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Dark Matter Observation
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Universe’s Energy 
Budget

Dynamical 
selection?

New 
Dynamics, 
Definitely 

BSM

Cosmological observation

Dark matter properties: 
✤  Stable,  
✤  Gravitationally interacting,  
✤  Cold (non relativistic), 
✤  Dark (Does not interact with light) 



Dark Matter Interaction
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Direct Detection of WIMPs: principle

WIMP

WIMP • Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus is:

• q = momentum transfer

• µ = reduced mass (mN = nucleus mass; mΧ = WIMP mass)

• v = mean WIMP-velocity relative to the target

• θ = scattering angle in the center of mass system
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✤Probe SM – dark matter particle interactions up to the TeV 
scale 

✤Measure the properties of the dark matter particles (once 
detected)  

✤Develop methods to enhance the complementarity with 
direct and indirect dark matter searches 

Dark Matter Production at Colliders



Dark Matter Models
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Complete 
Theories

Contact interaction  
valid for Q2 much smaller than effective scale

Renormalisable theories  
information on dark matter particle and 
mediator 
LHC Run-2 DM searches harmonised

More Complex Models  
complex phenomenology (e.g. 
SUSY)

Com
pleteness

MSSM

LED

Simplified 
Models

EFT

Com
plexity
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Direct production
Missing transverse energy plus  

visible objects

C. Doglioni - 27/08/2018 - TeVPA 2018, Berlin

Looking for invisible particles at the LHC

Signature of invisible particles 
(like Dark Matter):  

missing transverse momentum (         )

!25

visible

1^2P
,

t
> Z X

P X
Invisible

CMS-PAS-JME-16-004

Good performance of 
missing transverse 

momentum crucial for 
DM searches 

e.g. reject fake   rrr    
Generally referred to as  

“Mono-X” searches

Zeynep Demiragli38

Direct Production Mediator Search Higgs Portal

Generally referred to as 
“Mono-X” searches

Mediator

jet/photon/W/Z

No DM in the final state! But 
instead searching for the 

mediator

Searches for deviations 
from the standard model 

expectation

Mediator

jet / photon

Traditionally a  bump hunt with 
very large background!  

(QCD -Multijet)

X

X

DM production through the 
Higgs portal! 

All Higgs production 
modes can be studied! 

Most sensitive channel is 
the VBF production

CMS & ATLAS Collaborations search for DM in many ways:

Dark matter (DM) searches at the LHC

Search for deviation from the  
Standard Model expectation
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Direct production
Missing transverse energy plus  

visible objects
Generally referred to as  

“Mono-X” searches

Zeynep Demiragli38

Direct Production Mediator Search Higgs Portal

Generally referred to as 
“Mono-X” searches

Mediator

jet/photon/W/Z

No DM in the final state! But 
instead searching for the 

mediator

Searches for deviations 
from the standard model 

expectation

Mediator

jet / photon

Traditionally a  bump hunt with 
very large background!  

(QCD -Multijet)

X

X

DM production through the 
Higgs portal! 

All Higgs production 
modes can be studied! 

Most sensitive channel is 
the VBF production

CMS & ATLAS Collaborations search for DM in many ways:

Dark matter (DM) searches at the LHC

Search for deviation from the 
Standard Model expectation

ATLAS mono-jet candidate



Mono-X / Missing Energy
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Mono-Jet  
& Xsec Ratio

Mono-
Photon

Mono-W/Z 
hadronic

Mono-Z(ll)

Heavy 
Quarks (t,b)
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q
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q
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�̄

directly, leading to a di↵erent phenomenology. For completeness, we exam-

ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the

mediating particle, labeled �, is a charged scalar color triplet and the SM parti-

cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,

these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark

Matter particles in association with tt̄ (or bb̄).
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Properties of the new Mediator

Model Type spin parity color

Simpli 1 +1, -1 neutral

Simpli 0 +1, -1 neutral

Simpli 0 +1 charged

Simpli Models with a Higgs boson

EFT Higher-dimension operators



Mono-jet/V(had) Search
Most powerful search at hadron colliders 

✤Main backgrounds: Z(𝜐𝜐) + jets - O(55-70%), W(lv)+jets O(35-20%) 

✤ Precision on the background estimate: 2-7%
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jet  
pT> 250 GeV 

|η|<2.4
μ/e veto

ETmiss > 250 GeV

more than 3 jets 
pT > 30 GeV

CMS: PRD 97 (2018) 092005
ATLAS : JHEP 01 (2018) 126
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Systematically limited

Statistically limited

CMS: PRD 97 (2018) 092005
ATLAS : JHEP 01 (2018) 126 Mono-jet/V(had) Search



Mono-jet Searches
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Mono-V(hadronic) Search

