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Shedding light on dark matter

Search for the dark matter

through its interactions with

the Standard Model particles:

SMχ

χ SM
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ATLAS and CMS detectors at the LHC

LHC proton-proton collisions:√
s Collected

Period energy data

(TeV) (fb−1)

Run-I

2010 7 0.04

2011 7 6

2012 8 23

Run-II

2015 13 2.6

until 2024 14 300

HL-LHC

2026-2035 14 3000
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What are we looking for?

Weakly interacting massive particles (WIMPs) as candidates for the

cold dark matter:

Color-neutral, not engaged in strong interactions.

Electricaly neutral (otherwise they would be visible).

Weak interactions are allowed.
But, the couplings to W± and Z weaker than those of other SM particles.

Spin is not constrained. (It can be fermionic, or scalar, or vector, ...)

⇒WIMP escapes the detector without being observed, similarly as neutrino.

Search for a large missing energy Emiss
T on a plane transverse to the proton beam.

Deduced from the measured transverse momenta

of all detected particles:

Emiss
T = −∑i ~p

i
T

(i ≡ all visible particles)

energy

missing
transverse

proton beam axis

Need at least one detectable particle

produced in addition to WIMPs (pp → χχ̄+ X ),

in order to tag the WIMP event candidates ⇒ ,,Mono-X signatures”.
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Mono-mania

Make it,

but don’t fake it!

Background

processes:

Estimated based on the

Monte Carlo simulation and

signal-free control data.

pp → Z(→ νν) + jets

pp →W (→ `ν) + jets

pp → Z(→ ``) + jets

pp → tt̄

pp →WW ,ZZ ,Zγ, γγ

pp → multijets
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Interpreting the data

Comparing data with the expected background and signal contributions.

processes
background

models
signal
various

Mono−jet
channel

Discovery: if an excess of events above the expected background is observed,

with a very small probability (<2·10−7) of background fluctuations faking the signal.

Signal exclusion: sufficiently small probability that the observed data

come from the signal rather than from the background.

A stronger signal (i.e. higher expected cross section) can be more easily excluded.
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Dark matter effective field theory (EFT)

Assuming a contact interaction between the dark matter and Standard Model particles:

SM
g

χ

χ

χ

Mediator φ

q,g

q,g

momentum

g

transfer, Q

Assume a new heavy mediator (mφ � Q)

which is not accessible on-shell at LHC.

Integrating out the

general propagator−→ EFT propagator.

gSMgχ
Q2−m2

φ
−→ gSMgχ

m2
φ
≡ 1

Λ2

Λ (or M?): energy scale of the new physics

⇒ EFT: all details inside the blob can be ignored.

Example: interaction of fermionic dark matter with a heavy vector mediator.

L ∼ gχφµχ̄γ
µχ+ gqφµq̄γ

µq + 1
2m

2
φφµφ

µ + ... −→ L ∼ 1
Λ2 (χ̄γµχ)(q̄γµq)

φ to χχ φ to qq mediator operator for the vector coupling

coupling coupling mass term of fermionic DM to SM particles

In general, new physics described by a number of higher-dimensional operators:

(suppressed by the powers of Λ)

L ∼ LSM +
∑L(d)

effective , where L(d)
effective = 1

Λd−4O(d).
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A zoo of models
Fermionic dark matter

(Dirac fermions)

Name Operator Coefficient

D1 (χ̄χ)(q̄q) mq/Λ3

D2 (χ̄γ5χ)(q̄q) imq/Λ3

D3 (χ̄χ)(q̄γ5q) imq/Λ3

D4 (χ̄γ5χ)(q̄γ5q) mq/Λ3

D5 (χ̄γµχ)(q̄γµq) 1/Λ2

D6 (χ̄γµγ5χ)(q̄γµq) 1/Λ2

D7 (χ̄γµχ)(q̄γµγ
5q) 1/Λ2

D8 (χ̄γµγ5χ)(q̄γµγ
5q) 1/Λ2

D9 (χ̄σµνχ)(q̄σµνq) 1/Λ2

D10 (χ̄σµνγ5χ)(q̄σαβq) i/Λ2

D11 (χ̄χ)(GµνG
µν) αs/4Λ3

D12 (χ̄γ5χ)(GµνG
µν) iαs/4Λ3

D13 (χ̄χ)(GµνG̃
µν) iαs/4Λ3

D14 (χ̄γ5χ)(GµνG̃
µν) αs/4Λ3

Scalar dark matter

Name Operator Coefficient

C1 (χ†χ)(q̄q) mq/Λ2

C2 (χ†χ)(q̄γ5q) imq/Λ2

C3 (χ†∂µχ)(q̄γµq) 1/Λ2

C4 (χ†∂µχ)(q̄γµγ5q) 1/Λ2

C5 (χ†χ)(GµνG
µν) αs/4Λ2

C6 (χ†χ)(GµνG̃
µν) iαs/4Λ2

R1 (χ2)(q̄q) mq/2Λ2

R2 (χ2)(q̄γ5q) imq/2Λ2

R3 (χ2)(GµνG
µν) αs/8Λ2

R3 (χ2)(GµνG̃
µν) iαs/8Λ2
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Concentrating on selected operators with different characteristic Emiss
T shapes:

