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The search for Dark Matter
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n Evidence of dark matter well established from astrophysical 
observations
n The exact nature of DM is still unknown

n LHC provides a prime laboratory for production of DM
n Can probe a wide range of DM/SM interaction types



+ Benchmark signatures for LHC DM searches
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n Typically look for ET
miss + X

n X = jet , g, W,  Z,  H,  tt,  bb,  t

n Use Simplified models to interpret results (arXiv : 1507.00966)
n DM particle is a Dirac fermion
n DM particles are pair-produced
n A new massive particle mediates the DM-SM interaction
n Minimal flavor violation
n Mediator has minimal decay width

n Minimal set of parameters
n MMED, MDM, gSM, gDM
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+ CMS 13 TeV Searches for Dark Matter
4

3/10/17Bhawna Gomber,  University of Wisconsin-Madison                    Dark Matter Searches at CMS



+
Mono-jet/jets/Hadronic W And Z
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n Search for large ET
miss and > high–pT jets, veto e, µ, t, g, b-jet

n Encompasses both monojet and mono-W/Z (decaying hadronically)
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+
Mono-jet/jets/Hadronic W And Z
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n Search for large ET
miss and > high–pT jets, 

veto e, µ, t, g, b-jet
n Encompasses both monojet and mono-

W/Z (decaying hadronically)

n After basic ID, separate into two 
categories for each
n Mono-V : “fat jets” ak8jets for highly 

boosted W/Z 
n ET

miss, pT
j1 > 250 GeV

n Jet sub-structure 
n Mass 65 – 105 GeV
n N-subjettiness (tN)  : Likelihood of 

originating from 2 jets variable
n t2/t1 < 0.6

n Mono-jet : remaining events with ET
miss >

200 GeV and  pT
j1 > 100 GeV

Bhawna Gomber,  University of Wisconsin-Madison                    Dark Matter Searches at CMS

Fat Jets

2 Jets



+
Mono-jet/jets/Hadronic W And Z
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n Background dominated by Z(vv)+jets and W(lv)+jets
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n Definition of multiple control regions (CRs) to constrain EWK 
backgrounds
n Dilepton (µµ/ee), Single-lepton(µ/e) and Photon + jets

n Bin-by-bin transfer factors (TF) used to derive event yields from 
control to signal region from data 
n Combined maximum-likelihood fit to SR and CR’s



+
Mono-jet/jets/Hadronic W And Z
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n Search for large ET
miss and > high–pT jets, veto e, µ, t, g, b-jet

n Encompasses both monojet and mono-W/Z (decaying hadronically)

n Background dominated by Z(vv)+jets and W(lv)+jets
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Mono-Jet Mono-V



+
Mono-jet/jets/Hadronic W And Z
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n No excess observed : set limits on cross section in simplified model

n Vector/Axial mediator mass up to 1.95 TeV excluded

n (Psuedo) scalar mediator mass up to (430) 100 GeV excluded
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+
Mono-jet/jets/Hadronic W And Z
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n BR (h(125) -> invisble) < 0.44 (0.56 expected)

n Results recast to limits on SI/SD DM-nucleon scattering cross sections

n Compare to direct detection experiment limits
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+
Mono-Photon
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n Look for events with ET
miss > 170 GeV and > 1 central photon with PT

> 175 GeV, veto e, µ

n Z(nn)g and W(ln)g estimated using MC with NNLO QCD (DYRES) + 
NLO EWK corrections, misID and non-collision backgrounds 
estimated from data 
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+
Mono-Photon
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n No excess observed, set limits on DM and ADD LED graviton
n Mediator mass up to 760 GeV excluded (vector/axial vector)
n Dim-7 EFT scale lambda up to 620 GeV excluded
n ADD LED MD > 2.44 to 2.60 TeV for n=3 to n=6 extra dimension
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+
Mono-Z (ll)
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n Require ET
miss > 100 GeV and ee/µµ with PT

ll > 60 GeV, ET
miss and PT

ll

balance, veto extra e, µ, t, b-jet, events with more than 1 jet

n ZZ/WZ background estimated from MC (with NNLO QCD and NLO 
EWK corrections), tt, W, WW, tW , Z ->tt background estimated from 
the eµ data.
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+
Mono-Z (ll)
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n No excess observed. Limits on cross section with 2D-scan of mDM vs
MMED for vector/axial mediators
n Mediator mass up to 400 GeV excluded

n BR (h(125)->invisible) < 0.86 (0.70 expected), included ggZh
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+
Mono-Top : Hadronic 
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n PT of jet and ET
miss > 250 GeV, top-tagged jet mass 110-210 GeV,  Jet sub-

