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1. Introduction

• Dark matter detection

• Simplified models


2. Search for the mediator

• Dilepton resonance

• Dijet resonance


3. Search for recoiling DM (X+MET)

• Jet + MET

• Z(ll) + MET

4. Heavy flavor

• tt and single-top + MET


5. The Higgs and DM

• Higgs (dark Higgs) recoil against DM

• Higgs is the mediator (decays to invisible)
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• Astrophysics evidence for DM

• WIMP miracle → DM at the EW scale

• Collider searches:


1. Direct DM mediator searches: dijet (dilepton) resonances

2. X+MET: Add object “x” for DM to recoil against 

3. Higgs portal models: Some mediator (Higgs) to invisible

4. Other models: 2HDM, Z’, SUSY
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Quick aside on 2HDM models
• Another extended Higgs sector

• Two Higgs doublet model with charged heavy Higgs ( )

• Additional pseudo scalar mediator to DM ( ) or vector 
• Couplings prioritize third generation and signatures with 

vector and Higgs boson

H±

a Z′￼

Z’-2HDM 2HDM+a
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Phys. Lett. B 
796 (2019) 68 

Look for  resonance to identify high mass mediator

• Probe m > 250 GeV

• Clear signature, easy to trigger

• Improved mass range due to increased √s

• Limit on coupling improved from luminosity
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Dielectron result also considered in paper

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
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Phys. Rev. D 96, 052004

Among the highest dijet mass event recorded: mjj = 8.12 TeV
f

fq

q

dijet

mediator→SM
pT = 3.79 TeV

pT = 3.79 TeV

EM calorimeter 

energy

Hadronic calorimeter 

energy

Tracks

Mar 27, 2017

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
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Large signal on a large background: signature is a “bump”

• Fit background using a smooth function

• BumpHunter is used to evaluate significance of deviations

Phys. Rev. Lett. 121 (2018) 
081801
JHEP 03 (2020) 145
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HLT trigger

full data buffer

storage
reduced data

detector

save trigger jets

L1 O(1kHz)

O(1kHz)

TLA: save jets from HLT

“No bandwidth limit” → probe lower masses

Offline analysis

Full offline event → better jet resolution 

jet pT > 185 GeV 

jet pT > 440 GeV 

Aug 22, 2018

Oct 18, 2019

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
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Phys. Rev. D 103 (2021) 11200

arXiv:2102.10874

• Dedicated CRs for V+jets, /single-top

• Multijet: jet smearing method in data

tt̄

Event selection
MET > 200 GeV

pTjet > 30 GeV, |η| < 2.8

pTlead jet > 150 GeV, |ηlead jet| < 2.4

• Results: simultaneous, binned profile 
likelihood fit to pTrecoil (SR + 5 CR)

• Use simplified model 
with minimal number of 
free parameters

(Feb 22, 2021)

Simplified model 
(2) from intro

MET hard-term

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://arxiv.org/abs/2102.10874
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NEW!
• Simplified model and 2HDM+a interpretations

• Also Higgs portal interpretation (later): 

BR(H→inv) < 0.18 at 95% CL
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t-channel

tW-channel

2HDM+a interpretation

• 1 isolated lepton

• Njets 1-4

• Nb-jets 1-2

• MET > 200 GeV

• BDT trained to improve sensitivity

• 1 isolated lepton

• Njets >= 3

• Nb-jets >= 1

• MET > 250 GeV

• 2 OS isolated leptons

• Njets >= 1

• Nb-jets >= 1

• MET > 200 GeV

tW1L tW2L

arXiv:2102.10874

directly, leading to a di↵erent phenomenology. For completeness, we exam-

ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the

mediating particle, labeled �, is a charged scalar color triplet and the SM parti-

cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,

these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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(Nov 18, 2020)

https://arxiv.org/abs/2102.10874
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Targeting t+MET, but also sensitive to +MET

• Low : dominated by t

• High : dominated by 

tt̄
mH±

mH±
tt̄

Prominent backgrounds: 
tj1L: , W+jets

tW1L: , W+jets

tW2L: , Z, WZ

tt̄
tt̄
tt̄ tt̄ tt̄

Assuming only t contributions

(tW only)

Assuming t and  contributionstt̄

arXiv:2011.09308
(Nov 18, 2020)

https://arxiv.org/pdf/2011.09308.pdf
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Spin-0 mediator model: 

