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Dark Matter Searches in ATLAS and

CMS

e Dark Matter (DM) has been thoroughly probed in both ATLAS
and CMS collaborations
e (Covering a large amount of models, final states and
parameter space....
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e This offers critical complementarities to direct and indirect DM
detection as DM is generated in a controlled experiment
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Categorize the Searches

e |[f DM particles or mediators are produced at the LHC, ATLAS
and CMS have many approaches to detect them. We will
discuss the following three in this talk:

Initial State Radiation

gljIWIZly

DM particles are recoiled
against initial state
radiations

Mono+X Signatures

Sep 8th, 2018

Visible Mediator Decays

Mediator decays to visible
SM particles

Resonance Signatures

Assoclated Production

DM particles are produced
associated with other
spectators (t, b, higgs)

Spectators + MET
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Important But not Covered Here: SUSY

Searches

e R-parity Conserving (RPC) SUSY provides a natural DM
candidate

e | ightest Supersymmetric Particle (LSP) can not decay to SM

particles and has to be a weakly interacting massive particle
(WIMP)

For instance: PhysRevD.97.112001
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https://doi.org/10.1103/PhysRevD.97.112001

Important But not Covered Here: The

SM Higas Portal

e The SM Higgs Boson is the biggest discovery at the LHC so far

e Higgs ( — inv) branching ratio is well constrained in SM
m
e A powerful tool to perform DM searches if m, < = TH

e \ery similar signatures as many searches to discuss today
e But with a known mass of 125 GeV

gljIWIZly

+ CMS Higgs to Invisible public results

e ATLAS Higgs to Invisible public results
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/INV.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

DM with Initial State Radiation: Mono-X

Searches

Eur. Phys. J. C 77 (2017) 393
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e Mono-X Signature:

DM particles do not leave traces
In the detector

ATLAS and CMS can still trigger
on them if they are produced with
energetic initial state radiation

e Jet, Photon, Vector Bosons

Momenta have to be balanced in
the transverse plane

There Is an Imbalance in the
measured transverse momenta

o Ejnjiss ( ?i%fu'ss )

Observables!
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https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8
https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8

Mono Jet/Hadronically Decaying W/Z

* DM is recoiled against transverse momentum from an ISR
jet or W/Z boson
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* Major Irreducible background: Jet + Z (W)—»Inv (nv + I)
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http://dx.doi.org/10.1103/PhysRevD.97.092005

Simultaneous Fit in Control Regions
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Note: DM + Leptonically Decaying W/Z is also done in both CMS (Eur. Phys. J. € 78 (2018) 291) and
ATLAS (PLB 776 (2017) 318)
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http://dx.doi.org/10.1140/epjc/s10052-018-5740-1
https://www.sciencedirect.com/science/article/pii/S0370269317309413

Mono Photon

e DM is recoiled against an energetic ISR photon

10° = ATLAS Signal Region
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Eur. Phys. J. C 77 (2017)393 & 1 W/Z +y and y + jer are

e estimated by a simultaneous fit
' Eolusion a1 90% CL INn control regions

Axial-vector mediator
Dirac DM

e Fake photons from electrons
and |ets are estimated
separately using control region
mis-identification scaling and
sidebands counting methods
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https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8
https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8

Visible Mediator Decays: Resonance

Searches

e Resonance Signature:

e Heavy mediator decays to visible
energetic objects

e Jets, Photons, Leptons

e The decay products form a peak
INn the iInvariant mass spectra

e The SM processes yield smoothly
'S falling invariant mass spectrum

e |f the resonance is narrow, there
will be a bump!

Phys. Rev. D 96 (2017) 052004

e My or similar variables

Observables!
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https://doi.org/10.1103/PhysRevD.96.052004
https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8

Di-jet Searches I: Inclusive Search

e Di-jet resonance search is very
inclusive and powerful!
e (Collect events with energetic 13:
hadronic activities (Jet or H;) Frle

e Fit the m;;spectrum in data (narrow)
e See if there are significant deviations

Vs=13 TeV, 37.0 fb™ ATLAS

| | e [or contact interaction that yields
| D broad resonances, an angular
variable X Is used

y = eIVl (y+lis the rapidity difference)

X

1/N dN/d
¢ o
3

e New physics populates at small &

: ; > 34567 10 20 _1_ > 3 4567 10 20 93;0 ths Rev D 96 (201 7) 052004

X
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004

Di-jet Searches Il: Trigger Farm

Analvsis

e Saving only the information at arxiv:1806.00843
trigger level (a significantly reduced

subset of higher level objects)

allows ATLAS and CMS to record

events at much higher rates

e | ower the thresholds e
arxiv:1804.03496
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https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1806.00843
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1804.03496

Di-jet Searches lll: Resonance with ISR

e Another way to reach lower mass region is to target the
resonance produced with initial state radiation

e [rigger on the ISR objects
* [he two jets can be resolved or merged
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ATLAS-CONF-2016-070 JHEP 01 (2018) 097
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/
http://dx.doi.org/10.1007/JHEP01(2018)097

