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Outline

• Production and detection of DM at the LHC 

• The LHC program  

• The “mono-X” method 

• Run-2 results 

• Results from “mono-X” searches from 2015-2016 dataset 

• Complementarity with other LHC and DD/ID searches

• Conclusion 
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How to look for Dark Matter
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The Large Hadron Collider 

 p-p collider at CERN 

 Run 1: 2010-2012,  20 fb-1 @ 7-8 TeV

 Run 2: 2015-2018, 100 fb-1 @ 13 TeV  

 Run 3: 2021-2023, 300 fb-1 @ 14 TeV

 Run 4:    2027+, 3,000 fb-1 @ 14+ TeV

 Run 2 in progress: spectacular performance in 2016! 

 Instantaneous luminosity 

 1.4 1034 cm-2s-1 !

 Recorded integrated luminosity

 3 fb-1 in 2015 

 36 fb-1 in 2016  

Design 
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The LHC detectors: ATLAS and CMS

Two multipurpuse detectors built to provide almost 4π coverage 
around interaction region 

 All SM particles (but ν) are recorded
 Instead DM particles do not interact  

CMS

ATLAS
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DM production and detection at the LHC

 The basic diagram

DM

DM

q

q̅

 Two major issues 
 DM doesn’t interact in the detector

 2 back-to-back invisible particles 

 Cannot trigger DM events

 1 billion interactions/sec

DM

DM
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The “mono-X” topology 

 Look for ISR events

 q radiates energetic X 

DM

DM

q

q̅

 Now we can see these events

 Conservation of E and p  ET
miss

 ET
miss: projection of pDM in xy plane

 Signature: Et
miss recoils against X 

 X = jet (from g), γ, W, Z

gluon

ET
miss

X=energetic jet
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One name, many processes

“Mono-X” is a misleading name: 

1) X may be radiated by the incoming quarks (ISR)
 X can be a gluon, photon, W or Z boson

 If qq̅ → χχ̅ happens, qq̅ → χχ̅ + (g/γ/W/Z) is 

guaranteed to happen

2) X may be more closely connected to DM production, e.g.:

Cross-section depends on the exact model
and the couplings

May be large even if qq̅ → χχ̅ is small

DM

DM

q

q̅

gluon

q

q̅

h
Z’ 

A

DM

DM

t
g

g t

DM

DM



9

Interpreting the results 

 Run1 approach: Effective Field Theory (EFT)

 Interactions described by contact operators (D1, C1, D9,…)

 Goodman et al., PRD 82 (2010) 116010

 Requires few free parameters 

 OK for very heavy mediator M (mM>TeV)

 M cannot be directly produced at LHC

 It may not be valid at typical LHC q2

 Run2 approach: Simplified Models

 Explicitly consider a specific mediator

 Require more free parameters  

 mM, ΓM , mχ, gq, gχ

 But we obtain more reliable limits 
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Mono-X results from the LHC 
“X” Expt. Run 1 (20 fb-1 @ 8 TeV) Run 2  (~2-13 fb-1 @ 13 TeV) 

>=jet
ATLAS EPJC 75 (2015) 299 (hep-ex 1502.01518) PRD 94, 032005 (2016) 

CMS EPJC 75 (2015) 235 (hep-ex 1408.3583) CMS-PAS-EXO-16-037

≥2 jets CMS Submitted to EPJC (hep-ex 1603.08914)

photon
ATLAS PRD 91(2015)012008 (hep-ex 1411.1559) JHEP 06 (2016) 059

CMS PLB 755 (2016) 102 (hep-ex 1410.8812) CMS-PAS-EXO-16-039

W (→ ℓν)
ATLAS JHEP 09 (2014) 037 (hep-ex 1407.7494

CMS PRD 91 (2015) 092005 (hep-ex 1408.2745)

Z (→ ℓℓ)
ATLAS PRD 90 (2014) 012004 (hep-ex 1404.0051)

