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Dark Matter

® unequivocal gravitational evidence for Dark Matter in the Universe
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e Why do we expect to see it at the LHC? _ Radius (kpe)
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Thermal relic

) DM and SM in thermal equilibrium
Increasing <o,v> ]

2) Universe cools (DM annihilates)

3) Freeze-out
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® The abundance is determined by
the annihilation cross section.

® Works well for weak scale masses and couplings.
— WIMP miracle

® DM could be produced at the LHC.
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LHC data

CMS Integrated Luminosity, pp, 2012, .5 — 8 TeV

Data included from 2012-04-04 22:38 to 2012-12-16 20:49 UTC
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® No signs of BSM physics have been observed in the 8 TeV collisions from Run-1.
® Run-2 has provided around 3 fb"! at 13 TeV already.

® Higher centre-of-mass energy promises better sensitivity to BSM physics especially
at higher mass scales.
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DM signatures

® mono-X — see the talks by Dan Levin and Manfred Jeitler
® monojet
® mono-W/Z/y/H
® DM + heavy flavor

® dijet

e SUSY

® Higgs portal
® BSM Higgs — see the talk by Zinonas Zinonos

® |ong-lived particles (composite dark sector)

® indirect constraints from SM precision measurements
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Mono-X signatures

® simple idea...

missing transverse
momentum

highest pT (~970 GeV) single-jet event
observed in the ATLAS |3 TeV data
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1307.2253

Effective Field Theories

® Effective Field Theory models provide a simple framework to compare collider and
non-collider experiments.

® However, it needs to be used with caution at the LHC.
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® The average momentum transfer is comparable to the inferred EFT interaction scale!
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http://arxiv.org/abs/arXiv:1307.2253
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-13/

1507.00966

Simplified models

® The Dark Matter Forum report recommends the use of a common set of simplified
models for early Run-2 searches by ATLAS and CMS.

® choice of the benchmark models:
® based on the existing models in literature

® Does the experimental signature (kinematics) change between models or model
points?

® Does the model add new experimental signature!

® standardised matrix element implementation
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http://arxiv.org/abs/1507.00966

Grounding assumptions

® Dirac fermion DM
® common in literature

® ceasy to reinterpret in terms of Majorana fermion

® minimal mediator width
® reduces the dimension of the parameter space
® no room for coupling to other particles

® but couplings to fermions are required by gauge invariance

® Minimal Flavour Violation

® to ensure the models do not violate flavour constraints

® universal quark couplings

® although isovector couplings (gu = -gd4) for axial-vector model are also motivated
(£ boson couples in this way; constructive coupling for direct detection)
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1507.00966

Simplified models

® mono-jet models
® s-channel

® t-channel
® electroweak models
® mono-Z/Wly

® mono-H

® heavy flavour

- — 9

® These benchmark models are only a starting point towards more complete models...
B future models?

B rcinterpretations
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http://arxiv.org/abs/1507.00966

1603.04156

Interpretation
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® mass-mass plane: 2-dimensional slice of the 4-dimensional parameter space

® Relic density indicates where this particular model explains the observed abundance.

® perturbative unitarity mpy = /7/2Mpeq  1510.02110

— see the talk by Felix Kahlhoefer
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1603.04156

Interpretation
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® |n addition, auxiliary plot showing the limit on the signal strength y may be shown.

® However, it should be made clear that 4 must not be confused with a cross section
rescaling factor.

® Usefulness of such bound on [ is limited to scenarios where kinematic distributions
remain unaltered for different realisation of the simplified model.

® Narrow width approximation = O(pp—XXtj) = O(pp—Z +j) BR(Z—XX)
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1603.04156

Comparison to non-collider results
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Monojet searches

® The mono-jet analysis is taken as the most sensitive generic DM search...
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/

Jet multiplicity

® jet multiplicity in the monojet ® Large portion of the signal cross
searches: section comes from higher jet
e ATLAS 7TeV:exactly | jet multiplicity final states.
e CMS7and8TeV:up to 2 jets ® |[tis important to model the QCD
® ATLAS 8 TeV: monojet-like ?gi%sizeg SI:Ie); tation)
(pT/MET > 0.5) P
: 1310.449 1
® ATLAS I3 TeV:up to 4 jets 55 O
e CMS |3 TeV:fully inclusive search

® The jet multiplicity selection is driven
by two factors:

® orthogonality to other searches
(e.g. SUSY starts with 2 jets)
® sensitivity to DM models - 0
3 jets ® =4jets 3 jets
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http://arxiv.org/abs/arXiv:1310.4491

1505.07826

Jet multiplicity

® Production of pseudo-scalar or scalar mediators is dominated by gluon fusion which
in general leads to higher jet multiplicities.

