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Caveat 
Stolen most of my slides from Kerstin Perez, Zhili
Weng and others.

KC
M

S 
 L

ec
tu

re
CH

AN
G

-S
EO

N
G

 M
O

O
N

 (K
N

U
)



3

KC
M

S 
 L

ec
tu

re
CH

AN
G

-S
EO

N
G

 M
O

O
N

 (K
N

U
)

Dark Matter Searches



4

3 complementary Dark Matter search strategies
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The sky as a laboratory
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The challenge of astroparticle searches
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Typical Dark Ma:er search result
Annihila8on cross sec8on
8mes the rela8ve velocity
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The Dark Matter Particle Explorer (DAMPE)
q Launched into a Sun-synchronous orbit at an altitude of about 500 km on 17 Dec 2015

q High-energy particle detector optimized for studies of CREs and γ-rays up to about 10 TeV
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q The DAMPE instrument
◦ from top to bottom, consists of a plastic scintillator

detector, a silicon–tungsten tracker-converter detector,
a bismuth germanium oxide (BGO) imaging calorimeter,
and a neutron detector

q Detection by the DAMPE space telescope
◦ High energy gamma rays, electrons and cosmic ray

ions to aid in the search for dark matter

◦ Designed to look for the indirect decay signal of a
hypothetical dark matter candidate called weakly
interacting massive particles (WIMP).
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The Fermi Gamma-ray Space Telescope (GLAST)
q Fermi includes two scien0fic instruments

◦ The Large Area Telescope (LAT)

◦ The Gamma-ray Burst Monitor (GBM).
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q High-energy world to exploration and helping us 
answer these questions. 
◦ Study how black holes, notorious for pulling matter in, 

can accelerate jets of gas outward at fantastic speeds. 

◦ Study subatomic particles at energies far greater than 
those seen in ground-based particle accelerators.

◦ Gaining valuable information about the birth and early 
evolution of the Universe.
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q AMS is a particle physics experiment module that is 
mounted on the International Space Station (ISS)

q The experiment is a recognized CERN experiment (RE1)
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우주정거장(ISS)

The Alpha Magnetic Spectrometer (AMS)

q The module is a detector that measures
antimatter in cosmic rays
◦ This information is needed to understand

the formation of the Universe and search for
evidence of dark matter.



What is the Origin of Cosmic Positrons and Electrons?

AMS experiment
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Origins of Cosmic Positrons and Electrons

• The AMS positron spectrum (red data points) and electron spectrum (blue data points). The electron
spectrum and the positron spectrum have distinctly different magnitudes and energy dependences.

• Comparison of the AMS data with predictions of a dark matter model. More statistics at high energies
are required to verify the agreement and to understand the behavior of the positron spectrum beyond
the cutoff energy.
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Origins of Cosmic Positrons and Electrons

• Comparison of the AMS positron spectrum ( !𝐸!"# Φ!", red data points, left axis) and
antiproton spectrum ( !𝐸!"# Φ%̅, blue data points, right axis). They exhibit striking similarity
at high energy.

• The positron-to-antiproton flux ratio in the range [60 − 525] GeV with the result of the fit
with a constant value.



High Energy Stereoscopic System (H.E.S.S.)
cosmic gamma rays in the photon energy range
of 0.03 to 100 TeV

E-ASTROGAM

Gamma rays in the MeV-GeV region

GAPS (General AntiParticle Spectrometer)
Antarctic balloon mission searching for low-
energy (< 0.25 GeV/n) cosmic-ray antinuclei

High Altitude Water Cherenkov Observatory (HAWC)

More experiments for Dark Matter Searches
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Gamma-rays: non-detecHon limits 
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The Galactic Center “GeV excess” 
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The Galactic Center “GeV excess” 
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MeV and TeV gamma-rays for future
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Neutrinos : non-detection limits, future prospects 
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AnHprotons: dark ma:er limits 
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Antiproton excess? 
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New physics in cosmic an@deuterons for future
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X-ray searches: narrowing window for sterile neutrinos
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Probing axion-like particles with astrophysics 
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Probing axion-like particles with astrophysics 
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Dark Matter at CERN LHC
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DM models at ATLAS/CMS in RUN1 (7-8 TeV)

Run1 (7-8 TeV) : EffecBve Field Theories (EFT) 
q Contact Interac\ons between DM and SM
q DM is pair-produced and light new par\cle
q Mediators are very heavy 

q Invalid if mediator light enough to be resolved 

q 2 parameters: Dark Ma^er mass & interac\on strength 
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DM models at ATLAS/CMS in RUN2 (13 TeV)
Run2 (13 TeV): Simplified Models

– Suggested by ATLAS/CMS Dark Matter Forum
– Fermionic DM particles interact a mediator 
– Bosonic mediator 

q Spin 0: scalar (S) / pseudo-scalar (PS)
q Spin 1: vector (V) / axial-vector (AV)
q Coupling to both SM and DM particles

