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What do we know about Dark Matter?

● Non-baryonic
● Has mass  
● Electrically neutral 
● Gravitational 

interactions
● Stable 

What is DM made of?
(particle origin)

No viable 
candidate in SM

➢ BSM  theories

Compelling scenario:  

WIMPs
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Collider Searches for WIMP Dark Matter
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 ET
miss+X searches 

DM produced together with a visible object 
e.g. γ, jet, Z-boson, W-boson, Higgs-boson

Mediator: vector/axial vector, 
scalar/pseudoscalar

DM pair goes through the 
detector without leaving signal

➢ “invisible”

DM

DM

SM

SM
mediator

Escape 
Detection 

X
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 ET
miss+X searches 

DM produced together with a visible object 
e.g. γ, jet, Z-boson, W-boson, Higgs-boson

Mediator: vector/axial vector, 
scalar/pseudoscalar

DM pair goes through the 
detector without leaving signal

➢ “invisible”

DM
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Missing transverse momentum inferred from 
momentum conservation 
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miss| = ET
miss
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ET
miss+jet(s)

Sensitive to a large number of models
SUSY, WIMP, ALPs, etc …. 

Final state signature
● up to four jets (one or more jets) 

with pT > 150 (100) GeV in ATLAS (CMS )
● large ET

miss  
ET

miss >200 (250)  GeV ATLAS (CMS)
● no e, μ ,γ 

Main Backgrounds : 
Z(νν)+jets,  W(ℓν)+jets, ttbar, single-top

N(leptons)

SR W+jets Z+jets

1 20

CMS-only CR: 
γ+jets
Z(νν)

Constrain with CR : 

mis-identified/out of acceptance

CMS : JHEP 11 (2021) 153
ATLAS: Phys. Rev. D 103, 112006 (2021)

N(b-jets)

0

1
ATLAS

only
ttbar

single-top

https://doi.org/10.1007/JHEP11(2021)153
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
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ET
miss+jet(s) Results 

● Discriminant: pT
miss

● ET
miss +jet and ET

miss+V results combined 

● Exclusion limits:
– Large extra dimensions (ADD),  H→ invis, Leptoquarks 
– WIMP

CMS : JHEP 11 (2021) 153

Excluded : mmed<1.95 TeV
Excluded : mmed<450 GeV 
mDM = 1 GeV

https://doi.org/10.1007/JHEP11(2021)153
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ET
miss+jet(s) Results 

● Discriminant pT
recoil: a proxy for the transverse 

momentum of the system which recoils against the 
hadronic activity in the event

● No significant deviations from SM predictions. 

● Exclusion limits: 
– Model-independent
– squark pair production, extra dimensions, scalar 

dark energy, ALPS, and H→ inv.
– WIMPs 

ATLAS: Phys. Rev. D103, 112006 (2021)

Excluded : mmed<2.1TeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
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Visibly decaying mediator searches

Visible

SM

SM

SM

SM
mediator

Mediator: vector/axial vector, 
scalar/pseudoscalar

Looking for a resonance, 
‘bump’, over smoothly falling 
background

Final States: 

● leptons (e, μ)
Dilepton CMS: JHEP 07 (2021) 208 
Dilepton ATLAS:Phys. Lett. B 796 (2019) 68

● quarks
Dijet CMS: JHEP 05 (2020) 033
Dijet ATLAS: JHEP 03 (2020) 145 
ttbar resonance - ATLAS: JHEP 10 (2020) 61  

https://doi.org/10.1007/JHEP07%282021%29208
https://doi.org/10.1016/j.physletb.2019.07.016
https://link.springer.com/article/10.1007/JHEP05(2020)033
https://link.springer.com/article/10.1007/JHEP03(2020)145
https://doi.org/10.1007/JHEP07%282021%29208
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Dijet searches

● Signal example:

● Sensitivity at low mass limited by trigger 
threshold

● No excess observed with respect to the 
SM background expectations. 