• Mediator (scalar 𝜙, pseudoscalar a) is 

produced in association with , decays to DM

• Largest coupling to heavy flavor

• 2-lepton channel most sensitive

• Dominant background from , 

tt̄

tt̄ tt̄Z

�/a

t̄

t

g

g

�̄

�

Scalar

Pseudoscalar

arXiv:2012.03799
arXiv:2102.01444 (Feb 2, 2021)

(Dec 7, 2020)

0-lepton search (less sensitive): SUSY-2018-12 

Can be interpreted 
as 125 GeV Higgs

https://arxiv.org/abs/2012.03799
https://arxiv.org/abs/2102.01444
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/
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Higgs + MET Dark Higgs + MET Higgs to invisible

H
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q
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Production modes
• VBF

• ZH, WH

• ttH

• Jet+MET (ISR ggF 

H→inv) 

→ give something 
visible for invisible H to 

recoil against

Higgs decays to DMScalar recoils against DM

mS ≠ mH

Higgs recoils against DM

Dominant decay to VV for 
 GeVmS > 200

Decays:
• bb → highest rate

• 𝜸𝜸 → clean signature

ATL-PHYS-PUB-2019-032

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-032/
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 ATLAS-CONF-2021-006

• Largest BR for Higgs decays (also possible for )

• Event selection based on Higgs boost

γγ

H H

Merged Resolved

• ≥ 1 large-R jets, MET > 500 GeV

• Boosted Higgs identified with variable 

radius track jets
• ≥ 2 small-R jets (≥ 2 b-tagged)

• 3 MET regions in range [150,500] GeV

• Backgrounds: V+ heavy 
flavor jets, 

• Binned profile likelihood fit 
to 

• Gives upper limits on the 
cross-section in bins of 
MET (also 2-3+ b-jets)

tt̄

mbb

(Mar 24, 2021)

https://cds.cern.ch/record/2759211/files/ATLAS-CONF-2021-006.pdf
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2HDM+a Z’-2HDM
ggF bbA

tan𝜷=1 (ggF) tan𝜷=10 (bbA)

 ATLAS-CONF-2021-006

https://cds.cern.ch/record/2759211/files/ATLAS-CONF-2021-006.pdf
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arXiv:2104.13240

Clean peak in tight BDT selection Signals tend to have high MET

DM recoils against the Higgs

• Boosted (resolved) H → bb

• Resolved H → 𝛾𝛾 

• BDT trained with , pγγ
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T
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+ other models

https://arxiv.org/pdf/2104.13240
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NEW!

 ATLAS-CONF-2021-041

• Reinterpretation of  (link) in context of DM models

• Statistical combination of H(bb)+MET and Z(ll)+MET

• Most sensitive searches updated to full Run-2 

luminosity

• Significant complementarity from different channels
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(Jul 24, 2021)

Updates:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/
https://arxiv.org/abs/2102.10076


  Ava Myers       

200 250 300 350
 [GeV]sm

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 V
V)

 [p
b]

→
) x

 B
(s

 
χχ

 s
 

→
(p

p 
σ

Observed 95% C.L. limit
Expected 95% C.L. limit

σ 2±Expected 95% C.L. limit 
σ 1±Expected 95% C.L. limit 

Dark Higgs LO prediction
Uncertainty

Dark Higgs model JHEP 1704 (2017) 143

=1.0 TeV
Z'

=200 GeV, mχm
=0.01θ=1, 

χ
=0.25, gqg

-1=13 TeV, 139 fbs
PreliminaryATLAS

Heavy scalar + MET

23

Dark sector Higgs (s) recoils against DM
• Mass of new scalar s > 160 GeV 

• Primary decay mode to VV for large mass, utilize hadronic 

decays 

• Use Track Assisted Reclustered (TAR) jets to improve jet mass 

and substructure resolution 

• Require four prong jets using N-subjetiness 
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ATLAS-2020-036 (Jul 26, 2020)
ATL-PHYS-PUB-2018-012

Improvement 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-036/
https://cds.cern.ch/record/2630864
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Result Expected Observed

13 TeV 
(139fb-1)

13% 13%

13 TeV 
(36fb-1) 28% 37%

VBF channel updated with full Run-2 luminosity
• Most sensitive channel

• Improvements to optimization, additional bins of mjj & 
Δϕjj, increased MC statistics


• Limit improved by ~factor of 2 compared to VBF with 
36fb-1


• Result is preliminary: updated results to come
Increasing S/B with increasing mjj

