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Collider Searches for Dark Matter

Though the presence of Dark Matter is well established, its particle
content is an open question.

Dark Matter -
needed to explain:

(from 1305.1605)

WIMP dark matter is one attractive option.
I Produced in early universe, now in thermal relic density.
I Interaction with quarks via heavy mediator pair-production.
I Search for signatures of Dark Matter at the LHC through tagging

ISR, or searching for mediator production.
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Introduction to X+MET DM searches

Any WIMP DM produced at collider experiments
will interact weakly and pass invisibly through
the detector.
Inferred through ‘Missing ET ’ (Emiss

T ) when event
does not balance in plane transverse to beam.

Consequently, collider searches focus on events
with production of a SM particle(s) (X) with large
Emiss

T : X+MET
Initial state radiation (photons, jet, vector
bosons) can also be used to tag DM pair
production.
Lepton vetoes can be used to reduce
backgrounds containing genuine sources of
Emiss

T .
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LHC Searches for WIMP Dark Matter
EFTs and simplified models [arXiv:1507.00966] [arXiv:1506.03116] [arxiv:1603.04156]

Assume dark matter has very small couplings to
the SM.
Use information from astrophysics, detection
experiments to focus search.
Need a model for comparisons with
astrophysics.
The LHC can investigate and characterise the
interaction between DM and SM.
For Run-2, focus on simplified models, with
mediator.

(from 1503.05916)

Assocated production:
Scalar/Pseudo-scalar model

Higgs signatures

Vector model
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Dark Matter at LHC

Simplified models provide a
solution to the question of
Effective Field Theory (EFT)
validity.
Parameters: mediator mass,
couplings to SM and DM,
width, DM mass.
Mediator also a discovery
target - strength of LHC
searches.
Explore the complementarity
of different channels. (from 1503.05916)

Can also be investigated by EFT, with interactions between the
WIMPs and SM particles.
Caveat: momentum transfer must be below the EFT interaction
scale for validity.James Frost (University of Oxford) LHCP 2016 Thursday 16th June 2016 4 / 46



Outline

LHC searches for Dark Matter
in X+MET channels
◦ (Mono-)jet plus Emiss

T
◦ γ/W/Z & Emiss

T
◦ Dijet searches
◦ Heavy quarks & Emiss

T
◦ Higgs plus Emiss

T

Conclusions & Outlook

More details tomorrow:
Ruth Pottgen & Bo Jayatilaka
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The highest ET
miss

monojet event in the
2015 ATLAS data.
jet pT = 973 GeV
ET

miss = 954 GeV
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Jet Dark Matter Searches
Mono-jet (inc. V→qq) (1) [CMS-PAS-EXO-16-013]

Look for an excess of events with:
Emiss

T > 200 GeV, R = 0.8 jet with pT > 250 GeV
Separate mono-V from monojet with Emiss

T > 250 and
boson-tagging: (65 < mj < 105, N-subjettiness: τ2/τ1 < 0.6).
◦ The post-fit signal regions for monojet (L) and mono-V (R):
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Jet Dark Matter Searches
Mono-jet (2) (incl. V→qq) [CMS-PAS-EXO-16-013]

Z/W+jets backgrounds
estimated with ten CRs:
1-/2-e/µ,γ+jets
Orthogonal by SR
lepton/photon vetoes.
Model SM Emiss

T shape in SR.
gq = 1,gSM = 1:

Vector/axial-vector mediators < 1.3
TeV excluded.
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Jet Dark Matter Searches
Mono-jet (3) [arXiv:1604.07773]

Look for events with a jet,
pT > 250 GeV, Emiss

T > 250 GeV,
separated from any jet with
pT > 30 GeV.
Lepton veto.
W/Z+jets estimated with
simultaneous fit in (1e,1-/2-µ)
control regions.

Non-collision and
multijet rates from
data.
mχ excluded up to
250 GeV for
gq = 0.25.
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Boson + Emiss
T DM Searches

Mono-W/Z Search [ATLAS-CONF-2015-080]

Tag ISR boson.
Look for a boosted
boson recoiling
against DM
particles.