W/Z

Large-R jet 
pT > 200 GeV

ETmiss > 200 GeV

μ/e veto

Large-R jets for boosted W/Z hadronic decays 

✤ Sub-structure information for 
discrimination 

✤ Z(vv)/W(lv)+jets dominant background → 
normalised in CRs 

✤ main uncertainty: large-R jet modelling

JHEP 10 (2018) 180
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Figure 7: The observed (dots) and expected (histograms) distributions of missing transverse momentum, Emiss

T ,
obtained with 36.1 fb�1of data at

p
s = 13 TeV in the mono-Z 0 signal region with mZ0 = 90 GeV and the merged

event topology after the profile likelihood fit (with µ = 0), shown separately for the (a) 0b-HP, (b) 0b-LP, (c) 1b-HP,
(d) 1b-LP, and (e) 2b-tag event categories. The total background contribution before the fit to data is shown as a
dotted blue line. The hatched area represents the total background uncertainty. The expectations for the selected
dark-Higgs (dashed red line) and dark-fermion (dashed blue line) signal points are shown for comparison. The
inset at the bottom of each plot shows the ratio of the data to the total post-fit (dots) and pre-fit (dotted blue line)
background expectation.
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back-to-back topology with a W/Z boson recoiling against Emiss
T from weakly interacting particles such

as DM. The limits on �vis are given as a function of the Emiss
T variable in order to avoid any additional

model-dependent assumptions on the Emiss
T distribution. Hence, the Emiss

T bins in the zero-lepton region
are treated independently of each other in the statistical interpretation of the data. A reduced number of
bins is used for Emiss

T > 300 GeV to reduce the statistical uncertainty in the per-bin analysis. In all other
aspects, the approach is identical to the mono-W/Z analysis described above. The mono-W/Z vector-
mediator signal samples are used as a benchmark model to estimate the residual dependence of the �vis
limits on the kinematic properties of events within a given Emiss

T range and on the b-tagging multiplicity.
For this, a wide range of (mZ0,m�) model parameters that yield a sizeable contribution of at least 500
simulated events in a given Emiss

T range is considered. Corresponding variations of 15–50% (25–50%) in
the expected limits on �vis, W+DM (�vis, Z+DM) are found. The weakest �vis limit is quoted in a given range
of reconstructed Emiss

T in order to minimize the dependence on a benchmark model. The observed and
expected limits on �vis in each Emiss

T range are shown in Figure 10, with the numerical values summarized
in Tables 7 and 8. As a general trend, the limits on Z +DM production are somewhat stronger than those
on W + DM since the former contributes significantly to the 2b category that has the highest sensitivity
due to having the lowest SM background.
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Figure 10: Upper limits at 95% CL on the visible cross section �vis, W+DM (left) and �vis, Z+DM (right) in the six
Emiss

T regions, after all selection requirements, but inclusive in the b-tag multiplicity and the W/Z candidate mass
mj j/mJ . The observed limits (solid line) are consistent with the expectations under the SM-only hypothesis (dashed
line) within uncertainties (filled bands).

Table 7: The observed and expected exclusion limit at 95% CL on �vis for W + DM production for an integrated
luminosity of 36.1 fb�1 and

p
s = 13 TeV, together with the corresponding product of acceptance and e�ciency

(A ⇥ ") for di�erent regions of Emiss
T .

Emiss
T range Upper limit at 95% CL [fb]
[GeV] �obs

vis �exp
vis �1� +1� A ⇥ "

W+DM, W ! q0q
[150, 200] 750 650 470 910 20%
[200, 250] 185 163 117 226 20%
[250, 300] 43 50 36 69 30%
[300, 400] 41 36 26 50 45%
[400, 600] 9.7 12.6 9.1 17.6 55%
[600, 1500] 5.1 3.1 2.2 4.3 55%

28



Dark matter with b and t
✤ Favoured if couplings are Yukawa-like 
✤ Scalar or pseudo-scalar mediators
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7 Results
Overall, data are found to be in agreement with the expected SM background in the SRs. Up-
per limits at 95% confidence level (CL) are computed on the ratio between the measured and
theoretical cross sections µ, which is calculated with respect to the expected number of events
for a scalar or pseudoscalar mediator and either the t/t+DM or tt+DM production modes sep-
arately, or summed together, where the results are referred to here as t, tt+DM. The theoretical
cross sections for both signal models are obtained at LO. The limits are calculated using a mod-
ified frequentist approach with a test statistic based on the profile likelihood in the asymptotic
approximation and the CLs criterion [65–67]. We test different mediator mass scenarios with
mc = 1 GeV and gq = gc = 1 and the results are shown in Fig. 6 for scalar (left) and pseu-
doscalar (right) models. The expected limit for the t/t+DM signal alone is depicted by the blue
dash-dotted line, while the expected tt+DM limit alone is given by the red dash-dotted line.
The observed limit on the sum of both signals is represented by the black solid line, while its
expected value is shown by the black dashed line with the 68 and 95% CL uncertainty bands in
green and yellow, respectively.

