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Evidence for Dark Matter

Astrophysical observations point to the existence of Dark Matter (DM)
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M33 Rotation Curve

Galaxy rotation curves show Gravitational lensing: light Two galaxies collide, leaving
something invisible holds rays being bent by DM behind the interacting gas
the stars in observed orbit gravitational field while the DM of both

galaxies passed through
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Dark Mater search stvategies

Search Strategies
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So what is Dark Matter?

& Particle Physicists need to fit Dark Matter into a particle

description of Nature
Barely interacts with ordinary matter (e.g. WIMPs - weakly interacting
massive particles)
Massive
Stable or with a lifetime of order of the life of the universe

& For the moment no particle was found to be consistent with a
DM candidate
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lllustration of the sea of various dark matter candidates
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Theoretical Models for Dark Matter
Effective field theories Simplified Models SUSY Models

Less Complete More Complete

. v

Number of free parameters

A set of well-detined simplified diagrams with
heavy mediators motivated by a number of
different considerations

DM benchmark models at the LHC
https://arxiv.org/abs/1507.00966

4 free parameters

(axial-) vector or (pseudo-) scalar mediator
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https://arxiv.org/abs/1507.00966

Signatures in the detector Y 4

- visible particles

& Missing transverse energy ETmiss

# Number of searches rely on large E'miss balancing
against visible objects (jets, boosted jets, b-jets,
photons, charged leptons)

¢ Understanding ETmiss is Not an easy task
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2018-004/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/JME-16-004/index.html

Mono-X searches: an easy way to search for DM at the LHC
Y A

Missing energy ~
from DM ~
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Mono-X searches: an easy way to search for DM at the LHC

Y A
Missing energy o
from DM Y .
A
ETmiss
o | - X
This is how (f would look (tke n LHC
Proton A Proton
beam yi”f(- beam
J N
/' s\
’ A
4 Undetected DM
particles
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Mono-Jet event ATLAS-CONF-2017-060

W YATLAS

EXPERIMENT

v ) Run: 302393
g Event: 738941529
P 2016-06-20 07:26:47 CEST
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Mono-X searches: an easy way to search for DM at the LHC

Mono-jet Mono-Higgs A wide range of final

q g X q

states can be
investigated with LHC
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Mono-Jet analysis Main Backgrounds
¢ Z+jets, W+jets
¢ Estimated from data control regions

real ETmiss

Event Selection

Jet p_ >250 GeV
In|<2.4

e & u veto

Upto3 / / 3

additional jets
(p.>30 GeV) MET > 250 GeV

missed lepton

*example from ATLAS analysis
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> 10— | T T T T T T T > 107 N N ; L L B
&8 ,E ATLAS ¢ Data2015+2016 3 ATLAS ® Data2015+2016
10 44444 Standard Model g 10° #6444 Standard Model
o - % -1 )
O o E =13 TeV, 36.1 fb B Z(—> W) +jets ® E =13 Tey, 36.1 fb B Z(— vv) +jets
3 10 W(— ev) Control Region W ) + jets S 10° = Signal Region , B W(- Iv) + jets
€ p_(j1)>250 GeV, E™"">250 GeV " b p_(j1)>250 GeV, E™*>250 GeV B Z(o ) + jets
S 1B T I Z(- ) + jets ST T T
Lﬁ [ ] tt + single top 10 tt + single top
10* Di I Diboson
I Diboson 10° multijets + ncb
10BN ey . B @ mmsas m(, 7)°) = (500, 495) GeV
10? (m,, M, )= (400, 1000) GeV
102 o ADD, n=4, M_=6400 GeV
10 T e,
10 - e
1 D S
1 R L LT
Jo 107
eI I ST BRI NP o e T B e B e
C— 1 1 T T T AT'T ., T 177 1o2F 1" TT T T T T T T =
(% 1.2 £ [ Stat. + Syst. Uncertainties -y | """ | """""""""""" - % - [__] Stat. + Syst. Uncertaintes + _________________________________ + ___________ .
~ F 3 ~ - o 1
P 1?"*o'oo¢*+*+** TV © 1:0--‘---.-----‘ ------ - de + ----------------- —]
S 0.8 :_ ......................................................... + ............................................................................ __E S e ]
P R I R S SN R T T SR R S S SR SN SR SN SR SN N SR N R 0.8.-l-.-.I....I....I....I....I....I....I....I....
400 600 800 1000 1200 1400 300 400 500 600 700 800 900 1000 1100 1200
Leading jet P, [GeV] E?iss [GeV]

Vasiliki Kouskoura (BNL) Vietham2018 5-11 August 2018 12



Mono-Jet analysis N X

¢ Simultaneous fit to control and signal regions AN
¢ No excess in data compared to expectations from
predictions J X
& Exclusion limits (axital-)vector couplings

Axial-vector and vector models are excluded for mediator
masses up to 1.55 TeV to 1.8 TeV for very low DM masses CMS-EXO-16-048
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Dark Matter in association with Higgs boson in ATLAS & CMS

Event selection o (7, y)
¢ diphoton trigger l/
¢ fit to the diphoton mass spectrum , h B (T, V)

¢ signal and bkg shggg_@qiey) Backgrounds
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k222 Bkg. stat. unc.
= Z'-2HDM, m,, = 600 GeV, m, = 300 GeV
g == - Baryonic Z', m, = 10 GeV, Moy = 1 GeV

