Supersymmetric Dark Matter
post run | at the LHC
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Which Supersymmetric Model?

CMSSM (4+ parameters)
MSUGRA (3+ parameters)
NUHM (5,6+ parameters)

(mini) Split SUSY: (2+ parameters)



The CMSSM

Parameters: mi/2, Mo, Ao, tan 3, sgn(p) {Ma/o}
Electroweak Symmetry Breaking conditions:

A iy — s tans B 5 Mz (1= tan® B) + A,(})
tan® 3 — 1+ Af)

1 .
B = —§(m% L ms +2u%)sin28 + Ap
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Count

The Higgs mass in the CMSSM
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MSUGRA models

G=go*+zz"+InIWI%, W=1f(z)+ g()
Scalar Potential (N=1):

) 2
Y = ot e[ 2 z (f(@)+8(@)
|0z '
+ j_i +¢ (f@+8@) -3/ @+ 8@

In the low energy limit (Mp — ),

2

vV — |_ 4 (AOQ(B) 4+ Bog(z) + h.c.) + m§/2€bz¢j




For example,

Polonyi: f(z) =mg (z + B) ;

With <z>=v3-1 for 3 =2-+3

mo=m3/2; Ag=(3-v3)mg; Bo=AQ-m(



MSUGRA

Parameters: mis, Mas, Ag, Sgn(p)
Electroweak Symmetry Breaking conditions used to solve for tanf:

5y —my tans B S MZ (1= tan® ) +A,(})

Iu e
an2 B 1 A

1 .
B = —§(m% L ms +2u%)sin28 + Ap
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Miasteiricols - MCMIC

Long list of observables to
constrain CMSSM parameter space

- MCMC technique to sample efficiently the 2 = i = (é?;gljj();y
SUSY parameter space, and thereby 7R :
construct the x? probability function

+ x*(Mp) + x°(BR(Bs — up))
+ x?(SUSY search limits)
x Comblnes SoftSusy, Feynnggs SuperFla, M (fobs _ pe )2

SM; SM;

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer
Isidori, Olive, Ronga, Weiglein




Ax? map of mg - mip plane
Mastercode
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Neutralino mass and Relic
Density from MCMGC analysis

Mastercode 2009
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Elastic scaterring cross-section
Mastercode
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Elastic cross section from
MCMC analysis
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Elastic cross section from
MCMC analysis
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Most recent result from XENON100

[E—
1

W

o)

Q DAMA/Na

[
1

N

o

[
1

N

[a—

[U—
1

N

\]

[
1

N

N

U
1

N

W

('\’l_|
s
S,
a
@)
=
Q
(D]
N
/]
3
S 1074
c
@)
D)
p—
Q
=
%
al
é

[
1

N

(@)

Xenon 1 ton-year

20 30 40 100 200 30
WIMP Mass [GeV/c?]

o
<
N
~
O\_
J
o0
—_—
-




ATLAS Results from run |

MSUGRA/CMSSM: tan(p) = 30 A,] =-2m,, nu>0

Status: SUSY 2013
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arXiv 1308 1841
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ATLAS-CONF-2013-061

1-lepton + jets + MET

ATLAS.CONF-2013.0682

1-21aus + jets + MET

ATLAS CONF-2013-026

2-SS-leptons, 0 - = 3 b-jets

ATLAS-CONF-2013-007

1 T T

111

lllllllllll

11

llllllllll

y
g
-
—
.
-
.
—
—
v
.
-
>—
—
—
-
»——
-
-
—
-
-
.
-
—
—
-
o
—
-
-
S
—
- -

0

~20.71b' @ 8 TeV

5000

6000
m, (GeV]




my (GeV)

my;2 - mo planes incl. LHC
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my;2 - mo planes incl. LHC
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my;2 - mo planes incl. LHC
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my;2 - mo planes incl. LHC
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my;2 - mo planes incl. LHC
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my;2 - mo planes incl. LHC
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The Higgs Search
The LHC @ ~20.7/fb

Selected diphoton sample

o Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

Bkg (4th order polynomial)
ATLAS Preliminary
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Ax? map of mp - mj, plane

Limits at ~5 fb!

maSCI'EFIcoDe
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3000
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Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, Ellis,
Flacher, Heinemeyer, Isidori, Marrouche, Martinez Santos,
Nakach, Olive, Rogerson, Ronga, de Vries, Weiglein



