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DARK MATTER

Just a brief reminder about the evidence for DM  
                                        after Matthias’ overview lecture…
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DARK MATTER EVIDENCE

15%  
SM matter

85% 
Dark matter
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DARK MATTER EVIDENCE
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DARK MATTER EVIDENCE

A&A 641, A5 (2020)
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DARK MATTER PARTICLE DETECTION
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DARK MATTER DETECTION

Collider production

Indirect detection
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DARK MATTER DETECTION

Indirect detection

9
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● DM annihilation into SM particles: 
● Need high DM density for observation! 

● a) Shortly after big bang (BB) 
● b) Today in gravitational wells 

● a) DM annihilation after BB: 
● Indirect constraint from relic DM density 
● May need effective mechanism  

to deplete DM density if too high 
● Constraint very model-specific!
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DARK MATTER ANNIHILATION / DENSITY

Without 
annihilation 

 χχ → SM SM

With 
annihilation

Re
lic

 D
M

 d
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ΩDMh2 = 0.12
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● DM annihilation into SM particles: 
● Need high DM density for observation! 

● a) Shortly after big bang (BB) 
● b) Today in gravitational wells 

● b) Today in gravitational wells

11

INDIRECT DETECTION

Earth Sun Neutron star Galactic Centre

ρDM

t
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INDIRECT DETECTION - DM ANNIHILATION RATE

f̄t

: Interpretation (final observable) 
: model assumption

σv
mχ

Model assumption, 
Colliders (fragmentation etc)

Cosmology

Measurement

a.k.a. J-factor

1605.08788
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MILKY WAY MAP + DM

ρDM

 
Maxwell-distributed 
⟨vDM⟩ ≈ 200 km/s

vescape ≈ 600 km/s
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 α ≃ 0.17
rs ≃ 20 kpc

● Cosmology input matters [1]: 
● Navarro-Frenk-White profile: 

● Einasto profile:

14

INDIRECT DETECTION - DM DENSITY

[1] other profiles, typically: 

2001.06193
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 α ≃ 0.17
rs ≃ 20 kpc

● Cosmology input matters [1]: 
● Navarro-Frenk-White profile: 

● Einasto profile:

15

INDIRECT DETECTION - DM DENSITY
2001.06193

 impact on  
CTA + SGSO!
'(102)
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INDIRECT DETECTION SIGNATURE: EXCESS OF f̄SM

Alpha Magnetic Spectrometer (AMS-02)

Also: PAMELA, Fermi-LAT, etc.

f̄t
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INDIRECT DETECTION SIGNATURE: EXCESS OF f̄SM

https://www.eoportal.org/satellite-missions/iss-ams#iss-utilization-ams-02-alpha-magnetic-spectrometer
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INDIRECT DETECTION SIGNATURE: EXCESS OF f̄SM

Electron and positron spectra (  )× E3

https://www.eoportal.org/satellite-missions/iss-ams#iss-utilization-ams-02-alpha-magnetic-spectrometer
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INDIRECT DETECTION: EXCESS OF f̄SM

f̄t

m χ
≃ 1 TeV

?

PRL 122, 041102 (2019)

Also
 proposed

: 

• puls
ars

 

• quas
ars

  

• … w
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INDIRECT DETECTION: EXCESS OF f̄SM

f̄t

Significance of cut-off

PRL 122, 041102 (2019)



OLEG BRANDT         CAVENDISH LABORATORY 21

INDIRECT DETECTION: EXCESS OF f̄SM

Origin of  not clear: 
• Charged particles deflected in magnetic fields (GALPROP) 
• Large uncertainties

e+

PAMELA maps: APJ, 811:21 (2015)

https://galprop.stanford.edu/
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ
Search for energetic photons: 
• no deflection in magnetic field 
• produced in association with charged particles like e+
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ
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FERMI-LAT MAP OF THE  RAY SKYγ

Search for  from: 
• Galactic centre 
• Dwarf spheroidal galaxies 
Interpret as limits on DM annihilation

γ
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ

f

f̄
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ

But:  fragmentation  
and  final state radiation 
always possible

γ
γ

γ

γ

1601.06590

f

f̄
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ

f

f̄

But:  fragmentation  
and  final state radiation 
always possible

γ
γ

γ

γ

1601.06590
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INDIRECT DETECTION:  GALACTIC CENTRE EXCESSγ
1902.01055

Stay tuned…
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS

ννννν

ν̄
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS

ννννν

ν̄

Also:  
• ANTARES 
• Super-K 
• …
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS

ννννν

ν̄

Neutrino-
induced shower

Also:  
• ANTARES 
• Super-K 
• …
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS

ννννν

ν̄

EPJC (2015) 75:492

IceCube 79



OLEG BRANDT         CAVENDISH LABORATORY 33

INDIRECT DETECTION: DECAYS TO SM NEUTRINOS

ννννν

ν̄

EPJC (2015) 75:492

EPJC (2015) 75:492

2003.06614

• Big impact from ρDM(r)
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INDIRECT DETECTION: DECAYS TO SM NEUTRINOS WITH γ

1602.05966

• Best limits for   > 200 GeV from Fermi-LAT + HESS 
• Neutrino telescope confirmation indispensable

mDM
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INDIRECT DETECTION:  AS PROBESγ + ν
1705.08103

 Excess  
re-interpretation
e+
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INDIRECT DETECTION:  AS PROBESγ + ν

2003.066141705.08103
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INDIRECT DETECTION:  AS PROBESγ + ν

2003.06614

Exciting years ahead: CTA entering construction phase, James Webb etc…

NFW  Einasto≃

2001.06193
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DARK MATTER DETECTION
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DIRECT DETECTION - DM SCATTERING RATE

NT⏟
Target dependence

Cosmology

Colliders, 
nuclear

t

Measurement : Cosmology 
: model

ρ
mχ

1605.08788

: Interpretation 
: experimental handle
σ

mN

mχ

σ χ
−N



MILKY WAY MAP + DM

ρDM

 vSun = 220 km/s
ρχ ≃ 0.3 GeV/cm3

 
Maxwell-Boltzmann 

 

⟨vDM⟩ ≈ 200 km/s

vescape ≈ 600 km/s
⟨vrel⟩ ≈ 250 km/s

mχ

σ χ
−N ⟨vrel⟩

ρχ
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DIRECT DETECTION - DM SCATTERING RATE

NT⏟
Target dependence

t

1605.08788

Benchmark for  impact: 
• background-free Xe target 
• 1 kton x year 
•  threshold 4.9 keV 
• spin-independent scattering 
• Maxwell-Boltzmann (SHM) vs. 

