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Searches for Dark Matter (DM) at the LHC

< Overwhelming evidence for DM

 [f new particle - DM & SM particles in thermal equilibrium in the past
N DM abundance determines annihilation cross section at freeze-out
W DM is at electroweak scale? — within LHC energy reach

V% LHC collides pp under well-controlled conditions

N SM particles can radiate other SM particles “X” (via ISR)
W Undetected DM — imbalance in transverse momentum

SM DM
Adopt simplified DM model with a “mediator” V E—
| — mediator coupling to quarks (DM Simplified
9, (o) pling to g (DM) Simplified

«m__ (m,,) — mass of mediator (DM) } 2
ATLAS & CMS: g.=0.25 (S=1), g.=1 (S=0), g,,,, =1 y it s
['=minimum width formula v

\ X
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LHC operation in run |l. Search strategy

CMS Integrated Luminosity, pp, Vs = 13 TeV

— 180
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.§. 1 SOTATLAS Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
- C Prelimi {s=13 TeV 180 .

%, 140 reliminary - LHC Dellvered 163 17 fb
3 Delivered: 158 fb’' 60 =1 CMS Recorded: 150.56 fb '

c 120} .LHC Delivered Recorded: 149 fb"
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W Both experiments collected ~150 fb-'. Most covered results
published in 2018 (~20 papers!) use fraction of Run Il

W SUSY provides natural DM candidates (talks on March 18)

Search strategy:

W Select events with “X” (= jet, y, Higgs, top, Z, W)
N Veto other activity (u,e,..)
N Measure missing transverse momentum (MET) — deviations?
~ Fix {g,, 9o} — exclude {m m,,,

MED’
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Jet and MET measurements

CMS: CMS (CMS-PAS-JME-16-004)
ATLAS: Eur. Phys. J. C 78 (2018) 903

12.9 fo'' (13 TeV, 2016)

% Mono+X searches rely on MET ~ #r=-)_ i

i€all 10°
“ MET > 150 GeV for typical searches
W Challenging pileup and non-collision background §
“ SM background: 2

N Z(vv)+j —irreducible (real MET) — MC with data on Z— |l |
W W(Iv)+j, tt — reducible (loss of leptons from W) — MC 10°

W QCD multi-jet, non-collision BG — data driven

ATLAS

W Required high-precision SM measurements

{s=13TeV, 36.1 fo'
Signal Region )
p(i1)>250 GeV, ET"**>250 GeV

Events / GeV

N Examples:

N jet+y — missing NNLO effects for Z(vv) (CMS)
N WH+jet control region also for Z(vv) (ATLAS)
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Preliminary

500

1000 1500 2000 2500 3000
ET*° [GeV]

®  Data 2015+2016
#4444« Standard Model
Bl Z— vv) +jets
B W= v) +jets
P Z(- ) +jets
B i - single top
I Diboson
multijets + ncb
w=n mib, %)) = (500, 495) GeV
(m_,. M__)= (400, 1000) GeV
ADD, n=4, M_=6400 GeV

Typical precision for SM description \

Data / SM

See Dilia Maria Portillo Quintero’s talk on MET 0s b
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http://cds.cern.ch/record/2205284
https://arxiv.org/abs/1802.08168

Mono-jet searches GMS: Phys. Rev. D37 (2018) 09200

, below 1.6 TeV (ATLAS) -1.8 TeV (CMS) excluded at 95%
for axial-vector or vector mediators
W Sensitivity to exclude pseudoscalar scenario at <0.4 TeV at CMS

N Some difference between experiments for exclusion limits
(CMS includes MET ~1.2-1.4 TeV)

2
Tri -
sd DM-p
9pm-p ™~ | 9q " Ypowm - 9
('n?'lned)

ISR g: high production rate
35.9 fb™ (13 TeV)

