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Motivation

Why search for ’dark matter’?

strong evidence from several observations: rotational velocities in spiral
galaxies, galaxy clusters, bullet cluster. . .

cosmic microwave background: ∼ 26% of universe made up by dark matter

What is dark matter?

at least gravitional interaction, at most weak interaction with SM sector

stable on cosmological time scale

⇒ focus on WIMP model for dark matter:
weakly interacting, massive (non relativistic),
stable

↪→ production at colliders possible
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Dark Matter Searches at the LHC

How to look for dark matter?

WIMPs can only be recognised as 6ET at the
LHC: need a recoiling object: jets, W/Z, γ, Higgs
boson

focus on simplified models

event signatures denoted as Mono-X:

- jet + 6ET
- γ + 6ET
- W/Z + 6ET
↪→ different decay modes

- Higgs +6ET
↪→ different decay modes
↪→ Higgs directly involved in
WIMP production

q
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′
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dark matter+heavy flavour production:

di-jet resonant production:
mediator can also decay to quarks

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mc, mf,a, gc, gq (and Gf,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mc and mf,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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Monojet Search (3.2 fb−1) Phys Rev D 94, 032005

Strategy: search for an abundance of
events with high 6ET , a high pT jet
and 0 leptons

at most four jets (pT > 30 GeV)

6ET > 250 GeV

leading jet pT > 250 GeV
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simultaneous fit to 6ET : → 6ET -dependent scale factors for background
normalisation

dominant background: Z(νν)+jets: normalised via W (µν)+jets scale factor,
theory transfer uncertainty applied in signal region
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Monojet Search (3.2 fb−1) Phys Rev D 94, 032005

No excess found: limit on dark matter production via Z ′-like mediator:
↪→ axial-vector coupling with gχ = 1.0 and gq = 0.25
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↪→ derivation of scattering cross section limit: ATLAS constraint competitive for
low DM masses
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Monophoton Search (36.1 fb−1) Brand NEW Link

Similar to monojet: instead of high energetic jet, require high energetic photon

1 isolated photon with
pT > 150 GeV, no leptons

6ET > 150 GeV, at most one jet
with pT > 30 GeV

combination of data-driven methods
and MC

fit to 6ET : W/Zγ backgrounds scale
factors

Dominant background Z(νν)γ
normalised by Z(``)γ scale factors
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Monophoton Search (36.1 fb−1) Brand NEW Link

Use binned fit to 6ET -distribution to interpret results in terms of DM models:

Axial-vector mediator Effective Theory: γγχχ interaction
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Mono-V (→hadrons) Search (3.2 fb−1) Phys. Lett. B 763, 251

Search for W/Z+ 6ET with hadronically decaying
W/Z
↪→ analysis similar to monojet search but with
focus on large-RRR jets

require large-R jets: both decay products of
W/Z contained (R = 1.0, anti-kt)
↪→ substructure described by jet mass and
D2 (two distinct energy concentrations)

pT (large-R jet)> 200 GeV, |η| < 2.0,
6ET > 250 GeV

no leptons allowed

dominant background Z(νν)+jets
↪→ normalised via Z(µµ)+jets estimation
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Mono-V (→hadrons) Search (3.2 fb−1) Phys. Lett. B 763, 251

Background-prediction in agreement with data: limits are set on effective field
theory and simplified models:
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↪→ main limitations: statistics, modelling of large-R jet observables
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Mono-Z(→ ``) Search (13.3 fb−1) ATLAS-CONF-2016-056

Signature: opposite sign leptons and 6ET

require 6ET > 90 GeV, boosted Z-boson
with ∆R(``) < 1.8, b-veto

dominant background: ZZ → ``νν
production

differential mZZ cross section corrected
to NNLO QCD and NLO EW calculation

WZ background normalized to NNLO
QCD and fitted in control regions with 3
leptons

Z+jets background data driven, non
resonant background from eµ control
regions

Z+jets uncertainty dominates

limit on vector mediator in simplified
model of WIMP production
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Mono-Higgs, H → γγ (13.3 fb−1) ATLAS-CONF-2016-087

Higgs involved in WIMP production:
different models: coupling to heavy
mediator Z′, coupling to Z′ and
pseudo-scalar A0 (2HDM)

two photons with pT > 25 GeV,
105 < mγγ < 160 GeV

categories in 6ET /
√∑

ET and pγγT
↪→ highest sensitivity to vector
mediator (Z′B) for high 6ET /

√∑
ET

and pγγT
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Mono-Higgs, H → bb (36.1 fb−1) Brand NEW Link

Search similar to mono-H(→ γγ): final state now with b-jets

resolved region: two distinct b-jets,
6ET < 500 GeV

merged region: 6ET > 500 GeV: boosted
Higgs → large-R jet with substructure

shape-fit to mjj or mJ in different
categories of 6ET and #b-jets,
two dedicated control regions

main backgrounds: W/Z+jets, tt̄

dominant uncertainty: b-tagging, luminosity,
JES, jet mass
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DM+Heavy Flavour Searches (13.3 fb−1)

