 6 8 10 12 14 16
log10Q (GeV)
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Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

T ® gauginos My = Mz = mg = my /5
800 ¢ ] ® scalars
500 £ .
2 2 2 2 2
: ] mi = ms = m%, = m%, = m
— 400f ] q; l; Hy Hy 0
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2
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Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

® gauginos My = Mz = mg = my /5

700: r

i ® scalars

500 F 2 __ 2 __ 2 2 2
;40(); maz = ml~7, = me = mHt = my
0 o
%3005 ® 3-linearsoftterms A, = A = Ao
@ 200;~
= 100F _ ® radiative EWSB _ )

of E pu? = me_";Ht tan” B mZ
-100 £ ',:": . tan® 5—1 2
200 PR fofitimtt fi s Soiia = ® 4+1 independent parameters:

log19Q (GeV)

mi/ 2, Mo, AOv tan 3, Sgn(p’)
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Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

700 ® gauginos My = Mz = mg = my /5

o & ® scalars

500 F 2 __ 2 __ 2 2 2
< 400¢
[} C .
%3”; ® 3-linearsoftterms A, = A¢ = Ag
4 200;~ ..
= 100F _ ® radiative EWSB _ )

o E “2_ me—mHttan B _m2Z
L0 ] T 23—
A00F ] tan®S—1 2
200 PR fofitimtt R : ® 4+1 independent parameters:

log19Q (GeV)

mi/ 2, Mo, AOv tan 3, Sgn(p’)

® well developed machinery to compute
masses and couplings
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Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

700 ® gauginos My = Mz = mg = my /5
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masses and couplings
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L. Roszkowski, GGI, 9 Feb '09 — p.1.



Constrained MSSM (CMSSM)

Kane, Kolda, LR, Wells (1993)
..."benchmark framework” for the LHC (...e.g., mSUGRA)

At MguT ~ 2 X 1016 GeV:

700 ® gauginos My = Mz = mg = my /5

o & ® scalars

500 F 2 __ 2 __ 2 2 2
0 o
%3”; ® 3-linearsoftterms A, = A¢ = Ag
@ 200 _ W
= 100F _ ® radiative EWSB _ )

oz_ _ “2: me—mHttan J6; _m2Z
100 £ ,,:": i tan® 51 2
200 PR fofitimtt R : ® 4+1 independent parameters:

log19Q (GeV)

mi/ 2, Mo, AOv tan 3, Sgn(p’)

® well developed machinery to compute
masses and couplings

some useful mass relations:
# bino:  my > 0.4my ), ® neutralino x mostly bino

® gluinog: mg ~2.7m, 5

® supersymmetric tau (stau) 71  ms, ~ \/0.15m§/2 + m32
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Earlier analyses of CMSSM

very many papers
Until recently usual approach has been to:

® do fixed-grid scans of ™y /o and my for
fixed tan 3 and Ag

® apply constraints from LEP,
BR(B — Xs~), Q4 h2, EWSB,
charged LSP, etc

® impose rigid (in/out) 1o or 20 ranges
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Earlier analyses of CMSSM

very many papers
Until recently usual approach has been to:
® do fixed-grid scans of m4 /2 and myg for
fixed tan 8 and Ao hep-ph/0404052
® apply constraints from LEP,
BR(B — Xs7v), 2, h?, EWSB,
charged LSP, etc

impose rigid (in/out) 1o or 20 ranges

| I

obtain narrow “allowed” regions

m, (GeV)
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Earlier analyses of CMSSM

very many papers

Until recently usual approach has been to:

X

X

o
X

do fixed-grid scans of m, ;5 and my for
fixed tan 3 and Ag

apply constraints from LEP,
BR(B — Xs7v), 2, h?, EWSB,
charged LSP, etc

impose rigid (in/out) 1o or 20 ranges

obtain narrow “allowed” regions

Shortcomings:

9

L I

hard to compare relative impact of various
constraints,

hard to include TH + residual SM errors,
etc.

full scan of PS not feasible

impossible to assess relative impact of var-
lous constraints

hep-ph/0404052

100

m, (GeV)

L
1000
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Earlier analyses of CMSSM

Until recently usual approach has been to:

X

X

o
X

do fixed-grid scans of m, ;5 and my for
fixed tan 3 and Ag

apply constraints from LEP,
BR(B — Xs7v), 2, h?, EWSB,
charged LSP, etc

impose rigid (in/out) 1o or 20 ranges

obtain narrow “allowed” regions

Shortcomings:

9

L I

hard to compare relative impact of various
constraints,

hard to include TH + residual SM errors,
etc.

full scan of PS not feasible

impossible to assess relative impact of var-
lous constraints

very many papers

hep-ph/0404052

m, (GeV)

results in over-simplified predictions
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Bayesian Analysis of the CMSSM

Apply to the CMSSM:

new development, led by 2 groups

® ('m = (0,1) |- model's all relevant parameters

®» CMSSM parameters

® relevant SM param’s

0 = m; /2, mo, Ao, tan 3, fix sgn ()

P = My, mp(mp)M7, Oéiws

’ aem(MZ)M—S
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Bayesian Analysis of the CMSSM

Apply to the CMSSM:

CMSSM parameters

relevant SM param’s

£ = (&1,8&2,...,&n): setof derived variables (observables): | £(m)

new development, led by 2 groups

m = (0,1) |— model’s all relevant parameters

0 = m; /2, mo, Ao, tan 3, fix sgn ()

P = My, mp(mp)M7, Oéiws

’ aem(MZ)M—S
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Bayesian Analysis of the CMSSM

Apply to the CMSSM: new development, led by 2 groups
® ('m = (0,1) |- model's all relevant parameters

® CMSSM parameters | 0 = m /2, Mo, Ag, tan 3 |, fix sgn(p)

® relevant SM param’s | ¢ = My, my,(my) M5, oM, cvom (M z)MS

S

°

£ = (&1,8&2,...,&n): setof derived variables (observables): | £(m)

® d: data (Qcpmh?, b — sv, my, etc)

Probability density
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Bayesian Analysis of the CMSSM

Apply to the CMSSM: new development, led by 2 groups
® ('m = (0,1) |- model's all relevant parameters

® CMSSM parameters | 0 = m /2, Mo, Ag, tan 3 |, fix sgn(p)
® relevant SM param’s |y = My, my(my) M5, oM, aem (Mz)MS
® &= (&1,62,...,E0): setof derived variables (observables): | £(m)
® d: data (Qcpmh?, b — sv, my, etc)
® Bayes' theorem: posterior pdf g

p(6, |d) = PAOTO:D) E
® p(d|¢) = L: likelihood . :
# m(6,%): prior pdf posteion = oo < e
® p(d): evidence (normalization factor)
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Bayesian Analysis of the CMSSM

Apply to the CMSSM: new development, led by 2 groups
® ('m = (0,1) |- model's all relevant parameters

® CMSSM parameters | 0 = m /2, Mo, Ag, tan 3 |, fix sgn(p)
® relevant SM param’s |y = My, my(my) M5, oM, aem (Mz)MS
® &= (&1,62,...,E0): setof derived variables (observables): | £(m)
® d: data (Qcpmh?, b — sv, my, etc)
® Bayes' theorem: posterior pdf %

(0, 91d) = W95z 3
® p(d|¢) = L: likelihood : ,
# m(6,%): prior pdf posteion = oo < e
® p(d): evidence (normalization factor)
® usually marginalize over SM (nuisance) parameters ¢» = | p(60|d)
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Impact of varying SM parameters

fix tan 3, Ag + all SM param’s

40007

1000} tanB=50
A =0

5001t ‘ ‘ 0 ]

500 1000 1500 2000

m (GeV)

Relative probability density
0.2 0.4 0.6 0.8

0 1
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Impact of varying SM parameters

fix tan 3, Ag + all SM param’s vary M,

4000¢f ‘ ‘ ‘ b 4000¢
3500¢ 3500
3000 3000
> 2500 2 2500
S S
o 2000 o 2000
= &
1500 1500 .
Mt varied
1000+ = 1 1000t 1
% R >0
— A =0
500t ‘ ‘ 0 ] 500t ‘ ‘ 0 ]
500 1000G V1500 2000 500 lOOOG V1500 2000
m, , (GeV) m, , (GeV)
Relative probability density Relative probability density

