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The 3rd direction in DM searches @EXPEL f’:,

® LHC provides complementary
approach in DM hunting

Indirect Detection
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o in kinematics coverage
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Production in collisions

Advantages of knowing the initial state particle species/energies



Collider signature ?L ‘é

Momentum Conservation :
Missing Transverse Energy (MET = DM) €=>» High pT visible objecit(s)

Visible Particles

highest pT (~970 GeV) single-jet event observed in the ATLAS 13 TeV data




DM models at LHC (in Run-1) E TLA?

® Effective Field Theory (EFT) : provides simple framework

to compare collider and non-collider experiments
Eur. Phys. J. C75 (2015) 299
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® Limited validity : assumption m .qiator > Q(interaction)
(Fermi constant like couplings)

®* Frequently used during Run-1 8TeV (2010-2012), often criticized
® Migrating to “simplified model” from the end of Run-1



8TeV Results (EFT limits vs. Non-collider WIMP searches) ¢ ATLAg
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Collider searches insensitive to WIMP mass (when lighter than MET, jet cuts)
Limit keeps constant below a few GeV - Complementary to non-collider exp.



Events / 20 GeV

Data - fitted background

DM and the 750 GeV resonance &, TL %
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2878 events (m,, > 200 GeV)

® Local (Global) Z=3.9 (2.0) o
®* 6% width ~45GeV

XPERIMENT

SPin-0 anaIyS|s ATLAS-CONF-2016-018

® Large local significances observed

in both ATLAS and CMS
around 750 GeV

“to be confirmed” with higher
luminosity in 2016

®* ATLAS prefers large width

approximation (~45GeV), while
CMS prefers narrow width (<1
GeV) where detector intrinsic
resolution is ~10 GeV

IF ATLAS is correct, particle X(750
GeV) may decay into invisibles
- possible connection to DM



DM searches
In
LHC Run-2



Simplified Models & LA%

® General framework valid at high (any) Q?
® Recommendations

* DM@LHC14 (arXiv:1506.03116)
®* LHCDMWCG (arXiv:1603.04156, arXiv:1507.00966)

® Mediator particle connects the SM quarks to DM particles
® Model depends on four parameters (mpy;, Myp, 945 9p20)

® Results shown in my,,vs. M, plane

Mediator Type gpa, 9dq

Vector 1 0.25

Axial-Vector 1 0.25 _
Scalar 1 1 q
Pseudo Scalar 1 1




DM searches at LHC

Mono-X + MET Di-Jets

® Mediator couples to DM with g5, to SM quarks with g,
® DM cannot be reconstructed in detector

- Look for accompanying signature (mono-X)
® Mediator can also decay into quark (Jet) pairs

- Di-jet resonance signhature



DM searches at LHC ATL;PS

EXPERIMENT

* Simplified models separate the couplings to DM and SM
- possibilities for more complex interpretations

®* Complementarity between search channels
e.g. mono-X and di-jet arXiv:1503.05916
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LHC

ATLAS
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2015 LHC is back in business (Run-2) ATLI-1\§
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ATLAS detector @meulg

General purpose detector
excellent tracking in central region & muon spectrometer
\ é - good energy measurements with fine segmented calorimeters
- electron, photon,
Tty hadrons, jet
~emzms/ NN - — measurementg
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Performance for TeV signature

S 15
SATLAS

EXPERIMENT

Reconstruction of Jet, MET, High-pT objects (boosted)
important to explore TeV region

-
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et Calibration is well understood up to
multi-TeV scale |

ATLAS Preliminary
\s=13TeV, 3.3 fb"

= Multijet Events
= anti-k, R = 0.4, EM+JES (in-situ)
E_ |nleadjet| <12

—— Data
—— Sherpa 2.1
—— Herwig++
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Performance for TeV signature (cont’d) A L/.{g

EXPERIMENT

Boosted W/Z tagging
/; Reconstructed as large radius JET4\

%
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S
= 0 Groomin W=
— ov & p—

AR ~2m /[ p;

- remo\ving soft componen}t
- identifying two sub-jets
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DM production
Mono-Jet + MET

17
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[I\/Iono-Jet + MET]