® Multijet searches, such as M1, search, may have stronger sensitivity to pseudo-scalar
mediators than monojets.
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Supersymmetry

Vowr '. A\Y
%y

® SUSY searches usually involve 2 or more visible final
state particles and missing transverse momentum
(due to LSP dark matter).

® Compressed spectra may lead to monojet final states
(soft jets due to small mass splitting).

B complementarity between mono-X and SUSY
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Examples from Run-2

® CMS inclusive OL, MT2 ® ATLAS monojet
bottom squark NLSP top squark NLSP
1603.04053 EXOT-2015-03
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Mono-W/Z(qq)

® jet final states

Mono-W/Z(qq) signal may also
pass the monojet selection.

CMS accounts for this by
performing a combined search for
new physics in the V/jet + MET
final states.

gauge invariance

Constructive interference
(u = -d) leads to enhanced LHC
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-12-055/index.html
http://arxiv.org/pdf/1503.07874v1.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-27/

Searching for new mediators

indirect detection direct detection mono-jets

_ di-jets B
X q q q
R
Yq dq
q9 g q q
® s-channel simplified models: 4 free parameters: my, Mg, gq, 8x
® Simplified models allow for a richer phenomenology and more complex
interpretations = complementarity among various search channels at the LHC,
e.g. mono-jets and di-jets 1503.05916
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Dijet resonances

EXOT-2015-02

® Selection:
® p1 > 440 GeV

® |y¥|="lyi-y2 <0.6

® Background obtained from a fit

PI (|_X)p2 Xp3+p4|nx

® BumpHunter most discrepant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-02/

Dijet event

WATLAS
2 EXPERIMENT
http://atlas.ch

Run: 280464
Event: 478442529
2015-09-27 22:09:07 CEST

two central high-pT jets with invariant mass of 7.9 TeV observed in the ATLAS |3 TeV data
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Summary plot

DM Slmpllfled Model Exclusions ATLAS Prellmlnary March 2016
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1212.222 |

Associated dijet production

® For large couplings, the usual searches for narrow resonances no longer apply.
® The multijet background limits the LHC searches for Z’ below | TeV.

® Searching for associated dijet production may increase the sensitivity to lower
masses.
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Trigger-level analysis

® The dijet rate is too high to record at low masses
— online data scouting (trigger level analysis)

EXO-14-005
CMS rreliminary 188 b (8 TeV)
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DM + heavy flavour

® search for DM in association with top or bottom quarks

® Many theoretically motivated scenarios (e.g. 2HDM, pMSSM) privilege the coupling of

spin-0 mediators to down generation quarks.

® Monojet is suppressed for Yukawa-like couplings.
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Reinterpretation

® |t would be good if every analysis provided sufficient information in electronic format
to reinterpret the results in the context of different models:

® signal region definitions, cutflow, cross section, acceptance, efficiency,
experimental uncertainties

® Jikelihood from each signal region, correlations among signal regions
® |es Houches accord 1203.2489 (also appendix B in the DM Forum report 1507.00966)

® AreATLAS and CMS giving sufficient information for reinterpretation!?

® Examples worth following:
® ATLAS I3 TeV monojet search EXOT-2015-03

® simplified shape fit is used to in order to enhance sensitivity to various models

® yields from exclusive signal regions are given for reinterpretation

® CMS 8TeV direct top squark search in the single lepton final state SUS-13-01 |

® code to calculate observables is given at the analysis webpage
® CMS 8TeV SUSY search with boosted W bosons and b jets SUS-14-007

® gives detailed likelihood description
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http://arxiv.org/abs/1203.2489
http://arxiv.org/abs/1507.00966
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13011
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-14-007/index.html

BSM Higgs searches

e J2HDM
® simplest possible extension of the Standard Model
e 2HDM and nMSSM
® two Higgs doublets and an additional complex singlet

e hMSSM

® simple parameterisation of the CP-conserving MSSM Higgs sector
using my = 125 GeV

® high mass Higgs search
® diphoton excess
® /50 GeV with 3.6 local significance by ATLAS ATLAS-CONF-2016-018
® /60 GeV with 2.6 local significance by CMS EXO-16-018

® invisibly decaying Higgs bosons
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-018/
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ATLAS and CMS Preliminary - ATLAS
Indirect searches
- : - ATLAS+CMS
e — —t
ATLAS-CONF-2015-044; CMS-PAS-HIG-15-002 | T
2z =
® ATLAS and CMS provide impressive pww -
measurements of the Higgs boson -
(e.g. mass measured within 0.2%) Th ——
.
ubb —— .
® /\‘IC)t'()f F)Elr11rT]€3t€3r1; are Stjll rfahatj\/e“)/ 11111111Li1111Alx111111;111111 1;;111111;
0 0.5 1 1.5 2 2.5 3 3.5 4

unconstrained

(e.g. the indirect limit on the width is ~4 ['sm)
B room for Higgs boson couplings to DM