CMS: JHEP 05 (2020) 033

ATLAS: JHEP 03 (2020) 145

https://link.springer.com/article/10.1007/JHEP05(2020)033
https://link.springer.com/article/10.1007/JHEP03(2020)145
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 DM Summary Plots

s-channel spin-1 mediator summary plots gq=0.25, gl = 0, gχ= 1: 

ET
miss+X and resonance searches

ATL-PHYS-PUB-2022-036DM summary plots

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#DM_summary_plots
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Invisible Higgs Decays 

ATLAS JHEP 08 (2022) 104

Dominant Background: 
● Z(νν)+jets  
● W(ℓν)+jets
● Multijet 

Constrain with CR
● One-lepton: W+jets (ATLAS-only Z+jets)
● Two-lepton: Z+jets
● CMS-only, photon CR: Z+jets

Signal Characteristics
● a pair of jet from light-flavor quarks,
● large separation in η (∆ηjj),
● large mjj,
● no leptons or b-jets

CMS  Phys. Rev. D 105 (2022) 092007

Possible coupling of the Higgs to DM 
● Intepretation: Higgs Portal Models
● SM: BR(H→ inv) = 0.12% 

(H→ ZZ*→ 4ν)

VBF production: most sensitive
● large production  cross-section,
● distinctive topology

https://link.springer.com/article/10.1007/JHEP08(2022)104
https://doi.org/10.1103/PhysRevD.105.092007
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Invisible Higgs Decays 
CMS   Phys. Rev. D 105 (2022) 092007

ATLAS JHEP 08 (2022) 104

Observed and expected Limit on BRinv (mH=125GeV)

Observed Limit from the combination

 Limit to observe invisible decays of heavy scalar 
particles

https://doi.org/10.1103/PhysRevD.105.092007
https://link.springer.com/article/10.1007/JHEP08(2022)104
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Dark Higgs  ‘ATLAS: ATLAS-CONF-2022-029 

ATLAS  s → WW→ semileptonic (qqlν) 
ATLAS-CONF-2022-029 
● signal characteristics :  

1 lepton , high ET
miss

● Dominant Bagrounds : 
W+jets, ttbar →  CR 

● Categories to cover wide VV-pair momentum range
–  ʻmergedʼ - collimated,  1 large-R jet⩾
– ʻresolvedʼ -  2 small-R jets⩾

● Fit discriminant :  ms,min → approximate 
reconstructed s mass to take into account neutrino 

https://cds.cern.ch/record/2809721/files/ATLAS-CONF-2022-029.pdf
https://cds.cern.ch/record/2809721/files/ATLAS-CONF-2022-029.pdf
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Dark Higgs  ‘ATLAS: ATLAS-CONF-2022-029 

https://cds.cern.ch/record/2809721/files/ATLAS-CONF-2022-029.pdf
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Dark Higgs
CMS   s→WW(lνlν)
● Signal characteristics : 

opposite flavor, opposite 
charge leptons, high 
ET

miss

● Dominant Backgrounds:  
ttbar and WW (CR),  
non-prompt 
leptons(data-driven)

●  3-dimensional fit 
performed using ΔR, mll 
and mT

CMS: CMS-PAS-EXO-20-013 

https://cds.cern.ch/record/2776774
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Hidden dark sector 
● DM →  part of a larger hidden/dark 

sector 
● Dark sector particles :

–  do not couple directly to SM

● Instead interact with mediator→  “portal" 
interactions :
– vector portal – dark photons 
– Scalar portals  - dark Higgs
– Neutrino portal 
– Axion portal

portals 

●  U(1) extension of the SM 
●  Hidden gauge boson A′   → kinetic mixing (ε) with the SM photon
● the magnitude of ε affects production rate and lifetime
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Dark photons @ LHCb 
● Dark photons can be very light, produced as γ*
● Large fraction in forward region, very soft pT

● LHCb Single-arm forward spectrometer specially 
suited forsearches for low-mass μμ resonances : 
– acceptance at 2<η<5 
– advanced vertex reconstruction
– excellent momentum resolution and particle identification. 
– trigger capable of selecting very soft objects compared to 

other LHC experiments

In this talk : Search for dark photons decaying into a pair of 
muons at the  LHCb Phys. Rev. Lett. 124 (2020) 041801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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Dark Photons Search at LHCb

