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« Astrophysical observations point to the existence of
Dark Matter (DM)

. i . -
20 30 40 50
R (= 1000 1y}

Rotation c'urves | Bullet Cluster

Nature of DM remains unknown

Our knowledge about dark matter comes from non-
interactions and gravity

Electrically neutral, non-baryonic, long-lived, non-
relativistic, interaction cross-section ~ weak interaction

WIMP: Motivation to consider collider searches for DM
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DM Production and Detection

DM may be pair produced
in pp collisions at the LHC,
Yields experimental LHC
signature of MET

Scattering of DM
particles on nuclei
of detector
material ; detect
recoil. For a given
Cross section
Freeze-out, i il sensitivity scales
Assume indirect detection - with detector size.

annihilation of DM s
particles, eg. Inthe  pAMELA, AMS *T;! = ‘f-_ SR LUX, PANDAX

sun. Detect
annihilation
products.

detection
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Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

o return yoke Interiperied
with Muon chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

¢

—— Muon

Electron
= Charged Hadron (e.g. Pion)

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Transwense slce
though CMS

= = = = Neutral Hadren {e.9. Neutron)
- phalon )

Key:
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Dark Matter signatures at LHC

« Dark Matter particles will pass undetected through the detector
* They may recoil against visible high pT object X (= jet, photon, Z, etc)

« Large transverse momentum imbalance created as a result

E_"s + X systems created
/ Jet, Photon, etc

P
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A wide range of final states can be
Iinvestigated with CMS

Mono-photon

Mono-X Signatures —
simple and striking
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A wide range of final states can be
Iinvestigated with CMS
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Mono-X Signatures —
simple and striking
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Dark Matter Simplified Models

« Searches interpreted using generic ‘simplified models’

Fermionic DM pair and a massive boson that mediates the
interaction between DM and SM quarks

« Model Parameters :
» Spin/parity of the mediator X (mow)

Mediator

> Mediator mass (M__)) — — - @ gom

Mmed
DM mass (m,,)

>
» Mediator coupling to quarks (gq)
>

Mediator coupling to DM (g_,,) ArXiv:1507.00966
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Monophoton: Event Selection
Searching for single photon recoiling against E_m'ss

High energetic photon with p_ > 175 GeV : [n| < 1.4442
Missing Transverse Energy E.™ > 170 GeV
Ad(y, E;™) > 0.5 : to reject W+jets and fake E_™ from y

Ad(j, E.™) > 0.5 : to reject fake E_™* from jets

EY/E ™ <1.4:y + jets reduction

Veto electrons and leptons with p. > 10GeV CMS PAS EXO-16-053
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Monophoton: Main Backgrounds

Z(wv)
= W(lv)
M e-fake
M jet-fake
beam-halo
M spikes

Electrons Hadrons

Beam Halo Spike
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Monophoton: Main Backgrounds

Simultaneous fits between

rreducible  Z(w)+y W (@) +y sign_al and cont_rol region
(single and di-lepton)

" (13 TeV)

P

zzzzzzzz

Events / GeV

Hadron fakes fiyity

Fakes Electrons Hadrons

Anomalous Beam Halo Spike




Monophoton: Main Backgrounds

To constrain beam halo
normalisation, signal region is

split into high and low phi
regions

Electrons Hadfons

Data driven estimations
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Monophoton:Results

Low phi [P| < 0.5 High phi [®| > 0.5
35.9 fb' (13 TeV) 35.9 b (13 TeV) * Better resolution
3 - 3 and control over
':g‘* l:l a::f:und—unlym % :'und—only fit u n Ce rta i n iti e S
g [ Jwolvsy Q>J [ Jwoivay .
L [ ] Electron fakes LLl - [ Electron fakes t h a N ETm | S S
5 Hadron fakes E Hadron fakes
[ N.on-co\lision F— [ N-cm-collisinn S p € Ct rum.
* No excess

o o]
@ @
o @
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observed from
0
800 1000 800 1000
E} (GeV) E! (GeV) expected
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Monophoton: DM Interpretation

Spin 1 mediator limits

SUSY 18, Barcelona
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Monophoton: DM Interpretation

35.9 b (13 TeV) 35.9fb™ (13 TeV)

