
DARK MATTER SEARCHES 
IN CMS



 DM Models & Signatures in CMS searches

 Analyzing CMS data

 MonoJet, MonoLepton, MonoPhoton, MonoTop, Top pairs, Higgs portal

 Perspectives for LHC Run 2

OUTLINE
2



DM models in CMS searches

 Most of the CMS DM searches use Effective Field Theories :

⇒ MonoJet, MonoLepton, MonoPhoton, Top pair
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L =
MV

gcgq

 Validity : MV > Qtr = invariant mass of input partons / output DM

 Search parameters : cut-off scale L ; DM mass mc

 Operators : scalar  pseudo-scalar g5 vector gm axial-vector gmg5

⟹ probe spin-independent/dependent interactions

 Translate to elastic DM-Nucleon cross section: 
m = reduced mass of the (c, N) system

see doi:10.1007/JHEP12(2010)048

s cN® cN( )µ
m2

L4

Perturbative
⟹ gc,q < 4p



Signatures
4

 DM weakly interacting ⇒ no detection 
⇒ large transverse momentum imbalance (MET)

 Need particular topologies to tag the event (trigger+signal extraction)

q̄

q

DM

DM

ISR jet/photon Recoiling W Single top

Associated production 
with Top pair SM Higgs production



The CMS detectorECAL

HCAL

TRACKER

MUON DETECTOR 5



Event reconstruction : tracks, e, m, g

Track reconstruction
 momentum measurement, charged particle id, interaction vertices
 seed in pixels ⇒ helix extrapolation (B + interaction in material)

 associate 1 hit per layer ⇒ c2 fit ⇒ track quality

Muon reconstruction

 Hits in a chamber ⇒ fit⇒ segment ⇒ fit segments ⇒ standalone m
 Extrapolate to tracker ⇒ match an existing track ⇒ Global fit
 ID : ≥1 hit PIX, ≥6 hits TRK, ≥2 m layers, dxy<0.2mm, dz<5mm, |h|<2.4

Electron reconstruction

 Energy deposits in crystals are ‘super-clustered’ (brem+conv)
 The super-cluster is then matched to a track
 ID : SC shape, matching track-SC, ≤1 missing hit PIX, dxy<0.2(0.5)mm in EB(EE), H/E
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Photon reconstruction

 SuperCluster in ECAL not matched to a track
 ID : single tower H/E, SC shape, charged/neutral had & photon isolation



The Particle Flow algorithm

HCAL

Deposit

ECAL 

deposit

Charged hadron

Photon

Muon

Neutral hadron

Reconstructs individual particles

- tracker : excellent resolution, esp. at low momentum
- ECAL   : excellent resolution, esp. at high energy + position measurement
- HCAL   : hadron identification and position
- muon detector : excellent resolution, esp. at high momentum
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 Build input elements

- clusters of ECAL crystals 

- clusters of HCAL towers

- tracks in the tracker

- standalone muons

 Match elements by pairs 

⇒ geometrical compatibility



PF Jets, MET, Isolation 8

 Jet reco : PF particles ⟹anti-kT

+ PU h±,0 + energy corrections (detector effects)

 Jet ID : charged/neutral em/had components

+ PU ID : BDT(components pT, position, multiplicities, PV)

65%

JET

25%

10%

pT
M = - pT

i

PFparticles i

å

CHARGED        +       NEUTRAL      - NEUTRAL PU

 th : reconstructs hadronic tau decay modes

 b : Likelihood(tracks impact parameters, 2nd vertices )

 Isolation : process all PF particles btw 2 cones

 MET : 



MonoJet : event selection 9

 Jet pT>110           |h|<2.4
 pT fractions :   ch. had. ≥ 20%    neutr. had. ≤ 70%    photons ≤ 70%
 Accept 2nd jet ( pT>30  |h|<4.5    DfJ1J2 <2.5 )    
 Veto 3rd jet (pT, h)

 MET ≡ MET without m
 7 MET Regions : MET > {250, 300, 350, 400, 450, 500, 550} GeV

Lepton veto : 
 e/m(pT>10    Riso<0.2)
 t(pT>20    |h|<2.3)

Kill QCD, ttbar

Kill V, VV, top

Ref : CMS-PAS-EXO-12-048



MonoJet : signal extraction 10
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MonoJet : results 11
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MonoJet : mediator mass scan 12
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MonoLepton 13