Search for an R=1.0 jet and Emiss
T (>250 GeV), tagging bosons

using jet mass and D2 (dominant uncertainty ∼ 10 %).
Main backgrounds: W+jets, Z+jets and t̄t.
Vector-mediated simplified model - already probing low mχ with
2015 data!
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Boson + Emiss
T DM searches

Mono-photon search (I) [arxiv:1604.01306]

Signal region: Emiss
T Photon pT

Look for high pT (> 150 GeV) photon, opposite Emiss
T .

Use 1-/2-µ, 2-el, and lower Emiss
T γ-jet CRs to estimate

backgrounds (Z(νν)+γ, W/Z+γ, γ+jets). Lepton veto.
Dominant uncertainties: statistics (9%), e→ γ fake factor (6%)

James Frost (University of Oxford) LHCP 2016 Thursday 16th June 2016 11 / 46



Boson + Emiss
T DM searches

Mono-photon search (II) [arxiv:1604.01306]

Interpretation via Axial-vector model.
For large gDM , rule out a large range of mediator masses with
mχ < 150 GeV.
Limits on the EFT: γγχχ
Stringent DM cross-section limits at low masses.

James Frost (University of Oxford) LHCP 2016 Thursday 16th June 2016 12 / 46



Boson + Emiss
T Dark Matter Searches

mono-photon search CMS-PAS-EXO-16-014

Isolated γ, pT > 175 GeV,|η| < 1.44
Emiss

T > 170 GeV.
Z/W + γ from MC and CR, data-driven
estimate of e/jets mis-identified as γ.
Limits set on vector/axial-vector mediator
scenarios.
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Jet Dark Matter Searches
Looking for DM mediators with jets - challenges [arXiv:1604.08907] [arXiv:1512.01530]

High-mass searches
provide constraints for
massive mediators.
Weaker constraints at
lower masses, due to
the large prescales on
triggers.

Need alternative
approaches to access
mediators below
∼ 1 TeV.
Complementary
strategies...
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Jet Dark Matter Searches
Trigger Level Analysis [arXiv:1604.08907] [ATLAS-CONF-2016-030]

Write out trigger jets for all
events with HT > 250 GeV, (jet
pT > 40 GeV).
Considerable improvement on
sensitivity at lower masses.

Record trigger jets in events with
an L1 trigger jet ET > 75 GeV:

pT > 185 GeV, |y∗| < 0.6
Use reduced y∗ cut (< 0.3) to
access lowest masses.
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Jet Dark Matter Searches
Other approaches for lower masses [ATLAS-CONF-2016-029]

Search for resonances decaying to a jet
pair in association with a photon from ISR.

Use a lower pT ISR photon to access
lower resonance masses.
Trigger on the event with the photon,
and construct dijet mjj , down to 200
GeV.

I γ, pT > 130 GeV, and 2+ jets
(pT > 25 GeV).

I Photon separated from closest jet by
∆R > 0.85.

I yjj = |yj1 − yj2|/2 < 0.8

Background fit with functional form,
as for dijet analysis.
Exclude masses down to 250 GeV
(gSM > 0.26).
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Low mass summary (with 13 TeV high-mass)
[ATLAS-CONF-2016-029 & ATLAS-CONF-2016-030] & [arxiv:1512.01530]
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Mono-jet and Dijet Complementarity

Relative
exclusion
power
depends on
the relative
model
couplings, gq
and
gDM = gχ.
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Heavy flavour DM searches
mono-b searches CMS-PAS-B2G-15-007

Search for DM in
association with
one or more
b/t-quarks.
Important for
(pseudo-)scalar
mediators.

Emiss
T > 200 GeV, lepton veto, require

1(2) b-tagged jets with pT > 50 GeV.
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Heavy Flavour Dark Matter Searches
mono-top searches CMS-PAS-EXO-16-017

Hadronic top decay in association with
Emiss

T .
Select b-tagged large-R jet with
110 < m < 210 GeV, τ3/τ2, with
Emiss

T > 250 GeV.
Veto extra b-tags or charged leptons.
Emiss

T search, using 1/2-e/µ,γ+jet regions.

For aFC = bFC = 0.1,
mass exclusion
MV =
300− 1100 GeV.
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DM Mediator Mass Summary

Maximal excluded mass [GeV]
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Searches in Higgs channels
mono-Higgs searches - bb channel ATLAS-CONF-2016-019

Higgs could couple
to dark sector too.
Boosted and 3
resolved channels
(Emiss

T ), 2 b-tags.