Signal Region

w

MET > 250 GeV s A¢ btw MET &

jets >0.4
e & u veto

allow up to 3 jets
with p; > 30 GeV jet pr > 250 GeV

letal <2.4



Events / 50 GeV

Data / SM

Mono-jet searches (13 TeV) @E pEL/.{g

RIMENT

Most sensitive mono-X +MET channel with large stats (aqqp large)

'ATLAS Preliminary s owaors

)

7

10 7444 Standard Model Bac kg rou nd
10° Vs =13 TeV, 3.2 fb™ B Z(> vv) +jets

W(— tv) + jets

® hard to model MET

Signal Region

10° p,>250 GeV, ET*>250 GeV — m: ;‘VV)’:;;‘: _
10* o 2+ ® use Z->#, W->1Iv to model main
d e o sy con Z>vv bkgs

-== (m_,M_ )=(150,1000) GeV
----- ADD, n=3, M_=5600 GeV

® detector effects, non-collision
bkgs (estimates data driven)

15 7’ %}% .............................. ] ///////l/// L RESUItS (nO excess)
1 7&/44//.///.//’//7/ /// % 7 Y e 7
BT CUUTTHILITTTTTE 0 21447 events observed
4.00 600 800 1000 1200 Ts154[0G0(:3v] [ ] 21730 + 940 bkgs events
arXiv:1604.07773 expected

- limit setting



Mono-jet interpretation (13 TeV) & LK%

EXPERIMENT

Limits as a function of DM & mediator mass Comparison w.r.t. non-collider results
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Constraints on DM simplified model : WIMP-proton cross section above
Axial vector mediator (fixed couplings) 1042 cm? excluded

Mediator mass below 1TeV excluded (for 250GeV DM) (for DM mass < 10 GeV)



DM Productions
beyond Mono-Jet

21



[ Mono-photon + MET ] i

Signal Region

A¢p btw MET &
photon or jets >0.4

e & U veto

MET > 150 GeV

allow up to 1 jets

with p; > 30 GeV Photon p+ > 150 GeV

leta| <2.37
tight ID & isolation



Events / 150 GeV

Data/Bkg

Mono-photon searches (13 TeV) @EXPEL/@

RIMENT

Opn<<Oqgcp =2lower statistics than mono-jet
relatively low mass Signal region

10T T T T T PSR
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arXiv:1604.01306

550 600
ET'® [GeV]

® Background (control region)
® Z(=vw)++v (2e, 2u CR)
®* W(>&v)+~ (1pu CR)
® ~+jets (v+jets lower MET CR)

® Results (no excess)
® 264 observed events
® 295+34 BG events expected
SM BG consistent - Limit setting



m, [GeV]

Mono-photon interpretation (13 TeV) &, LK%

Limits as a function of DM & mediator mass Comparison against non-collider results
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Constraints on DM simplified model :
Axial vector mediator (fixed couplings)
Mediator mass below 0.7 TeV excluded
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[ Mono-W/Z + MET ) ”

Signal Region  Trk MET > 30GeV

%, A¢ btw MET

MET > 250 GeV & Trk MET < pi/2
(reduce fake MET)

e & U veto

Large radius Jet (W/Z)



Events / GeV

Data/Bkg

Mono-Z/W searches (13 TeV) E LK%

PERIMENT

Search for Dark Matter associating with hadronically decaying W/Z
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ATLAS Preliminary mmm mono-W/Z: vector model
P n=10 GeV,m _ =10Te
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= signal region = Single top -

o [ W+jets n
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ATLAS-CONF-2015-080

®* Background (CR)
® Z+jets (2 muon)
® W+jets (1 muon & no b-jet)
® ttbar (1 muon & 1 b-jet)

® simultaneous fit with 3
normalization factors

® largest systematics from
modeling of large radius jet (~10%)

® No excess observed = Limit

Process events

Z+jets 519 £ 31
WHjets 326 + 22
tt and single-top 217 £+ 18
Diboson 88 + 12

Total Background 1150 + 30
Data 1143




mono-Z/W interpretation (13 TeV) @E ELK'.ZZ

RIMENT
q W,z X
v w
Simplified model (vector mediator) Interpreted with ZZxx EFT
Signal strength limit model where DM directly interact with Z
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ATLAS-CONF-2015-080 8TeV 20.3 fb-' so far had stronger

constraints on D5 (M*=1800 GeV)
Phys. Rev. Lett 112, 041802 (2014)