Spin 0Spin 1

– More parameters
q Mediator mass (mmed) and width 
q DM mass (mDM)
q Mediator coupling to SM (gq) 
q Mediator coupling to DM (gSM) 

s-channel

t-channel
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http://arxiv.org/abs/1507.00966
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Three main strategies for DM at ATLAS/CMS

Mono-X : DM particles are produced together with Standard Model particles
q Look for an energetic SM particle recoiling against the invisible DM system

DM mediators are produced and decay to pair of SM particles, typically quarks
q Search for bumps in the mjj spectrum

DM production through the Higgs portal
q Higgs Boson can decay into DM particles
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Mono-X strategies for DM search
Search for weakly-interacting massive particle (WIMP) as a DM pair at LHC
DM particles cannot be detected by ATLAS, CMS and LHCb detectors.
q Large missing transverse energy (𝐸!"#$$)

SM particle recoiling against DM particles
q Mono-X signature: 

q jet (g/q), heavy quarks (b/t), higgs or vector bosons (g/W/Z)

LHC searches focus on events with a SM particle(s) (Mono-X) with large 𝐸!"#$$.
q 𝐸!"#$$ + Mono-X

SM DM

DMSM

Mediator

Mono,X

!"#$%%gSM gDM

𝑬𝑻𝒎𝒊𝒔𝒔
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Mono-X strategies for DM search

𝑬𝑻𝒎𝒊𝒔𝒔

𝑬𝑻𝒎𝒊𝒔𝒔
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DM Production at ATLAS and CMS
Spin-1 and Spin-0 mediators coupling with DM and SM particles in simplified 
models.

IDM 2020 CHANG-SEONG MOON (KNU)
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CMS Mono-jet & Mono-W/Z (hadronic)

Experimental signature
q Large 𝐸!"#$$ from a spin 0 or 1 mediator decaying into DM particles
q At least one high pT jet from either QCD radiation or hadronically decaying W/Z-boson

q Mono-jet channel: 𝐸!"#$$ > 200 GeV, leading jet pT > 100 GeV 
q Mono-V channel: highly boosted “fat jets” from W/Z: 𝐸!"#$$ and leading jet pT > 250 GeV

q No leptons (µ, e, t) or photons (g)
q Dominant SM backgrounds: Z(nn)+jets and W(ℓn)+jets

spin-1 mediator (vector/axial-vector)

Mono-jet Mono-V

spin-0 mediator (scalar/pseudo-scalar)

Mono-jet Mono-V

Largest 𝐸+,-..+X cross-section at LHCKC
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Typical Mono-jet Strategy

Main backgrounds estimated by data-driven method in 5 control regions

Main Backgrounds (~90%)
• Z→νν is the main background and is 
irreducible
• W→lν when one lepton out of 
acceptance or not identified 

Minor Backgrounds (~10%)
• Top: mainly from semi-leptonic Z̄
• Di-boson: WZ and ZZ produc\on mainly 
• DY+jets: when both leptons are lost 
• QCD mulI-jet, γ+jets
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Monojet leading background estimation (1)
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Monojet leading background estimation (2)
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Transfer factors (Rg/W/Z)
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Typical Mono-jet Strategy (2) 
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Background estimation 
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Likelihood Fi\ng (prefit & pos_it)
Z➞µµ Z➞ee g+jets

Post-fit γ+jet match well data in the tail → γ+jet statistically dominates the combined fit 

Post-fit uncertainty in the high ET
miss bins around 15%
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Likelihood Fi\ng (prefit & pos_it)

KISTI DM Workshop Chang-Seong Moon 41

Post-fit predictions match well data in all control regions

Post-fit uncertainty in the high ET
miss bins around 15%
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CMS Mono-jet & Mono-W/Z : 𝐸!"#$$
𝐸+,-.. distribu\ons in the mono-jet and mono-V signal regions 
q Compared with the fiZed (post-fit) background expecta\ons for various SM processes.
q No significant excess 

Significance

Data/MC

Paper: PRD 97 (2018) 092005 
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CMS Mono-jet & Mono-W/Z : Limits
Scan parameters in mmed and mDM plane.

❑ Fixed gq = 0.25, gDM = 1 

Exclusion limits at 95% CL on the μ = σ/σth in 
the mmed-mDM plane assuming V/AV and S/PS 
mediators.

Red line: contour for the observed exclusion.