Gaia+SDSS data (Total) 

ρχ

Erecoil

Astrophys. J. 874, 1 (2019) 3
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DIRECT DETECTION - DM SCATTERING RATE

NT⏟
Target dependence

Cosmology: Cosmology 
: model

ρ
mχColliders, 

nuclear

Measurement

,  

min velocity for detectable recoil

vmin = mNE
2μ2 μ =

mχmN

mχ + mN

1605.08788

t

mχ

σ χ
−N

vmin

: Interpretation 
: experimental handle
σ

mN
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DIRECT DETECTION - DM SCATTERING RATE

NT⏟
Target dependence

Cosmology: Cosmology 
: model

ρ
mχColliders, 

nuclear

1605.08788

Measurement

t

: Interpretation 
: experimental handle
σ

mN
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DIRECT DETECTION - TARGET CHOICE

1605.08788

t

Target choice: the ONLY  
experimental handle!

Spin-independent: 
• vector coupling 
• scalar coupling 
DM interaction with: 
any nucleon in nucleus 

 enhancement           → ∝ A2

P
Spin-dependent: 
• axial-vector coupling 
• pseudoscalar coupling 
DM interaction with:  
spin of unpaired  or  

 optimise for  or ,     
p n

→ u d ∝ A

P
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DIRECT DETECTION - DETECTION

1605.08788

t

Germanium Liquid Xe Liquid Ar
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DIRECT DETECTION - DETECTION

J. Phys. G 46 (2019) 103003, 2001.06193
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DIRECT DETECTION - DETECTION

J. Phys. G 46 (2019) 103003, 2001.06193

Limitation: 
nuclear recoil energy '(5 keV)

Electron recoils 
challenging
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DIRECT DETECTION - THE NEXT DECADE

The next decade will be very exciting! 
(in the standard single WIMP paradigm)
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● DM annihilation in Sun, e.g.,  
● Only neutrinos as probe 

● Almost background-free:  
● Neutrino telescopes: ANTARES, Ice Cube, Super-K, etc. 

● Look for neutrino-induced showers from the Sun 
● Equilibrium: DM annihilation rate    DM capture rate 

                       

● Aside: similar approach possible for the Earth 
● challenge: equilibrium assumption breaks down 
●  constrain  for a given  

χχ → bb̄, ττ̄, W+W−

Eν > 1 GeV

ΓA ↔

→ σSI σχ ann.

49

DIRECT DETECTION IN THE SUN

ΓA ∝ σSD
χ−pand 

Why ?σSD
χ−p

Why ?σSI



OLEG BRANDT         CAVENDISH LABORATORY 50

INDIRECT DETECTION

Eur. Phys. J. C (2017) 77:14

ΓA ∝ σSD
χ−p
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INDIRECT DETECTION

PRD 105, 062004 (2022)

ΓA ∝ σSD
χ−p
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INDIRECT DETECTION: METHODOLOGY

Translation: Phys.Rept. 267 (1996) 195

PRD 105, 062004 (2022)
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p
p

DARK MATTER DETECTION

Collider production

53
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DARK MATTER (DM) AT LEP

54

Collider production 
(controlled experimental environment!)

e−

e+

Signature: 
missing 4-momentum 
(initial state known)

Solid limits for WIMPs coupling through Z:

Phys. Rept. 427, 257 (2006)

 excludedmχ < mZ

2 = 45 GeV
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DARK MATTER (DM) AT LEP

55

Collider production 
(controlled experimental environment!)

e−

e+

Signature: 
missing 4-momentum 
(initial state known)

Go above the Z pole ???
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DARK MATTER (DM) AT LEP

56

Collider production 
(controlled experimental environment!)

e−

e+

Signature: 
missing 4-momentum 
(initial state known)

Go above the Z pole: initial state radiation (ISR)

*

[ large hit from , but hey… ]αEM
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DM @ LHC: GENERIC SIGNATURES

57

ATLAS

Signature: 
missing transverse momentum 
(initial state  not known)pz

jet
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Collider production 
(controlled experimental environment!) transverse  

detector plane

Dark Matter: 
missing 

transverse 
momentum 

(MET)

p
p

ISR jet

DM @ LHC: GENERIC SIGNATURES

ATLAS
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Collider production 
(controlled experimental environment!)

transverse  
detector plane

Dark Matter: 
missing 

transverse 
momentum 

(MET)

X = ISR jet, , , etc.γ Z

ATLAS

Generic signature: X + MET (a.k.a. mono-X)

DM @ LHC: GENERIC SIGNATURES
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DM @ LHC: MONO-X WITH X FROM ISR

[ not-so-large hit from  ]αs

Mono-jet Mono-γ Mono-Z( → μμ)

1705.01987
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DM @ LHC: CHALLENGES

Mono-jet

 + jetsZ( → νν̄)

Z
ν

ν̄

Re
pt

. P
ro

g.
 P

hy
s.

 7
0,

 8
9 

(2
00

7)
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● Analysis strategy: 
− Require MET > 200 GeV  
− Require jet with pT > 150 GeV 
− Up to 3 extra jets 
− Look for excess in MET:

62

DM @ LHC: MONO-JET

MET

lo
g 

N
ev

en
ts

MET250 GeV

Shape fit: 13 bins in MET

PR
D 

10
3 

(2
02

1)
 1

12
00

6
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Background (Z+jets)

MET

g

● Backgrounds: 
− SM Z(vv)+jets (dominant + irreducible), W+jets, Diboson, tt, rest

Signal

MET

ν
ν

g

PRD 103 (2021) 112006, web

Z
ν

ν̄

DM @ LHC: MONO-JET

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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● Backgrounds: 
− SM Z(vv)+jets (dominant), W+jets, Diboson, tt + rest 

● Strategy: 
− Constrain major backgrounds:

0 lepton signal region 1 lepton control region 2 lepton control region

Signal Constrain W(-v)+jets 
and Z(vv)+jets 

Constrain Z(vv)+jets   
using Z(--)+jets

65

PRD 103 (2021) 112006

DM @ LHC: MONO-JET
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● Backgrounds: 
− SM Z(vv)+jets (dominant), W+jets, Diboson, tt + rest 

● Strategy: 
− Constrain major backgrounds:

0 lepton signal region 1 lepton control region 2 lepton control region

Signal Constrain W(-v)+jets 
and Z(vv)+jets 

Constrain Z(vv)+jets   
using Z(--)+jets

66

PRD 103 (2021) 112006

DM @ LHC: MONO-JET
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● Ansatz: 
− Constrain Z(vv)+jets using W+jets! 
− Benefit: 

● Challenge: 
− Z+jets and W+jets related, but different! 

● Solution: 
− Calculate Z+jets vs W+jets difference                    	 	 	 	 	 	     

at NNLO(.S)+NNLL(.S), NLO(.EW)

67

JET+DM: BACKGROUNDS
CERN-LPCC-2017-002 
(LHC DM WG report)
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● Backgrounds: 
− SM Z(vv)+jets (dominant), W+jets, Diboson, tt + rest 

● Strategy: 
− Constrain major backgrounds:

0 lepton signal region 1 lepton control region 2 lepton control region

Signal Constrain W(-v)+jets 
and Z(vv)+jets 

Constrain Z(vv)+jets   
using Z(--)+jets

68

×/anti-ID

Z+jets vs. W+jets 
difference  
calculated 

at NNLO(.S)
+NNLL(.S), 
NLO(.EW) 

EPJC 77 (2017) 829

PRD 103 (2021) 112006

DM @ LHC: MONO-JET
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PRD 103 (2021) 112006

DM @ LHC: INTERPRETATION?