COMPARISON OF BEST FIT
POINTS PRE AND POST LHC

Model Data set Minimum | Prob- mo mi /o Ao tan 8
x?/d.of. | ability | (GeV) | (GeV) | (GeV)

CMSSM pre-LHC DTR5 /208 A3 Tk e 0] 360> A R

LHC, /g, 3180/ 235 1% 125 11205 IS TOSE PRI
ATLAS;s/q, (low) || 32.8/23 | 85% | 300 G105 18205 et
ATLASs /g, (high) || 33.0/23 | 8.0% | 1070 | 1890 | 1020 | 45

NUHM1 pre-LHC PR 1B DG e (s er w5 ) 13

LHC, /g, L B s S O B S ) o 2
AEIAS . a (lowh || 3a /9205 R0 196 = 940 SESaqiga- e oS st
ATLAS; g, (high) || 31.8/22 | 81% | 1010 | 2810 | 2080 | 39

p-value of SM = 9% (32.7/23) - but note: does not include dark matter

Buchmueller, Cavanaugh, Citron, De Roeck, Dolan, Ellis,
Flacher, Heinemeyer, Isidori, Marrouche, Martinez Santos,
Nakach, Olive, Rogerson, Ronga, de Vries, Weiglein




New Higgs Mass Calculations
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H3m bands indicate
parametric uncertainty
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New Higgs Mass Calculations
SEHGRRENTREIOTUNO foantord

Includes dominant
qa QQ) COIfeCliC

~eynHiggs 2.10.0

19 incluels) piengt=tej[eteliple
aetsy Leel(err/eeis) L) zllfejgelsigs

Combined:

Buchmuller et al.



High and low tan {3:gone!

tan 3 =40,Ag=25my, u >0
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Buchmueller, Dolan, Ellis, Hahn, Heinemeyer, Hollik, Marrouche,
Olive, Rzehak, de Vries, Weiglein



Something left?
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Olive, Rzehak, de Vries, Weiglein



Miasteiricols - MCMIC

Long list of observables to
constrain CMSSM parameter space

. MCMC technique to sample efficiently the 2 = i o é?;;_;:();y
SUSY parameter space, and thereby o :

construct the x2 probability function + X" (M) + x*(BR(Bs — p))

+ x?(SUSY search limits)
x Comblnes SoftSusy, Feynnggs SuperFla, M (fobs _ pe )2

SM; SM;

Buchmueller, Cavanaugh, Colling, De Roeck, Dolan, Ellis,
Flacher, Heinemeyer, Olive, Rogerson, Ronga, Weiglein




Miastielcoes - MultliNest

Long list of observables to
constrain CMSSM parameter space

- MCMC technique to sample efficiently the 2 = i 7 é?;gljj();y
SUSY parameter space, and thereby C :

construct the x2 probability function + X" (M) + x*(BR(Bs — p))

+ x?(SUSY search limits)
~ Combines SoftSusy, Feynnggs SuperFla, M (fobs _ pe )2

SM; SM;

Buchmueller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher,
Heinemeyer, Isidori, Marrouche, Martinez Santos, Olive,
Rogerson, Ronga, de Vries, Weiglein



Ax? map of mp - mj, plane

Final run |
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Buchmueller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher,
Heinemeyer, Isidori, Marrouche, Martinez Santos, Olive, Rogerson,
Ronga, de Vries, Weiglein



Preliminary

Model Data set Minimum | Prob- mo mi /o Ap tan 3

x?/d.o.f. | ability | (GeV) | (GeV) | (GeV)

CMSSM | ATLAS 7 TeV B0kG (D3 ReR Taa i) 9105 |26 AN P12
T A T (ow) || - 356723 | 4.6%¢ |7 710k 0705 3580 ST
ATLASy /s (high) || 34.9/23 | 5.3% | 3310 | 2180 | -1490 | 51

CMSSM | ATLASo/q (low) | 37.8/23 | 2.7% | 2100 | 660 | 4930 | 11
uw<0 | ATLAS,o/s (high) || 36.9/23 | 3.3% | 6490 | 2430 | -3300 | 36

NUHM1 | ATLAS 7 TeV 30.4/22 | 10.9% | 360 | 1080 | 4990 | 9
i A0 8 RIS e S (o) = 33,1/22° =i~ 610700 | 470 = AR GO
ATLAS,0 /s (high) || 32.7/22 | 6.6% | 1380 | 3420 | -3140 | 39

