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Literature on dark matter
I scoured titles on arXiv.org
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https://www.coelum.com/coelum/archivio/articoli/you-spherical-bastard
https://www.amnh.org/learn-teach/curriculum-collections/cosmic-horizons-book/vera-rubin-dark-matter
http://arXiv.org


More complete

Sketches of models

Less complete

DM & collider theories
Wide range of ideas from effective to complete
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Clowe et al., Astrophys. 
J. 648 (2006) 109-113

4.4 Dark matter complementarity 21
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Figure 4-9. Dark matter may have non-gravitational interactions with one or more of four categories of
particles: nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions
may then be probed by four complementary approaches: direct detection, indirect detection, particle
colliders, and astrophysical probes. The lines connect the experimental approaches with the categories
of particles that they most stringently probe. The diagrams give example reactions of dark matter (DM)
with Standard Model particles (SM) for each experimental approach. From Ref. [130].

suggested by the WIMP miracle. Experimental sensitivities are expected to improve greatly on several
fronts in the coming decade but some modes require good understanding of astrophysical backgrounds.
Further, the signals are typically subject to uncertainties in the spatial distribution of dark matter (which
is often not directly constrained) and may be absent altogether whenever the dark matter annihilation is
insignificant now, e.g., in the case of asymmetric dark matter or P -wave suppressed annihilation.

• Particle Colliders. Particle colliders, such as the Large Hadron Collider (LHC) and proposed future
lepton colliders, produce dark matter particles that escape the detector, but are discovered as an excess
of events with missing energy or momentum. LHC experiments are sensitive to the broad range of masses
favored for WIMPs (especially if they couple to quarks and/or gluons), but are relatively insensitive to
dark matter that interacts only with leptons. Collider experiments are also unable to distinguish missing
momentum signals produced by a particle with lifetime ⇠ 100 ns from one with lifetime above 1017 s, as
required for dark matter.

• Astrophysical Probes. The particle properties of dark matter are constrained through its impact on
astrophysical observables. Dark matter distributions and substructure in galaxies are unique probes of the
“warmth” of dark matter and hidden dark matter properties, such as its self-interaction strength, and they
measure the e↵ects of dark matter properties on structure formation in the Universe. Examples include
the self-interaction of dark matter particles a↵ecting central dark matter densities in galaxies (inferred
from rotation velocity or velocity dispersion measures), the mass of the dark matter particle a↵ecting dark
matter substructure in galaxies (inferred from strong lensing data), and the annihilation of dark matter
in the early Universe a↵ecting CMB fluctuations. Astrophysical probes are typically unable to distinguish
various forms of CDM from one another or make other precision measurements of the particle properties
of dark matter.

Community Planning Study: Snowmass 2013

Snowmass 2013, 
Ch. 4, [1401.6085]

Abdallah et al., Phys. Dark Univ. 9-10 (2015) 8-23
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Outline
10+ papers, so only a taste of new results

More complete

Sketches of models

4

Hong       
Pittsburgh

Related ATLAS talks, posters
• July 14 S. Bansal New symmetries in the Higgs sector : High-, low-mass scalars, H125 to light scalars
• July 18 S. Ezzarqtouni Combo of ATLAS DM searches : Direct & assoc. prod., via mediator
• July 11 A. Rodriguez Vera New phenomena : Lepto-q, vector-like q, DM via unconven. / long-lived
• July 13 R. Zhang Active Learning in DM search : Zdark to 4 leptons in preserved data w/ Panda & iDDS
• July 18 A. Cheng Unsupervised ML for anomaly : One b-jet + one (b-jet / e / μ)
• July 20 E. Torro Pastor Challenging & Long-lived : Fractional charge, long-lived
• July 11 E. Antipov Strong SUSY production : Gluino, squark - stop / sbottom, RPC / RPV w/o MET
• July 20 Y. Cai Electroweak SUSY production : Sleptons, charginos, neutralinos

Intro
• Models, LHC,     ATLAS, MET

• DM via scalars : VBF H, ZH, ttφ̅
• DM via methods: dark sector jets, single t, anomaly ML
• DM in SUSY : 2 tau, 1 e/μ lepton + jets, 2-3 e/μ leptons

This talk

upcoming

https://indico.cern.ch/event/1199102/contributions/5423609/
https://indico.cern.ch/event/1199102/contributions/5423596/
https://indico.cern.ch/event/1199102/contributions/5423626/
https://indico.cern.ch/event/1199102/contributions/5423612/
https://indico.cern.ch/event/1199102/contributions/5423613/
https://indico.cern.ch/event/1199102/contributions/5423623/
https://indico.cern.ch/event/1199102/contributions/5423604/
https://indico.cern.ch/event/1199102/contributions/5423601/


Simplified models
Features of mediator
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Property Spin 0 Spin 1

Charge Q 0

Mass m ?