How to interpret this fantastic, incredibly precise result?
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PRD 103 (2021) 112006

DM @ LHC: INTERPRETATION?

Model-independent limits!
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DM @ LHC: INTERPRETATION?

2010.07559

PRD 103 (2021) 112006

Extremely useful to theorists 
to test their favourite model
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PRD 103 (2021) 112006

DM @ LHC: INTERPRETATION?

What can we say about dark matter?
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966

Su
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4) complete  
models

Dark Higgs model 
JHEP 04(2017)143
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

White Papers of  
LHC DM WG/DMF
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4) complete  
models

Dark Higgs model 
JHEP 04(2017)143

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966

https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

Su
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DM
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4) complete  
models

Dark Higgs model 
JHEP 04(2017)143

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966

No EFT model 
interpretations 

for DM searches 
at the LHC: 

  
 Need models with 

a resolved mediator 
 

Exception:  
Higgs portal models 

(why?)

Q2 ≳ Λ
→
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966
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4) complete  
models

Dark Higgs model 
JHEP 04(2017)143

Assumption: 
Coupling of DM to quarks and/or gluons 

(at least effective) 
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DM @ LHC: S-CHANNEL MEDIATOR

Simplified model: 
s-channel  
mediators

Motivation: 1) Mediator that couples to SM and to Dark Sector particles 
   2) Generic signatures that are present in complete models 

            3) minimal assumptions about dark sector (one DM particle) 

Dark Sector?
?

Vector /  
axial vector 

mediator
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DM @ LHC: S-CHANNEL MEDIATOR

gq gχ

Minimal flavour violation (  universal)  avoid flavour physics constraints 
Minimal assumptions about the dark sector (additional DOF integrated out)

gq →

1603.04156

U(1) symmetry 
Dirac DM
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DM @ LHC: S-CHANNEL MEDIATOR

gq gχ

1603.04156

U(1) symmetry 
Dirac DM
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DM @ LHC: S-CHANNEL MEDIATOR

gq gχ

1603.04156Assume  [1]gq, gχ

Mock mono-jet result presentation

M Z′ =
2m χ

DM overproduced

[1] values recommended by LHC DM WG
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DM @ LHC: S-CHANNEL MEDIATOR

gq gχ

PRD 103 (2021) 112006

Vector mediator
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DM @ LHC: S-CHANNEL MEDIATOR

gq gχ

PRD 103 (2021) 112006

Axial vector mediatorVector mediator
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DIRECT DETECTION - TARGET CHOICE

1605.08788

t

Target choice: the ONLY  
experimental handle!

Spin-independent: 
• vector coupling 
• scalar coupling 
DM interaction with: 
any nucleon in nucleus 

 enhancement           → ∝ A2

P
Spin-dependent: 
• axial-vector coupling 
• pseudoscalar coupling 
DM interaction with:  
spin of unpaired  or  

 optimise for  or ,     
p n

→ u d ∝ A

P
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DM @ LHC: S-CHANNEL MEDIATOR: DIRECT DETECTION
PRD 103 (2021) 112006

gq gχ

g q
g χ

t

t

Colliders

Direct det’n
Complementarity!

Vector mediator
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DM @ LHC: S-CHANNEL MEDIATOR: DIRECT DETECTION
PRD 103 (2021) 112006

gq gχ

g q
g χ

t

t

Colliders

Direct det’n

Vector mediator
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DM @ LHC: S-CHANNEL MEDIATOR: DIRECT DETECTION
PRD 103 (2021) 112006

gq gχ

g q
g χ

t

t

Colliders

Direct det’n

Axial vector mediator

Complementarity!
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DM @ LHC: S-CHANNEL MEDIATOR: DIRECT DETECTION
PRD 103 (2021) 112006

gq gχ

g q
g χ

t

t

Colliders

Direct det’n

Axial vector mediator

Complementarity!



OLEG BRANDT         CAVENDISH LABORATORY 88

DM @ LHC: MONO-X WITH X FROM ISR

[ not-so-large hit from  ]αs

Mono-jet Mono-γ Mono-Z( → μμ)

1705.01987
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DM @ LHC: S-CHANNEL: MONO-X
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DM @ LHC: S-CHANNEL: MONO-X



OLEG BRANDT         CAVENDISH LABORATORY 91

DM @ LHC: S-CHANNEL: MONO-X VS RESONANCES

MET

X+MET Resonances

arXiv:1507.00966 (DMF report) 
arXiv:1603.04156, arXiv:1703.05703 (White Papers of LHC DM WG)

Exciting interplay between signatures:

Smoking gun DM signature
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● Analysis strategy: 
− Require ≥2 of jets + jet triggers 
− Include initial state radiation jets if  
− Reduce SM t-channel dijets: 

−  (SR),  (CR) 
− Look for excess in mjj distribution:

ΔR < 1.1

|Δη| < 1.1 1.1 < |Δη| < 2.6

92

DIJET RESONANCES: STRATEGY

ev
en

ts

mjj
1.5 TeV

Background from data
JHEP 05 (2020) 033
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DIJET RESONANCES

JHEP 03 (2020) 145

Include initial state radiation 
if  ΔR < 1.1
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DIJET RESONANCES

Background fit + alternative bgr. estimation (not shown) 

JHEP 05 (2020) 033

JHEP 03 (2020) 145

JHEP 05 (2020) 033

Challenge: 
trigger threshold

gq gq
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● Analysis strategy: 
− Jets reconstructed by high-level trigger 
− Require ≥2 of jets with pT ≳ 220 GeV 
−   
− Mjj > 450 GeV 
− Look for excess in mjj distribution:

95

TRIGGER LEVEL DIJET RESONANCES: STRATEGY

ev
en

ts

mjj
450 GeV

Background from data

(also 0.3)

PRL 121 (2018) 081801 
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● Ansatz: 
− Reconstruct jets using High Level Trigger 
− Storage: one 4-vector per jet à larger bandwidth! 