ATLAS-CONF-2020-008
(Apr 9, 2020)

Upper limit on VBF Hinv BR (95% CL)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
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Two interpretations: H →inv + γ H → γ + γD

Result Expected Observed

H →inv + 𝜸 34% 37%

H →𝜸 + 𝜸D 1.7% 1.4%

SM-like Higgs with bins in DNN score H →𝜸 + 𝜸D with bins in mT

ATLAS-CONF-2021-004
(Mar 19, 2021)

Upper limit on BR (95% CL)

https://cds.cern.ch/record/2758212
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Updated (preliminary) combined result includes:

• H

• VBF (most sensitive)

• More results such as Z(ll)+MET, VBF+gam to be added 

tt̄

ATLAS Run 1 + Run 2 result: BR(Hinv) < 0.11(0.11)
(Translates to spin-independent DM-nucleon elastic scattering cross-section limit)

Compare to direct searches: assuming Higgs portal with 
125 GeV Higgs decay to scalars or Majorana fermions

ATLAS-CONF-2020-052

LHC can probe Both sensitive Direct detection

(Oct 29, 2020)

http://cdsweb.cern.ch/record/2743055


  Ava Myers       Summary plots

27

A way to contextualize all of these searches
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Some ways to summarize DM searches:

•  vs. 
•  vs. 
•  vs. 

mχ mZ′￼A
gq mZ′￼A
σχ−nucleon mχ

ATL-PHYS-PUB-2021-006

Translation is model dependent 

(LHC limits hold exclusively for considered models)

*

*

*

*

*
*

*

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
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• Phenomenology of collider DM searches is rich, 
motivating a wide variety of searches


• Searches for DM on ATLAS are expanding

• More interpretations and more final states

• Complementary to direct detection experiments


• Even more searches in the pipeline for Run-2


• Analysis groups are providing projections of their 
results for HL-LHC - more to come!

• Mono-𝜸 and VBF Hinv (ATL-PHYS-PUB-2018-038)

• Jet + MET (ATL-PHYS-PUB-2018-043) 
• Heavy flavor (ATL-PHYS-PUB-2018-036)
• Charginos and Neutralinos (ATL-PHYS-PUB-2018-048)

Thank you!

https://cds.cern.ch/record/2649443
http://cdsweb.cern.ch/record/2650050
http://cdsweb.cern.ch/record/2649243
http://cdsweb.cern.ch/record/2651927
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Tracker

EM calo

Had. calo

Muon chambers

e µ ɣ τ q/g b νBeam PipeATLAS

coarse calorimeter and muon to L1

full calorimeter and muon data to HLT

Hardware trigger (L1):

select in 2.2 µs

Software trigger (HLT)

select in  ~0.1 s

100 kHz 

~1 kHz Save to permanent 
storage

to L1

40 MHz



  Ava Myers       Dark matter at colliders

31

f

fq

q

e.g., dijet

mediator→SM

Direct mediator searches:  
dijet (dilepton) resonances

ISR Trigger level 
analysis Jet trigger

Trigger technique 

200 GeV 1 TeV Mmed

Z’

x objects
Jet PT ≳ 150 GeV

Photon PT ≳ 150 GeV

Weak bosons

(W/Z)

lν/l+l–

qq̅

Higgs boson
bb̅

γγ

Heavy 
flavors

b, bb̅

t, tt̅

mediator→DM

χ

χq

q

e.g., Z′

Add “X”

Look for stable dark matter 
candidate by requiring that the 

system recoil against a visible “x”

“x”

q

q̅

χ
χ̅

Z’

mediator→DM + X

Z’

1703.05703, 1810.09420

(LHC DM working group)

https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/abs/1810.09420
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χ

χSM

SM

Production

Collider

SM

χχ

SM

Scattering

Direct detection

Constraint:  
Br(H→inv.)

Constraint: 
σWIMP-nucleon

Compare to

Simplified model.