95

CMS Preliminary
Vector, Dirac, g, =025¢g
—— Observed =1
Ll 600 Axial Vector, Dirac, g_=0.25, g
- Theoretical uncertamty
—— Observed n__ = ‘I
= Madian oD - Theoretical uncertaint
68% expected i y
. —— Median expected p =1
—— Relic 95
68% expected

CMS Preliminary

DM

DM
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Monophoton: DM Interpretation

35.9 b (13 TeV) 35.9fb™ (13 TeV)

CMS Preﬁminary

CMS Preliminary Mmed < 950 GeV

Vector, Dirac, g,= 0.25, 9,

— Observed u__ =1 eXCI Uded

. 5 . Axial Vector, Dirac, g = 0.25, {
600 beoretical uncertaint 9,

M < 380 dian expected j__ — Observed u =1 EXCIUded
DM

expected . T e oY 500 Theoretical uncertainty
I d d . g E- —— Median expected n, =1
exciuae ‘ P2 68% expected
” |l M_ <260 GeV _
excluded

M, < 950 GeV
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Mono - Z(ll): Event Selection

Searching for single Z recoiling against E ™=

Dilepton p. > 60 GeV

Z boson requirement [m—m_| <15 GeV
Ad(p,", E;™) > 2.6

Ad(p,, E ) > 0.5

AR(Il) < 1.8

At most one jet , Veto b-tagged jets

Veto additional electrons or muons

Veto hadronically decaying tau

SUSY 18, Barcelona
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Mono - Z(ll): Main Backgrounds

« Main backgrounds are ZZ(212v)
WZ (3lv) estimated using
simultaneous fits to control and

signal region like monophoton 77 (212v)
mWZ(3lv)
B WWit

 Non resonant and Drell-Yan ® DY+mismeasured MET

backgrounds by data driven

techniques
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Mono - Z(ll): Results

Observed and expected yeilds

35.9fb" (13 TeV)

CMS ¢ Data
Y4
wz
Other bkg.
Nonresonant
Drell-Yan
— ZH(inv.)
DM, Vector coupling
" M =150 GeV, m__ =500 GeV
S med
» Bkg. unc.

o -
(S, B¢

500 600
p?ISS [GeV]

« Distribution of p_™ from ee + pp
combined

* No excess observed from expected

SUSY 18, Barcelona
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Mono - Z(ll): DM Interpretation

Spin 1 mediator limits

SUSY 18, Barcelona
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M, <250 GeV
excluded

0
0

Mono - Z(ll): DM Interpretation

/ =1 / =1
C M S cjeu()bsewed c M S ﬂmObser\/ed

Vector mediator, gq =026  |----- Theory Uncertainty

Axial-vector mediator, g =0.25(----- Theory Uncertainty
Expected g

Expected

Dirac DM, 9., = 1 Dirac DM, 9om = 1

----- Expected * 1 s.d.

----- Expected £ 1 s.d. €
Q.h" =20.12

Q.h? 2012

M, _, < 650 GeV

excluded
M, <165 GeV
excluded

M_ . <690 GeV
excluded

100 200 300 400 500 600 700 800 900 1000

m_.q [GeV]

100 200 300 400 500 600 700 800 900 1000

m,..q [GEV]
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Mono - Z(ll): DM Interpretation

Spin 0 mediator limits

« Spin-0 scalar and
pseudoscalar

« Minimal Flavor Violation :
mediator and quark
Interaction have Yukawa
structure

* Quark couplings

proportional to quark mass
SUSY 18, Barcelona
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Mono - Z(ll): DM Interpretation

Limits are evaluated for scalar and pseudo-scalar mediators

CMS

Gobs/ Gtheo

Scalar mediator, g,=1.0
Dirac DM, m,,,, = 1 GeV, gDM =1.0

--o-- Expected 95% CL
I Expected + 1 s.d.
[ ] Expected + 2 s.d.
—e— Observed 95% CL

SUSY 18, Barcelona

Gobs/ Gtheo

Pseudoscalar mediator, gq =1.0
Dirac DM, mgy=1 GeV, gDM =1.0

--o-- Expected 95% CL
I Expected + 1 s.d.
[ ] Expected + 2 s.d.
—e— Observed 95% CL

24



Mono - Z(ll): DM Interpretation

Limits are evaluated for scalar and pseudo-scalar mediators

CMS

Gobs/ctheo

Scalar mediator, g, = 1.0 Pseudoscalar mediator, g, = 1.0
Dirac DM, my,, = 1 GeV, Iom = 1.0 Dirac DM, my,,, = 1 GeV, om= 1.0

