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What is the 

Universe 
made of?



Understanding Matter





Understanding Matter



Understanding Matter



Motivation



Dark Matter



Bullet cluster



Bullet cluster







What do we know?

 unknown unknown

    known unknown

    known known



What are colliders good for?



Exploration machine

We can create 
new forms of 

matter, 
even if we have 
little or no idea 
of what we are 

looking for!



Interactions
Important caveat:
Requires some 
interaction with SM

SM

SM



Other experiments
Direct

(Xenon etc)
Indirect

(FermiLAT)

SMSM

SM

SM



Production
Heavier colored 

production...

...followed by cascade to 
WIMPs

SM

SM

Direct weak production...

..via intermediate heavy particle



Production
Heavier colored 

production...

...followed by cascade to 
WIMPs

SM

SM

Direct weak production...

..via intermediate heavy particle

Not 
discussed 

today



Invisible Higgs
If the Higgs boson decays to DM

Then these signatures can also 
probe DM at colliders



Outline

  I. Detector basics
 II. Mono-X
III. Invisible Higgs decays
IV. Prospects at future colliders





ATLAS



ATLAS



Data
Each event has data from >100M sensors



Event reconstruction
Tool kit of objects:
Photons

Charged leptons: e, μ, τ

Jets:  with or without b-tag
    with or without sub-structure

Invisible: missing transverse energy



Photon

EM splash

No hadronic splash

No track



Electron

EM splash

No hadronic splash

Track



Muon
Muon chamber hits

Little calorimeter activity

Track



Jets

EM splash

Hadronic splash

Many tracks



b-jets
Jets with

displaced vertices



Why jet substructure?

At high pT, objects
get boosted and become

closer together



Jet substructure



Missing Transverse Mom.

z

x
y

Initial state: pT=0
Final state: 

visible pT=(0,0) 
MET=(0,0)



Missing Transverse Mom.

z

x
y

Initial state: pT=0
Final state: 

visible pT=(-50,-50) 
MET=(50,50)



Missing Transverse Mom.

W → e+v
e: visible
v: invisible
 except for MET



Outline

  I. Detector basics
 II. Mono-X
III. Invisible Higgs decays
IV. Prospects at future colliders



mono-X searches

A. Mono-jet
B. Mono-photon
C. Mono-Z
D. Mono-W
E. Mono-H
F. Mono-everything 



The basic idea

Final state:
Two WIMPs

Detector signature
Nothing



The basic idea

Final state:
Two WIMPs+jet

Detector signature
Jet + MET



Mono-jet

q/g
Missing 

Momentum

43



Event display



Backgrounds

q

q ν

ν

Z

Final state:
jet + MET

Process:
Z → ν ν, with jet



Backgrounds

q

q l

ν

W

Final state:
jet + MET

Process:
W → l ν, with jet
        lost lepton



Backgrounds

q

q l

l

Z

Final state:
jet + MET

Process:
Z → ll, with jet
  two lost leptons



Backgrounds

How to estimate?

Idea: theory cross-section σ
        efficiency ε from MC
N = L x σ x ε

Problem: large theory uncertainties



Backgrounds

How to estimate?

Idea: Z → ν ν   from  Z → ll

Approach: 
(1) measure Z to ll  + jet
(2) scale by known branching ratios



Details
N[Z(vv)] = N[Z(ll)] x  BF[ Z(vv) ] / BF[ Z (ll)]



Details
N[Z(vv)] = N[Z(ll)] x  BF[ Z(vv) ] / BF[ Z (ll)]

        N[Z(ll)] =  N(ll) - N(bg) / ε



Details
N[Z(vv)] = N[Z(ll)] x  BF[ Z(vv) ] / BF[ Z (ll)]

        N[Z(ll)] =  N(ll) - N(bg) / ε

From simulation

CMS PAS EXO-12-048



Details
N[W(lost l)] = N[W(lv)] x  (1 - ε)

        N[W(lv)] =  [N(l+MET) - N(bg)] / ε

From simulation

CMS PAS EXO-12-048



Final Selection
Trigger:  MET > 120

or  jet pT>80, MET>105

Jet pT > 110
MET> 250,300,350,400,450,500,550

Second jet allowed if dPhi(j1,j2)<2.5
veto if 3+ jets
veto if any leptons with pt>10