Events / GeV
=

IIIIILI.I.| IIIIILI.I.| IIIIILI.I.| IIIIILI.ll_L

Event selection and Backgrounds
R S TTRRRAIE & ETniss trigger

W & Resolved and merged SR

> Z+jets, W+jets, top from data

Obs./MC

P [GeV]
>300_.|.‘.|...|...,...|...|...|.‘.|............_
35.9 fo! (13 TeV) Q[ ATLAS Preliminary > 05%, .
> [ Vs=13TeV,79.81fb" Dib ]
) - CMS +  Observed © 250 C % tt :-c;?r?nle to| 7
(O] - = SR (Resolved) : 0 lepton 7 'etsg P .
o Nonres. background pdf E 200k 350 GeV < E7"° < 500 GeV %’ W+ijets ]
\1 00— DM + h('Y’Y) - +1s.d. E OO— 2 b-tags N\ Background Uncertainty B
2 miss 1 B -===» Pre-fit Background ]
c | 50GeV< Py < 130 GeV t2sd. Lﬁ 150 — - mono-h Z-2HDM ]
C|>_) ----------- SM h contribution - my = 1400 GeV, m, = 600 GeV
Lu : GSignaI =3.75fb :
Total background pdf 100 B i
5018 E

50
E 0— T T T T I T T T T | T T T T I |-- “-‘: 7“::‘ T
4 1.5 =
= 9 U) E 3
G 8 et e AT
- + D 0.556 1 | 1 |1 O|O| | 1 |1 5|O| 1 | \20|0| 1 1 |25|O| 1 =
0'T"'l"'""|'"'i'"'|'"'|“""}"‘l"'li"f"|”-'I"|'.':'"|""'1 0 0 A 0 0 A M
110 120 130 140 150 160 170 180 m; [GeV]
m,, [GeV]

Vasiliki Kouskoura (BNL) Vietham2018 5-11 August 2018 14



Dark Matter in association with Higgs boson in ATLAS & CMS
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Dark Matter plus Heavy Flavor N
Signal regions and Backgrounds =, y;l*.( ’
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Dijet searches for mediators: bumps on high mass tails

smoothly falling SM bkg

Events

bump from new
resonance

mj}
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Trigger level analysis in ATLAS

@ Innovative data-taking approach developed
by the LHCb collaboration, used by CMS

Event Selection and Backgrounds and ATLAS
@ TLA allows for data taking at a peak rate
¢ di-jet events with at least two trigger-level jets twice the total rate of events using less than
(PT>85 GeV) 1% of total trigger bandwidth

& searches for resonance 700 < mjj < 1800 GeV
with |y*|<0.6 and mjj>450 GeV with |y*|<0.3
¢ sliding window fit to determine the SM bkg

q
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New particles decaying to a jet and an emerging jet

Event Selection and Background complex scalar Q
& trigger based on transverse momenta of jets
& emerging jet: multiple displaced vertices Xd o ,, )
(multiple tracks with large impact parameter) ; .
& 4 jets and pass thresholds on scalar sum of q
jets pT (H7)
CMS-PAS-EXO-18-001 dark QCD model (BSSW) where
_ CMS Poiminay 164 b7 (13 TeV) = new fermlons.are charged under
c m, =1 GeV l = a new force in the dark sector
& 2.3 S
= e Expected limit + 1o . 10 % . C|\|/|S|Prellimll'narly I 1|6.1Ifb'|1 (13 TeV)
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Search for prompt-like and long-lived dark photons with LHCb

Event Selection and Backgrounds

¢ high-pT muon triggers
& consistent with originating from PV

prompt-like mass spectrum used

to search for A’

expected to be produced via

¢ prompt y*—=uty- (irreducible)
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mesown deca Y

N o7 _ R - — —
2 respnant c;lecays to pty- | l; b LHCH '+ inolation prompt-like sample
¢ various mis-reconstructed objects = Vs=13Tev i & applied pr(p) > 1GeV, p(u) > 20 GeV
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~ i B hh+ hug i
g 10
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Search for prompt-like and long-lived dark photons with LHCb

Event Selection and Backgrounds
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Excluded regions in a DM mass-mediator mass plane
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Comparison to Direct detection experiments

o, (DM-nucleon) [cm?]

Spin-Independent
DM-nucleon cross-section
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ATLAS limits at 95% CL, direct detection limits at 90% CL
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Phys. Rev. Lett. 116, 161302 (2016)
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6, (DM-neutron) [cm?]

Spin-dependent
DM-proton cross-section
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1045 Axial-vector mediator, Dirac DM
9,= 0.1, g= 0.1, Iou = 1
ATLAS limits at 95% CL, direct detection limits at 90% CL

10»-46 \ 3 v v raal . PR | L NP |
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& Collider searches complement DD experiments for DM masses
below 5GeV for spin-independent DM-nucleon cross-section
& Strong limits for spin-dependent DM-proton cross-section
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Exclusion limits for (pseudo-)scalar mediator mass

Pseudoscalar a, a— yx

U [ ATLAS Preliminary .
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Conclusions

¢ Experiments at the LHC have a large program on Dark Matter

searches whic

¢ No hintforaD

N expand also on Dark Sector searches

M candidate from these searches

& Extend exclusion limits on the DM candidate and mediator masses

¢ Looking forward to exploit the rich LHC dataset for more results!
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