 Advantages : clean leptonic signature 
⟹less background @ LHC
⟹easier to trigger than mono-jet/photon

 Interferences ⟹sensitive to different couplings for 
Up/Down type quarks
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MonoLepton : event selection 14

 m : ID  Riso<0.1  pT>45  dpT<30%
 Veto 2nd m (pT>25) 

⟹kill cosmics & DY

 e : ID  Aiso<5 GeV & ET>100  IsoCalo<3%

 Veto 2nd e (pT>35)          ⟹kill DY

 Back-to-back lepton and MET
 0.4 < pT(l) / MET < 1.5
 Df > 2.5

Ref : CMS-PAS-EXO-13-004



MonoLepton : signal extraction 15
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MonoLepton : results (e+m) 16
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MonoPhoton : event selection 17

Photon
 ET > 145 GeV                  |h|<1.44 (purity)  
 ID : H/E < 0.05            ECAL cluster shape
 Anomalous signals removal, timing cut (BX±3ns)
 PF isolation : surrounding h±,0 and photons
 Fake photons from electrons removed

 MET > 140
 Df(MET, g) > 2.0
 “MET ID” : c2 fit using unclustered energy 

⟹remove fake MET

Lepton veto : 
 ≥1 isolated lepton
 Riso < 0.2 (e) / 0.1 (m)

Kill W(ln)+g

Kill g+jet

Ref : CMS-PAS-EXO-12-047



MonoPhoton : signal extraction 18
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MonoPhoton : results 19
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Top Pairs & MonoTop 20

 Heavy quarks enhance sensitivity to scalar interactions

 Two possible final states : 

 Signatures: 
 1. Large MET + 2 leptons + ≥2 Jets @low pT
 2. Large MET + 1 lepton  +  3 Jets + 

Lint =
mq

L3
qqcc

 Top pairs

 MonoTop

 Probe couplings that favor heavy quarks

 FCNC diagrams with new particle in the final state

 Search for scalar & vector DM particle

 Signature : t  bW(qq)  1 b-jet + 2 jets     + MET

tt®bb+ ll / ljj



Top Pairs dileptonic 21

 Leptons : Riso<0.12(m) 0.1(e)  pT>20  |h|<2.4(m) 2.5(e)

 Leptons : mL1L2>20   mll = mZ±15 GeV   scalar pT sum > 120   Df<2

 Jets    : ≥2 Jets   pT>30            |h|<5            loose ID

 Jets : scalar pT sum < 400

 MET > 320

 Irreducible bkg = MC x SF from data
⟹tt, t, DY, VV

Fit (S,B) to data

FakeData
NL = Data1 Lepton passes Tight ID

1 Lepton fails Tight but passes Loose ´
eData
Nloose L passes tight ID

1-eData
Nloose L passes tight ID

 (G
e

V
)

T m
iss

E
0

1
0
0

2
0
0

3
0
0

4
0
0

Events / 40 GeV

-3
1
0

-1
1
0 1
0 3

1
0

5
1
0

7
1
0

D
a

ta

ttD
re

ll-Y
a

n

D
i-b

o
s
o

n
S

in
g

le
 to

p

S
in

g
le

 M
is

-ID
 le

p
to

n

D
o

u
b

le
 M

is
-ID

 le
p

to
n

s
 =

 1
0
0

 G
e
V

c
M

 =
 6

0
0

 G
e
V

c
M

-1
 =

 8
 T

e
V

, L
 =

 1
9

.7
 fb

s

C
M

S
 P

re
lim

in
a
ry

 (G
e

V
)

T m
iss

E
0

1
0
0

2
0
0

3
0
0

4
0
0

Data/Bkg

0

0
.5 1

1
.5 2

Ref : CMS-PAS-B2G-13-004

 Fakes : 1 or 2 mis-ID lepton(s)



Top Pairs semileptonic 22

 1 Lepton :   Riso<0.12(m) 0.1(e)    pT>30      |h|<2.1(m) 2.5(e)

 Jets     :   ≥3 Jets   pT>30      |h|<4    loose ID    ≥1 b-jet

 Jets/MET :   Df(Jet1+Jet2 , MET) > 1.2

 MET>320 GeV     mT>160 GeV      mT2
W (W decay kinematics)>200 GeV
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MonoTop : event selection
24