Data 1604.07773



Analysis

Several nested counting experiments

CMS PAS EXO-12-048



Limits

Backgrounds Yield Limits



Backgrounds

Signal efficiency

Yield Limits

Cross-section Limits
+

Limits



Backgrounds

Signal efficiency

Theory prediction

Yield Limits

Cross-section Limits

Parameter (mass) limits

+

+

Limits



Statistics

If Nbg = X ± Y   then  Nsig < Z @ 95% CL

    ( Nsig is model-independent )

N = L x σth x εth

σth = N / L x εth

      ( σth is model-dependent )



Where do we get εth? 

Need a concrete model

Generate simulated events

Measure fraction which
  survive selection = εth



Models

What interaction does DM
 have with SM particles?

Since our collider uses q/g,
 we postulate an interaction
  

qqXX or ggXX

And try to be agnostic
 about what goes inside.



Effective Field Theory
If the interaction is mediated
 by something heavy, we
 don’t need to know the details.

Cut-off mass scale:
Λ  = M/√g1 g2

g1 g1
M



Limits on Λ

CMS PAS EXO-12-048



Effective Field Theory
The same model and parameter 
 Λ can be used to predict rates
 at different experiments



DM limits

CMS PAS EXO-12-048



Problems with EFTs

1307.2253
R = fraction of events where Q< Λ

Only valid if momentum transfer 
Q is less than mass cut-off scale



Simplified Models

q

q

X

X

V

Explicit model:
specify particles 
and masses.

Express results
as limits on σ
so no dependence
on coupling 
predictions.



Simplified Models

q

q

X

X
V

1604.07773



Mono-photon



The basic idea

Final state:
Two WIMPs+photon

Detector signature
photon + MET



Mono-photon

photon
Missing 

Momentum

72



Event display



CMS event



Backgrounds

q

q ν

ν

Z

Final state:
photon + MET

Process:
Z → ν ν, with phot.



Backgrounds

How to estimate?

Idea: Z → ν ν   from  Z → ll

Approach: 
(1) measure Z → ll  + photon
(2) scale by known branching ratios



Backgrounds

How to estimate?

Idea: Z to ν ν   from  Z to ll

Approach: 
(1) measure Z to ll  + photon
(2) scale by know branching ratios

Not enough 

events in

 ll+photon!



Background estimate

1 lepton
photon
MET

2 leptons
photon
MET

0 leptons
photon
MET

Signal Control Validation 

W→lv
Z→ll

Z→llW→lv
Z→vv



Backgrounds

How to estimate?

Idea: l+MET+gamma has more events
contributions from  Z → ll, W → lv

Approach: 
(1) Use MC to predict MET shape
(2) ATLAS: Normalize in l+MET+gamma sample
  to reduce uncertainties from theory predictions.



Selection

ATLAS
pTƔ > 150
MET > 150
<=1 jet with pt>30
lepton veto
Angular separation

CMS
pTƔ > 145
MET > 130
0 jets with pt>40
lepton veto
Angular separation

1209.4625 CMS PAS EXO-12-047



Data

1604.01306
CMS PAS EXO-12-047



ATLAS Limits

1604.01306

q

q

X

X
V



CMS Limits

CMS PAS EXO-12-047



Photons and DM

Famous peak
in FermiLAT
spectrum

at E=130 GeV

ɣ

ɣ



Can we see that?

Mostly LHC looks for this

But the same data can
tell us about this



MET

1307.5064

Critical
item

is spectrum
of MET



Results

k1 and k2
control relative

couplings to 
EW bosons

1307.5064



Mono-Z



The basic idea

Final state:
Two WIMPs+Z

Detector signature
Z(→ll) + MET



Mono-Z leptonic

electrons

Missing 
Momentum

90
(muons too)



Mono-Z event

91



Backgrounds

ν

ν
Z  

Final state:
Z + MET

Process:
ZZ → llνν

Others:
WZ,WW,tt
Wt,Z tt,WZ+jets

ν



e-mu method

1404.0051From A. Nelson



e-mu method

1404.0051From A. Nelson



Selection

1404.0051

two OSSF leptons, pt>20
mLL in 76-106 (near mZ)
dphi(MET, pTLL) > 2.5
                     < 0.5
veto jet, 3rd lepton
MET > 150,250,350,400