● Challenge: 
− Calibration of jets in High Level Trigger:

96

TRIGGER LEVEL DIJET RESONANCES: STRATEGY

Trigger level analysis

PRL 121 (2018) 081801 
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TLA DIJETS

PRL 121 (2018) 081801 
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TLA DIJETS

PRL 121 (2018) 081801 
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TRIGGER LEVEL DIJET RESONANCES: STRATEGY

gq gq

PRL 121 (2018) 081801 

Push further down to  
?mZ′ < 450 GeV
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● Analysis strategy: 
− Capture resonance as large-R jet (2-prong) 

− R=0.8 anti-kt jet (  GeV) [1] 
− R=1.5 C/A jet (  GeV) [1] 

− Initial state gluon radiation for trigger 
− Look for excess in mJ distribution:

mZ′ < 220
220 < mZ′ < 450

100

LOW-MASS HADRONIC RESONANCES: STRATEGY

ev
en

ts

mJ
50 GeV

Background from data
PRD 100 (2019) 112007

mJ

[1] JHEP 04 (2008) 005
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● Signal jet discriminants: 
− Jet mass  
− Ratio of energy correlation functions  

− DDT: de-correlated from  and  

− QCD jets:            
irrespective of  

● Background Estimate: 
− From CR in data with 95% for QCD jets: 

−  

− Extrapolate to SR ( ) using 

−                              + fit of 

mJ ≡ mZ′ 
N1,DDT

2
mJ pT,J

ρ ≡ ln(m2
J /p2

T,J)
pT.J

ε =
N1,DDT

2 > 0
N1,DDT

2 < 0
Rp/f

101

LOW-MASS HADRONIC RESONANCES: ANALYSIS

JHEP 05 (2020) 033
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● Signal jet discriminants: 
− Jet mass  
− Ratio of energy correlation functions [1] 

− DDT: decorrelated from  and  
● Background Estimate: 

− From CR in data with 95% for QCD jets: 
−

mJ ≡ mZ′ 
N1,DDT

2
mJ pT,J

ε =
N1,DDT

2 > 0

102

LOW-MASS HADRONIC RESONANCES: ANALYSIS

QCD jets
Resonant bgr.

anti-kt R=0.8

gq gq

QCD jets
Resonant bgr.

anti-kt R=0.8

JHEP 05 (2020) 033

[1] JHEP06(2013)108
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DARK MATTER V/AV MODEL: PIECE IT ALL TOGETHER
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DM @ LHC: S-CHANNEL V/AV: RESONANCES

gq gq

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL V/AV: RESONANCES

gq gq
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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●  : sizeable coupling to DM through  vertex! 
●  : mediator coupling to SM quarks ensures  

● Narrow width approximation + interpretation as resonance searches 
●  : effective coupling to leptons through Z’-Z mixing via loops 

● natural for  [1], since  
●  : scenario with : prevalence of leptonic channels

gχ = 1 Z′ χχ̄
gq = 0.25 ΓZ′ /mZ′ < 10 %

gℓ = 0.01
gℓ /gq = '(0.1) gq = 0.25

gℓ = 0.1 gℓ = gq = 0.1

111

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

1703.05703 

DM @ LHC: S-CHANNEL V/AV: BENCHMARK COUPLINGS

Why those benchmarks?

[1] 1606.07609
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DM @ LHC: S-CHANNEL V/AV: EXTEND MODEL TO ℓ, ν
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● Analysis strategy: 
− Require  or  pair with pT ≳ 220 GeV 
− m-- > 225 GeV 

− Look for excess in m-- distribution:

ee μμ

113

DILEPTON RESONANCES: STRATEGY

ev
en

ts

m--
225 GeV

Background from data

6 TeV

1903.06248
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DILEPTON RESONANCES

1903.06248
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DILEPTON RESONANCES: RESULTS

Background parametrisation:

Generic resonance limits  
for Breit-Wigner ⊗ resolution

1903.06248
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● Analysis strategy: 
− Capture resonance decaying into  + dedicated dimuon triggers 

− Reduce Drell-Yann via kt-cone isolation
μ+μ−

116

LOW-MASS RESONANCES: LEPTON DECAYS

[1] JHEP 04 (2008) 005
PRL 124 (2020) 041801

Drell-Yann dominant 
for mμμ > 1.1 GeV

non-prompt muons 
from HF decays

misidentified hadrons 
+ mixed

● Results

Complementarity  
to ATLAS+CMS  

at low !mμμ
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL V/AV: X+MET VS RESONANCES

LHC DM WG recommendation: 
Explore complementarity between 

X+MET & resonance searches in 
4 representative scenarios!

arXiv:1703.05703 

All DM summary plots: ATLAS / CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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DM @ LHC: S-CHANNEL (PSEUDO-) SCALAR MEDIATOR

Simplified model: 
s-channel  
mediators

Motivation: 1) Mediator that couples to SM and to Dark Sector particles 
   2) Generic signatures that are present in complete models 

            3) minimal assumptions about dark sector (one DM particle) 

?
?

Scalar / 
pseudoscalar 

mediator

Dark Sector
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DM @ LHC: S-CHANNEL: (PSEUDO-) SCALAR MEDIATOR

Yukawa-like coupling to SM fermions:  

Minimal flavour violation (  universal)  avoid flavour physics constraints 
Minimal assumptions about the dark sector (additional DOF integrated out)

yq = 2mq /v, v = 246 GeV
gq →

1603.04156
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DM @ LHC: S-CHANNEL: (PSEUDO-) SCALAR MEDIATOR
1603.04156
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MONO-JET: (PSEUDO-) SCALAR MEDIATORS

ma

PRD 103 (2021) 112006, web

gq gχ

Direct detection sensitivity to DM 
strongly velocity-suppressed 

 indirect detection interpretation 
 compare to Fermi-LAT

→
→

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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FERMI-LAT MAP OF THE  RAY SKYγ

Search for  from: 
• Galactic centre 
• Dwarf spheroidal galaxies 
Interpret as limits on DM annihilation

γ γ

γ
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● Analysis strategy: 
− Dilepton channel, single lepton trigger 
− Require ≥1 b-tagged jet 
− Significant MET 
−  
− Look for excess in  distribution:mT2

127

: (PSEUDO-) SCALAR MEDIATORStt̄ + χχ̄

JHEP 04 (2021) 165

b b̄
ν

ν̄

lo
g 

N
ev

en
ts

100 GeV mT2

gq gχ
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JHEP 04 (2021) 165

: (PSEUDO-) SCALAR MEDIATORStt̄ + χχ̄
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: (PSEUDO-) SCALAR MEDIATORStt̄ + χχ̄
Statistically combine jets, all-had channels2ℓ, ℓ+

ATLAS-CONF-2022-007

AT
LA

S-
CO

NF
-2

02
2-

00
7
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S-CHANNEL (PSEUDO-) SCALAR MEDIATOR: PIECE IT TOGETHER
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

White Papers of  
LHC DM WG/DMF

Su
pe

rs
ym

m
et

ry
 

DM
 c
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4) complete  
models

Dark Higgs model 
JHEP 04(2017)143

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966

https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
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REMINDER: LHC DARK MATTER WORKING GROUP

● Role: 
− Provide open, collaborative, and friendly environment for: 

● Discuss new Dark Matter signatures 
● Devise future searches for Dark Matter 
● Provide recommendations for interpretation of Dark Matter searches 

− Your ideas very welcome: 
● E.g. t-channel mediators, dark photon models, you name it! 

