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DM evidence

Gravitational lensing Galactic rotation curve

- -rotational velocity

. e , measured

: (km/s)
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DM Search Methods

Direct detectjon

—
Outgoing
Particle

u0I}9919p 1034IpU|

Incoming
Particle




-FT -> Simplitied Models

https.//arxiv.org/abs/1507.00966

q X

e 4 point interaction
 Valid if mediator mass much larger than momentum
e Used for RUN1 but generally breaks at the LHC

X
q
Simplified models:
« Keep mediator information:
mass, spin, couplin
7 g x(my) S

* Can be a starting point to build a complete theory
e Colliders can search directly for the mediator
 Benchmark model for LHC Runl|

Lvector = 8q Z Z;ﬁ’r”q + ng;JW”X
q=u,d,sc,b,t

£axial—vector — &q Z Z;ﬁ")’y”rsq T ng;;X’YVWSX
qg=u,d,s,c,b,t
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https://arxiv.org/abs/1507.00966

LHC Search Strategy

DM production in association with SM particles Mono Jet
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_HC Status

LHC integrated luminosity by year K. -
~ - RN Sl : - — PRI N,

' Peak luminosity > 1.35x103* cm2s!

Projection 2016

Integrated luminosity [fb1]

20-Apr 14-May -Ju -Ju 18-Aug 11-Sep 5-Oct 29-Oct 22-Nov

2017: beams are back in
LHC from Friday 29" April

Plans: 45 fb-l! @13TeV
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Coverage of LHC measurements

10°% DM Simplified Model Exclusions ATLAS Preliminary March 2017
! L UL ! ror R ! L |

& 3 -~ Dijet TLA
ng - {5 =13 TeV, 34 b
— 1 0_36 - ATLAS-CONF-2016-030
c 3
S 1 —Dijet8 TeV
— -37
5 10 = ?: fs=8TeV,203fb"
T GC) a8 £ 4 Phys. Rev. D. 91 052007 (2015)
Mono-X: low DM sensitivity ISR+ = Dijet
(] £ .
\é 1 0_39 :E :1§X=iv1:13 71(;3\11931723 ;:ep-ex]
© 1 0—40 ] — E_rlr_ﬂss +Y

fs=13TeV.36.41"
CERN-EP-2017-044

— LUX

arXiv:1608.07648; arXiv:1602.03489
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Dijet: large DM mass coverage [CH
Sensitive to low DM-Neutron XS iU

107%

Axial-vector mediator, Dirac DM
9= 0.25, g = 0, oy = 1

ATLAS limits at 95% CL, direct detection limits at 90% CL
\ N Ll - 1

107%

10°
DM Mass [GeV]

LHC complement direct detection experiments

10—46 N L
1 10 10?

but Is sensitive to the coupling



Mono X

e Pair produced DM via massive mediator (scalar, pseudo- scalar, vector, axial-vector)

« X = visible particle to tag the DM: jet, photon, W/Z, Higgs, dijet (sometimes under associate
production category)

89 &DM X
4 A(Mmcd) V
] gmg) 8 X q %
g £(b) 9 X g

—— % XY
(1),(2) <
q



Mono - jet

* Large MET
* >=1 energelieret
* no other objects




Mono Higgs (bb)

DM couples to Higgs in many models

(e.g. Z’ vector mediator, leptophobic model)

Probing the Higgs coupling to the mediator

H>bb (as it is the largest Br)
Two scenarios:

1. High MET (>500 GeV) > merged b-jets
2. Low MET (<500 GeV) > two resolved b-jets

Background estimation: Data driven
leptonic/b-tagged CRs

2 b-tag

1 b-tag

Z(Il)+jets

0 b-tag

Oleptons 1 leptons 2 leptons

S 50— -
Q 450E- ATLAS Vs =13 TeV, 36.1 fb" —e— Data =
O) SR (Resolved) : 0 lepton [ SM Vh =
400 £~ 200 GeV < E™ < 350 GeV = t?'f‘;?r?gle top =
1O as0f- 2brtags 1 Zejets =
[ W+jets =
» 300 = I Multijet =
C 250 N\ Background Uncertainty — —
QO B O L. Pre-fit Background =
S 200 e« h + E™ Z-2HDM =
w5 m -14TeVm =0.6 TeV_=
=3.75 fb 3
100 —
50 = I —§
0 | 1 1 : — —— a —— .
Sls 15 .
)
o, et i
. 1 1 1
50 100 50 250

m, [GeV]
arXiv:1707.01302
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-25
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SR (Merged) : 0 lepton
ET"* > 500 GeV
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A similar analysis by CMS (CMS-EXO-16-012 ; CERN-EP-2017-027)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-25

Mono Higgs (yy

Similarly but using a cleaner mode H > yy

35.9 fb! (13 TeV) 35.9 b (13 TeV)
— -~ [ (
% L CMS Preliminary ¢ Data % “Iems Preliminary ¢ Data 1
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https://arxiv.org/abs/1706.03948

Mono - jet

CMS EXO-16-048

B ———

35.9fb™ (13 TeV)
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Mono - jet

With gq:0-25> gpm=1.0 Similar results from ATLAS:
Current constraints: ATLAS-CONF-2017-060
' arXiv:1707.03263
— DM mass~600GeV
— mediator mass~2TeV
35.9 fb' (13 TeV) 35.9 b (13 TeV)
1200~ 310 12007 T T 10
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https://arxiv.org/abs/1707.03263

Events / 25 GeV

Mono

* Similar physics Z—>Il (rather than qq)

* Lepton pair + MET
* Background: mostly ZZ>llvv
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Mono - Z(ll)

using simplified models with vector mediator for DM production

129fb ' (13 Te

;‘ 180 e ] o v oo et rjgeorend l L I—-‘.‘ %‘ 2
& ATLAS Prelimin Expected limit (t16) - % £
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ATLAS-CONF-2016-056 CMS-PAS-EXO-16-038
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Events / 75 GeV

Data/Bkg

Mono - photon

: x Smaller XS and Bkg than mono-jet
med Selection: Photon+ MET
j Main Bkg: Z(vv)+y
Y ' Bkg estimation: CR with leptons
X

Eur. Phys. J. C 77 (2017) 393
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Similar analysis by CMS (13 fb-'): CMS-PAS-EXO 16-039
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https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8

DM+HF (Associate production)

Sensitive to scalar and pseudo-scalar interaction
Favored it Yukawa like coupling

b N

DMyl 2178 (13700 CMS-PAS-B2G-15-007 |

. @ E
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ATLAS DM+|O|O

Selection:
b-jets +MET

kinematical/geometrical variables
BG: mostly Z+jets

estimated using leptonic control regions
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Events/0.1 Units

Data-Exp

CMS DM+t (boosted) [cms-pPAs-Ex0-051]

Using a MVA (BDT)
for boosted

top tagging
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ATLAS DM+t

3 channels forth decays
Full had (O-lep) g t
Full lep (2-lep)
Mixed (1-lep) X

-
tt environment> background mostly from ¢/a<
tt events; V+jets (channel dependent)

|

Estimation using data driven techniques in g
control regions
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https://cds.cern.ch/record/2266170

ATLAS DM+t

tt + a production, @ — % x
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https://cds.cern.ch/record/2266170
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Mediator search
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Di-jet invariant mass > resonance > bump hunting

To get the low mass we need ISR photon or jet
to fire the trigger
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Shown for one common set of coupling but limits are strongly dependent on choice of coupling
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Conclusion

Extensive search for DM at the LHC

complementary to direct searches

d

O

No excess over the SM was found but the results

‘e Interpreted as exclusion limits in the framework

- simplitied models and effective field theories.
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