Data

1404.0051



Limits



Models

1209.0231



MET shapes



ZZxx limits



Simplified Model limits



Mono-W
W



Mono-W
W/Z → jets



The basic idea

Final state:
Two WIMPs+two jets

Detector signature
jj + MET

W/Z → jets



Mono-heavy jet

sub-jet

sub-jet

fat jet

W/Z
Missing 

Momentum

1309.4017 (PRL)

105



106



Backgrounds

q

q ν

ν

Z

Final state:
jets + MET

Process:
Z → ν ν, with jets



Backgrounds

How to estimate?

Idea: theory cross-section σ
        efficiency ε from MC
N = L x σ x ε

Problem: very large theory uncertainties



Background estimate

1 lepton
2 jets
MET

2 leptons
2 jets
MET

0 leptons
2 jets
MET

Signal Control Validation 

W→lv
Z→ll

Z→llW→lv
Z→vv



Selection

1 fat jet with pT>250
Mjj in 50-120
√y>0.4
MET > 350,500
<= 1 narrow jet pt>40
veto leptons
angular separation cuts



Jet mass

sub-jet

sub-jet

Verify we can see W→jj when we know it is there!



Data



Data



Collider power

u,d,g

u,d,g

Unique possibility

to probe up-type, down-type and gluon couplings



DM limits

115



Reinterpret

116

W

W

1403.6734



Collider->Indirect

117



Mono-W
W →lv



The basic idea

Final state:
Two WIMPs+lepton

Detector signature
lepton + MET

W →lv



Mono-lepton

W
Missing 

Momentum

120

electron

(muons too)



Event

121



Backgrounds

q

q l

ν

W

Final state:
lepton + MET

Process:
W → l ν



Data



ATLAS Limits

1407.7494



CMS Limits

CMS PAS EXO-13-004



Mono-Higgs

126



Models: EFT

Scalar wimp

Fermion wimp

127



Other EFTs

Scalar wimp

Fermion wimp

Allow ZhXX-like vertices

128



Simplified models: vector

with and
without 

Z-Z’ mixing

129



Simplified models: scalar

Box implemented as
effective vertex in madgraph

130



Vertices

Off-shell s-channel Higgs

di-Higgs 4-point vertex

(1) h->XX limited by invisible Higgs for mx<mh/2
(2)For large coupling, h->XX grows, suppresses SM H decays!131



H->bb

132

1510.06218



Limits

133

1510.06218



H->gamma gamma

134
1506.01081



Also

135

Mono-ttbar:
https://cds.cern.ch/record/1697173?ln=en

Mono-top
https://cds.cern.ch/record/1668115?ln=en



Combination

1302.3619



Combination

D5, WIMP mass of 10 GeV

1302.3619



Outline

  I. Detector basics
 II. Mono-X
III. Invisible Higgs decays
IV. Prospects at future colliders



Invisible Higgs
If the Higgs boson decays to DM

Look for V+MET, qq+MET, tt+MET



Rates



Z+MET

X

X

Final state:
Two WIMPs+Z

Detector signature
Z(→ll) + MET



Zh, h invisible

electrons

Missing 
Momentum

142



Data

143

1504.04324



Limits

144

1504.04324



Vector Boson Fusion

145

X

X
Final state:
Two WIMPs+qq

Detector signature
Forward jets + MET



VBF Higgs invisible

jet

jet

Missing 
Momentum

146



VBF Higgs event (h->gg)

147



Backgrounds

q

q ν

ν

Z

Final state:
jets + MET

Process:
Z → ν ν, with jets



Background estimate

2 lepton
2 jets
MET

0 leptons
2 jets
MET

Signal Control 

Z→llZ→vv



Yields

150



Data

1511508.07869



Limits

1521508.07869



Outline

  I. Detector basics
 II. Mono-X
III. Invisible Higgs decays
IV. Prospects at future colliders



Facilities

1307.5327



MET cuts

1307.5327



Limits

1307.5327



Invisible Higgs

ATLAS

CMS

1310.8361



Invisible Higgs

1310.8361



Fin