Scalar mediators (Spin-independent interactions)
Vector mediators (Spin-independent interactions)
Axial-vector mediators (Spin-dependent interactions)
Tensor mediators (Spin-dependent interactions)
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Strategy for the model testing

In general, our signal model can be a combination of several contact interactions.

For example, for fermionic dark matter:

L ∼∑
q

(
mq

Λ3
D1
q̄qχ̄χ+ 1

Λ2
D5
q̄γµqχ̄γµχ+ 1

Λ2
D8
q̄γµγ5qχ̄γµγ

5χ+ 1
Λ2

D9
q̄σµνqχ̄σµνχ+ ...

)
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)
However, it is more common to treat only one operator at a time.

Assume that the dark matter interacts only through one operator Oi .

Compare the measured cross-section σ(pp → χχ+ X )
to the one predicted for this operator, σ(Oi ) = f (mχ,ΛOi ).

⇒ No excess of events above the expected background is observed.

⇒ Set the lower exclusion limit on ΛOi (≡ M?,Oi ) in dependence on WIMP mass mχ.

Repeat the procedure for all studied operators.
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Lower bounds on the suppression scale ΛOi

Mono-jet channel (SI)

vector coupling to fermionic WIMP

Mono-jet channel (SD)

axial-vector coupling to fermionic WIMP

Operator Lower bound on Λ (GeV) WMAP thermal relic

assuming mχ = 10 GeV constraints(?) on mχ (GeV)

D5 920 >20

D1 38 >20

D11 360 >500

C5 190 no bound

D8 900 >400

D9 1420 >50

(*) Assuming that DM is entirely composed entirely of thermal relics,
has only one type of contact interaction and decays exclusively to SM particles.
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The trouble with the EFT

The limits on Λ are obtained assuming that EFT is a valid approach:

i.e. the mediator mass is considerably larger than the energy scale of the interaction,

mφ ≡ Λ · √gχgSM � Q.

At the LHC, the typical momentum transfer at
√
s =7 TeV is < Q > ≈ 1 TeV.

This may already considerably compete with the mediator mass mφ.

For a given lower bound Λexcl , the exact EFT validity regime depends on
√
gχgSM ,

which is constrained by the requirement of the theory perturbativity:

max(
√
gχgSM ) < O(1) for C5, D11;

O(10) for D1, D5, D8, D9;

O(100) for C1;

EFT-based exclusion limits are valid only for events in which Λexcl ·max(
√
gχgSM ) > Q.

For even lower coupling values, the number of valid events is further reduced.

⇒ Reduced sensitivity to Λ, reduced range of explored WIMP masses.
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Truncated exclusion limits

Considering only valid events, i.e. events in which Λexcl ·
√
gχgSM > Q.

Fraction of valid events:

Operator Valid mχ − range (GeV) Λexcl (GeV) for mχ = 10 GeV
max. coupling gχ = gSM = 1 no truncation max coupling gχ = gSM = 1

D5 full range <100 920 920 570
D1 <200 none 38 38 none

D11 <200 none 360 320 none
C5 <200 none 190 190 none

D8 full range <100 900 900 540
D9 full range <200 1420 1420 1380

⇒ EFT in general good in case of maximal couplings, but problematic for couplings=1.

... 12/22



Limits on the WIMP-nucleon scattering (SI)

Lower bound Λexcl can be translated to an upper bound on the WIMP-nucleon scattering,

σ(Λ) ∝ 1
Λd ·

mχmN

mχ+mN
; d=4 for D5,D8,D9,C1,C5; d=6 for D1,D11

Mono-jet channel

(most powerful)

Spin-independent:

LHC competitive with

the direct searches

in the region

of low WIMP masses.
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Limits on the WIMP-nucleon scattering (SD)

Lower bound Λexcl can be translated to an upper bound on the WIMP-nucleon scattering,

σ(Λ) ∝ 1
Λd ·

mχmN

mχ+mN
; d=4 for D5,D8,D9,C1,C5; d=6 for D1,D11

Mono-jet channel

(most powerful)

Spin-dependent:

LHC outperforms

the direct searches

in the full range

of WIMP masses.