1200 e 10 & 136 [T Ay _
" CMS | | | | T 5 L Comparison
1000 | Vector med, Dirac DM, g,=025g =1 o ’g‘ s i Wlth dlreCt
: - = Median expected 95% CL : - D£ "g 10 ; P| C 0_6 O efeéflilgr?ts
goo[- T omemen 1 - P
—_— : —— Observed 95% CL = .| 2 "—é 1 0—40 » (model dependent)
% ——— Observed = theory ung._ i o8 > i
O, 600 ‘:leh2z012 g L
= @ —42 | —
0 b7 107 . St .
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& 400 10" O / _2(:?0(,3;-0"“1"5 ] Srga” m
—44 | : : =1 X
200 10770 amas wiavedoriediaor 3 comngred to
| Vs=13TeV, 36.1 o Hrac.Femmnion . )
B o,-0259-10 1 direct detection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005

ATLAS: JHEP 10 (2018) 180
Mono-V searches CMS: Phys. Rev. 597 (2)018) 09200

W.Z x N See Mono+Z(ll): Eur. Phys. J. C 78 (2018) 291, PLB 776 (2017) 318
N Present: Explore hadronic decays of W or Z bosons

W Large-R jets: 0.8 (CMS) or 1.0 (ATLAS)
N ATLAS used “resolved” topology with small R jets (low pT)
Scalar mediator (“Higgs strahlung”)? N Large R-jets required: Mass & substructure cuts

W N ~70% efficiency, ~ 5% misidentification
104l CMs . ]
mono-V - A:Tal-je:nTr.nm= zoTeV
— FT T Tt LI L — LA L B B L L B B IR .103 - Fivw j+jets p
% 7005 arras —— Observed 95% CL— Ewcmm
0] - y | Expected 95% CL - 2 inzez ]
= 600 Vs=13TeV, 36.1fb m— (+1p§% ﬁ et it 10 EEST;
E ~ Mono-W/Z(qq): Vector, Dirac - Relic densit . o
Excluded: o S A e ==t ] ~
Vector & axial-vector - - ER
I - //?;/ . 1
with mMED—O.65 TeV 300F- [ E 10
— similar to Z(ll) ook \ L e e
F 8 V. B 000 . I T e D T
.. . .. . ~ 100~ — Ll | 1 |
Limit on invisible Higgs: "t : B I e e

T BT B | I\\I I T T I 2
200 400 600 800 1000 1200 1400 52T

o

B(H— inv) =0.83

mz [GeV] 300 400 500 600 700 800 900 1000
p=s [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-23/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092005
https://arxiv.org/abs/1711.00431

CMS: JHEP 02 (2019) 074
Mono photon searches ATLAS: Eur. Phys. J. C 77 (2017) 393

;‘500:"'1"'|"'|" 3
© - ATLAS e
V+MET — clean O, 450F \s=13Tev, 36.1 fb" E
. g 400F- Axial-vector mediator =
signature and = Dirac DM E
complementary to IO 0028/g,-1.970 el
other channels 005 E
250 < r
008 5 AT =
_ 150 & 7 observed oo =
& T T T 1 T |$$|9 fb|1 (I13I Tue\\ul) 100 E_Q L gzserveg gis1gmce: I'.l _E
ok N\, z S |NE
— - CMS 50;_ -------- Relic density L o
C__ f,‘;"|,,l,,,l,‘,,,lE,,:Z-E.,,:
% 107 ¢ E . 200 400 600 800 1000 1200
E 10°%° ';— —;- Meq [GEV]
s - = Limits on m,,__ are 950 (1150) GeV for
~ | ~—40
o109 "E _ picasso E m =1 GeV
© - — Super-K(bb) ] X
107 PICO-60 \ =
= IceCube (tt) =
ol ~/ 1 “ Compared to the direct detection
- Axial vector, Dirac, g =0.25.g =1 1 experiments: stronger constraints for DM
10%E Observed 90% CL > - masses:
E ----- Median expected 90% CL E o
10—44 L Lo ! Lo L ‘|||3 ‘ <2 Gev (Spln Independent)
1 10 10° 10 :
mey[Gev] ¥ <200 GeV (spin dependent)
Arg{jnr‘]e J Searches for Dark Matter using MET+X 7

NATIONAL LABORATORY


https://arxiv.org/abs/1810.00196
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/