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Impact of varying SM parameters

fix tan 3, Ag + all SM param’s vary o
40007 ‘ ‘ ‘ : 4000F
3500 3500
3000 3000
> 2500 2 2500
S e
o 2000t o 2000
= e
1500 1500 o varied;
1000; tanp=50 1000 >
A =0 0
5001t ‘ ‘ 0 g 500t _ e | ‘ ]
500 1000 1500 2000 500 1000G V1500 2000
m,, (GeV) m,, (GeV)
Relative probability density Relative probability density

o

0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
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Impact of varying SM parameters

fix tan 3, Ag + all SM param’s vary o
40007 ‘ ‘ ‘ a 4000F
3500 3500
3000 3000
> 2500 2 2500
O S
o 2000t o 2000
= e
1500} 1500 o varied;
1000¢ % tanf3=50 | 1000¢ A tAan:BO:5o
0
A =0
5001t ‘ ‘ 0 g 500t _ e | ‘ ]
500 1000 1500 2000 500 1000G V1500 2000
m,, (GeV) m,, (GeV)
Relative probability density Relative probability density

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

residual errors in SM parameters =- strong impact on favoured SUSY
ranges

effect of varying Ag, tan 3 also substantial
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CMSSM: Prospects for direct detection

CMSSM: Constrained MSSM

m Vy a
Massive 0\
Particle
Cause target recoil —

Bayesian analysis, flat priors, MCMC
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CMSSM: Prospects for direct detection

CMSSM: Constrained MSSM

m Vy target
o——o O&—>
Massive O\
Particle

Cause target recoil — detect it

Bayesian analysis, flat priors, MCMC

Roszkowski, Ruiz & Trotta (2007)

CMSSM, >0

Log[o>" (pb)]
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mX (TeV)

internal (external): 68% (95%) region
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CMSSM: Prospects for direct detection

CMSSM: Constrained MSSM

o Bayesian analysis, flat priors, MCMC
Roszkowski, Ruiz & Trotta (2007)

T owssmuso | XENON-10 (June 07) and CDMS-II
| (Feb 08):
o531 < 1077 pb:

P Y

also Zeplin—Il

= already explore 68% region

Log[o>" (pb)]

(large mo > m, 2 = heavy squarks)
largely beyond LHC reach

_11 L O i

02 04 06 08 1
mX (TeV)

internal (external): 68% (95%) region
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CMSSM: Prospects for direct detection

CMSSM: Constrained MSSM

Roszkowski, Ruiz & Trotta (2007)

CMSSM, >0

Log[o>" (pb)]

_11 L O i

02 04 06 08
mX (TeV)

internal (external): 68% (95%) region

Cause target recoil — detect it

Bayesian analysis, flat priors, MCMC

XENON-10 (June 07) and CDMS-II
(Feb 08):
ot <1077 pb:
also Zeplin—Il

= already explore 68% region

(large mo > m, 2 = heavy squarks)
largely beyond LHC reach
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CMSSM: Prospects for direct detection

CMSSM: Constrained MSSM

Log[o>" (pb)]

Roszkowski, Ruiz & Trotta (2007)

CMSSM, >0

_11 L O i

02 04 06 08 1
mX (TeV)

internal (external): 68% (95%) region

=

DD: prospects look very good

m Vv, target
o

Massive 0\
Particle

Cause target recoil — detect it

Bayesian analysis, flat priors, MCMC

XENON-10 (June 07) and CDMS-II
(Feb 08):
ot <1077 pb:
also Zeplin—Il

= already explore 68% region

(large mo > m, 2 = heavy squarks)
largely beyond LHC reach
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Impact of priors

flat in my, m1/2

log(a ") (pb)

Trotta et al (2008) CMSSM, >0, flat priors
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Impact of priors

flat in my, m1/2

log(a ") (pb)

Trotta et al (2008) CMSSM, >0, flat priors

I I
ZEPLIN-II

'
\\\\\\\\\\\\\\\\\\\\\\
l

-
- - -
- -

- -

400, 600

200
mx (GeV)

log(a ") (pb)

flat in log(myg), log(my /2)

Trotta et al (2008) CMSSM, p>0, log priors
1 1

I I
ZEPLIN-II
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\\\\\\\\\
\\\\\\\
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mX (GeV)
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flat in my, m1/2

log(a ") (pb)