Di-jet Searches IV: B-tagged Di-jet

e [he new mediator may have larger couplings to bottom quarks
e Apply b-tagging increases the sensitivity and lowers the trigger thresholds

+ CMS 8 TeV Result
+ Low mass via tight b-jet trigger; High mass via loose b-jet trigger

e ATLAS 13 TeV Result
e High mass via jet trigger, >=1 b-jet or 2 b jets; Low mass via b-jet trigger, 2 b jets
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CMS: Phys. Rev. Lett. 120 (2018) 201801 ATLAS: arxiv:1805.0929
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https://arxiv.org/abs/1805.09299
http://dx.doi.org/10.1103/PhysRevLett.120.201801

Resonance Summary

ATLAS Preliminary July 2018 Vs =13 TeV, 3.6-37.0 fo

— 95% CL upper limits
Observed
--- Expected

Dijet 8 TeV
20.3 b~

Phys. Rev. D 91, 052007 (2015)
Large-R jet + ISR
—36.1fb""

arXiv: 1801.08769
Dijet + ISR (y)
— 155"

ATLAS-CONF-2016-070
Dijet + ISR (jet)
— 155"

ATLAS-CONF-2016-070
Di-b-jet
——24.3-36.1 fb~ "

arXiv: 1805.09299
Dijet TLA
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arXiv: 1804.03496
Dijet
—— 37.0fb"

Phys. Rev. D 96, 052004 (2017)

Di-b-jet, Jet trigger —

Dijet + ISR (y)

..|IIII|

0.1

Large-R jet + ISR

Axial vector mediator

Dirac Dark Matter
Mpy = 10 TeV
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| T B R NN FRRTETTTT AT

10 200 300 1000 2000
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e Di-jet resonance searches via various techniques cover
a wide mediator mass range
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Resonance vs Mono-X

CMS Preliminary ICHEP 2018
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e Resonance and Mono-X searches complements each
other
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Associated Production: DM with Heavy

Flavor Quarks/Higgs

Internet Preliminary .
| e Signatures:
INVISIBLE

SWIMMING POOL P e DM produced associated with
e 2D objects with unique signatures

e [op, Bottom, Higgs,

e [ ower production rates but much
higher background rejection

° miss ( —*miss)
T Pr
e (Other variables specific for the

spectators
Observables!

so we know what is missing exactly
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DM Produced with SM Higgs

e SM Higgs has unique signatures that provide us a good
opportunity to probe DM

e Many channels are available:

1 I I I I I I | I I I I I I | I I | I I I

e Several of the channels
have been searched

e bb, VY , 17T

=
=
| IIIIIII|
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o
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—
Q
W

- uu
| ] ] ] | ] ] ] |

'4 ||||||| | | | |
1080~ 100 120 140 160 180 200
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Arxiv:1201.3084

PhysRevD.96.112004 | PAS-EXO-16-054

¥ H(yy or ©7) . PAS-EX0-16-055 §
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https://arxiv.org/abs/1201.3084

MET + Higgs ( — bb)

e Higgs Boson produced with DM is highly boosted when the DM particle is massive
e [wo bottom jets can be merged

e Benefit from a dedicated boosted Higgs ( — bb) Boson tagger (ATLAS-
CONE-2016-039)

ATLAS-CONF-2018-039

e [our signal regions to
cover a large Erss range

e A binned likelihood fit to
the my observable
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https://cds.cern.ch/record/2206038
https://cds.cern.ch/record/2206038
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/

DM Produced with A Top Quark Pair
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e Simultaneous fit in control regions and
checked in validation regions

e Three signal regions optimized for top
associated production (SRt3 is shown)

e Limits on spin-independent DM-
nucleon are compared with direct
detection experiments

Eur. Phys. J. C 78 (2018) 18
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https://link.springer.com/article/10.1140/epjc/s10052-017-5486-1

DM Produced with A Bottom Quark
Pair
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b-Flavoured DM, ¢b—>x b, xb set according to the relic density

\ ATLAS
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e |imits are compared with the bottom
squark pair search and b-FDM search
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https://link.springer.com/article/10.1140/epjc/s10052-017-5486-1

DM Produced with A Top Quark

Arxiv: 1801.08427

Non-resonant Mode
(FCNC)

Resonant Mode
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Other CMS top + DM Results: Arxiv:1807.06522 and CMS-PAS-EXO-18-010
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https://arxiv.org/pdf/1801.08427.pdf
https://arxiv.org/abs/1807.06522
https://cds.cern.ch/record/2632274

Conclusion and Outlook

e The Run 2 programs at both ATLAS and CMS have searched
for a large variety of DM models in a rich set of final states

e No significant deviations from SM are found so far :(
e The LHC has a lot more data to deliver :)

e Rare channels will be probed
e \We have learned great lessons from the past

e New directions in both theory and experiment sides to
overcome the bottlenecks encountered

e [heory uncertainties on Mono+X searches
e Data-driven background modeling in Resonance searches
e |nnovative bottom/top/Higgs tagging technigues

e Jalk with each other more often — Dark Matter Forum
e Stay tuned!
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Thank youl!l