CMS:CMS-EXO-18-010
CMS:Phys. Rev. Lett. 122, 011803 (2019)

t(tt)+X from CMS

tt+X

t+X

q q

N |If DM respects minimal flavor violation,
spin-0 mediator would couple preferentially
K>< to heavy 3rd-generation quarks
$(a) ,

X x N Single and all-hadron decays of t (it)
w For M(x)=1 GeV, m, <300 GeV for
scalar and pseudoscalar excluded

+ diagrams with associated W New method called

Includes tt and single-top “resolved top tagger”

35.9fb" (13 TeV

—

35917 (13 TeV)

% : CMS EE bE 10 T T I TTTT | TTrrr l LI '| TTrrr I LI ] TTT [ T l TT [ H to identify hadronic
160 o= ]
9. % Scatar, Dirac, g1, g -1 g© o CMS g =g, =T, =1 GeV 4 decays of top quarks
g 1400, g e 8 ’ L3y =G =0 M= = f ﬁ'l'MET
[ -o-my=2m, g = or
120 — Observed 95% CL 2 Observed 95% OL E
F _ . a2 TE  ceeeens Median expected 95% CL (t+DM, tt+DM) =
[ " Median expected 95% CL 4 2 8 . 4
100— = = - 68% expected 6 - :: ::o Zt expectej ,_t
I~ Y expecia San H H
5 P Observed upper limits

1

80
60
40

20

50 100 150 200
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---a=- Median expected 95% CL (tt+DM)

See CMS publications for pseudoscalar case
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220 GeV, respectively


https://arxiv.org/abs/1901.01553
https://arxiv.org/abs/1807.06522

t(tt)+X from ATLAS

non-resonant top production

3 :||||||| T T T T |||||||||: E 102§|||\|||||||||||‘|||||||||||||||||||||||||
& - ATLAS — Theory ] o - ATLAS — Theory
< 102k {s =13 TeV, 36.1 b ---= 95% CL Exp. — = - ys=13TeV,36.1 fb" ---- 95% CL Exp.
= E — 959% CL Obs. 3 = gk , — 95% CL Obs. -
T I Non-resonant DM [ 95% CL Exp. Ho T F Resonant DM signal [ 95% CL Exp. +lo ]
a _”&=1GeV.a=0-5.9x=1 [195% CL Exp. 226 a - my=10GeV,A =02,y=04 959 CLExp. 226 ]
o 10? & 1 =
© = © E
1 resonant 4 o non-resonant 1
d 10_1_ = 10—22_ =
¢ 102 E 107 .
10—SIIIIII| ||| |||| \|III|II ||II|IIII_ 10—4_|||\|||||||||||‘||||||||||II|IIII|IIIIIII
1000 1200 1400 1600 1800 2000 2200 2400 2600 1000 1500 2000 2500 3000 3500 4000 4500 5000
5
my [GeV] m, [GeV]
- - L] 6‘ | T T T T T T |
W t+X: Non-resonant case excluded: g heoreqome oL ATLas

N <2TeV (mX =1 GeV, gX=1)
W t+X: Resonance case excluded:

W < 3 TeV for different values of couplings of
charged scalar to d-quarks

w tt+X: A scalar (pseudoscalar) m,,_. ~100 GeV
(20 GeV) excluded assuming m_ . =1 GeV

95% CL limit on &, /o, (9
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ATLAS: CERN-EP-2018-301
ATLAS: JHEP 06 (2018) 108

N Resonant and non-resonant production
N Lepton and hadron decays are explored

=aa Expected 95% CL

I Expected t16

[ ] Expected+2 ¢

N® Theory unc. on o,,(g=1.0)
Scalar

tt+0, & — xx

g=1.0,m=10 GeV

Vs=13TeV, 36.1fb"

o

102
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https://arxiv.org/abs/1812.09743
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-16/