--o-- Expected 95% CL

I Expected + 1 s.d. I Expected + 1 s.d.
[ ] Expected + 2 s.d. [ ] Expected + 2 s.d.
—e— Observed 95% CL —e— Observed 95% CL
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Summary : Spin 1 mediators

CMS Preliminary ICHEP 2018 CMS Preliminary ICHEP 2018
2000 2000

1800 C Axial-vector mediator M

Dirag’ DM
1.0

1800 Vector mediator M
1600 : 12

Dirac DM :
1600 g =10 Fe Q. h* 2012

Mec = 2 X Mpy Mea = 2 X My

Q,hf>0.12

1400 1400

Exclusion at 95% CL Exclusion at 95% CL

1200 1200

= Observed — Observed

i
1000 = = = Expected
Dijet w/ btag (19.7 1)
£ [arXiv:1802.06149]]
800 ) Dijet (35.9fb™')
ATy d [arXiv:1806.00843]
: 600 = ' Boosted dijet (35.9 fb '
[arXiv:1710.00159] B J [arXiv:1710.00159]
4, _ DM + j/V(qq) (35.8 fb™) 0 ' DM + j/V(qq) (35.9 fb™)
[arXiv:1712.02345] u [arXiv:1712.02345]
400 ’ o F-’ET«; ”;é-_‘;%gjm 0 400 \ : DM+ 7y(3591f)
- 27 ' EXO-16-053
DM 4+ Z(ll) (35.8 fb™) : . {)M +2(In) (sé 9fb7)
arXiv:1711.00431 - (arXiv:1711.00431

'
1000 E ':' - = =+ Expected
A ! Dijet w/ btag (19.7 fb™")
v [arXiv:1802.06149]]
800 ' S Dijet (35.9fb'")
R |
' . [arXiv:1806.00843]
' ! Boosted dijet (35.9 o™
600 ' N

>
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Dark matter mass m,,, [GeV]

500 1000 1500 2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
Mediator mass M, [GeV] Mediator mass M __, [GeV]

Mono-X searches sensitive to on-shell region ~ DIJ€ts provide sensitivity to off-shell region
M _ >2xM Complementarity to Mono-X searches
me DM
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Collider to Direct Detection Limits

Limits from collider experiments can be recast to compare with direct
detection experiments

2 4 2
o.g;:ctor ~ 6.9X10_41cm2 gqg])M 1 TeV iu'n;(
0.25 M 1 GeV

med

) DM DM

Colliders R Detection

2 4 2

] o 2 £.8bm 1TeV n

o_;ii\)lal ~2.4%10* em? 8,8pm € Ky SM SM
0.25 M_., 1 GeV

W, = m mg,/(m_ +mg) is the DM-nucleon reduced mass

ArXiv:1603.04156
SUSY 18, Barcelona 7




Summary : Direct Detection Limits

PR CMS observed exclusion 90% CL P CMS ob: d lusion 90% CL
CMS Preliminary ICHEP 2018 Veotor med., Dirac DM; g =0.26, g, =10 CMS Preliminary ICHEP 2018 Axialvector med. Dirac DM: g = 0.25. 9 =10
C'\I_' 10‘35 T T T —rrTT I T L | (\I'_| T T T TTIT1rIr I T T T T TTrT l ¢
1= Boosted dijet (35.9 ib™) E a7 Boosted dijet (35.9 fb™)
O, 10% [arXiv:1710.00159] o, 10 (arXiv:1710.00159]
= c
%’ 107% —— Dijet(35.9 ) % _a3g Dijet (35.9 fb™")
| [arXiv:1806.00843] 5 10 [arXiv:1806.00843]
: -38 . - a2
Eg 10 DM + /V(qq) (35.9 1o b @0 a9 DM + j/V(qq) (35.9 o)
%) 1072 [arXiv:1712.02345] © 10 T [arxiv:1712.02345]
DM + v (35.9 fb™) DM + y (359 fb™)
10740 [EXO-16-053] 107 [EXO-16-053]
1074 DM + Z(1I) (35.9 fo™") oy DM + Z(1l) (35.9 f0™")
[arXiv:1711.00431] 10 [arXiv:1711.00431]
102 )
DD observed exclusion 90% CL ] 0_42 DDAD observed exclusion 90% CL
107 CRESST-II
[arXiv:1509.01515] P'??fg 1 01499
107 ______ CDMSlite a3 (arXiv:1611. ]
[arXiv:1508.02448] 10 PICO-60
10 PandaX4l [arXiv:1702.07666]
T [arXiv:1708.06917] -
Super-K (bb)
o LUX 1074 - [al:;:rstgs 0)4858]
10 T [arXiv:1608.07648] b (bﬁ)
lceCube
XENONAT —_—
104? i Lol ! Lol I sl [arXiv:1805.12562] 1045 1 yooa il 1 Lol 1 vl [arXiv:1612.05949]
1 10 10? 10° — coEX10 1 10 10° 10° IeeCube (1)
[arXiv:1802.09016] [arXiv:1601.00653]
Dark matter mass m,,, [GeV] Dark matter mass m ,, [GeV]

