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CMS and ATLAS experiments

e General purpose detectors;
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Total weight  : 12500 T
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e Rich program on DM searches from both ATLAS and CMS;
¢ Provide complementarity to the direct and indirect searches;

e Experiments are sensitive in the DM mass range of ~ 1 — 100 GeV
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Object identification




Object reconstruction

Calorimeter
The dashed tracks
are invisible fo
the detector
Electromagnetic
Calorimeter
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ATLAS

EXPERIMENT

Run Number: 266904, Event Number: 25884805

Date: 2015-06-03 13:41:54 CEST
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The total number of reconstructed collision vertices is 17 (pile-up).



Object performance
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understanding and constraining the SM backgrounds in data.



Model assumptions for DM

e Simplified models - ATLAS-CMS DM Forum [5]
e Dirac fermion WIMPs, Minimal decay width for mediator, gsp = 0.25, gpy = 1

e Characteristic signature: Missing Transverse momentum (EF** or “MET");

e Two main approaches:

e Direct search for DM

mediator

Based on mono-X signatures

e Search for mediators

q et
Based on dijet, dilepton, tf.. signatures
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o DM produced in cascade decays

b/t
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SUSY WIMPs in R-Parity conservation
models

R = (—ypesrt = ] TL M
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https://twiki.cern.ch/twiki/bin/view/LHCDMF/WebHome

Search strategy for mono-jet analysis

Jet reclustering
R=038 o

DM pz\l’ticl(\,s(l*]'{li‘“)

EXiss trigger;

Require highly energetic ISR jet;
E™sS vecoils against ISR jet;

Veto additional activity in the event
(e.g. additional leptons)

Jet reclustering is performed for
mono-V/(qq) searches;

Major background Z(vv) + jets and
W(¢v) + jets (misreconstructed
lepton)

CMS-PAS-EXO-16-048
ATLAS-CONF-2017-060

e Challenge to model Z/W + jets at very high boson pr;

o Reweight events to account for higher order QCD (NNLO) and electroweak

(NLO) corrections;
arXiv:1705.04664

A. Petridis
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https://cds.cern.ch/record/2264698
https://cds.cern.ch/record/2273876
https://arxiv.org/abs/1705.04664

Backgrounds in the monojet search

Backgrounds

ISRjet ISRjet

~
~

A 3

W (tv)

A\J
G

Z(vv)

e Irreducible backgrounds
(Z(w)/ W(tv/qq) + jets)

e normalisation from simultaneous fit
to pr(W/Z) distributions in lepton
CRs;

e 2-5% uncertainty on SR background

e theory: 0.7-1% for the
W(v)/Z(e) — Z(vv)
extrapolation
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ATLAS

EXPERIMENT

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST

A jet with pr of 1707 GeV is indicated by the green and yellow bars corresponding to the energy deposition in
the electromagnetic and hadronic calorimeters respectively. The E} of 1735 GeV is shown as the white

dashed line in the opposite side of the detector. No additional jets with pr above 30 GeV are found.



Kinematic distributions in the mono-jet SRs
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e The expected background distributions are evaluated after performing a
combined fit to the data in all the control samples, as well as the signal region.

e Good agreement between data and SM predictions;
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Monojet interpretation

m, [GeV]
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e 95% CL exclusion contours in the My — Mmeq Parameter plane;

A. Petridis
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Strategy for mono-photon searches
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Signature: ~ + Ess

Trigger events with highly energetic
photon

EXIsS 5 150 GeV

Main backgrounds:
Z(vv)y, W~,v + jets (constrained in
CRs)

normalisation factors are obtained via a
profile likelihood fit

Total uncertainty on the bkg
prediction: 6%-14%

Eur. Phys. J. C 77 (2017) 393
arXiv:1706.03794
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https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8
https://arxiv.org/abs/1706.03794

Results from mono-photon searches
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o |eft: E%mss distribution in the SR;

Right: 95% CL exclusion contour in the m, — mpeqy parameter plane;

e More interpretations available in the paper;
e Eur. Phys. J. C 77 (2017) 393

A. Petridis 17 /33


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

Z(00) + ET" - cMS-EX0-16-052 - ATLAS-CONF-2017-040

o EINSS 5100 GeV
e CR: ZZ(44) and

Z‘F
“ ARy < 1.8

4 9a A 9x X WZ(3€)
s o Flavor symmetric
Z method:
a I

tt, tW, WW, Z(r7)
e Shape fit binned in
DM particles (E’fli“) ETV53;