L I

Trotta et al (2008)

Impact of priors

CMSSM, p>0, flat priors

I I
ZEPLIN-II

'
\\\\\\\\\\\\\\\\\\\\\\
l

flat in log(myg), log(my /2)

Trotta et al (2008) CMSSM, p>0, log priors
1 1

I I
ZEPLIN-II

XN
vvvvvvvvvvvvvvvvvvvv

-
- - -
- -

- -

log(a ") (pb)

200 400 600 800 200 400, 600 800
m_ (GeV) m_ (GeV)

still strong prior dependence (data not yet constraining enough)

both priors: most regions above some 10~1° pb = good news for
DM expt

LHC reach: m, < 400 — 500 GeV = additional vital info
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Non-Universal Higgs Mass ..

...many papers (Ellis et al, Munoz, et al, Baer et al.)

At McuT ~ 2 X 101% GeV: disunify Higgs soft masses from other
scalars

® gauginos M; = Mz = mg = my 2 (cf. MSSM)
® squarks, sleptons mZ = m? = mg
i 2 2
® Higgs doublets m3%; , m%;
9o

3—-linear softterms A, = A; = Ay
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Non-Universal Higgs Mass ..

...many papers (Ellis et al, Munoz, et al, Baer et al.)

At McuT ~ 2 X 101% GeV: disunify Higgs soft masses from other
scalars

o

© o o @

gauginos M; = My = mg = my /3 (c.f. MSSM)
squarks, sleptons m2 = m?2 = mg
i 2 2
Higgs doublets m3%; , m%;
3—-linear softterms A, = A; = Ay

radiative EWSB

2 (mi,430) = (mE, +30) tan® 8

K = tanZ2 3—1
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Non-Universal Higgs Mass ..

...many papers (Ellis et al, Munoz, et al, Baer et al.)

At McuT ~ 2 X 101% GeV: disunify Higgs soft masses from other
scalars

©

© o o b

gauginos M; = My = mg = mq /2

squarks, sleptons m2 = m?2 = mg
i 2 2

Higgs doublets m3%; , m%;

3—-linear softterms A, = A; = Ay

radiative EWSB

(c.f. MSSM)

o (m?.;d—l—Zél)) —(m?_Iu—l—ES)) tan? 3 mZZ

K = tanZ2 3—1

2

6+1 parameters: | tan 3, mq /2, Mo, Mmpy,, M,, Ao, sgn(u)
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Non-Universal Higgs Mass ..

...many papers (Ellis et al, Munoz, et al, Baer et al.)

At McuT ~ 2 X 101% GeV: disunify Higgs soft masses from other
scalars

® gauginos M; = My = mg = my/2 (cf. MSSM)

® squarks, sleptons mZ = m? = mg
# Higgs doublets m7; , m7;
® 3-linear softterms Ay, = A; = Ay
® radiative EWSB
o (m?{d 2(1)) (m Egl))tanzﬁ mZZ

K= tan2 8—1 2
® 6+1 parameters: | tan 3, my /2, Mo, Mm,, MH,, Ao, sgn(u)
®» two more parameters than in CMSSM
® surprisingly rich phenomenological difference with CMSSM

L. Roszkowski, GGI, 9 Feb '09 — p.1!
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spin-independent c.s. Bayesian posterior probability maps
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NUHM: DM Searches

spin-independent c.s. Bayesian posterior probability maps

flat prior

Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)

EDELWEISS-I

Loglo." (pb)]

flat prior
0.5 1 1.5
mX (TeV)

-11

large region at m,, ~ 1 TeV
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NUHM:

spin-independent c.s.

flat prior

Loglo." (pb)]