e Collider results sensitive to low DM masses

* More sensitive than Direct detection experiments for spin dependant mediators

SUSY 18, Barcelona




A detour from things non-hadronic

A new and exciting result from CMS !

SUSY 18, Barcelona
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A new and important analysis at CMS

Spin-0 mediator : coupling proportional to quark
mass - preferential coupling to top quark

Top pair + DM processes are investigated together
with a single top quark + DM ( studied for the first

time)

Single top/top pair + DM

SUSY 18, Barcelona

(c) t/T + DM, tW-channel

CMS PAS EXO-18-010
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Search focused on t + DM production

Dedicated signal regions (SR) with all hadronic
(AH) and single lepton (SL) selection to
Increase sensitivity further categorized into:

« Orthogonal #b jets (one or = 2 b tagged jets)

categories
« Also categorized into number of forward jets

Major SM backgrounds determined in

simultaneous fit to data in orthogonal control
regions (CR)

No excess from SM expectations

9

X
o
8
©
a
)
2
o .
EC
©
(=]

9

Data - Bkg Data / Bk
unc.

SUSY 18, Barcelona

35.9fb™ (13 TeV)

¢ Data Z(w) + jets
1e, 2 b tag, signal region tt . W(lv) + jets
t+X B, vH

B za) + jets I muttijet

Preliminary

¢ Data Z(w) + jets

oI, signal region, 1FJ tt B w) +jets
t+X B, vH
Bz + jets B multijet

t, tt+DM,

TrPredit T =100 Gev

Single
Lepton SR:
1 electron
2 b jets

All
Hadronic
SR:

O lepton
1 forward
jet

31



35.9fb" (13 TeV)

CMS
Preliminary

Scalar, Dirac, gx=gq=1, mx=1 GeV
Observed
Expected 95% CL (t+DM, tt+DM)
Bl t1s.d
t2s.d.
= Expected 95% CL (t+DM)
A Expected 95% CL (tt+DM)

450 500
m, (GeV)

35.9fb " (13 TeV)

CMS
Preliminary

Pseudoscalar, Dirac, gx=gq=1, mx=1 GeV
Observed
Expected 95% CL (t+DM, tt+DM)
B t1s.d
+2s.d.
= Expected 95% CL (t+DM)
o Expected 95% CL (tt+DM)

450 500
m, (GeV)

Scalar and pseudoscalar mediator masses below 290 and 300 GeV are excluded
The most stringent limits at the LHC for spin-0 mediator particles.

A factor of two improvement at high mediator masses on the limits when compared to previous
results : 'Search for dark matter particles produced in association with a top quark pair at

sgrt(s) = 13 TeV', (2018). arXiv:1807.06522
For details check out the linked PAS

SUSY 18, Barcelona
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Non -minimal scenario: mono-Higgs (yy) +DM

Diphoton mass and MET are the key variables

Split events into low(50-130 GeV) and high (> 130

. ; Baryonic
GeV) p,™** categories

arXiv:1806.04771

Fit the diphoton m distribution of the data in both

categories
« Estimate continuum background from an analytic

35.9 fb" (13 TeV)

CMS Preliminary + Data

4 DM+H(yy) -------=- Non-Res Background pdf
pT** > 130 GeV

I?ven}s/ [2 Ge\{]

function e
« Estimate resonant Higgs contribution to the fit from °  SIHiggs Contrbution
MC . —— Total Background pd
Results interpreted in term of two simplified models: ““ 1[
e Type 2 2HDM model i T
« Z' baryonic model

SUSY 18, Barcelona m,, [GeV]



CMS Preliminary 35.9 b (13 TeV) ] CMS Preliminary 35.9 b (13 TeV)

2'-2HDM, Z' — DM + h (yy) Baryonic Z', Z' — DM + h (yy)

Dirac DM, m =100 GeV, g, =0.8,g =1.0 . Dirac DM, g, =0.25,g = 1.0
Observed 95% CL Observed 95% CL
Expected 95% CL = = == Expected 95% CL

+1s.d.