CMS PRD 93 052011 (2016) (hep-ex 1511.09375)

W or Z (qq̅)
ATLAS PRL112 (2014) 041802 (hep-ex 1309.4017) (ATLAS-CONF-2015-080)

CMS CMS-PAS-EXO-12-055 (CMS-PAS-EXO-16-013)

H (→ bb)̅
ATLAS/

CMS
PRD 93 072007 (2016) (hep-ex 1510.06218)

arxiv-1609.04572/CMS PAS EXO-16-0 

H (→ γγ)
ATLAS/

CMS
PRL 115 (2015) 131801 (hep-ex 1506.01081)

ATLAS-CONF-2016-087 
CMS PAS EXO-16-011 

H (→ 4l) ATLAS ATLAS-CONF-2015-059

tt,̄t, bb CMS JHEP 06 (2015) 121 (hep-ex 1504.03198) CMS-PAS-EXO -16-040, -028, B2G-15-007

t/b jet ATLAS EPJC75 (2015) 92 (hep-ex 1410.4031) ATLAS-CONF-2016-077,-050,-056,-0.86
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Mono-jet analysis 

 First and highest sensitivity to generic WIMP-like DM 

 Selection

 Trigger: ET
miss >70 GeV 

 ET
miss >250 GeV recoiling against pT

lead jet  >250 GeV (at most 4 jets)

 ∆φ(jet, Emiss)>0.4 (to reject multi-jets with mis-reconstructed Et
miss)

 Lepton veto (to reject W(ℓν)+jets)  

 Exclusive signal regions defined in bins of Et
miss

 Results use simultaneous fit of all exclusive Et
miss bins

DM

DM

q

q

g

ET
miss

Jet

ATLAS PRD 94, 032005 (2016) 
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Mono-jet main backgrounds 

 Z (→νν̅) + jets

 Dominant and irreducible, measured in W(ℓν)+ jets

 Z(ℓℓ)+ jets and γ+jets used in similar analyses  

 W (→ℓν) + jets

 Reduced with ℓ veto, but ℓ can escape detection

 Measured in W(ℓν)+ jets control regions

ν

q

q

g

νZ

ν

q

q
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ℓW

ATLAS hep-ex 1604.07773

W(ℓν)+ jets CR 

ATLAS PRD 94, 032005 (2016) 
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Data-MC comparison in signal region 

 Observed 21.4 103 events in 3.2 fb-1

 Expected (21.7±0.9) 103 events from SM processes 

 No excess observed  set limit on DM

ATLAS PRD 94, 032005 (2016) 
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Interpretation in simplified model

Leptophobic Z’-like model 
 Spin-1 mediator, Axial Vector couplings  

 4 free parameters: 

 mχ, mA and couplings gχ and gq
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mA< 1 TeV
excluded Axial-Vector mediator

ATLAS PRD 94, 032005 (2016) 



15

E
v
e

n
ts

 /
 G

e
V

2-10

1-10

1

10

210

310

410

510
Data

nn ®Z 

n l®W 

WW/ZZ/WZ

Top Quark

+jetsg ll, ® gZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeV
med

Axial-vector, M

 (13 TeV)
-1

12.9 fb

CMS Preliminary

 [GeV]miss
T

E
200 400 600 800 1000 1200

D
a
ta

 /
 P

re
d

.