Main backgrounds: W/Z+jets, t̄t -
estimated from 1-/2-lepton control regions.
Z’ vector model. gDM = 1,gq = 1/3.

I mZ ′ < 900 GeV is excluded.
I Constraints on 2HDM, mA < 500 GeV
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Searches in Higgs channels
mono-Higgs searches to diphotons ATLAS-CONF-2016-011

Look for H
boson
recoiling
against DM.
4 signal
regions.

50 <Emiss
T < 100 GeV, pjets+γ

T > 40 GeV Emiss
T > 100 GeV, pγγ

T > 100 GeV

Signal and background are
estimated with functional fit to
mγγ distribution.

I Statistical error dominates.
I Vector simplified model
I Heavy scalar interpretation.
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Searches in Higgs channels
Invisible decays of a Higgs boson CMS-PAS-HIG-16-009

Look for VBF Higgs decay to
invisibles.
Signal and background yields
from fits to control regions

I Z(µµ), W(eν,µν,τν), multijet.

Limit on invisible BF is 69%
from 2015 data, improving to
32% with Run-1 combination.
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Conclusions and Outlook

The LHC machine and experiments
performed very well during the start of
LHC Run-2 in 2015.
Wide range of DM channels being
probed with 2015 data.
Important part of the LHC programme,
with new techniques and methodologies.
Simplified models provide framework for
comparison of other channels, direct and
indirect detection experiments.

I Common set of benchmark models.

2016 data will bring greater sensitivity - Many more results with
13 TeV data coming soon!
Great complementarity with non-LHC experiments
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BACKUP SLIDES
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Summary of ATLAS Exotics Results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Summary of CMS Exotics Results

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
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Heavy Flavour Dark Matter Searches
mono-top searches CMS-PAS-B2G-15-001

Leptonic top quark decay in
association with Emiss

T .

Isolated muon, pW
T > 50 GeV, 1 b-tagged jet

(pT > 70 GeV), Emiss
T > 100 GeV.

Look for broadening of MW
T .

Model W+jets, t t̄ fit in control regions.
For a = 0.1, scalar masses below 1610 GeV
excluded.
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Jet Dark Matter Searches
Mono-jet (inc. V→qq) [CMS-PAS-EXO-16-013]
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Jet Dark Matter Searches
Mono-jet (inc. V→qq) (1) [CMS-PAS-EXO-16-013]
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Jet Dark Matter Searches
Mono-jet (inc. V→qq) (2) [CMS-PAS-EXO-16-013]
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Jet Dark Matter Searches
Mono-jet (3) [arXiv:1604.07773]
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Boson + Emiss
T DM Searches

Mono-W/Z Search [ATLAS-CONF-2015-080]
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Boson + Emiss
T DM searches

Mono-photon search (I) [arxiv:1604.01306]
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Boson + Emiss
T Dark Matter Searches

mono-photon search CMS-PAS-EXO-16-014
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Jet Dark Matter Searches
Trigger Level Analysis [arXiv:1604.08907]
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Jet Dark Matter Searches
Trigger Level Analysis [ATLAS-CONF-2016-030]
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Low mass summary
[ATLAS-CONF-2016-029 & ATLAS-CONF-2016-030]
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Heavy flavour DM searches
mono-b searches CMS-PAS-B2G-15-007
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Searches in Higgs channels
mono-Higgs searches - bb channel ATLAS-CONF-2016-019
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Searches in Higgs channels
mono-Higgs searches - bb channel ATLAS-CONF-2016-019
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Searches in Higgs channels
mono-Higgs searches to diphotons ATLAS-CONF-2016-011
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Searches in Higgs channels
mono-Higgs searches to diphotons ATLAS-CONF-2016-011
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Searches in Higgs channels
Invisible decays of a Higgs boson CMS-PAS-HIG-16-009
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More mediators!

Further benchmarks? Guide:
I New experimental

signature?
I Does the kinematics change

between models (points)?
I t-channel exchanges

(above)
I Higgs Portal - scalar

coupling to DM and h

Active topic of LHC DM WG!

http://lpcc.web.cern.ch/
lpcc/index.php?page=dm_wg
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