For masses of the mediator particle below 200 GeV for the scalar model and below 300 GeV
for the pseudoscalar model, the leading contribution to the sensitivity of the analysis stems
from tt+DM. This behavior is mostly driven by the larger cross section for the tt+DM process
when compared to the sum of the production processes for t/t+DM. However, the t/t+DM
cross section drops less rapidly as a function of mediator particle mass in comparison to the
tt+DM mode. Additionally, the p

miss
T spectrum for a given mediator mass leans towards higher

values for the t/t+DM signal model when compared to the tt+DM model. These two features,
together with the analysis specifically designed for both DM production modes and the statis-
tical combination of the different SRs, lead up to a factor of two improvement at high mediator
masses on the limits when compared to previous results [16]. In particular, the �1 forward
jet category, which is specifically designed to enhance t/t+DM t channel events, improves the
final results up to 14%.
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Figure 6: The expected and observed 95% CL limits on the DM production cross sections,
relative to the theory predictions, shown for the scalar (left) and pseudoscalar (right) models.
The expected limit for the t/t+DM signal alone is depicted by the blue dash-dotted line, while
the tt+DM limit alone is given by the red dash-dotted line. The observed limit on the sum of
both signals is shown by the black solid line, while the expected value is shown by the black
dashed line with the 68 and 95% CL uncertainty bands in green and yellow, respectively. The
solid horizontal line corresponds to s/sth = 1.

Table 3 represents the final combined limits (SL + AH) for the t/t+DM and tt+DM processes
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CMS: PRL 122 (2019) 011803, JHEP 03 (2019) 141,
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Mono-h(bb) Search
Probe coupling of Higgs boson to mediator
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for larger 
MET

b-tagged 
small-R jets

b-tagged 
large-R jet

μ/e/𝜏 veto

150 GeV< ETmiss  < 500 GeV
ETmiss > 500 GeV

H H

Z’-2HDM

✤ m(jj) resonance or m(J)[~m(h),  
✤ top and Z+jets dominant backgrounds, 
✤ normalised in lepton control regions

ATLAS-CONF-2018-039
CMS: arXiv:1908.01713



Mono-h(𝛾𝛾) Search
Z’-2HDM

h→𝛾𝛾 low rate but clean signal

Z’B

𝛾𝛾

ETmiss > 90 GeV

H
✤ background from 𝛾𝛾  or V𝛾 
✤ large MET from pile-up jets 
✤ look for resonances in m(𝛾𝛾)
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ATLAS:  PRD 96 (2017) 112004 
CMS: arXiv:1908.01713



Mono-Z(ll)𝛾 Search

Massless dark photon
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ETɣ > 25 GeV

PTmiss > 110 GeV

 

signal extracted 
by fitting mT 
in bins of |η(γ)|

New signature 
arXiv:1908.02699

✤ Low-background signature 
✤ Main backgrounds: ZW+ZZ estimated 

through CRs



Mono-Leptoquark Search
✤ Leptoquark (c/s+μ) 
✤ pTmiss > 100 GeV, pT(μ/j) > 50/100 GeV 
✤ e/τ/b/Z vetoes 
✤ look for a peak in m(μ/j) distribution
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CMS: PLB 795 (2019) 76
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125 GeV Higgs Invisible Decays

Moriond Cosmology 2018       
March 17-24, 2018 Marta Felcini        

VBF
qqH

Z(W) H

ggH

Observed (expected) upper limit of 0.24 (018) 
on the Higgs invisible branching fraction 

Processes searched for 

March  2018

33

CMS PAS HIG-17-023Higgs Portal

all data combined mDM < mH / 2

ATLAS BR(H→inv) < 0.26 (0.17 exp)@95% CL
 CMS BR(H→inv) < 0.19 (0.15 exp)@95% CL

PLB 793 (2019) 499 
PRL 122 (2019) 231801 
PLB 793 (2019) 520

Most sensitive 
channel is  VBF 
production



Searches for the Mediators
No dark matter in the final state:  model dependent 
indirectly constrain 

Constraints on couplings (See exclusion plots)  

Traditional bump-hunting:  look for di-jet resonances
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} resonance

CMS-PAS-EXO-18-012

EXOT-2019-03



Constraints on Couplings
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JHEP 05 (2019) 142



Constraints on Couplings
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Interpretation 
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Exclusions directly depend on couplings and Dark Matter 

JHEP 05 (2019) 142



Interpretation 
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Exclusions directly depend on couplings and Dark Matter 



Comparison with Direct Detection
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Model dependent comparison  

Complementarity between LHC and direct detection experiments

JHEP 05 (2019) 142
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LHC Prospects

35Moriond Cosmology 2018       
March 17-24, 2018 Marta Felcini        

Discovery

arXiv:1712.04793JHEP 1501 (2015) 037

HILumiLHC Schedule

Discovery

150 fb-1 300 fb-1 3000 fb-1

13 TeV 14 TeV 14 TeV

Conclusion/Outlook
Much more to come from Run2 data.. … and then….