-4 Roszkowski, Rui'z, Trotta, Tsai & V'arley (2009)
5 EDELWEIS_S_—_I L
- ”—_’———~—_ ..... ZEPLIN_”
_6.‘,’..7 ..... XENON-10 _ _ _ _.__-.~z==-]
: === ZEPLIN=II
CDMS-II
-7t
_8 L .
Jo
_9. -0 O
_10 .9 , “ > O |
11 flat prior
0.5 1 15
mX (TeV)

large region at m,, ~ 1 TeV

DM Searches

Bayesian posterior probability maps

log prior in m4 /2, Mo

_4 Roszkowski, Ruiz', Trotta, Tsai & Var'ley (2009)
5 EDELWEIS_S_—_I___
- 1::..’.:..‘...‘..’..::.: ....... ZEPLIN—II
_6\—’.’- """" XENONj'}O._‘_ o e T RS
:8\- =
= 7
CT)DD.
= 8
o
—l
-9
-10} UHM, u>0 |
log prior
o
0.5 1 1.5
mX (TeV)

big shift towards smaller m,,
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NUHM: DM Searches

spin-independent c.s. Bayesian posterior probability maps

flat prior log prior in m4 /2, ™Mo
_ 4 Roszkowski, Rui'z, Trotta, Tsai &V.arley (2009) _ 4 Roszkowski, Ruiz', Trotta, Tsai &Var'ley (2009)
EDELWEISS-I . EDELWEISS-I
- f””"”""ZEPLIN_”
_6 ”./- ....... XENO[\I__]__.O__ ____‘:‘_—-_—_"_‘;‘_--_-
g 5 '
o —
Sy oy
(@) > 9
o o
— —
-9
-10} UHM, u>0 |
1 . . flat prior o _ log prior
0.5 1 1.5 -1 0.5 1 1.5
m._ (TeV) m_(TeV)
X X
large region at m,, ~ 1 TeV big shift towards smaller m,,

= | NUHM: new higgsino LSP region at m,, ~ 1 TeV

= | large prior dependence
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Indirect detection

_— Halo & Clumps

look for traces of WIMP annihilation in the MW halo
detection prospects often strongly depend on astrophysical uncertainties
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Indirect detection

_— Halo & Clumps

look for traces of WIMP annihilation in the MW halo
detection prospects often strongly depend on astrophysical uncertainties

® dark halo models?

® overdense regions (clumps)?
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Indirect detection

_— Halo & Clumps

look for traces of WIMP annihilation in the MW halo
detection prospects often strongly depend on astrophysical uncertainties

® dark halo models?
® overdense regions (clumps)?

® DM density profile near Galactic center?

L. Roszkowski, GGI, 9 Feb '09 — p.2:



CDM Halo Models

...not a settled matter
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CDM Halo Models

fitting DM halo with a semi-heuristic formula: ...not a settled matter

1 (B—)/a
)]

pprM(T) = pe/ (2)7 14 (£

o, 3, v - adjustable parameters
(B—~)/ :
pc = po (22)” [1 + (%)a] ! a, po ~ 0.3 GeV /cm3 - DM density at r¢

a - scale radius - from num. sim’s or to match observations
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CDM Halo Models

fitting DM halo with a semi-heuristic formula: ...not a settled matter

por(r) = pe/ ()7 1+ (2) P

a

o, 3, v - adjustable parameters

Pc = Po (%0)7 [1 + (%)a] (B_W)/a, po ~ 0.3 GeV /cm3 - DM density at r¢

a - scale radius - from num. sim’s or to match observations

e adiabatic compression due to baryon concentration in the GC:
likely effect: central cusp becames steeper: “model” = “model-c”
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CDM Halo Models

fitting DM halo with a semi-heuristic formula:

pe=po (%2)7 [14 (Bo)7]

pprM(T) = pe/ (2)7 14 (£

1 (B—)/a
)]

(B—v)/c

...not a settled matter

o, 3, v - adjustable parameters

, po ~ 0.3 GeV /cm3 - DM density at rg

a - scale radius - from num. sim’s or to match observations

e adiabatic compression due to baryon concentration in the GC:
likely effect: central cusp becames steeper: “model” = “model-c”

some most popular models:

halo model a ro | (o, 3,7) small r large r
(kpc) | (kpc) rocrY | rxr P
isothermal cored 3.5 85 | (2,2,0) flat r—2
NFW 200 | 80| (1,3,1) r—1 r—3
NFW-c 200 | 8.0 | (1.5,3,1.5) p—1.5 r—3
Moore 28.0 8.0 | (1,3,1.5) r— 1.5 r—3
Moore-c 28.0 8.0 | (0.8,2.7,1.65) | r—1:65 r—27
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CDM Halo Models

fitting DM halo with a semi-heuristic formula:

pe=po (%2)7 [14 (Bo)7]