“SM” | ATLASqq/s (high) || 36.5/24 | 5.0% 2 . S E

Buchmueller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher,
Heinemeyer, Isidori, Marrouche, Martinez Santos, Olive, Rogerson,
Ronga, de Vries, Weiglein



L L A
it

Effective four-fermion Lagrangian

L= XV“V5XQ_{YM(0417; - 0427;75)%' + ai3; XX 44
S i o e 5 S
T Ol XY XY G T Qs XX G T Cei XY X449

The terms proportional to o1, 04, 5, X,
lead to velocity-dependent cross sections

Remaining terms:

x2: Spin-dependent cross section
o3: Spin-independent cross section




Uncertainties from hadronic matrix elements

The scalar cross section

4m
o5 =—L1Zf, + (A= 2) 1)
where
CVSq 2 () X34
_ f fi —3q
p q= zu:ds Tq 27 Eb; mq
and
N
me( ) = = (N|myqq|N) ,
determined by

JTyg X XrN  fr, XXzny  y=1-00/Zm

2N =007 MeV og = 36 &= TMeV



Uncertainties due to 2N

" tanS =10

10_11 0 ! 0 ! : ! 0 ! 0 ! 0 ! :
0 100 200 300 400 500 600
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Ellis, Olive,

2000

and Savage



Elastic cross sections

man'EHcone

and A(c*") /0!
where A(0%) =0
> =4.61 at 90%CL

Preliminary

Buchmueller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher,
Heinemeyer, Isidori, Marrouche, Martinez Santos, Olive, Rogerson,

Ronga, de Vries, Weiglein



Elastic cross sections

man'EHcone

107
10—41
102
10%

= et Preliminary

O 10

99 post-LUX
30 pre-LUX
= = Ay? =5.99 pre-LUX
= Xenonl00 225-days 90%CL
LUX 85-days 90%CL

Buchmueller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher,
Heinemeyer, Isidori, Marrouche, Martinez Santos, Olive, Rogerson,
Ronga, de Vries, Weiglein
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May require more general models
which are concordant with LHG MET;
Higgs; and Bs = ufus; and Dark -Matter

Other Possibllities

x NUHMT,2: mi2 = mae= # Mo?%, Mi2 £ Ma% % Mo?
= | and/or ma free
. subGUT models: Min < MguT

n With or without mSUGRA
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Moving beyond the CMSSM-like models

Models with
Strongly Stabilized Moduli;
Pure Gravity Mediation (PGM)



Moving beyond the CMSSM-like models

Models with
Strongly Stabilized Moduli;
Pure Gravity Mediation (PGM)

= Usually ignored in phenomenological studies of the
MSSM

= [N general; many moduli;
x \/olume Modulus: destablilization

» Polonyi-like fields: cosmological entropy production;
gravitino production; LSP production....



Consider a Polonyi-like modulus
but with a non-minimal Kinetic term
(Z2)°

P A2

and Polonyi superpotential

Dine et al,
Kitano
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Massive scalar sector as in s
susy, with anormaly rmediation for
A-terms and gaugino masses




Pure Gravity Mediation

= WO parameter model!
® Mo = Mgape; tan

= gaugino masses (and A-terms) generated through

R e
5
95
Wl T /2
g5
M3 == _3167'('2 m3/2 3

= = Push towards very large masses



Pure Gravity Mediation

The sfermion and gravitino have masses O(100) TeV.

The higgsino and the heavier Higgs boson also have
masses O(100) TeV.

The gaugino masses are In the range of hundreds to
thousands of GeV.

The LSP is the neutral wino which'is nearly degenerate
with the charged wino.

The lightest Higgs boson mass is consistent with the
observed Higgs-like boson, i.e. mn ~ 125 - 126 GeV.
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Somewnhnat more frecaemawWiin
non-universal HIggSIMasSSes
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Dark Matter

eDark matter is something else {axion)

o| SPs from gravitino or moduli (£) decay
emsp ~ 650 TeV, and @2h< =~ 0,11
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Summary

LHC susy and Higgs searchs have pushed CMSSM-like
models to “corners”

Though many phenomenological solutions are still viable
Models with strong moduli stabilization:

= easier for inflation,

= NO cosmological problems

x interesting phenomenology

Heavy scalar spectrum with anomaly mediated gaugino
Masses

Challenge lies in detection strategies