structure 

n Flavor changing neutral current (FCNC) vector up to 1.5 TeV, charged 
scalar 0.9- 2.7 TeV excluded
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+
Mono-Higgs (bb, gg)
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n Higgs ->  bb  
n Largest BF (58%), but poor mass resolution (10 %)
n Resolved : 2 b-tagged jets, pT

bb/ET
miss >  150/170 GeV

n Boosted : 1 fat jet with subjets b-tagged, pT
bb/ET

miss >  200 GeV

n Higgs -> gg: 
n Small BF (~0.2%),  but mass resolution (1-2%)
n ET

miss > 105 GeV, pT
gg > 90 GeV, pT

g1(pT
g2)/ mgg > 0.5 (0.25)
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+
Mono-Higgs (bb, gg)

17

3/10/17

n No excess observed, set limits on Type-2 2HDM
n For MA=300 GeV, excluded Mz’=600 GeV to 1863 GeV 

with gz =0.8
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+
Summary of 
Mono-X 
searches
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n Fix gq = 0.25 and gDM =1 

n Reinterpret dijet searches with 
resolved and boosted jets
n Cover the off-shell region
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Conclusion
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n CMS searches for dark matter have been performed with various 
mono-X final states
n Results with 2016 data from mono-jet/photon/Z/top
n First results from mono-Higgs and mono-tt (hadronic)

n No sign of excess yet
n Provide limits on simplified models and EFTs
n Results were recast in terms of nucleon-DM scattering cross section

n Expect updated with the full 2016 data and combinations of different 
mono-X channels

Bhawna Gomber,  University of Wisconsin-Madison                    Dark Matter Searches at CMS



+
Backup

Bhawna Gomber, Dark Matter Searches at CMS

20

3/10/17



+
Electron Selection
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+
Muon Selection
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+
Photon Selection
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+
Mono-tt
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n Hadronic (semileptonic) channel with ET
miss > 200 (160) GeV

n Major background from ttbar events with one less hadronic top
n Apply resolved-hadronic-top tagger to the hadronic channel and categorize 

events based on the number of top tags, b-tagged jets, and Ap(jet, Et
miss), up to 

30% improvement

n No excess observed, limits on scalar/pseudoscalar mediators
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June 28, 2016

Mono-Photon : Main Backgrounds

Zγ → νν γ ,  Wγ → (ℓ)ν γ (ℓ not reconstructed)   ~ 80% of total background 

l estimated from simulations with NNLO QCD & NLO EW corrections 

l validated using data control samples:  Zγ → ℓ
+
ℓ

–
γ ,  Wγ → ℓν γ

W → eν with emisidentified as a photon

l measured in W → eν data, with data-driven e → γmis-ID rate

QCD multijet events with a jet misidentified as a photon

l measured in jet-enriched data, with data-driven jet → γmis-ID rate

Noncollision background (mostly beam halo)

Measured in data from a template fit to calorimeter timing profiles

9

Fake photons

Noncollision

25

Same Final State
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+
Non Collision Backgrounds

n Non-collision backgrounds are estimated using 
the ECAL timing information

n First we look at full timing distribution of photons
n Default supercluster reconstruction algorithm 

discards hits with |t|> 3 ns cut

n Full re-reconstruction of 2015 performed removing 
this constraint

Halo Template :  Mip total energy > 4.9 GeV

Spike Template : Full candidate selection and 
reverse the topological shower shape spike 
cleaning cuts

Prompt Template : W Candidates selection with 
pixel match and good shower shape

Beam Halo  : 13.41 +/- 6.27 events
Spike : 5.63 +/- 2.2 events

3/10/17
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+
Dim-7 operator
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+
Higgs Portal
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+
Method
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+
Mono-H (bbar)
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+
Simultaneous Fit
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+
Monojet : Pseudo-Scalar
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+
Monojet : Fit results
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+
Monojet : Uncertainties
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+
Monojet : Uncertainties
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+
Higgs Modes : CMS VBF
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+
Higgs Modes : CMS ZH
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+
CMS VBF + ZH limits
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+ Light Mediator Case
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n The most tricky case is that of light mediator

n First step : put in a mediating particle ( e.g s-channel Z’) and 
look at limits vs mz
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n EFT gives good/conservative 
results above a few hundred 
GeV (high M)
n Region I – EFT is good

n Region II – EFT underestimate

n Region III – EFT overestimate
Buchmeller, Dolan, McCabe, arXiv : 1308.6799