...not a settled matter

pom(r) = pe/ (2) [1+ (

r
a

1 (B—)/a
)]

(B—v)/c

o, 3, v - adjustable parameters

, po ~ 0.3 GeV /cm3 - DM density at rg

a - scale radius - from num. sim’s or to match observations

e adiabatic compression due to baryon concentration in the GC:
likely effect: central cusp becames steeper: “model” = “model-c”

some most popular models:

halo model a ro | (o, 3,7) small r large r
(kpc) | (kpc) rocrY | rxr P
isothermal cored 3.5 85 | (2,2,0) flat r—2
NFW 200 | 80| (1,3,1) r—1 r—3
NFW-c 200 | 8.0 | (1.5,3,1.5) p—1.5 r—3
Moore 28.0 8.0 | (1,3,1.5) r— 1.5 r—3
Moore-c 28.0 8.0 | (0.8,2.7,1.65) | r—1:65 r—27

Many open questions:

clumps??, central cusp??, spherical or tri—axial??,. ..
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Our Milky Way

example of a reasonable model
S (Klypin, et al., 2001)
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Veir

100

50
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L. Roszkowski, GGI, 9 Feb '09 — p.2.



Our Milky Way

example of a reasonable model
S (Klypin, et al., 2001)

250 —

200 0 %0 20 °

150

(km/s)

Veir

100

based on NFW model with angular mom. exchange between baryons and DM
DM dominates only at large r, well beyond the solar radius

DM likely to be subdominant in the inner regions

L2 I

if no exchange of angular mom.: more DM in the center (but problem with fast rotating
bar?)
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Halo models

10° - ‘ I
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2 \'\\ — Moore
OOA 10 E 1\1\1 . NFW A
- S isothermal |7
Lo ]
> 10" ¢
(D]
o .
P g
it I
2 1ol
o 0
© f
= 102
a "
10_3? 3
10 1072 10" 10

10 10°
Radius (kpc)

L. Roszkowski, GGI, 9 Feb '09 — p.2-



Halo models

10° ‘ I
el - - -Klypin et al |]
2 \'\\ — Moore
510 ¢ N == NFW :
- S isothermal |7
Lo ]
> 10" ¢
(D]
o .
P ;
it I
2 1ol
o 0
© f
= 102
a "
10_3;' ;
10 1072 10" 10

10" 10°
Radius (kpc)

® steeper inner profie »—1-8 = stronger DM annihilation at small r
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Diffuse GRs from the GC

use Fermi/GLAST parameters Bayesian posterior probability maps
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Diffuse GRs from the GC

use Fermi/GLAST parameters
CMSSM, flat priors

= Roszkowski, Ruiz, Silk & Trotta (2008)
@, from GC
Moore ad;
—6 g2 o0re adiab. comp, CMSSM, 1 >0 ]
= ‘
T —8 Al
" :
q
- .'.
[ {
e o
& P NFW ——
= 12}
2 2
-]
S iso. coreg
14 — AQ =107 s
E =10GeV
thr
-16 :
0.2 0.4 0.6 0.8
m,, (TeV)

Bayesian posterior probability maps
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Diffuse GRs from the GC

use Fermi/GLAST parameters Bayesian posterior probability maps
CMSSM, flat priors NUHM, flat priors
= Roszkow Skl.' Ruiz, Silk & l'r('vnu (2008) ] . Roszkowski, R'uiz, Trotta, Tsai :&Varley (2009) i
@, from GC 6l iy ® from GC|
. . ]
—6F »,—,"\’1‘?_9?‘1&51@@-,99@9;,,7,_,,__QMSSM, >0 Y NUHM, >0
= : _Se— = _gl flat prior |
T g+ ' S o
e : fl\l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
‘E | GLAST reach (1yr) S -10 Fermi/GLAST reach (1yr)
| °
. R NFw . = = NEw
g ‘— T B _1 —
N —12} o))
. S
S S0 cored— : _1gf  OMema 5
14 T AQ =10 — - AQ=10"sr
E_=10GeV E, =10 GeV
. . thr _16 thr )
02 04 06 08 1 0.5 1 1.5 2
m,, (TeV) mx (TeV)
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Diffuse GRs from the GC