Mediator is 
similar to

H, φ γ , Z , Z′

Lorentz
structure

scalar 1
pseudosc. γ5

vector γμ  
axial v. γμ γ5

Coupling “g” ∝ mass ∝ charge

Consequences mt ≫ mu Qb = Qd

Channels in 
this talk

VBF H, 
ZH, ttH̅/φ
(p.11 - 14)

dark QCD, 
top, anomaly

(p.15 - 18)

Escudero et al, JCAP 12 (2016) 029]

complementary probes

Table of characteristics
gχ χ̅χA

matter-mediator DM-mediator
gq q̅qA

Lagrangian terms

gq   
mq   

mq mA gχ mχ mA

➊ known ➋ ➌ ➍ -

Counting parameters

same

Caveat emptor
2d exclusion plot necessarily
assumes 2 other parameters
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Large Hadron Collider (LHC)
Collide protons at √s = 13 TeV since 2015
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Data
• Following results use the entire 13 TeV sample (left)
• ~ 30 simultaneous collisions per crossing (right)
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https://cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2 https://cds.cern.ch/images/OPEN-PHO-CHART-2014-006-1

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://cds.cern.ch/images/OPEN-PHO-CHART-2014-006-1


Momentum conservation
Hadronic jet , MET, lepton, photon

Transverse x-y view

MET

DM production at LHC
Leaves MET ( , Missing ET) transverse to the collision axisEmiss

T
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Direct production: pp → DM + recoil
MET

Perspective side view

p

p

MET



ATLAS experiment
Many upgrades from Run-1 to Run-2 (also for Run-3, HL-LHC)
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People!Toroid LAr / Tile Calorim.

Si TrackersSolenoid

ATLAS, J. Instrum. 3 (2008) S08003

Muon 
Spectrometer

Detector Event display with photon
ZeeH, H→γγdark

Run: 359171

Event: 2874513621

2018-08-26 19:46:03 CEST

Transverse x-y view

Electron
57 GeV

Electron
34 GeV

Photon
62 GeV

MET = 63 GeV

mee = 92 GeV
mT = 123 GeV

http://cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13

http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
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Figure 1. Left: ATLAS integrated luminosity during LHC Run-1 and Run 2 [2]. Right: Schema of the
ATLAS distributed computing system and its components.

Figure 2. Number of
running jobs by core
count and workflow type
in the first half of 2018.

is very efficiently exploiting additional non-WLCG opportunistic resources that have been
mentioned in Sec. 1. Beyond pledge and opportunistic resources are mainly used for MC
event generation and simulation and have allowed the production of almost twice the number
of fully simulated events than would have been possible with the pledged resources only.
Fig. 3 shows the normalised HEPSPEC06 wall clock time which is calculated from average
of the HEPSPEC06 normalisation values of CPUs at a site and the number of running jobs at
a site as shown in Fig. 2. CPUs at HPC centres are usually weaker than those at Grid sites
and have lower HEPSPEC06 normalisation values. This causes the peaks in the number of
running jobs to disappear in the equivalent HEPSPEC06 distribution.

3 Data management

In the middle of 2018 the ATLAS data volume exceeds 370 PB in disk and tape storage. There
are more than 20 million datasets with more than 1 billion files stored world-wide at all the
ATLAS computing sites. About 180 PB of data are stored on disk and partially replicated

ATLAS experiment
Trigger, Data acquisition, Computing
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https://cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsDAQ EPJ Web Conf. 214 (2019) 03010

Computing
Simul. 10B events / yr using 300k CPU

TDAQ
Upgraded L1Calo hardware, MET trigger algorithms, etc.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsDAQ
https://doi.org/10.1051/epjconf/201921403010


General feature: MET (Missing ET)
DM escapes leaving momentum imbalance in the transverse plane