− Suggestions for future topics you would like to tackle very welcome! 
− Facilitate exchange of ideas through meetings etc: 

● http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors 

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors


LHC	Dark	Matter	
Working	Group

● Raison d'être & rôle: 
○ Coordinate discussion about DM searches at the LHC between theory and 

experiment 
○ Provide advice about searches & parameter spaces of simplified models 
○ Defining benchmark models and interpretations for DM searches 
○ Facilitate collaboration across the LHC experiments and theory 
○ Open and topical meetings, with O(100) interested physicists participating 
○ Facilitate development of higher-precision calculations for backgrounds 
○ Interface to direct and indirect detection communities

2

LHC	Dark	Matter	
Working	Group

LHC Dark Matter Working Group:



LHC	Dark	Matter	
Working	GroupLHC DM WG context

● Logistics: 
○ Website 
○ Indico agenda space 
○ Mailing list for discussion/questions (everyone subscribed can post): 

■ lhc-dmwg-contributors@cern.ch, subscribe 
○ Mailing list for t-channel studies (everyone subscribed can post) 

■ lhc-dmwg-contributors-tchannel@cern.ch, subscribe 
○ Mailing list for announcements (restricted posting, write to organisers) 

■ lhc-dmwg@cern.ch, subscribe  
○ Mailing list DM WG organisers: 

■ lhc-dmwg-admin@cern.ch 

3

● LHC DM WG organisers (email us): 
○ ATLAS: Spyros, James Frost 
○ CMS: Matteo Cremonesi 
○ LHCb: Xabier Cid Vidal 
○ Theory: Uli Haisch, Tim Tait

Open to newcomers! 
Easy to contribute!

https://lpcc.web.cern.ch/content/lhc-dm-wg
https://indico.cern.ch/category/7314/
mailto:lhc-dmwg-contributors@cern.ch
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors
mailto:lhc-dmwg-contributors-tchannel@cern.ch
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors-tchannel
mailto:lhc-dmwg@cern.ch
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg
mailto:lhc-dmwg-admin@cern.ch
mailto:lhc-dmwg-admin@cern.ch


LHC	Dark	Matter	
Working	GroupLHC DM WG in wider context

4

Astro- 
particle 
physics

Indirect DM  
detection

Nuclear  
physics

Direct DM  
detection

LHC 
long-
lived 

particle 
WG

LHC 
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DM 
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other 
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Model motivation 

and constraints: can 

require consistency 

with relic density 

Complementarity of 
constraints:  
   model dependence,    
      uncertainties

DM density at extreme 
sources, propagation of 

decay products

Local DM  
density + 

velocity

σ + form 
factors

Next slides: 
Concrete model example



LHC	Dark	Matter	
Working	GroupLHC DM WG ecosystem in theory space

5

LHC DM WG 
ecosystem

Figure: Tim Tait



LHC	Dark	Matter	
Working	GroupLHC DM WG: past activities

● Series of White Papers published                 
in Phys. Dark Univ.

6

Next White Paper
t-channel mediator models

Phys. Dark Univ. 27 (2020) 100351

Phys. Dark Univ. 27 (2020) 100365

Phys. Dark Univ. 26 (2020) 100371

Phys. Dark Univ. 26 (2019) 100377

https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1810.09420.pdf


LHC	Dark	Matter	
Working	GroupNavigating (DM) theory space

7Figure: Tim Tait

https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1703.05703.pdf


LHC	Dark	Matter	
Working	Groups-channel mediator models

● Strong motivation (as strong as t-channel) 
● Ansatz: 

○ DM-mediator interaction 
○ SM fermions-mediator interaction 

● Mediator can be a vector vs scalar  
○ (gauge vs Yukawa type of couplings) 
○ Chiral structure (LH, RH) for SM 

fermions can be important 
● Complementary signatures: 

○ X+MET final states, X+ISR 
○ resonance searches

8

SM sector Dark sector

M
as

s

Mediator

Dark Matter

Phys. Dark Univ. 26 (2020) 100371

Phys. Dark Univ. 27 (2020) 100365
Phys. Dark Univ. 26 (2019) 100377



LHC	Dark	Matter	
Working	Groups-channel mediator models

9

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_02.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/Scalar_METX_Summary_obsnexp.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/c_gq_cms_lhcp2020_logx_logy.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_16.png


LHC	Dark	Matter	
Working	Groups-channel connections: relic density

10

Relic density input: 
● from astroparticle physics 

(Planck / WMAP) 
● In simplified models, use relic 

density to guide searches 
○ No constraint: simplified 

model incomplete

● In complete models (e.g. SUSY), use 
relic density to constrain searches

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_02.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2014-08/fig_14a.png
https://arxiv.org/pdf/1508.06608.pdf


LHC	Dark	Matter	
Working	Groups-channel connections: direct detection

11

Direct detection input: 
● WIMP assumption + local DM 

density + type of interaction 
● In simplified models, highlight 

complementarity between 
colliders and direct detection

● Challenges: 
○ uncertainties on direct det.? 

(so far: 4x, 10x) 
→ constrain complete models:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_02.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_09.png


LHC	Dark	Matter	
Working	Groups-channel connections: direct detection

12

Direct detection input: 
● WIMP assumption + local DM 

density + type of interaction 

● Study impact of mediator + 
coupling assumptions (even 
within the same model)

Scalar mediator

Vector mediator (V1)
Axial-vector  
mediator (A1)

Nuclear  
physics:

Form 
Factor

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/fig_09.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/SI_CMSDD_Summary.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/SI_CMSDD_Summary.png


LHC	Dark	Matter	
Working	Groups-channel connections: direct detection

13

Indirect detection input: 
● WIMP assumption + DM 

density at extreme sources + 
type of interaction + 
(inter-)galactic propagation 

● Use constraints to guide 
searches

● Challenges: 
○ uncertainties on indirect detection?



LHC	Dark	Matter	
Working	GroupNavigating (DM) theory space

14Figure: Tim Tait

Next White Paper?
t-channel mediator models



LHC	Dark	Matter	
Working	Groupt-channel mediator models

● Strong motivation (as strong as s-channel) 
● Ansatz: 

○ DM interacting with SM fermions and 
a mediator 

● Corollary: 
○ SM mediators must carry charge 

(since SM particles carry charge) 
○ mediator shares the symmetry that 

stabilises DM 
→ mMediator > mDM 

○ Different possibilities for DM and 
mediator spin QN, but one must be a 
fermion, and the other a boson

15

SM sector Dark sector
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Dark Matter



LHC	Dark	Matter	
Working	Groupt-channel mediator models

● Self-consistent mediator-SM pairing: 
○ LH quarks 
○ RH up-type quarks 
○ RH down-type quarks 
○ leptons 

● Signatures: 
○ No restriction across families 

■ can have interesting flavour 
dependence beyond MFV 

○ No resonant mediator searches! 
■ MET ubiquitous! 