Convert to a limit on 

σWIMP-nucleon

LHC

LUX, Panda-X, Picasso…

http://www.xenon1t.org/
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 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  
 = 13 TeVs2018 pp  

Initial 2018 calibration

2015

2016

In total, recorded a total integrated luminosity of 149fb-1

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
LuminosityPublicResultsRun2

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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~40 MHz

100 kHz

1 kHz

Bunch x-ing rate

HLT output rate

L1 accept rate

1 GB/s
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Improvement at higher scalar mediator mass due to 
better S/B

95% CL upper limit on σVBF x Ɓr(H→inv) ranges from 
0.97 pb (50 GeV mediator mass) to 0.12 pb (1 TeV 
mediator mass
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Table 9 Summary of 95 % CL
upper limits on
σ · B(H → inv)/σSM obtained
from the VBF search, the
combined ZH searches, and the
combination of all three
searches

mH (GeV) Observed (expected) upper limits on σ · B(H → inv)/σSM

VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55 (0.41)

125 0.65 (0.49) 0.81 (0.83) 0.58 (0.44)

135 0.67 (0.50) 1.00 (0.88) 0.63 (0.46)

145 0.69 (0.51) 1.10 (0.95) 0.66 (0.47)

200 0.91 (0.69) – –

300 1.31 (1.04) – –

and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

σ SI
S−N = 4Γinv

m3
Hv2β

m4
N f 2

N

(Mχ + mN)2 , (8)

σ SI
V−N =

16Γinv M4
χ

m3
Hv2β(m4

H − 4M2
χ m2

H + 12M4
χ )

m4
N f 2

N

(Mχ + m N )2 ,

(9)

σ SI
f−N =

8Γinv M2
χ

m5
Hv2β3

m4
N f 2

N

(Mχ + mN)2 . (10)

Here, mN represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while

√
2v is

the Higgs vacuum expectation value of 246 GeV, and β =√
1 − 4M2

χ/mH2. The dimensionless quantity fN [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−N in Higgs-portal models, derived for mH = 125 GeV and
B(H → inv) < 0.51 at 90 % CL, as a function of the DM mass. Lim-
its are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
the dashed and dot-dashed lines represent lower and upper bounds
on this parameter. Other experimental results are shown for com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−N in Higgs-portal models, derived for mH = 125 GeV and
B(H → inv) < 0.51 at 90 % CL, as a function of the DM mass. Lim-
its are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
the dashed and dot-dashed lines represent lower and upper bounds
on this parameter. Other experimental results are shown for com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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and summarised in Table 9. Assuming the SM production
cross section and acceptance, the 95 % CL observed upper
limit on the invisible branching fraction for mH = 125 GeV
is 0.58, with an expected limit of 0.44. The correspond-
ing observed (expected) upper limit at 90 % CL is 0.51
(0.38). These limits significantly improve on the indirect
95 % CL limit of B(H → inv) < 0.89 obtained from vis-
ible decays [3].

9 Dark matter interactions

We now interpret the experimental upper limit on B(H →
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7–9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, Mχ , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below mH/2, the invisi-
ble Higgs boson decay width, Γinv, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:
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age of proton and neutron masses, 0.939 GeV, while
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the Higgs vacuum expectation value of 246 GeV, and β =√
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Fig. 13 Upper limits on the spin-independent DM-nucleon cross sec-
tion σ SI

χ−N in Higgs-portal models, derived for mH = 125 GeV and
B(H → inv) < 0.51 at 90 % CL, as a function of the DM mass. Lim-
its are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which
enters as a parameter, and is taken from a lattice calculation, while
the dashed and dot-dashed lines represent lower and upper bounds
on this parameter. Other experimental results are shown for com-
parison, from the CRESST [71], XENON10 [72], XENON100 [73],
DAMA/LIBRA [74,75], CoGeNT [76], CDMS II [77], COUPP [78],
LUX [79] Collaborations

ues of fN = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
B(H → inv) = Γinv/(%SM +Γinv), where %SM = 4.07 MeV.

Figure 13 shows upper limits at 90 % CL on the DM-
nucleon cross section as a function of the DM mass, derived
from the experimental upper limit on B(H → inv) for mH =
125 GeV, in the scenarios where the DM candidate is a scalar,
a vector, or a Majorana fermion.

10 Summary

A search for invisible decays of Higgs bosons has been per-
formed, using the vector boson fusion and associated ZH
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CMS Run-1 paper on VBF and ZH, 
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• Translate to WIMP-nucleon cross section limit

• Assuming Higgs portal scenarios with 125 GeV 

Higgs decays to DM

• Discriminate with BDT score (8 variables):

• MET/HT
• MET significance

• HT

• fsoft

•
•
•
•

mℓℓ
ΔRℓℓ
yℓℓ
Δϕ(ℓℓ, MET )
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LHC XS WG (2013)

arXiv: 1307.1347 

https://arxiv.org/abs/1307.1347
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