use Fermi/GLAST parameters Bayesian posterior probability maps
CMSSM, flat priors NUHM, flat priors
—4 Roszkow Skl.' Ruiz, Silk & l'r('muiEUUS) ] . Roszkowski, R'uiz, Trotta, Tsai :&Varley (2009) i
@, from GC 6l iy CDV from GC|
. . ]
6k ,»,_7%99?‘1&;1@@-,,99@2;,, __CMSSM, k>0 ]| NUHM, g >0
= E— = _gl flat prior
T g+ ' S o
. o~
' S -10 Fermi/GLAST reach (1yr)
S -lof £
. A NFw = = NEw
& | S S -1 —
N —12} o))
. S
S iso. coreg -14 1S0thermay 5
—14 I AQ =107 s S~ AQ=10"sr
E_=10GeV E, =10 GeV
16 - -16 thr_
02 04 06 08 1 0.5 1 1.5 2
m_, (TeV) mx (TeV)

= | WIMP signal at Fermi/GLAST: outcome depends on halo cuspiness at GC
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Impact of Priors

use Fermi/GLAST parameters Bayesian posterior probability maps
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Impact of Priors

use Fermi/GLAST parameters

NUHM,

N
[72]
o
£ -10}
L
>
B, _19}
(@))
(@)
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_14.
-16

flat priors
Roszkowski, R'uiz, Trotta, Tsai :&Varley (2009) i
. ® from GC.
Klypin %

Bayesian posterior probability maps
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Impact of Priors

use Fermi/GLAST parameters Bayesian posterior probability maps
NUHM, flat priors NUHM, log priors
Roszkowski, R'uiz, Trotta, Tsai :&Varley (2009) i Roszkowski, Ruiz, Trotta, Tsai & Varley (2009) .
Y . ® from GC| 6l Kiypin ® from GC|
Din Y Y
NUHM, 1> 0 — NUHM, i > 0
= _gl flat prior = _gl log prior |
lu) S o Iq)
D et e D N A e
S -10 Fermi/GLAST reach (1yr) S -10f} Fermi/GLAST reach (1yr)
(&) (&)
> = NFw > @
S -1 — S -12f NEw
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2 2
14} SOMemal 5 ~14 .
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Impact of Priors

use Fermi/GLAST parameters
NUHM, flat priors

Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)

Bayesian posterior probability maps

NUHM, log priors

Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)

Y . ® from GC| 6l Klypin ® from GC.
Din Y Y
~ NUHM, 1> 0 @ NUHM, > 0
— —8-0 flat prior | — _gl log prior |
cl\lcn oo = cl\lcn
‘s 10l Fermi/GLAST reach (1yr) 'c _10l Fermi/GLAST reach (1yr)
(&) O Q
N QN N
e ~12} FWQ o ~12} NEW s
(@) (@)
2 . 3
Isoth
~14r T Aa=10%s] i R ——, 8Q=107sr]
E, =10 GeV N mal E, =10 GeV
-16 . . " 16 . r
0.5 1 15 2 .5 1 1.5 2
mX (TeV) mx (TeV)
log prior:
= | sgeeze towards lower mass (as expected)
= | higher fluxes
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e’ data from PAMELA

Resurs-Dik1

Mass: 6.7 tonnes

5 Height: 7.4 m

Solar array avea: 36 m*

® PAMELA satelite (since 2007)

L L, Sk

:90 mins
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e’ data from PAMELA

-I'_‘- T T T T TTTT T T T | I | | I T I ] 17T | I |
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L] PAMELA ol
+ Clem & Evenson 2007
O HEATOO
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O. Adriani et al., arXiv:0810.4995
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e’ data from PAMELA

"‘j 03 N
&
& o2t ]
)
=
® PAMELA satelite (since 2007) % o
2o
o e+/(e+ +e™) c
=
difficult measurement G
® puzzling: growth at large et E
new physics? DM? pulsars? E
A 0.02
* PAMELA
| | | | 11 1 1 | | I .| |
0.01, 10 100

Energy (GeV)