○ Possible long-lived particle signatures

16

SM sector Dark sector

M
as

s

Mediator

Dark Matter



LHC	Dark	Matter	
Working	Group

● Example Lagrangian for Dirac DM coupling to 1&2nd families:

Basic signatures

17

LH quarks

LH mediatorsquark-DM coupling

RH up- and down-type quarks

Dirac fermion DM

s-
channel

Goal: 
explore 
   t-channel

s-channel

   t-channel

Reinterpret & reoptimise

Jet + MET:

Di-jet + MET:



LHC	Dark	Matter	
Working	GroupGoing beyond

● Study impact of spin of DM particles 
○ Majorana DM has more diagrams 
○ Quantify effect on which phase-space 

regions are relevant? 
● Study DM properties: 

○ Dirac/Majorana fermion 
○ Scalar 
○ Vector

18

Dirac DM

Majorana DM

● Important step forward: 
○ New Über-UFO [1,2,3] available  

■ can do all DM spin 
hypotheses 

○ über-UFO validated against few 
existing implementations

→
 c

f.
 C

h
ia

ra
’s

 t
a
lk

 f
o
r 

d
e
ta

ils

https://arxiv.org/abs/2001.05024
https://github.com/LHC-DMWG/DMWG-tChannel-whitepaper/tree/master/tutorial/colliders
https://indico.cern.ch/event/900402/sessions/347622/attachments/2026825/3391002/go
https://indico.cern.ch/event/858855/contributions/3863199/attachments/2048129/3432095/CArina_talk_tchannel.pdf


LHC	Dark	Matter	
Working	GroupPrevious work

● Fermion portal DM [1,2] 
○ CMS monojet 
○ Coincides with S3D_uR  restriction for Über-

UFO 
○ Previous results reproduced [1]

19

● Scalar color-charged model [1,2] 
○ ATLAS monojet 
○ LH coupling 1st gen. restriction for Über-UFO 

worked out 
○ Previous results reproduced

add sensitivity 
with dedicated 

jj+MET?

add sensitivity 
with dedicated 

jj+MET?

https://arxiv.org/abs/1308.0612v3
https://indico.cern.ch/event/806526/contributions/3385614/attachments/1834881/3006058/2019-04-26_dmwg_tchan.pdf
https://arxiv.org/abs/1712.02345
https://indico.cern.ch/event/857667/contributions/3615409/attachments/1934783/3205934/DMWG_tchan_29_10_2019.pdf
https://arxiv.org/abs/1402.2285
https://indico.cern.ch/event/806526/contributions/3385626/attachments/1835036/3006139/milliem_LHCDMWG_tchannel_26042019.pdf
https://arxiv.org/abs/1711.03301
https://arxiv.org/abs/1711.03301


LHC	Dark	Matter	
Working	GroupPrevious work

● Fermion portal DM [1,2] 
○ CMS monojet 
○ Coincides with S3D_uR  restriction for über-

UFO 
○ Previous results reproduced [1]

20

● Scalar color-charged b model [2,3] 
○ ATLAS mono-b-jet 
○ RH coupling 3rd generation 
○ qualitatively similar kinematic behaviour to 1st 

gen case

add sensitivity 
with dedicated 

jj+MET?

https://arxiv.org/abs/1308.0612v3
https://indico.cern.ch/event/806526/contributions/3385614/attachments/1834881/3006058/2019-04-26_dmwg_tchan.pdf
https://arxiv.org/abs/1712.02345
https://indico.cern.ch/event/857667/contributions/3615409/attachments/1934783/3205934/DMWG_tchan_29_10_2019.pdf
https://indico.cern.ch/event/806526/contributions/3385626/attachments/1835036/3006139/milliem_LHCDMWG_tchannel_26042019.pdf
https://arxiv.org/abs/1404.1373
http://arxiv.org/abs/1710.11412


LHC	Dark	Matter	
Working	GroupNavigating (DM) theory space

21Figure: Tim Tait

Phys.Dark Univ. 27 (2020) 100351

https://arxiv.org/pdf/1810.09420.pdf


LHC	Dark	Matter	
Working	GroupLHC DM WG: past activities

● Series of White Papers published                 
in Phys. Dark Univ.

22

Phys. Dark Univ. 27 (2020) 100351

t-channel mediator models
Next White Paper

Phys. Dark Univ. 27 (2020) 100365

Phys. Dark Univ. 26 (2020) 100371

Phys. Dark Univ. 26 (2019) 100377

https://arxiv.org/pdf/1507.00966.pdf
https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1810.09420.pdf
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DM @ LHC: 2HDM+  MODELa

Higgs as a probe

Motivation:	 1) Mediator that couples to Higgs, SM and Dark Sector 
	 	 	 	     typically: Higgs sector extension, 2HDM 
	 	 	 	 2) Higgs coupling to new particles (hierarchy problem)

Dark Sector?

Pseudo- 
scalar 

mediators

?
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FOR FURTHER DETAILS…

2109.13597 
Symmetry 13(12) (2021) 2406
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● 2HDM+a model  
● Simplified, but UV-complete 

● Ansatz: Extended Higgs sector 
● 2HDM as simple UV-complete         

Higgs sector extension:  
● : portal to DM 
●  mixing into  physical states 

 interesting SM - dark sector interplay 
● Complementary signatures: 

● Prominence of +MET, +MET, +MET     
(not in other models) 

● non-resonant, e.g., jet+MET 
● resonant visible channels, e.g.,  

●

H±, H, A0, h
a0
A0 − a0 A, a
→

h Z Wt

tt̄

136

2HDM+ : SIGNATURES @ LHCa

SM sector Dark sector

M
as

s

2HDM states

Dark Matter

a0 mediator

125 GeV Higgs

[JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351]
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● 2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351] 
● Simplified, but UV-complete 

● Diverse palette of signatures 
− Experimentally exciting interplay!

137

Di-top

Z + DM

tt + DM

Jet + DM

  
+ other signatures

tW + DM

h + DM

JHEP 05 (2017) 138
Theory projections

2HDM+ : SIGNATURES @ LHCa
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● 2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351] 
● Simplified, but UV-complete 

● Diverse palette of signatures 
− Experimentally exciting interplay!

138

JHEP 05 (2017) 138
Theory projections

exp
erim

en
tal 

res
ults

 a 
few

 ye
ars

 lat
er…

2HDM+ : SIGNATURES @ LHCa
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● 2HDM+a model [JHEP 05 (2017) 138, LHC DM WG: PDU 27 (2020) 100351] 
● Simplified, but UV-complete 

●

139

Di-top

Z + DM

tt + DM

Jet + DM

  
+ other signatures

tW + DM

h + DM

ATLAS-CONF-2021-036  
ATL-PHYS-PUB-2021-045 

ATLAS-CONF-2021-036  
ATL-PHYS-PUB-2021-045 

JHEP 03 (2020) 025

2HDM+ : SIGNATURES @ LHCa
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2HDM+ : GOING BEYONDa
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2HDM+5: PARAMETERS

excluded

excluded
Convenience

Resonant enhancement
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● Executive Experimental summary on model pheno: 
− 14 parameters to start with 

● 7 parameters fixed: 
− symmetry, EW-precision measurements, Higgs properties,... 