A. Petridis 18 /33


https://cds.cern.ch/record/2264690/files/EXO-16-052-pas.pdf
https://cds.cern.ch/record/2273610/
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https://cds.cern.ch/record/2264690/files/EXO-16-052-pas.pdf
https://cds.cern.ch/record/2273610/

Searching for SM interactions with the Dark Sector
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e DM mediator can decay to quarks

e A bump hunting above a smoothly
fallen bkg;
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e Trigger requirement drives the dijet invariant mass;
e arXiv:1703.09127, CMS-PAS-EXO-16-056

A. Petridis

Lol
3 4 5 6 7 8

So©

m, [Te
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https://arxiv.org/abs/1703.09127
https://cds.cern.ch/record/2256873

CMS CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run/Event/LS: 273158 / 238962455 / 150

Event display of a dijet event with m;; = 7.7 TeV. Both jets are reconstructed in the
barrel region and each have transverse momenta of over 3 TeV ( ).



https://cds.cern.ch/record/2203615

Extending sensitivity at lower mj; values

Challenges:
° h|gh dUet I’ates, ZsmmCMS Pr‘ellmmary‘ i i ‘359"1“(13‘72\/)‘
e trigger requirements;
e storage capability;

p,: 500-600 GeV

20000

15000

Number of events/5 GeV

10000

New tools/techniques:

5000

e Trigger level analysis/Data scouting;

e Event size reduction: 500kB to
10kB

e Boosted analysis;

Data/Prediction

»»»»»
'S0

e Probes the mass region down to
50-300 GeV!

o ATLAS: ATLAS-CONF-2016-030

e CMS: Phys. Rev. Lett. 117, 031802
(2016), CMS-PAS-EXO-17-001

1400 vector mediator B

037
[N
A
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https://cds.cern.ch/record/2161135
https://arxiv.org/abs/1604.08907
https://arxiv.org/abs/1604.08907
https://cds.cern.ch/record/2264843

DM constrains from Colliders

ATLAS Preliminary July 2017

DM Simplified Model Exclusions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary

Results with different couplings
Different choice of gpm, g4, ge¢ alters conclusions

CMS Preliminary LHCP 2017

;‘ 2000 :"l T | T, T =T | L l 7T 1T 7 I L | T 17T | L I LI § | L I_
) - : . . .
5 1800 H : Axial-vector mediator —
= _F : Dirac DM J
é3 1600 |+ d g =10 —
1400 E g, = 0.1 g =
§ [ : g|=0.1 g Myea =2 X Mgy |5
£ 1200 fi : J affz0i2 |
© 1000 : ; -
*‘B‘ [ ' Exclusion at 95% CL -
= 8005 ~ H Observed _:
< 6005 I é J ----- Expected _:
g ] - Dilepton (12.4 fb'/13.01b") -
oo | B, =
[ [EXO-16-056] \ .
B Boosted dijet (359 fb") ]
200 [EXO-17-001] -
ol b Ly L L L LA v 1y Ly 1y 1T

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Mediator mass M, ., [GeV]

e Dilepton results become more important!
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DM in association with Heavy Flavor quarks
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s—channel spin-0 mediator
Backgrounds: tt, ttV, W + jets
Total uncertainty: 17% - 28%
ATLAS-CONF-2017-037
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https://cds.cern.ch/record/2266170

Summary for Scalar/Pseudo-Scalar

Parameter values: g =1, gpm = 1, mpy = 1GeV

A. P
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e tt + DM performs better for low mass scalar mediators

e Link to CMS summary plots
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf

Complementarity of Collider and Direct detection results |
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A. Petridis

a,, (DM-nucleon) [cm?]

10
10°%
10*39
10*40
107
107
10%

gq8DM

1TeV

_37 DM Simplified Model Exclusions

0.25

X

Mmed

( lléneXV

LLLLL S ELL Sl B R B L L SR L L

ATLAS Preliminary July 2017
T T E

CRESST Il

cood ol ol el b

Vector mediator, Dirac DM
9,=025,9=0,g =1

ATLAS limits at 95% CL, direct detection limits at 90% CL
! !

{

vl vl vvd Nved v

=

10

10?