O. Adriani et al., arXiv:0810.4995
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o

e’ data from PAMELA

PAMELA satelite (since 2007)
et /(et 4+e7)
difficult measurement
puzzling: growth at large et
new physics? DM? pulsars?

wave of (wild?) theoretical specu-
lations

d(e”) / (9(e)+ o(e))

Positron fraction

0.02

* PAMELA

0.01

10

100
Energy (GeV)

O. Adriani et al., arXiv:0810.4995
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e’ data from PAMELA

fog_ T I T T T 17T IIIII_
z
& o2t .
)
=
® PAMELA satelite (since 2007) T o
=-
® ecf/(et +e) c
difficult measurement E
® puzzling: growth at large et &
new physics? DM? pulsars? E
0.02
® wave of (wild?) theoretical specu-
lations * PAMELA
| | | | 11 1 1 | | 11 | I|
0.01, 10 100
Energy (GeV)

O. Adriani et al., arXiv:0810.4995

...analysis to be cross-checked, result to be verified by AMS
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Positron flux and PAMELA



o

o

Positron flux and PAMELA

et ’s from DM annihilations
propagate in interstellar magnetic field

K(e) = 2.1 X 10?829 cm? sec™ 1

e:Ee+/1GeV

much less dependence on halo model

loose energy via inverse Compton scattering
e2
b(e) = — ~ 10~ 1%e?sec™?
TE

T = 1016 sec—1
diffusion zone;

infinite slab of height L = 4 kpc, free escape
BC's
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SUSY: Positron flux

Bayesian posterior probability maps

CMSSM, flat priors, NFW

Roszkowski, Ruiz, Silk & Trotta (2008)

-1 * " } +
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eéS 10 NFW profile, BF = 1
- CMSSM, u>0
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10 ; : . .
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BF

1
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SUSY: Positron flux

Bayesian posterior probability maps BF=1
NUHM, flat priors, NFW

100 Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)

CMSSM, flat priors, NFW

Roszkowski, Ruiz Silk & Trotta (2008) 0.62< mx TeV <1.1 (68% range)
10_1- III " NNMM* :0 4 op! ' - 10_1' A
i * I epamELA OB et i .
10—2 Moore+’a’c’ ————— .. ¢ HEAT 00 | AcID NUHM, m >0
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R R s
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S~~~
& . S
~~ -
ei{, 10 NFW profile, BF = 1 S 0oyl
) CMSSM, 11 > 0 it :
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10 °} ST LR '
10 -1 .EO - 1 62 D
10 10 10 10
10 : : : : E  (GeV
0.1 1 10 100 400 e+ ( )
E_, (GeV) m (GeV)

200 400 600 800 1000 1200
B l |

L. Roszkowski, GGI, 9 Feb '09 — p.2!



SUSY: Positron flux

Bayesian posterior probability maps BF=1

NUHM, flat priors, NFW

100 Roszkowski, Ruiz, Trotta, Tsai & Varley (2009)

CMSSM, flat priors, NFW
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= | CMSSM, NUHM: inconsistent with PAMELA e™ claim

...even for unrealistically large boost factors

(flux scales linearly withAseost factGi)oo-r-2



The great tragedy of Science — the slying of a
beautiful hypothesis by an ugly fact

T.H. Huxley



One should never believe any experiment until it
has been confirmed by theory

A. Eddington
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well-motivated candidates for “new physics”
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Summary

unified SUSY models remain by far most attractive and
well-motivated candidates for “new physics”

SUSY neutralino remain by far most attractive and well-motivated
candidate for dark matter

very good prospects for discovery in DM direct searches & LHC

direct detection: o5T ~ 1079%! pb
already partially probed by current detectors...
...to be almost completely covered by planned 1-tonne detectors
Indirect detection generally somewhat less promising

...but large halo model dependence

Fermi/GLAST should see diffuse « radiation from Galactic center
...If DM halo cuspy enough

PAMELA e™ result inconsistent with neutralino DM in unified SUSY
...astrophysical explanation (pulsars)?

...proton rejection poorer than assumed?
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when looking for truth...
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when looking for truth...

look no further than (Bayesian) statistics



Backup...
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Pamela et excess consistent with mis-identifying 3 in 10,000 protons as positrons
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