0.5

1

1.5
post-fit pre-fit

Mono-jet: CMS Run2 

 Jet in the final state could come g or Z/Wqq

 Similar signature

 ET
miss>200 GeV, pT

jet lead >100 GeV  

 ET
miss and pT

jet lead > 250 GeV (mono-W/Z)

 Separate jets from g vs. jets from W/Z

 Tuning of clustering algorithm

 mjet

 Jet substructure

 Background measured from W/Z/γ+jets

CMS CMS-PAS-EXO-16-037
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Mono-jet: CMS Run2 

Simplified models with fermionic DM coupling to vector or axial-vector mediator 

CMS CMS-PAS-EXO-16-037

Vector mediator Axial-Vector mediator
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Mono-jet: comparison with DD

 LHC limits dominate at low mDM

 SI: mDM<5 GeV ; SD: mDM<700 GeV 

CMS-PAS-EXO-16-037

Vector mediator A-V mediator
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Mono-photon

 Smaller x-section/backgrounds than mono-jet

 Probes γγχχcoupling  

 Selection 

 ET
miss >150 GeV

 pT
γ> 150 GeV 

 At most one jet 

 ∆φ(γ, Et
miss)>0.4 (reject multi-jets)

 Veto e /μ (rejects W+γ)

ATLAS JHEP06(2016)059 
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Mono-photon: ATLAS
ATLAS JHEP06(2016)059 

NB: cut-and-count analysis
Shapes not used for results
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Mono-photon results 
CMS-EXO-16-039
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Mono-Higgs (hbb)

 DM couples to Higgs in many models 

 For example through Z’ vector mediator 

 Selection 

 ET
miss>150 GeV, lepton veto 

 Hbb (BR~58%)
 If ET

miss<500 GeV: 2 distinct b jets 

 If ET
miss>500 GeV: merged b jets 

 Backgrounds: W/Z+jets and tt

arXiv:1609.04572

Leptophobic Z’ Model  

Z’/A
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DM + heavy quarks (b, bb, tt)

 Sensitive to scalar and pseudo-scalar interactions
 Yukawa-like couplings that depend on mass of quark

 Signature: ET
miss+b(b) 

 Interpretation within 

simplified models 

ATLAS-CONF-2016-077,-050,-056,-0.86; CMS-PAS-EXO-16-005 and -28
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Mono-jet and dijet complementarity

 Mono-jet effective for mMed< ~1 TeV but not at high mass

 Di-jet resonance searches provide complementary exclusions 
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ATLAS-CONF-2016-069, -030, -070CMS-PAS-EXO-16-30,arxiv:1611.03568

Dijets+ISRDijet
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Monojet vs. dijet searches 

Monojet
Excluded

Dijet
Excluded

A
llo

w
e
d

A
llo

w
e
d

D
ij
e
t 

IS
R

 E
x
cl

u
d
e
d



25

Summary and Conclusion 

 Mono-X searches are a powerful tool to look for DM at the LHC 

 Complementary to DD/ID 

 Well suited to measure DM properties: mass, couplings,… 

 Mono-X searches pioneered in Run1

 20 fb-1 @  8 TeV

 Many results 

 > 16 publications 

 Many lessons learned

 EFT vs simplified models

 Run2 (13 TeV) started 

 Higher energy & luminosity

 Sensitivity to higher mMed and mχ

 First Run2 analyses shown today (based on just ~2-15 fb-1)

 New results based on ~40 fb-1 will be unveiled at Moriond 2017 
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Additional (2015 mainly) slides 

The End 
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DM + single t (bW, Whadrons)
 DM is produced via mono-top production in FCNC 

 Signature: Et
miss + single top  

 ET
miss> 250 GeV

 Single top reconstructed as single jet
 tbW, Wqq

 Boosted t  single jet 

 Jet substructure used to tag top decay  

CMS-PAS-EXO-16-040

Model excluded for 
mV=300-1500 GeV
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Monojet vs. dijet searches 
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Dijet ATLAS 
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Present vs future 
hep-ex-1407.8257



31

How can we improve? 

 Reducing systematics is essential to gain sensitivity

 E.g.: better determination of backgrounds 
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Higgsinvisible (χχ) 

 If mHiggs > 2mχ H χχ is possible 

 Higgs produced in VBF and decaying to χχ

 Background (Zνν, Wlν) from data

 BR(Hinvisible) < 32% (Run1+2) 
 Limits can be translated into DM limits 

CMS-PAS-HIG-16-009 