DM Mass [GeV]

2
) arXiv:1603.04156

= Dijet

Dijet 8 TeV ¥s = 8 TeV, 20.3 fb*
Phys. Rev. D. 91 052007 (2015)
Dijet V5 = 13 TeV, 37.0 fo'*
arXiv:1703.09127 [hep-ex]

Dijet TLA ¥ = 13 TeV, 3.4 o
ATLAS-CONF-2016-030

Dijet + ISR V5 = 13 TeV, 15,5 fb*
ATLAS-CONF-2016-070

TEPSX

Ef* 4y ¥E=13Tev, 361107
Eur. Phys. J. C 77 (2017) 393
ET™+jet \§=13TeV, 36.1 fb
ATLAS-CONF-2017-060

ET*4Z\5=13TeV, 36.1 10"
ATLAS-CONF-2017-040

~—CRESST Il

arXivi1500.01515v1

— XENONI1T

ariv:1705.06655v2

— PandaX

arXiv:1607.07400

—LUX

ariv:1608.07648; arxiv:1602.03489



Complementarity of Collider and Direct detection results |l
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Supersymmetry - DM in cascade decays

NLO +NLL, pp, Vs =13 TeV
T T

Signal model assumptions 7 . F T
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

Summary plots for gluino searches
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Summary plots for t searches
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Summary plots from the EWKino searches
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Summary

e Dark matter searches are of great importance;

o All searches so far produced null results and upper limits have been set to the
masses of the mediators and DM;

e Collider limits complement Direct Detection limits;

- F T T 3
£  25° ATLAS Online Luminosity  /5=13Tev E
£ [ [ LHC pelivered ]
- _ 2 20 []ATLAS Recorded ]
o Additional ~ 40 fb™! are expected E |, e A
3 otal Delivered: 18.8 fb 7
by the end of 2017, 3 15 Tow Recorded: 17.4 b 3
% 105— E
e Stay tuned and you never know £ 1
. . 8 r o
what the data might be hiding! . E
C L L L ]
08/05 06/06 04/07 01/08 29/08
Day in 2017
Thank you
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Back-up
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Lepton/Photon reconstruction and identification
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e Excellent lepton/photon reconstrucion performance;

e A key process for understanding and constraining the SM backgrounds in data.
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ATLAS-CMS Dark Matter Forum

Dark Matter Benchmark Models for Early LHC Run-2 Searches: Report of the
ATLAS/CMS Dark Matter Forum (arXiv:1507.00966)

e Discusses the simplified models for DM searches with EF** signatures;

Recommendations on presenting LHC searches for missing transverse energy signals using
simplified s-channel models of dark matter (arXiv:1603.04156)

e Discusses the procedure for comparing LHC and non-LHC DM searches

Recommendations of the LHC Dark Matter Working Group: Comparing LHC searches for
heavy mediators of dark matter production in visible and invisible decay channels
(arXiv:1703.05703)

e Discusses the comparison procedure for direct DM searches and visible heavy
mediator searches

Precise predictions for V+jets dark matter backgrounds (arXiv:1705.04664)

e Discusses the theoretical uncertainties of the dominant backgrounds in the
Signal Regions
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https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1703.05703
https://arxiv.org/abs/1705.04664

Assumptions on the Simplified Models
Use simplified models for analysis optimization for LHC Run Il
Assume that interactions exist between SM hadrons and DM particles.
e All models produce a signature with
‘i g X(mx) pairs of DM particles;
e Minimal Flavor Violation;

e Minimal decay width for the
2DM mediators (only to DM and quarks);

e there is one single kind of DM (self
interactions are not relevant);

e Minimal set of parameters
X(mX) MMED, Mpm, 8SMs DM
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Background estimation strategies

Reducible background

Receives contributions from non-prompt leptons. Estimation based on data-driven
techniques (Matrix Method, Fake Factor);

Irreducible backgrounds

Normalize Monte Carlo predictions (t, VV,..) to

SR: Signal Region
data in dedicated Control Regions (CR); VR: Validation Region

CR: Control Region

o Extracted Normalization Factor (NF) is
validated in Validation Regions(VR);

Observable 2

e Final background estimation comes from a
simultaneous likelihood fit of Signal Regions
and CR;

Observable 1

Backgrounds producing “fake” ER™* due to jet mismeasurement _
Contributions from this category are suppressed by requiring the jets and ET™ to not
point in the same direction (Ad(jets, Ex "))

Small backgrounds

Contributions from these sources ara taken directly from Monte Carlo predictions.
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Z(60) + E™s - ATLAS-CONF-2017-040

e Single lepton triggers;

I+ e Boosted dilepton system compatible with a Z

ARy < 1.8 recoiling against Ef"*%;

o EMS 500 GeV, EX/Hr > 0.6

e Main backgrounds: ZZ (simulation) and WZ
(three-lepton CR);

e Dominant Uncertainties: ZZ modelling (~5%),

momentum scale and resolution of leptons and

DM particles (E}sS _ !
(FE) jets, and reco/ID efficiency unc (all ~7%).
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https://cds.cern.ch/record/2273610/