® ATLAS+CMS combination gives indirect
observed (expected) limit on BRpsm of 0.34

(0.35).
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ATLAS and CMS
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-002/

Direct searches
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q |
10'25—
T 1 | 1 1 1

1000
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® Dedicated searches for invisibly decaying Higgs bosons are performed for the
following Higgs production mechanisms:

® gluon fusion: needs ISR, high signal (and background) rate
® vector boson fusion: second highest rate and district topology, most sensitivity

® associated production: clean final states, low rate
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ATLAS combination

® combination of direct searches

VBF

associated production, Z—ll

associated production, W/Z—j

® observed (expected) limit at 95% CL
on BRin of 0.25 (0.27)
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102k Vs=7TeV,451b" il
- \s=8TeV,203M" .
- Obs. r
T eeeeeeeeee. SM exp 1
103 it l A A J | T T T l AA A ) 1 TS . T L ke i 1 TS T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

BR

nv

2In A

Combining with indirect searches
adds assumption on the Higgs total
width.

observed (expected) limit at 95% CL

on BRi, of 0.23 (0.24)
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http://arxiv.org/abs/1509.00672

HIG-16-009

CMS combination

® Combination of direct searches from Run-1 and Run-2
® observed (expected) limit at 95% CL on BRiny of 0.32 (0.26)

- 23" (13 TeV) , 0-2.3fb" (13 TeV) + 18.9-19.7 fb" (8 TeV) + 0-4.9fb™" (7 TeV)
Sk 95%cL limits S b 95%cCLlimits
T F oom ed limit CMS B o Observed limit CMS
—_ se mi : _» n — serv m .. 3
= 3 " Preliminary = F Preliminary
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1603.07739

Future projections

® projection of the CMSVBF analysis

® BRgasm ~ 5% may be reached with the full LHC data set with the systematic
uncertainty improving as /L

S qab

& 0.8F

vu_ :“ —
m = Constant syst expected limit
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c 0.6 - N e
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1508.03050

Inelastic Dark Matter

DM fy,ﬁ+€_
® two dark states that couple inelastically — ot
DM
pp — X + DM + DM* ) DM*
—>X+DM+(DM*—>DM+Y>:X+ET+Y p

® experimental signature:
® jet+ MET + soft collimated particles

® |ong-lived decays ol

1073F

® proposed search: B
® dark photon model £ 4o

RS
® monojet + MET + displaced muon jet 1 0
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1505.07459
1409.0746

Dark radiation

® more dark radiation

® |epton jets

L) TYPEO
A N

108 .

] 1 0—9 ;_ Benchmark A excluded at 95% CL _;

- displaced search prompt search 3

| | 10—10 ;— ] @8 Tev(al jettypes) [ @ 7 TeV —;

=\ - | ] @13 TeV (muonic leptonjets) | | @ 13 Tev .
10—11 | | IIIIII| | | IIIIII| | | IIIIII| | | I |

N

x

N
=

l')

—
<
»

= SN NS
\.
RARRN VRN N
SOOI N N
S NN
N\ o
N .

| \
\ ()

R[N
OUured N
BIRREHLER -
N NN O

N N

N
N N
N

N\

bY

1072 107" 1
m,, [GeV]

13/04/2016

David Salek: Dark Matter at 13 TeV

35
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1502.05409

Composite dark sector

QCD Dark QCD
TeV ——
® asymmetric dark matter, dark QCD
asymmetry
. . hari
® DM is composite dark photon e pd i
® |ong-lived, unstable dark pions annifilation
7Td7 Pdy - -
GeV —T1— deca\/
T, K,...
® experimental signature: - Model A, 14 TeV, 100 fb”!

® two emerging jets (two QCD jets)
300 -

e different compared to displaced jet
searches
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Summary

® Rich DM search programme has developed in ATLAS and CMS during Run-1.
mono-X

SUSY

BSM Higgs

long-lived particles

® Common set of benchmark models is used by ATLAS and CMS.

® Are these models well motivated? (e.g. gauge invariance implies Z’ couplings to
leptons — stringent constraints from electroweak precision measurements)

® Are there experimental signatures that ATLAS and CMS are not covering!

® future models and reinterpretations...
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Summary

® This is only a beginning...

Luminosity [cms]

® Peak luminosity ~~Integrated luminosity
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® ... Stay tuned for new results!
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extra material
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B2G-15-007

M + bottom quarks

1

® single b-tag and double b-tag region

® interpreted in terms of scalar and pseudo-scalar mediators

DM + heavy flavour
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B2G-15-001

Mono-top
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