❑ Excludes models with V/AV mediators for mmed
< 1.8 TeV

❑ PS mediator mass up to 400 GeV 

Blue line: cosmological constraints from the 
WMAP and Planck experiments

IDM 2020

Scalar Pseudo-scalar
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Comparison between ATLAS and CMS

Vector models in CMS and ATLAS are excluded for mediator masses 
up to 1.55 TeV to 1.8 TeV respectively for very low DM masses. 
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Mono-𝑍(→ℓℓ) at CMS
Events with 𝐸+,-.. > 100 GeV and lepton pT > 25/20 GeV (electrons), > 20 GeV (muons)

Main background
q 𝑍𝑍→𝜈𝜈+ℓℓ irreducible

Vector/axial-vector mediator decays to DM particles
q Excluded the V/AV mediators for mmed < 700 GeV

Paper: Eur. Phys. J. C (2018) 78:291

𝐸!"#$$

Vector Axial-vector
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Mono-photon at CMS
Events with 𝐸!"#$$ > 170 GeV and at least one photon with pT > 
175 GeV

-> No electron or muon to reject W(ℓn)+g process

Dominant SM backgrounds: 
q Z(nn)+g and W(ℓn)+ g

Vector/axial-vector mediator mmed < 900 GeV excluded

Paper: JHEP02(2019)074
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http://cds.cern.ch/record/2205148
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Mono-top (hadronic) at CMS
Simultaneous fit in two signal 
exclusions regions and 14 control 
regions 
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Dark matter + 𝑡 ̅𝑡(𝑏(𝑏) at ATLAS/CMS

ATLAS-CONF-2020-003 

JHEP 03 (2019) 141 

scalar

pseudoscalar
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Mono-𝐻 at CMS
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Higgs decays into visible at ATLAS
Higgs decays into a Z boson and a light resonance

Output of (a) the regression and (b) the classifica8on
by mul8 layer perceptron (MLPs)

Signal region : Higgs mass window 
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Invisible Higgs decays at CMS

Most sensiIve channel
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Invisible Higgs decays at ATLAS
• Fermion DM search provide the best limit  below 20 GeV
• Only sensitive for mc < mh/2   →  competitive bounds for low DM mass 
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t-channel mediator at ATLAS/CMS
Fermion Portal DM model

JHEP 11 (2013) 171 

Scalar Colour-Charged mediator

– Mediator masses up to 1.67 TeV
excluded for mχ = 50 GeV

– In the case of m χ = m η, masses 
up to 620 GeV are excluded.

– color-triplet scalar 
mediator (fu) couples to 
DM and up-type quark
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Dark matter mediator search with di-jet events
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Mediator search with di-jet at CMS
low mass mediator high mass mediator
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Dark Photon Search at CMS

Data collected with muon scouting in 2017, 2018 Lower pT thresholds on muons
But save only trigger-level information about the muons
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Limits on Dark matter and Mediator at CMS
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Limits on the universal coupling (g'q)

Comparison of Limits on the universal coupling g'q between a Zʹ boson and quarks from various di-jet results
from ATLAS, CMS, CDF and UA2 experiments.
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Comparisons to direct detection experiments
Spin dependent Axial-vector Spin independent Vector

• Comparison of the inferred limits with the constraints from direct-detection
– Spin dependent WIMP-proton cross-section for axial-vector couplings (left)
– Spin independent WIMP-nucleon cross-section for vector couplings (right)
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Dark matter at LHCb

• Unique coverage (2<η<5)
• Soft trigger and forward acceptance :

– Lighter masses of DM

• Larger forward boost and excellent secondary/tertiary
vertex resolution :
– Short lifetimes (1 ps) of DM

• Very good track momentum resolution

• Two main research 
1. Produc8on in Heavy Flavor decays

(prompt / displaced)

2. Production in pp collision
(prompt / displaced)
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DM searches in B decays at LHCb
• Search for long-lived scalar particles 

in B+→K+χ(μ+μ−) decays
• Search for Hidden-Sector Bosons 

in B0→K*0μ+μ− Decays

PRL 115, 161802 (2015)

Phys. Rev. D 95, 071101(R)
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Dark photon in dileption at LHCb
Search for A' → μ+μ− Decays
q Excellent mass resolution is 

essential for background 
estimation.

q Soft trigger on µ pT
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Limits on Dark photon

D*→D0Aʹ(e+e-) channel can be analysed in Run 3 thanks to upgrade 
to a triggerless-readout system at LHCb
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Inclusive X → μ+μ− search 
Inclusive prompt Prompt + b-jet Displaced

• World best upper limit from LHCb results on mixing angle with Higgs sin(qH)
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Concluding remarks
DM search is one of key physics programs at ATLAS, CMS and LHCb.

LHC DM analyses focused on the WIMP search based on the simplified models.
q Mono-X strategy : large 𝐸!"#$$ by DM and SM particle recoiling against DM 

◦ Mono-X: Jet, γ/ 𝑊/ 𝑍, 𝑡𝑜𝑝, 𝑏)𝑏, 𝑡 ̅𝑡 , Higgs

q Mediator searches
q LHCb results : Production in HF and direct from pp collision

No significant excess yet over the SM background and set limit on the mmed and mDM
q Most analysis based on data set up to full Run 2 data at 13 TeV.
q Provided an important complementary check with DD and ID experiments.

Run3 data will be taken soon.
q Stay tuned for the new updates on DM searches at ATLAS, CMS and LHCb.