10

Hong       
Pittsburgh

Ev
en

ts
/5

 G
eV

1
10

210

310

410

510

610

710

810

910

1010 Data 2015
νe→W

tt
ee→Z

Diboson
single t
MC uncertainty

ATLAS
νe→W

-1 = 13 TeV, 3.2 fbs
Powheg+Pythia MC
0 Jets

 [GeV]miss
TE

40 60 80 100 120 140 160 180 200

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

ATLAS, Eur. Phys. J. C 78 (2018) 903

MET distribution of Weν
Nice description of core + tail

Event display with VBF jets 
VBF H → χχ , veto W, Z

Run: 279984 
Event: 237776402 
2015-09-21 20:21:50 CEST

mjj = 2.5 TeV 
Δηjj = 4.0 
Δɸjj = 1.6 Jet 1: pT = 408 GeV

Jet 2: pT = 301 GeV

 = 504 GeV
<latexit sha1_base64="WAi4T6BII7WjGvNw8UfOcuWBZaw="></latexit>

Emiss
T

x–y view 

Jet 1

Jet 2

Hadronic jet
408 GeV

MET = 

504 GeV

Hadronic jet
301 GeV

Run: 279984 
Event: 237776402 
2015-09-21 20:21:50 CEST

mjj = 2.5 TeV 
Δηjj = 4.0 
Δɸjj = 1.6 Jet 1: pT = 408 GeV

Jet 2: pT = 301 GeV

 = 504 GeV
<latexit sha1_base64="WAi4T6BII7WjGvNw8UfOcuWBZaw="></latexit>

Emiss
T

x–y view 

Jet 1

Jet 2

https://atlas.cern/updates/briefing/invisible-Higgs-search

Perspective side view mjj = 2.5 TeV

https://link.springer.com/article/10.1140/epjc/s10052-018-6288-9
https://atlas.cern/updates/briefing/invisible-Higgs-search


Dark matter via scalars: H125, φ
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Overview
• Search is challenging like 

precision measurement
• Assume σH125 for Higgs, 
σ fits allow Binv ≈ O(10%)
ATLAS, Nature 607 (2022) 52-59

Challenges
• Need recoil, no ggF H125: use VBF, VH, ttH̅ (left)
• Orders-of-mag. dominant QCD process: large 

MET, but trigger has pileup dependence (right)
ATLAS, J. High Energy Phys. 08 (2020) 80
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H125 cross section

http://cern.ch/twiki/pub/AtlasPublic/TriggerOperationPublicResults 
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Trigger rate

https://www.nature.com/articles/s41586-022-04893-w
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Summary
• Background est.

• Zνν̅, est. w/ Zℓℓ & Wℓν

• QCD multijet CR

• Analysis
• Trig. MET > 160 GeV
• High mjj (binned fit)

Results (%)

• Errors on μ̂ 5.2
• stat 2.9
• multijet 2.1

• 95% CL limits
• BRinv on H125 14.5 (10.3)
• Combination 10.7 (7.7)
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure7.Distributionsof(a)∆φjjand(b)mjjareshownintheMJCR.Theshapesofthemultijet
backgroundcomponents(HS-onlyandPU+HS)areestimatedbytheR+Stechniqueusingsimulated
eventsasinput.Thecomponentsarenormalisedusingafittotheobserved∆φjjdistribution(a).
Thehatchedbandsindicatethestatisticalandthesystematicuncertaintiesseparately.

ofeacheventarerotatedrelativetoeachotherbyarandomazimuthalanglemultipletimes.
Followingthisprocedure,theeventselectionisappliedtopopulatetheSRandCRbins.

IndependentlyofhowtheHS-onlyandtheHS+PUsamplesaredefined,thetwo
multijetbackgroundcomponentsarenormalisedbyafittothe∆φjjdistributioninaloose
multijetcontrolregionusingsingle-jet-triggereddata(MJCR,definedintable3).The
∆φjjdistributioniswellsuitedforthis,sinceHS-onlytopologiesareexpectedtoaccumulate
atlarge∆φjj,whileatlow∆φjjtheHS+PUtopologyshouldbedominant.Theshapesof
themjjand∆φjjdistributionsafterthenormalisationareshowninfigure7forthecaseof
theHS-onlyandHS+PUsamplesbeingderivedfromsimulatedevents.

Thefinalstepinthemultijetbackgroundestimationistoapplyacorrectiontoaccount
fortheinefficiencyoftheEmiss

TtriggersusedtocollectthedataintheSRbins.ForEmiss
T

valuesabove160GeV,theEmiss
Ttriggersarealmostfullyefficientandthecorrectionsare

smallcomparedwiththeotheruncertainties,whicharesummarisedlater.Themultijet
backgroundisestimatedseparatelyforthreedata-takingperiods(2015–2016,2017,and
2018)toaccountfordifferentpile-up,beam,andtriggerconditions.