(Even for couplings=1.)
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Comparison of different mono-X searches

List of recent ATLAS and CMS mono-X searches:

Channel ATLAS CMS Studied operators
Mono-jet arXiv:1502.01518 arXiv:1408.3583 D1,D5,D8,D9,D11,C1,C5

Mono-photon arXiv:1411.1559 arXiv:1410.8812 D5,D8,D9
Mono-V(lep) arXiv:1404.0051 arXiv:1408.2745 D1,D5,D9

Mono-V(had) arXiv:1309.4017 EXO-12-055 D1,D5,D8,D9,C1
Mono-bottom arXiv:1410.4031 - D1,D9,C1

Mono-top arXiv:1410.5404 B2G-14-004 top quark couplings
Mono-Higgs arXiv:1506.01081 - Higgs couplings

D5 D8

... 15/22



Higgs portal to dark matter

Direct and indirect searches for the Higgs boson decays to invisible particles:

BR(H → invisible) < 0.22 at 90% C.L.

⇒ Translated into the limits on the H → χχ coupling, and reparametrized

in terms of the spin-independent WIMP-nucleon scattering via Higgs boson exchange.

arXiv:1509.00672

Assumption:

dark matter couples

only to the Higgs boson.
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New strategies for new data

Average momentum transfer at 13-14 TeV grows up to 2.5 TeV!

⇒ Move away from the EFT to simplified models.

arXiv:1507.00966

Basic assumptions of each simplified model:

One single kind of DM particle (Dirac fermion), only one interaction type at a time.

Only signatures with pairs of dark matter.

Explore basic possibilities for mediators of various spins and couplings.

Mediator has a minimal decay width,

i.e. only decays which are strictly needed for the consistency of the model.
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Example of a simplified model

Effective field theory: D5 coupling
q

q̄

χ

χ̄

g
Simplified model: vector mediator

q

q̄

χ

χ̄

g

Z ′

σ ∝ 1
Λ4

⇒ one free parameter

σ ∝ g2
SMg2

χ

M4
Z ′ΓZ ′

⇒ four free parameters
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Comparison of the two approaches

Limits expected to improve by a factor of two at 14 TeV

(for the same integrated luminosity).

EFT regime

reached for

Mmed >5 TeV.

In the intermediate

range (0.7-5 TeV):

mediator would be

produced

resonantly, leading

to pessimistic

EFT limits.

For low Mmed :

DM heavier than

Z ′, decays

kinematically

suppressed,

leading to too

optimistic EFT

limits.
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Excluded regions for different mediators
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A word on Supersymmetry

In addition to the presented model-independent or simplified-model dark matter searches,

indirect searches via a thorough test of selected complete theories containing dark

matter candidates are performed:

Kaluza-Klein excitations in theories with extra dimensions.

Lightest supersymmetric particle, LSP, (neutralino, gravitino,...) in Supersymmetry.
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T
1­lepton (hard) + 7 jets + E

Strong interactions:

gluino-pair, squark-pair and

squark-gluino production.

Cascade decays with LSP

in the final state.

Excluding masses up to ∼1.5 TeV.

⇒ No natural solution

to hierarchy problem,...
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... unless mstop is smaller

than masses of other squarks.

⇒ dedicated top-squark searches.
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Electroweak interactions:

if all squarks and gluionos have

masses above the TeV scale,

weak gauginos may be the only

accessible sparticles.
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Summary

Dark matter searches at the LHC are evolving rapidly.

Interpretation of data done in context of EFT and simplified models,

exploring the nature of dark matter interactions with the SM.

No signal discovered yet.

Complementary results to direct and indirect detection experiments.

Run-II has just started...
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Backup
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Fermi-LAT excess
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Fermi-LAT excess

 (GeV)
DM

m
1 10

2
10

3
10

/s
)

3
A

nn
ih

ila
tio

n 
C

ro
ss

 S
ec

tio
n 

(c
m

-38
10

-37
10

-36
10

-35
10

-34
10

-33
10

-32
10

-31
10

-30
10

-29
10

-28
10

-27
10

-26
10

-25
10

-24
10

-23
10

Observed

Expected

FermiLAT

Monojet

Boosted

Resolved

Mono V

Combination

Fermionic

Preliminary
CMS

 (8 TeV)
-1

19.7 fb

Pseudoscalar

q
=g

DM
g

=125 GeV
med

m

... 24/22