 3 jets      : pT>60,60,40 GeV   m3J<250 GeV  1 b-jet   |h|<2.4

 4th jet veto : pT > 35 GeV

 Lepton veto : pT>10(m) 20(e)   |h|<2.4(2.5) m(e) ; Riso ≤ 2

 MET > 350
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Higgs portal : VBF H(inv) 26
V

B
F
 H

(i
n
v)

 2 leading jets   pT>50   |h|<4.7   h1h2<0    Dh>4    m>1100

 Central Jet Veto (hj1 < hj < hj2)    Dfjj<1     ⟹kill QCD

 Veto events with ≥1 lepton (ID & pT>10)       ⟹kill W, Z

 MET > 130 GeV

 Optimize cuts ⟹likelihood based on signal significance

Z(nn ) = Z(mm)Data

Ctrl -BkgMC
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ë
ù
û´
BR(Z®nn )
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´

eZ MC

Sgn

eZ MC

Ctrl
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WMC

Ctrl

QCD =
NData

Sgn (pass MET, fail CJV)´NData

Sgn (fail MET, pass CJV)

NData

Sgn (fail MET, fail CJV)
 , NData - = EWKMC

Single-bin counting experiment

Ref : CMS-HIG-13-030
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Higgs portal : Z(bb) H(inv) 27

 Categories : 3 MET regions  [100, 130]  [130, 170]  [170, ∞]

 Topology : pT,J1(J2)>60(30)  pT,JJ>130  Df(Z,H)>2.0  boosted H

 b tagging                               ⟹kill V+Jets, VV

 Lepton veto (pT>15)                     ⟹kill WZ, ttbar

 Third jet veto (low-MET)

 Fake MET veto: Df(MET, J)>0.7  Df(MET, MET±)<0.5  ⟹kill QCD

Fit BDT(topology) for Sgn and Bkg on Data

 All backgrounds : MC + scale factors from Data
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Higgs portal : Z(ll) H(inv) 28

 Categories :     0-jet     1-jet

 Lepton pair  e+e-/m+m- pT>20       m = mZ ± 15 GeV

 Third lepton veto (pT>10)     ⟹kill W, Z

 Jet veto: N(jet pT>30) ≥ 2    ⟹kill Z(ll)+jets (fake MET)

 b jet veto:  pT(m)>7   OR    pT(b-jet)>20     ⟹kill top

 MET>120  Dfll>2.7  |MET – pT
ll| / pT

ll < 0.25   ⟹kill Z(ll) t

⟹Max likelihood fit 2D : (mT , Dfll)

Z(ll) = gData

Sgn -BkgMC
Sgné

ë
ù
û´wkinematics pT

Z( )´wPU
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 CMS covers a broad panel of final states and scenarios

 Upper limits on production x-sections between 10-1 -10-2 pb 
 Upper limits on c-nucleon interaction x-sections between 10-38 -10-42 cm2

 Collider limits are the only limits available below Mc < O( 1 GeV ) !!
 Cross-check direct detection experiments at higher masses.
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Perspectives for LHC Run 2 31

 Running conditions : 13 TeV, 25 ns, <PU> = 40  ⟹expect rate x4

 Optimise X+MET triggers to cope with such conditions

 Refine background estimations and reduce associated uncertainties

 Physics models : EFT validity is an important limitation
⟹switch to simplified models with extra search parameters
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DM models in CMS searches
33

 MonoTop : 

- explicit interaction lagrangian

- FCNC diagrams

 Higgs portal : 

- SM Higgs production

- search for invisible decays

- DM-nuclei interaction = 
exchange of Higgs bosons



Particle Flow reconstruction

 Build input elements

- clusters of ECAL crystals / HCAL towers (topological algorithm)

- tracks in the tracker

- standalone muons

 Match elements by pairs (geometrical compatibility)

- 2 photons : ECAL clusters, no tracks

- 2 charged hadrons :   h+ and h-

34
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Monojet : uncertainties
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Monophoton
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Higgs portal
Z(bb)H(inv) cuts
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Higgs portal

VBF syst

Z(bb)H(inv) syst
Z(ll)H(inv) syst
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