● Looking for a ‘bump’ over m(μ+μ-)
● Backgrounds prompt:

– Prompt γ*→ μ+μ-

– misidentified hadrons
– muons from heavy flavor decays

●  Backgrounds long-lived
– photon conversion
– heavy flavour decays
– doubly misidentified K0→π+π- 

 Phys. Rev. Lett. 124 (2020) 041801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801
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Dark Photons Search at LHCb

● 5.5 fb−1 of Run 2 LHCb data (13 
TeV)

● Parameter regions tested:
– Prompt search: mA′ 2mμ up to 70 

GeV/c2

– Displaced search: mA′  214 – 350 
MeV/c2

●  Will be able to cover mA′< 2mμ 
in upcoming Run 3.
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Conclusions and outlook 

● Growing DM search program at the LHC, with many 
interesting signatures covered by ATLAS and CMS and 
LHCb

● LHCb → great sensitivity to very popular BSM models, 
such as that of dark photons

● Run-3 era : 13.6 TeV collision data with hardware & 
software upgrades 



Bonus Material



09/30/22 Vulcano Workshop, Elba Italy 23

Invisible Higgs Decays 

CMS   Phys. Rev. D 105 (2022) 092007

● Two trigger strategies : 
– PT

miss  trigger (MTR) for 
pT

miss >250 GeV 
– PT

miss+jet property 
(VTR)
for 160 < pT

miss < 250 
GeV 
gain sensitivity by 
including low pT

miss 
events

https://doi.org/10.1103/PhysRevD.105.092007
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ET
miss+X signatures

ATLAS CMS

ET
miss+jets Phys. Rev. D 103, 112006 (2021) JHEP 11 (2021) 153

ET
miss+Z(ll)  Phys. Lett. B 829 (2022) 137066 Eur. Phys. J. C 81 (2021) 13

ET
miss+γ JHEP 02 (2021) 226

ET
miss+H H→ bb: JHEP 11 (2021) 209

H→ γγ: 
H→ bb, γγ, τ+τ−, W+W−, and 
ZZ:  JHEP 03 (2020) 025

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://link.springer.com/article/10.1007/JHEP11(2021)153
https://doi.org/10.1016/j.physletb.2022.137066
https://doi.org/10.1140/epjc/s10052-020-08739-5
https://doi.org/10.1007/JHEP02%282021%29226
https://doi.org/10.1007/JHEP11%282021%29209
https://link.springer.com/article/10.1007/JHEP03(2020)025
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Unconventional signatures- semi-visible jets

● Strongly interacting dark 
sector →  dark 
showers/dark QCD

● Dark quarks form bound 
dark hadron states

●  Unstable dark hadrons can 
decay to SM quarks, others 
traverse the detector D
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Fraction of stable dark 
hadrons in the jet

● QCD-like jets

● Emerging jets

● Semi-visible jets

● No jets→ ET
miss
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Semi-visible jets ATLAS: ATLAS-CONF-2022-038

● Mediator (Φ) acts as a portal
● Signature:

– at least two jets within  | | < 2.8𝜂

leading pT >150 GeV, sub-leading pT >30 GeV
–  Large ET

miss (>250 GeV)

● Two sensitive variables: 
– pT balance between closest (j1) and furthest 

jet (j2): 

– | φmax - φmin

● Main Backgrounds: Z+jets, W+jets, top-
processes, Multijets → CR

https://cds.cern.ch/record/2815284/


Dark Photons search at CMS and ATLAS

ATLAS 
● CONF-2021-004
● Eur.Phys.J. C 80(2020) 450
● PHYS-PUB-2020-007

CMS
● PAS EXO-20-014 NEW
● JHEP 03 (2021) 011
● Phys. Rev. Lett. 124 (2020) 131802

http://cdsweb.cern.ch/record/2758212
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7997-4.pdf
http://cdsweb.cern.ch/record/2714064/files/ATL-PHYS-PUB-2020-007.pdf
http://cdsweb.cern.ch/record/2767659/files/EXO-20-014-pas.pdf
https://link.springer.com/article/10.1007/JHEP03(2021)011
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131802
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The (p-p) experiments of the LHC
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