Searches for bb̄+ 6ET and tt̄+ 6ET production:
↪→ sensitive to (pseudo-)scalar mediator

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39

f/a

g

g

t(b)

c

c̄

t̄(b̄)
Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
mc, mf,a, gc, gq (and Gf,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses mc and mf,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and

DM+bb̄bb̄bb̄: ATLAS-CONF-2016-086

↪→ exactly two b-jets, 3rd jet veto, no leptons
↪→ dominant background Z(νν) + b reduced by cut requiring separated
b-jets, momentum imbalance
↪→ 3 CR, Z(νν) + b constrained from Z(``) + b

DM+tt̄tt̄tt̄: ATLAS-CONF-2016-077, ATLAS-CONF-2016-050,

ATLAS-CONF-2016-076

↪→ 0-leptons, 1-lepton or 2-leptons channels
↪→ many signal regions defined with help of different variables:
6ET /
√
HT ,mT , razor variables. . .

↪→ dominant background is SM tt̄ production: estimated in control regions
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DM+Heavy Flavour Searches (13.3 fb−1)

Limits shown on pseudo-scalar mediator models (similar to scalar mediator):
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Di-jet Resonance Search (37 fb−1) Brand NEW Link

Search for resonance in di-jet invariant mass spectrum

see talk by Hanno Meyer zu
Theenhausen (Wed. 2 pm)

limits are set on excited quarks q∗,
quantum black holes, W ′,Z ′Z ′Z ′,W ∗,
generic Gauss-shaped resonances

in context of simplified models: limit on
coupling gq to standard model particles
as a function of the mediator mass mZ′
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Combination of Exclusions I

Combining dark matter searches in terms of simplified models with an axial-vector
mediator model:
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Combination of Exclusions II

With less ’optimistic’ coupling to standard model quarks: gq = 0.1:
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→ dilepton results shown, coupling suppressed: g` = 0.01
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Combination of Exclusions III

Limit on spin-dependent WIMP-proton scattering cross section:

DM Mass [GeV]
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Summary and Outlook

a variety of dark matter searches carried out throughout 2015 and 2016 data
taking

↪→ many new results, many new results to come soon with full 2015+2016
data set

interpretations focused on simplified models:
dark matter production via heavy mediator

↪→ model dependent approach

↪→ complementary sensitivity compared to
direct dark matter searches

↪→ constraints from di-jet resonance
searches DM Mass [GeV]
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no evidence for dark matter found so far

↪→ stay tuned for new results with 3-10× increased data sets

Cora Fischer (IFAE Barcelona) Dark Matter Searches April 4, 2017 19 / 23



BACKUP
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Monophoton Search (36.1 fb−1) Brand NEW Link

Similar to monojet: instead of high energetic jet, require high energetic photon

1 isolated photon with
pT > 150 GeV, no leptons

6ET > 150 GeV, at most one jet
with pT > 30 GeV

4 control regions to estimate W/Zγ
and γ+jets background: use low-6ET
region

fake photon estimation data-driven:
ABCD method for jets faking γ,
Zeγ/Zee ratio measurement for e
faking γ

Simultaneous fit in control regions and signal regions to 6ET : independent
normalisation factors per 6ET -bin for W/Zγ backgrounds
Dominant background Z(νν)γ normalised by Z(``)γ scale factors
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-32/


Mono-V (→hadrons) Search (3.2 fb−1) Phys. Lett. B 763, 251

require large-R jets: both decay products of
W/Z contained (R = 1.0, anti-kt)
↪→ substructure described by jet mass and
D2 (two distinct energy concentrations)

pT (large-R jet)> 200 GeV, |η| < 2.0,
6ET > 250 GeV, ∆φ(6ET ,narrow jet) > 0.6

no leptons

dominant background Z(νν)+jets
↪→ three control regions defined
↪→ simultaneous fit to 6ET -distribution
performed: single normalisation factors for
W/Z+jets, tt̄ backgrounds
↪→ Z(νν)+jets normalised with Z(µµ)+jets
scale factor
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http://www.sciencedirect.com/science/article/pii/S037026931630613X


Di-jet Resonance Search (37 fb−1) Brand NEW Link

Search for resonance in di-jet invariant mass spectrum

background completely data-driven: sliding
window fit with f(x) = p1(1− x)p2xp3

limits are set on excited quarks q∗,
quantum black holes, W ′,Z′Z′Z′,W ∗

limits are also set on generic Gauss-shaped
resonances with mass mG (truth level)

in context of simplified models: limit on

coupling gq to standard model particles as

a function of the mediator mass mZ′
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