● 7 “free” parameters: 

● A/a mixing angle sin6 important, e.g.:

142

2HDM+5: PARAMETERS

kinematics  
& channels

 couplings←

[1]
[2]

[1] can change shapes if u/d-type couplings process-relevant 
[2] statement true if decay mediator on-shell

 Yukawa←

More details in talk by Johanna Gramling 
https://indico.cern.ch/event/665524/sessions/260090/ 

JH
E

P 
05

 (2
01

7)
 1

38

https://indico.cern.ch/event/665524/sessions/260090/
https://indico.cern.ch/event/665524/sessions/260090/


OLEG BRANDT         CAVENDISH LABORATORY 143

2HDM+5: (NON-) RESONANT SIGNATURES

Resonant Non-Resonant

+ 
m

an
y 

ot
he

r s
ig

na
tu

re
s
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− Can be resonantly enhanced 
●  driving sensitivity for 2HDM+a 

− MET dominant over MET if 
→

h+ Z+ MH > MA

144

2HDM+5: 8 + DM
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− Can be resonantly enhanced 
●  driving sensitivity for 2HDM+a 

− MET dominant over MET if 
→

Z+ h+ MA > MH

145

2HDM+5: Z + DM
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● Analysis strategy: 
− MET > 150 GeV from DM particles 
− 2 or 3+ b-tagged jets 
− Higgs  candidate decay 
− Constrain W,Z+HF with  CRs 
− Look for localised excess in 

→ bb̄
1μ,2ℓ

mbb̄

146

2HDM+ : HIGGS( )+DMa bb̄

ev
en

ts

mbb̄125 GeV

JH
EP

 1
1 

(2
02

1)
 2

09

Boosted

MET

Resolved

MET

50
0 

G
eV

M
ET
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!!!

Model-independent limits  
for easy reinterpretation!

bbA

JH
EP

 1
1 

(2
02

1)
 2

09

2HDM+ : HIGGS( )+DMa bb̄
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● Analysis strategy: 
− Significant MET from DM particles 
−  candidate decay 
− 1 extra jet,   
− Constrain WZ, ZZ with  CRs 
− Look for excess in  distribution:

Z → ℓℓ
≤

3ℓ, 4ℓ
mT

148

ev
en

ts

mT
mH

x 0, 1 jet bins 
x 3  binsmT

MET

ℓ+

ℓ− mZEP
JC

 8
1 

(2
02

1)
 1

3
2HDM+ : +DMa Z(ℓℓ)
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EP
JC

 8
1 

(2
02

1)
 1

3

Significant improvement 
w/r/t 36/fb results! 

2HDM+ : +DMa Z(ℓℓ)
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● Analysis strategy: 
− Large MET (>250 GeV) from DM particles 
−  candidate,  candidate from  
− 1,2 leptons for +DM, 1 lepton for tq+DM   
−  b-tagged jet 
− Constrain tt+V with CRs 
− Look for excesses in MET + other distributions:

t W H± → Wa
tW

≥ 1

150

2HDM+ :  + DMa tW
AT

LA
S-

CO
NF

-2
02

2-
01

2,
 A

TL
AS

-C
O

NF
-2

02
0-

03
4

sin(θ) = 1/ 2

lo
g 

N
ev

en
ts

MET250 GeV

enhances resonant H±

First-time experimental 
search for this process!
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2HDM+ :  + DMa tW
sin(θ) = 1/ 2
enhances resonant H±

AT
LA

S-
CO

NF
-2

02
2-

01
2
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2HDM+  MODEL: PIECE IT TOGETHERa
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2HDM+ : STATISTICAL COMBINATION (DOMINANT CHANNELS)a

h + DM Z + DM

ATLAS-CONF-2021-036

sin θ = 0.35 sin θ = 0.7
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2HDM+ : SENSITIVITY IN ALL CHANNELSa

h + DM Z + DM tW + DM

… 

sin θ = 0.35 sin θ = 0.7

ATLAS-CONF-2021-036, ATL-PHYS-PUB-2022-036
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2HDM+ : SENSITIVITY IN ALL CHANNELSa
ATLAS-CONF-2021-036, ATL-PHYS-PUB-2022-036

sin θ = 0.35 sin θ = 0.7
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2HDM+ : SENSITIVITY IN ALL CHANNELSa
ATLAS-CONF-2021-036, ATL-PHYS-PUB-2022-036

h + DM Z + DM tW + DM

… 
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2HDM+ : SENSITIVITY IN ALL CHANNELSa

h + DM Z + DM tW + DM

… 

ATLAS-CONF-2021-036, ATL-PHYS-PUB-2022-036
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DARK HIGGS MODEL: MOTIVATION

1) Effective field theory

DMF recommendations 
arXiv:1507.00966

Su
pe

rs
ym

m
et

ry

4) complete  
models

Richer kinematics + phenomenology

2HDM+a model 
JHEP 05 (2017) 138 

arXiv:1507.00966

2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

Dark Higgs model 
JHEP 04(2017)143

Scalar mediator model 
V/AV mediator model 

arXiv:1507.00966
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Motivation:    1) Dark Higgs mechanism to give mass to DM particles  
            2) Mediator that couples to SM and to Dark Higgs (S) and  

        3) Generic signatures that are present in complete models 

χ
χ

Dark Sector

?

Mediator

S Dark  
Higgs

χ

DM @ LHC: DARK HIGGS MODEL
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FOR FURTHER DETAILS…

2109.13597 
Symmetry 13(12) (2021) 2406
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● Analysis strategy: 
− MET > 200 GeV,  > 220 GeV 
− Dark Higgs candidate  

− single  TAR jet (merged)  
− two  jets (resolved) 

− Constrain W+jets and : , 2 -tag CRs 
− Look for excess in :

mT
s → W(ℓν)W(qq̄)

W( → qq̄)
W( → qq̄)

tt̄ 1ℓ b
ms

161

DARK HIGGS MODEL: MONO-S( → WW → ℓνqq̄)
ev

en
ts

ms
125 GeV

AT
LA

S-
CO

NF
-2

02
2-

02
9

MET

q
q̄

s → WW → ℓ± νqq̄ℓ±ν

TAR jet
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DARK HIGGS + DM: RESULTS
AT

LA
S-

CO
NF

-2
02

2-
02

9
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● Analysis strategy: 
− Require MET > 200 GeV 
− Require Dark Higgs candidate  

− One  jet (“merged”) 
− One  jet + extra jets (“intermediate”) 

− Look for excess in :

s
s → WW → qq̄qq̄
W( → qq̄)

ms

164

DARK HIGGS MODEL: MONO- , s( → VV ) V = W, Z

[Shape fit 160 GeV]     x 3 regionsms >

MET

ev
en

ts

ms
160 GeV

q q
q̄

q̄

s → WW → qq̄qq̄

subm. to PRL, arXiv:2010.06548

https://arxiv.org/abs/2010.06548


OLEG BRANDT         CAVENDISH LABORATORY 

● Backgrounds: 
− SM Z(vv)+jets (dominant + irreducible), W+jets, Diboson, tt + rest 
− Challenge: extreme kinematic regime 