600 800 1000 1200 1400 1600 1800 2000
M, [GeV] M, [GeV]

Exclude M., till ~ 900 GeV and Exclude M., till ~ 600 GeV and
M, till ~ 330 GeV M, till ~ 150 GeV

Combination with tau tau channel gives improved limits. For details See arXiv:1806.04771
SUSY 18, Barcelona 34



Summary

Extensive dark matter searches going on at LHC (in
CMS)

No DM observed yet, limits are more stringent

LHC searches provide complementarity to direct
detection searches

Much more LHC data to be analyzed
Stay tuned !!

SUSY 18, Barcelona
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Thanks for your attention!!

SUSY 18, Barcelona
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BACKUPS
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Total Integrated Luminosity (fb ')

30

20

10

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-07-23 04:09 UTC

2010, 7 TeV, 45.0 pb *
2011, 7 TeV, 6.1 fb "
2012, 8 TeV, 23.3 b '
2015, 13 TeV, 4.2 fb '
2016, 13 TeV, 40.8 fb !
- 2017, 13 TeV, 49.8 fb !
2018, 13 TeV, 31.0 b '

E 50_/
A ¢ A ¥

A A ¢ A
Date (UTC)
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monophoton

Signal region yield:
Wy+Zy=(1+f)Zy

c=T1| II

i LK=horiz.,vert.

K=eey,upy

'HN(QJ'),
j

Transfer factors from control to signal regions

Likelihood : From A.Albert ICHEP2018
SUSY 18, Barcelona
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R(Z()+y)

From Z(II) to Z(W)

E CMS Sﬁmufanon

—=— R(Z(ee)+y), Stat. Unc.

[ syst. Unc.
[ stat. + Syst. Unc.

200 300 400 500 600 700 800 900 1000
E! [GeV]

SRS ARl e
I CMS Simulation

—=— R(Z(up)+y), Stat. Unc. 1

B syst. Unc.
[T stat. + Syst. Unc

;‘_._..*_
N —-—

' —

1
200 300 400 500 600 700 800 900 1000
E' [GeV]

R(Wiev)+y)

R(W(uv)+y)

From W(Iv) to W(Iv)

13Tt.=.\fII

A L |
CMS S:muratrun
—=— R(W(ev)+y), Stat. Unc.

[ syst. Unc.
7] stat. + Syst. Unc.

L | ‘ ]
200 300 400 500 600 700 800 900 1000

Ef [GeV]
S S YL
F CMs Samuratron =

—=— R(W(uv)+y), Stat. Unc. 3

I syst. Unc.
[ stat. + Syst. Une

200 300 400 500 600 700 300 900 1000
E! [GeV]

Ratios : A.Albert ICHEP2018

SUSY 18, Barcelona
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Overall Zy / WYy ratio

18 Tev

LI L L B B

CMS Simulation

—=— f(Zy/Wr), Stat. Unc.

[:l Syst. Unc.

D Stat. + Syst. Unc.

\[\Il\l\llll‘]I\lllI‘IIIlWlI‘IIIl\I\l-&

f

11'

II|\IJlLIl\I\l"l||llIII‘III]JJl{III|\I\

R NN RS R NS RN S N

200 300 400 500 600 700 800 900 1000
EY [GeV]




Events / GeV

35.9 o (13 TeV)

WZ CR
Nonprompt
Wy

Events / GeV

g. unc.

400 500 600
Emulated |:|:'“ [GeV]

35.9 b (13TaV)

CMS

} Das

wilatien

ation = 1 s.d.

350 400 450 500 550

Emulated p™™* [GeV]

SUSY 18, Barcelona

Bkg. unc.

359" (13 TeV)
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Single t/tt +DM

| New

SUSY 18, Barcelona

single lepton
single-lepton trigger
1 lepton: isolated e,p

MET > 160 GeV

all hadronic
MET trigger

leptons veto: e,p

MET > 250 GeV
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