ATLAS: ATLAS-CONF-2018-054

. ATLAS: ATLAS-CONF-2018-039
Mono Higgs (I) e CERVESS BTa
CMS: CERN-EP-2018-287

| e |

W Higgs boson decay to DM particles? H — invisible B <024 ATLAS Prelim.
. . . O, All limits at 90% CL V5= 7TeV, 4.7 '
N X+MET signatures + SM Higgs rates assumption 21040 fs -8 7oV, 203
: s=13TeV, 36.1fb"
N Run I-Il combinations: E s Higgs portals
. — Scal
N CMS: B (H— inv) < 0.19 (expect: 0.15) U S0 S B Formmion tamp
. - Other experiments
N ATLAS: B (H—> InV) < 0.26 (eXpeCt: 017) O " Cresst-lll
8 10° -« DarkSide50
7)) - LUX
© PandaX-Il
o 10746 == Xenon1T
; 05 oo Ll L
2HDM-+a Baryonic Z' simplified model 10° 10*
Mwmpe [GEV]

W ISR Higgs is Yukawa suppressed
(small coupling to u/d quarks),

N Mono-Higgs signal requires
BSM effective vertex

x|
|

X X
N 2HDM+a model is tested W “Baryonic Higgs” mixes
: : : . . . L. Carpenter et al., “Mono-H-
experimentally for the first time: with SM Higgs boson boson: A new collider probe of
N h(125) SM scalar W a vector mediator Z'is dark matter”, Phys.Rev.
i _ D89(2014) 075017
< a- pseudoscalar exchanged in the s-channel 89(2014) 0750
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http://cdsweb.cern.ch/record/2649407/files/ATLAS-CONF-2018-054.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/
https://arxiv.org/abs/1809.05937
https://arxiv.org/abs/1811.06562

Mono Higgs (ll)

2HDM+a:

ATLAS:ATLAS-CONF-2018-039
CMS: CERN-EP-2018-28

35.9fb~" (13 TeV)

CMS

N First experimental limits on 2HDM+a 2HDM.a,h +bb
sinfl =0.35, m, = 10GeV, my = my = my. = 600 GeV
W Limits using several scans in parameters 100 | ok dashec) Inee: boerved (apoticd) ik at 5% Ol
N Example for tan(p) exclusions ———»
£ st
Baryonic Z° boson: )
. 1
W Exclusion up to M=1.6 TeV for a m =1 GeV ' = M- 100GEY  mms - 150GeV
« mg=200GeV my = 250 GeV
, . my =300GeV  —— theory uncertainty
% 2HDM-Z’ excluded up to 2.3 TeVin m,, . e W
0.5 1 2 4 8 20 50
for m,=0.5 TeV an
PO I AL L A
%§ 10 ATLAS Preliminary ~ iesmsm X;ga;r'fcﬁséf;) K
%‘3} 85 VS=13TeV, 79.8fb" ___ FRtrack jets 1+2b /./E
= — (scaled) -
2HDM-Z’ model 3 g 6:— h(ob) + Emiss: Z'+2HDM simplified model Y/
§ - tanf=1, gz = 0.8, m, = 100 GeV, m, = 500 GeV ‘ /r:
% 4 /./,/’ -
A - new 28 80 fb oY -
pseudoscalar _ o'—f’T"‘T‘,—,T.‘T".‘T"FV, ]
Higgs boson ES 13‘ e
SHs TET — L L N
- 1000 1 5|00 20|OO 25|00 3000
mz [GGV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/
https://arxiv.org/abs/1811.06562

Mono Higgs (lll). Combinations CMS: EXO-18-011

bb, vy, T,
WW, 27

2HDM+2Z’:
% Combination of H+X using bb, yy, 171, WW, ZZ decays 7
W Limits using several scans in parameters
W tan() exclusions (see backup)