● Strategy: 
− Constrain major backgrounds:

DARK HIGGS MODEL: MONO- , s( → VV ) V = W, Z

165

subm. to PRL, arXiv:2010.06548

MET

https://arxiv.org/abs/2010.06548
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● Results: 

● Results for 160 GeV: ms <

166

DARK HIGGS MODEL: MONO- , s( → VV ) V = W, Z

● ATL-PHYS-PUB-2019-032

First look at this signature at the LHC!

subm. to PRL, arXiv:2010.06548

https://arxiv.org/abs/2010.06548
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MODELS FOR DM SEARCHES @ LHC

2HDM+a model 
JHEP 05 (2017) 138 

1810.09420

Richer kinematics + phenomenology

1) Effective field theory 2) Simplified models
3) Simplified, consistent,  
& UV-complete models

+  
many other 
signatures

DMF models 
1507.00966

Su
pe

rs
ym

m
et

ry
 

DM
 c

an
di

da
te

: l
ig

ht
es

t s
up

er
- 

sy
m

m
et

ric
 p

ar
tic

le

4) complete  
models

Dark Higgs model 
JHEP 04(2017)143

s-channel mediators 
1507.00966 
1603.04156 
1703.05703 

t-channel mediators 
1507.00966

No EFT model 
interpretations 

for DM searches 
at the LHC: 

  
 Need models with 

a resolved mediator 
 

Exception:  
Higgs portal models 

(why?)

Q2 ≳ Λ
→
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Higgs-portal models

Motivation:	1) Higgs Yukawa coupling to massive Dark Sector particles 
	 	 	 2) Higgs coupling to new particles (hierarchy problem) 
	 	 	 3) can be UV-complete  
	 	 	 4) the only dim-4 operator to couple SM and scalar/vector DM

Dark Sector
?

DM @ LHC: HIGGS PORTALS
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FOR FURTHER DETAILS…
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: OVERVIEWH( → inv)

ggF H [49 pb] VH [2.3 pb] VBF H [3.8 pb] ttH [0.09 pb]

+ ISR jet
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QCD

EWK

● Analysis strategy: 
− Require MET > 200 GeV, MHT > 180 GeV 
− Require high |Δ;jj| > 3.8 
− No 3rd or 4th jet with large impact on mjj 
− Look for excess at high mjj:

171

VBF : STRATEGYH( → inv)

Shape fit mjj > 0.5 TeV

lo
g 

N
ev

en
ts

mjj0.5 TeV

MET

two forward jets 
no other jets at LO

ATLAS-CONF-2020-008
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● Constrain Z(vv)+jets, W+jets in signal region (SR) using control regions (CR):

172

VBF : CONSTRAIN BACKGROUNDSH( → inv)

Z(vv)+jets Z(ℓℓ)+jets

EWK

QCD

0 lepton SR 1 lepton CR 2 lepton CR

Signal + constrain  
Z(vv)+jets etc. at low mjj Constrain W+jets

Constrain Z(vv)+jets      
using Z(--)+jets
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● Constrain Z(vv)+jets, W+jets in signal region (SR) using control regions (CR):

173

VBF : CONSTRAIN BACKGROUNDSH( → inv)

0 lepton SR 1 lepton CR 2 lepton CR

Signal + constrain  
Z(vv)+jets etc. at low mjj Constrain W+jets

Constrain Z(vv)+jets      
using Z(--)+jets



OLEG BRANDT         CAVENDISH LABORATORY 

● Results:

174

VBF : RESULTSH( → inv)

SR

Most precise result @ LHC!
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ATLAS  COMBINATION: RUN 1+2, ALL CHANNELSH( → inv)

ATLAS-CONF-2020-052

ATLAS-CONF-2020-052, all limits at 95% CL

Updates since: 
(to be included)

ATLAS-CONF-2020-052

Analysis Obs. Expected limit Reference
Run 2 VBF 0.15 0.10 +0.04/-0.03 arXiv:2202.07953
Run 2 ZH 0.19 0.19 PLB 829 (2022) 137066
Run 2 ttH 0.40 0.30 +0.13/-0.09 ATLAS-CONF-2022-007
Run 2 VBF+y 0.37 0.34 +0.15/-0.10 arXiv:2109.00925
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CONNECTION OF  TO DIRECT DETECTION EXPERIMENTSH( → inv)

ATLAS-CONF-2020-052

2201.11585
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Highlights & overview
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INDIRECT DETECTION - DM ANNIHILATION RATE

f̄t

: Interpretation (final observable) 
: model assumption

σv
mχ

Model assumption, 
Colliders (fragmentation etc)

Cosmology

Measurement

a.k.a. J-factor

1605.08788
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INDIRECT DETECTION - HIGHLIGHTS
γ

γ
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DIRECT DETECTION - DM SCATTERING RATE

NT⏟
Target dependence

Cosmology

Colliders, 
nuclear

t

Measurement : Cosmology 
: model

ρ
mχ

1605.08788

: Interpretation 
: experimental handle
σ

mN

mχ

σ χ
−N
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DIRECT DETECTION - HIGHLIGHTS

Solid state
Liquid Xe

Liquid Ar

nuclear recoil E = '(5 keV)

 recoilse−

Next decade

ΓA ∝ σSD
χ−p

P → σSI
P → σSD

pseudo-scalar mediator hopeless
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Collider production 
(controlled experimental environment!) transverse  

detector plane

Dark Matter: 
missing 

transverse 
momentum 

(MET)

p
p

DM @ LHC: GENERIC SIGNATURES

ATLAS

?

X

ISR(jet, ), , VBF etc.γ Z, W, h, t, tt̄, tW
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DM @ LHC: HIGHLIGHTS

BR( ) h → inv < 0.15 (0.10+0.04
−0.03)

Pseudo-scalar

LHC
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LIMITATIONS & ASSUMPTIONS

f̄t

• : velocity profile 
• : annihilation model  

•  profile 
• Decay channel

⟨vσ⟩
⟨vσ⟩ σannihil
ρχ • single DM species

t

• velocity profile, especially at high  

•  profile + smooth halo 

• Rotation of galactic disk  DM wind 
• type of interaction

v
ρχ

→
• single DM species

• Model for interaction 
• mediator couplings + quantum numbers 
• Often minimal flavour violation (flavour physics)

f̄ t
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LIMITATIONS & ASSUMPTIONS

Single vs several DM species: 

Colliders

NO change in limits or better limit 
(conservative)

Direct detection

Limits become weaker 
  

(  enters limits on ) 

EFT problems at 

ρDM = ρχ1
+ ρχ2

+ . . .
ρχi

σχ−N

Q2 ≳ 0.5 TeV

“LUX”
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Thank you!