Mono-Higgs searches (13 TeV)

* look into models where Higgs ¢

couples to Dark Sector

Looked into three H final states
H->vy H—->bb H>ZZ

\ \ merged signal \

MET
MET
> 500 GeV > 100 GeV
At least 2 photons &
(tight 1D, isolated) One large-radius jet _
105 GeV < m,, < 160 GeV (associated with 2-trk jets) Require 4 leptons

110 <m,, <140 GeV
Resolved signal region 4l

Other requirements on for MET < 500 GeV
prYY, MET (requiring 2 jets )



Events / GeV

o (pp — h ¢ x) x BR(h— yy) [fb]

Mono-Higgs searches (13 TeV)
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ATLAS-CONF-2016-011 (13 TeV) ™"
Phys. Rev. Lett. 115, 131801 (8 TeV)
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ATLAS-CONF-2015-059 (13 TeV)



:@; ATLAS
A EXPERIMENT-
http://atlg <°

Run: 28
Event: 478442529




g

Di-jet searches ]

y*| = V(y4-y5)<0.6

mj; > 1.1 TeV

Signal Region

Jet pT > 450 GeV

31



Di-jet searches (13 TeV)

LAS

Resonant Analysis

(/)] = A D D L LA RAAALALLY LA | | ‘E]

S QCD backgrounds ATLAS E

>10 A =
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- . Data -

10° Background fit =

- —— BumpHunter interval -

s o QBH (BM), m =50 TeV ]

10e - QBH (BM)m 1=6.5TeV 3

10°E- E

10k QBH (BM) —

= p-value = 0.67 g

- Fit Range: 1.1 - 7.1 TeV .

15 ly*l <0.6 =
R N I il
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2 3 4 5 6 7 8910
m. [TeV]

Phys. Lett. B 754 (2016) 302

EXPERIMENT

® Look for resonance qq, gg and gg

® Most sensitive benchmark search
among BSM channels

® Data driven background fit
® Fit smooth spectrum

f(z2) = p1(1 - Z)pZZP3+p4 log z

®* empirical function

® Excess findings in mj; distribution
® Bumphunter
® Tailhunter

No Significant Excess observed



Di-jet interpretation (13 TeV) @Emu%g

RIMENT
o° AL B | | 4 g
ATLAS &
0.50 1.3 2.0 35 \E
\s=13 TeV e
3.6 fb
0.40 | |y*| <0.6

0.30

light blue areas are
excluded by 95%C.L.

0.20

0.10

15 2 25 3 3.5
M, [TeV]

® Limits on extra Z’- gauge boson

® leptophobic model
® [imits on dq coupling for different Z’ masses



Di-jet simplified model results

DM Slmpllfled Model Exclusions ATLAS Prellmlnary March 2016
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®* Complementary among the search channels
® With assumed couplings (9,=0.25, gpy=1) , above regions are excluded

Mediator Mass [TeV]



Low mass di-jet events E PEL/.%g

RIMENT

®* DM/mediator may still hide in low mass with small couplings
® Low mass search - limited readout bandwidth and storage space

= Online data scouting (Trigger level analysis) to reduce event size
and increase recorded events

Important implementation for Run-2 (all four LHC experiments)
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2016 Collisions has Just Started (May 6% a7 A2

EXPERIMENT

ATLAS Events at 13 TeV - First 2016 Stable Beams

EXPERIMENT

10% of the design luminosity = will be 100%




Conclusion @E PEL,%

® LHC/ATLAS Run-2 started (2015, 3.2 fb-1)
® DM searches had new interesting results

® Searches extended in channels, parameter spaces,
now uniformly interpreted via ‘simplified model’

® Comparison with DD/ID experiments became valid

® LHC DM searches are complementary to non-collider
searches

® LHC has just restarted operation for 2016

expecting much higher integrated luminosity in 2016
(~25 fblis expected)

® More exciting results are around the corner, stay tuned