NOX

A'\
Ag

359fb" (13 TeV
|

£ 1 T T ] T i a6 359 fb™ (13 TeV) . o
L 10%E CMS Preliminary — combination —hib) _| NE 10 —r ———r CMS observed exclusion 90% CL
© E 7'-2HDM, Dirac DM W combinationsie  —h() 3 G 1077 9,=02549 =10
_ combination2 —h .
~  m,=300 GeV, m =100 GeV ° try) ’ § 10738 DM+h(bb+yy+tt+WW4+ZZ)
sl 9,=0.8,g =1, tanp=1 h(Z2) — h(Ww) | 5
10°E mA:n_ll_P:ﬁ_ll_l 3 2 107 DD observed exclusion 90% CL
— = _=
L Solid (dashed) lines: 4 @849 . CRESST-II
N o . ] [arXiv:1509.01515]
observed (expected) 95% CL limits " CDMSlite
02 - 10” _— !
10°E 3 [arXiv:1509.02448]
E 3 10742 PandaX-Il
C ] [arXiv:1708.06917]
107 LUX
105 = [arXiv:1608.07648]
3 107 XENON1T
. s : [arXiv:1805.12562]
- 10 CDEX-10
1k . 10748 [arXiv:1802.09016]
E E 10—47 1 1 1 |||||| 1 1 1 |||||| 1 1 1 |||\||
- - 1 2 345 10 20 30 100 200 1000 2000
1 —
107°E E m, (GeV)
10 ] Higher sensitivity than for direct-detection

500 600 1000 2000 Sf’ncz’F’[G:ﬁ]OO experiments for m(x)<5 GeV for the

chosen benchmark model parameters
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http://cds.cern.ch/record/2665233/files/EXO-18-011-pas.pdf

Summary plots

m,,., ~ 2.5 TeV exclusion reach

for direct mediator searches

1.6

m, [TeV]

afATEAS

1.2

Ullet TLA

1|III|III|

|

0.8

Vv

CMS Preliminary ICHEP 2018

T LI L ] | L LI, Y | T

[cm?]

1 0—37

10°% ‘\%‘

DM-proton

GSD

107k A

1074 ik

10—42 =

1 0—43

10% 1 2
1 10 1

0 10°
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0.6

0.4

0.2

Dijet (35.9 ™)
[arXiv:1806.00843]

DM + [/V(qq) (35.9 16
[arXiv:1712.02345]

DM+ v (3591b)
[EXO-16-053]

DM + 2(1l) (35.9 fo™")
[arXiv:1711.00431]

DDAD observed exclusion 90% CL

PICASSO
[arXiv:1611.01499]

PICO-60
[arXiv:1702.07666]
Super-K (bb)
[arXiv:1503.04858]
IceCube (bb)
[arXiv:1612.05949]
IceCube (tt)
[arXiv:1601.00653]

CERN-EP-2018-334
CMS: summary plots

== Dijet
Ys = 13 TeV, 37.0 1™
PRD 96, 052004 (2017}

— Dijet TLA

fs=13TeV, 29.31b"
PRL 121 (2018) 0818016

Dijet + ISR

{s = 13 TeV, 15.5b"
Preliminary ATLAS-COMNF-2016-070

= ttresonance

I‘QIIIIIIIIIIII

o Ys=13TeV, 36.1 fb™
’L/ EP{C ?8 (2018) 565
o B Dibjet

{s = 13 TeV, 36.1 fbo'
PRD 98 (2018) 032016
— =MISS | 2
Er-+jet
¥s =13 TeV, 36.1 fb”'
JHEP 1801 (2018) 126
miss

T ETHy
¥s =13 TeV, 36.1 fb'

Eur. F’.hy's J.C77(2017) 396
B e, zq)
¥s = 13 TeV, 36.1 fb'

PLB 778 (2017) 218

ET**+V(aq)

fs = 13 TeV, 36.1 fb™'

JHEP 10 (2018) 120

Mono-X searches

Mono-X searches are
complementary to direct
(indirect) detection
experiments

Note: model dependent comparisons
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https://arxiv.org/abs/1903.01400
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Conclusions

< Extensive DM search program in MET+X channels at the LHC
“ Refined studies with complex final state (jet, top, v, tt, W, Higgs, etc,)

% Constraints on simplified DM models:
W Mono-jet, y, Z, H, t exclude M, / mx masses in TeV / hundreds of GeV range

< LHC searches complement direct detection experiments:
W Strong (model-dependent) limits for low mass m,, (<10 GeV)

W Strong limits for spin-dependent DM-nucleon cross section
N Comprehensive searches for DM-SM mediators

