Supersymmetric Dark Matter:
CMSSM-like Models in the LHC era

1) With CMSSM-like models pushed to high mass scales,
can we still ‘guarantee’ Supersymmetry’s discovery at the
LHC. Viable dark matter models in the CMSSM tend to lie in
strips (co-annihilation, funnel, focus point), how far up In
energy do these strips extend?

2) How detectable is DM along these strips

3) Generalization of the CMSSM



Why Supersymmetry (still)?

Gauge Coupling Unification

Gauge Hierarchy Problem

Stabilization of the Electroweak Vacuum
Radiative Electroweak Symmetry Breaking

Dark Matter

mprovement to low energy phenomenology?

but, mn ~ 125 GeV, and no SUSY?



Which Supersymmetric Model?

x MSSM with R-Parity (still more than 100 parameters)
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Which Supersymmetric Model?

x MSSM with R-Parity (still more than 100 parameters)

®x  Gaugino mass Unification
= A-term Unification

x  Scalar mass unification

= hyHoQu" + hgH1Qd* + heHy Le® + pHoHy
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Which Supersymmetric Model?

= CMSSM (4+ parameters)
Parameters: m1/2, mo, Ao, tan 3, sgn(p) {ms/2}

= Pure Gravity Mediation (PGM) (2+ parameters)
Parameters: ms/2, tan 8, sgn(p)

x MSUGRA (3+ parameters)
Parameters: mi/2, mase, Ao, sgn(y)

=  Anomaly mediation: mMAMSB (3+ parameters)
Parameters: ms2, mo, tan 3, sgn(j)



Which Supersymmetric Model?

= CMSSM (4+ parameters)
Parameters: m1/2, mo, Ao, tan 3, sgn(p) {m3/2}

x SUbGUT-CMSSM (5+ parameters)
Parameters: miz, Mo, Ao, tan B3, Min, sgn(p) {mMmayo}

= NUHM (5,6+ parameters)
Parameters: mi/2, mo, m1, mz, Ao, tan B, sgn(p) {ms2}

= SU(5) models (7+ parameters)
Parameters: mi/2, ms, mio, m1, mo, Ao, tan 3, sgn(u) {mass2}
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Count

The Higgs mass in the CMSSM
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ssiicicoes - MCIMC

Long list of observables to
constrain CMSSM parameter space

Multinest N
I\/IQMC technigue to sample efficiently the Z C b )P)2
SUSY parameter space, and thereby
construct the x° probability function + X (M) + X (BR(Bs — pip1))

+ x*(SUSY search limits)
Combines SoftSusy, FeynHiggas, SuperfFla

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



AXZ map of mo - mip plane
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Elastic scaterring cross-section
Mastercode
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I11/2 = 110 planes incl. LHC
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A= map D Of mo - mi plane

CMSSM: best fit,
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ElaSte SCaterring cross-section
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The Strips:

®x  Stau-coannhilation Strip

= extends only out to ~1 TeV

x  Stop-coannihilation Strip
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The Strips:

®x  Stau-coannhilation Strip

= extends only out to ~1 TeV

x  Stop-coannihilation Strip
= Funnel
x associated with high tan 3, problems with B — pp

®x [Focus Point
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Other Possibilities

= Pure Gravity Mediation (PGM) (2+ parameters)
Parameters: mase, tan 3, sgn(u)

x  Anomaly mediation: mAMSB (3+ parameters)
Parameters: ma;z, Mo, tan B, sgn(u)



Pure Gravity Mediation

= [wO parameter model!
= Mo = Mase; tan B (requires GM term to insure Bo = -mo)

= gaugino masses (and A-terms) generated through

loopPS B g0
R
2
92
st 62 3/2
93
M3 = =3 167‘(‘2 m3/2 3

x = Push towards very large masses
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PGM with small p
Higgsino DV

NUHM1-like model; use EWSB conditions to
determine mi = Mz # M3z

U, tan 3, mas free;



Somewhat more freedom with
non-universal HIggs MasSeS

Can also choose
U, tan [3, mas free;

NUHM1 -like modeél; |
use EWSB conditions to ¢
determine mi1 = M2 = Mae |
and cH (GM term) oy — -

Evans,lbe,Olive, Yanagida



Higgsino DM

full universality




MAMSB

Similar to PGM, but allow mg #= ma/»

Mo, tan B, Masx free;
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MAMSB

Mastercode 2016

* MAMSB: best fit, 10, 20
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Mastercode 2016
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Mastercode 2016 mMAMSB

| Wino LSP Higgsino LSP

* MAMSB: best fit, 10, 20
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Other Possibilities

x NUHM1,2: mi2 = m22 # Mo?, M2 # M2 £ Mo?

= | and/or ma free
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NUHM 1/NUHM2 mastercode results (2015)

« —— —— NUHM2: best fit, 10, 20
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NUHM1/NUHMZ2 mastercode results{2015)

* —— —— NUHMZ2: best fit, 10, 20

RE

B hybrid I stop coann. | hfunnel
| xi coann. focus point Z funnel

| stau coann.
= A/H funnel

Bagnaschi, Buchmueller, Cavanaugh’ CItromiDE R oeCk s
Dolan, Ellis, Flacher, Hememeyer,dsidort sV atiks

Martinez Santos, Olive ;S akurai JcViieS Vel o



Other Possibilities

x NUHM1.,2: mi2 = m2o2 # Mg?, M2 £ M2 £ Mo?
= | and/or ma free

x  SU(5) models (7+ parameters)

Parameters: m1/2, ms, mio, m1, mz, Ao, tan B, sgn(p)
{ms/2}



SU(5) mastercode results (2016)
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SU(5) mastercode results(2016)
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Summary

x SUSY Dark Matter ALIVE and well (?)

x CMSSM generally confined to strips in parameter
space: stop strips below neutrino background; focus
point fully detectable

= Higgsino Dark Matter quite generic in the focus point;
NUHM1,2, and parts of mAMSB with m~1 TeV.

® extended models offer wider range of possibilities

Need to Discover DM!