DM in final states with top quark - CMS-EXO-16-051

CMSSimulation Preliminary (13 TeV)
o) T T T T T
O
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————— a/g jets
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Boosted t—quark:Use of a large cone radious jet
(R=1.5)

Use of a novel jet substructure discriminant

e N-subjettiness, fec (quantifies the
difference between the reco W and
t — quark masses and their expected
values), energy correlation functions(ECF)
among the jet's constituents;

e At 50% signal efficiency, the BDT background
acceptance is 4.7%, compared to 6.9% for
groomed 73/72

e Signature: high-pr “fat” jet recoiling against
E’}‘DISS;

e Signal extraction is based on a fit in Eps
distribution

e |nterpetation based on an FCNC model
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https://cds.cern.ch/record/2273454/files/EXO-16-051-pas.pdf

Interpretations on a Type-ll two-Higgs-doublet model

e h — bb: Resolved and unresolved SR depending
on the EM* requirement;
e Major backgrounds:
o Z(vv)jets, W + jets, tt;
e Dominant unc: MC stat, b—tag efficiency,
JES/JER
o h— ~y: Single SR based on Ef"*/{/ " Er
and p7’ >90 GeV;
e Major backgrounds:

o Non-resonant background
(v, v + jets, Vv, V~v) obtained by
fitting m, in data.
e Dominant unc: non-resonant bkg modeling
A Pem(h(N]‘O%)

m, [GeV]

m,o [GeV]
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CMS Summary

CMS Preliminary LHCP 2017
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Using different couplings

CMS Preliminary LHCP 2017
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Using different couplings

CMS Preliminary LHCP 2017
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Dijet excess

CMS Preliminary 35.9 fb (13 TeV)
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CMS Preliminary 35.9 b (13 TeV)
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https://cds.cern.ch/record/2264843

Dissapearing track - ATLAS-CONF-2017-017
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AMSB scenario:

Am= Myt — Mo = 160 MeV
Pure Wino LSP model

~t ~
X1 — WiX?

IBL allows the reconstruction of
much shorter tracks (better
sensitivity to smaller chargino
lifetimes);

Signature: ISR jet recoiling against
ET"®* and a high-pr short track;
Dominant bkgs: tt, W + jets
Dominant Unc.: ISR/FSR (7.6%),
pile-up modelling (11%)

For TeE ™~ 0.2 ns )21i masses up to
430 GeV are excluded at 95% CL
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https://cds.cern.ch/record/2258131/

CMS two-soft-lepton cms-rPAS-sUs-16-048

e Naturalness imposes constraints on the masses of ;rf
higgsinos X 0 Seee

e Light higgsinos would likely have a compressed mass P e
spectrum / . '\Q\

e Experimentaly challenging signature: Muons pr down to
3.5 GeV has been considered

. . . “t 0
e Results interpreted in the context of direct X1 X2 (cross
sections based on Wino scenario)
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A o (‘:MS‘F‘I’EHNIHGW ; ‘35.9‘ b ‘(13 Tev) S. = 10°
- +om O S S 1 2
2 L [)TChi150/20 J O s 5| =3
i} 5 Eg(sw) - = =Observed + lclmw q g
£ ] — ,
L ] Expected + 10, =
L @w ] bl experiment 4
o m S a0 g
L [OFakes b 3<N £ 3 »
E W Rares 4 4 J10 @
aL [ total bkg. unc.] E’ 1 7 <}
1 13 S
< 3 ] 5
1] E
E 141 &
g a4 7 g
5 0 £ 1 1 S
©  4F mmstat bk, unc. [total bk unc. £ a0 ] —
s 3 £ 1 1 [§]
3 | £ 14 %
© E - 7o
o 1 E y g
| ! B Avele@ir o 1, I8 0 @
10 15 20 25 30 35 40 45 100 120 140 160 180 200 220 240 260

Ml [GeV]
A. Petridis me g [Gev] 49/33



Results in the mono-V(qq)

35.9 fb™ (13 TeV)
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o Left: E{Piss distribution in the mono-V SR;

e Right: Expected and observed 95% CL upper limits on the signal strength
= o/ow as a function of the scalar mediator mass.
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Results from Monophoton searches - CMS

12.9 fb (13 TeV)
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Higgsino LSP - ATLAS-CONF-2017-037

ATLAS Preliminary Lo~ btk
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Higgsino LSP model: tt production, m = mp+5 GeV, m = mp+10 GeV
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