 Stay tuned: Ongoing analysis using full Run 2 data ( x 4 statistics)
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Backup
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Mono-jet models

axial-vector couplings exchanged
S MR in the s-channel

W
>

(a)

S ; . & pair-production of
ax . .
. weakly interacting
" massive particles x
via a colored scalar
gqx .
2 = mediator n

(b)

Assumes first two generations of quarks

ArgOﬂﬂe J Searches for Dark Matter using MET+X
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Theoretical uncertainty for jet+X

TABLE Ill. Theoretical uncertainties considered in the V-jets and y + jets processes, and their ratios. The correlation between each

process and between the py bins are described.

Uncertainty source

Process (magnitude)

Correlation

Factorization and renormalization scales (QCD)
pr-shape dependence (QCD)
Process dependence (QCD)

Effects of unknown Sudakov logs (EW)

Missing NNLO effects (EW)

Effects of NLL Sudakov approx. (EW)

Unfactorized mixed QCD-EW corrections

PDF

Z—= w/W = v (0.1-0.5%)
Z — w/y + jets (0.2-0.5%)
Z— w/W = v (0.4-0.1%)
Z = w/y+ jets (0.1-0.2%)
Z - wiW - v (0.4-1.5%)
Z = w/y + jets (1.5-3.0%)
Z—= w/W = v (0-0.5%)
Z = w/y+ jets (0.1-1.5%)
Z — v (0.2-3.0%)

y + jets (0.1-1.0%)

W = v (0.4-4.5%)

Z — v (0.2-4.0%)

W = £v (0-1.0%)

y + jets (0.1-3.0%)

Z—= w/W = v (0.15-0.3%)

Z = w/y + jets (<0.1%)
Z—= w/W = v (0-0.3%)
Z — w/y + jets (0-0.6%)

Correlated between processes;
and in py

Correlated between processes;
and m py

Correlated between processes;
and in py

Correlated between processes;
and in pq

Uncorrelated between processes;
correlated in p

Uncorrelated between processes;
correlated in p

Correlated between processes;
and in py
Correlated between processes;
and in py
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Mono photons (I)

ATLAS: Eur. Phys. J. C 77 (2017) 393

500

LI B S S B B B )

LI R
ATLAS

=
q x S, 450F Y5213 Tev,36.1 fo E
= 4005_ Axial-vector mediator _f
C—  Dirac DM 3
350E g 025,091,970 A E
med 3002_ 3 _z
q X q 2222_ _;
Similar signature: ADD model with G 150E- & E
. 100 i_ ; Expected 95% CL * _i
W y+MET has the advantage of a clean signature sob” Expected : i E
g’:ﬁ:rd:;?% r?r?glcsl complementary with respect to the T T TR T Vo T
: Y : : Myneg [GEV]
N Unique possibility to probe DM models in which y ”
does not come from initial-state radiation = 10 ]
(dimension-7 EFT operator with direct couplings) g 10000 Yoy EFT raodel et ]
ATLAS Results: L — —
W Axial-vector and vector mediators with masses below ~ :  °%°F g
750-1200 GeV for x masses below 230-480 GeV @ ook 1
are excluded at 95% CL - 93 - i
N For EFT yyx model of dark-matter production, M* up 200~ B
B ]
to 0.8 TeV are excluded at 95% CL N e ———N
1 10 10° 10°
) ) ) ) . ) m, [GeV]
(M* suppression scale is effective mass scale of particles that are integrated out in an EFT) ’
Argonr‘]e 3 Searches for Dark Matter using MET+X 18
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/

Limits on g_from jets+X

m, [TeV]

16

14

1.2

0.8

o
D

=
5

IIIIIIIIIIIIIIIIIIIIIIIII\IIII

[
8
o
041 |2 pad
i [m]
- Vector mediator, Dirac DM
021~ g,=01,9=001,g =1
i All limits at 95% CL ]
L PR I SR R S I T SR S TR R S T SR T NS S S |
0 0.5 1 1.5 2 25 3 3.5
My, [TeV]
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