ThemultijetpredictionfromtheR+Smethodistestedintwodedicatedcontrolregions.
Thefirst(low-mjjCR)isdefinedatlowmjj(200GeV<mjj<800GeV)forEmiss

Tvalues
between150and200GeV.Theselectioncriterionfor∆ηjjisrelaxedto∆ηjj>2.5butoneof
thetwoleadingjetsisrequiredtobeforwardwith|η|>2.4.Anothercontrolregion(mid-mjj
CR)isdefinedatintermediatemjj(800GeV<mjj<1500GeV)forEmiss

Tvaluesbetween
160and200GeVandNjet=2.Bothcontrolregionshavenorequirementonpall-jets

Tand
furthermoretheeventshavetofulfil∆φjj<1toincreaseeachsample’spurityinmultijet
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Figure 12. Post-fit (a) mjj and (b) ∆φjj distributions in the inclusive signal region. Minor
contributions from tt̄, V V , V V V , and VBF H with H → τ+τ− or H → W ∗W are combined and
labelled ‘other’. The signal (dashed red line) is scaled to a branching ratio of 15% for Higgs boson
decays into invisible particles. In addition to the data-to-background ratio, the lower panels show
the ratio of the background expectation before and after the likelihood fit, the relative size of the
multijet background, and the signal-to-background ratio. The latter two quantities are shifted by
one to use the same y-axis scaling.
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Figure 12. Post-fit (a) mjj and (b) ∆φjj distributions in the inclusive signal region. Minor
contributions from tt̄, V V , V V V , and VBF H with H → τ+τ− or H → W ∗W are combined and
labelled ‘other’. The signal (dashed red line) is scaled to a branching ratio of 15% for Higgs boson
decays into invisible particles. In addition to the data-to-background ratio, the lower panels show
the ratio of the background expectation before and after the likelihood fit, the relative size of the
multijet background, and the signal-to-background ratio. The latter two quantities are shifted by
one to use the same y-axis scaling.
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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backgroundcomponents(HS-onlyandPU+HS)areestimatedbytheR+Stechniqueusingsimulated
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IndependentlyofhowtheHS-onlyandtheHS+PUsamplesaredefined,thetwo
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∆φjjdistributioniswellsuitedforthis,sinceHS-onlytopologiesareexpectedtoaccumulate
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theHS-onlyandHS+PUsamplesbeingderivedfromsimulatedevents.

Thefinalstepinthemultijetbackgroundestimationistoapplyacorrectiontoaccount
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TtriggersusedtocollectthedataintheSRbins.ForEmiss
T

valuesabove160GeV,theEmiss
Ttriggersarealmostfullyefficientandthecorrectionsare

smallcomparedwiththeotheruncertainties,whicharesummarisedlater.Themultijet
backgroundisestimatedseparatelyforthreedata-takingperiods(2015–2016,2017,and
2018)toaccountfordifferentpile-up,beam,andtriggerconditions.

ThemultijetpredictionfromtheR+Smethodistestedintwodedicatedcontrolregions.
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CR)isdefinedatintermediatemjj(800GeV<mjj<1500GeV)forEmiss

Tvaluesbetween
160and200GeVandNjet=2.Bothcontrolregionshavenorequirementonpall-jets

Tand
furthermoretheeventshavetofulfil∆φjj<1toincreaseeachsample’spurityinmultijet

–20–

JHEP08(2022)104
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

200

400

600

800

1000

1200
3

10×

E
ve

nt
s 

/ 0
.5

 ra
d

+jetsW Data
+jetsZ Stat. unc

MJ HS+PU Syst. unc
MJ HS-only

ATLAS
-1 = 13 TeV, 139 fbs

MJ CR

ATLAS
-1 = 13 TeV, 139 fbs

MJ CR

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
jj

φ∆

0.5

1

1.5

2

D
at

a 
/ B

kg

(a)

500 1000 1500 2000 2500 3000

10

210

3
10

410

E
ve

nt
s 

/ G
eV +jetsW Data

+jetsZ Stat. unc
MJ HS+PU Syst. unc
MJ HS-only

ATLAS
-1 = 13 TeV, 139 fbs

MJ CR

ATLAS
-1 = 13 TeV, 139 fbs

MJ CR

500 1000 1500 2000 2500 3000
 [GeV]jjm

0.5

1

1.5

2

2.5

D
at

a 
/ B

kg

(b)

Figure 7. Distributions of (a) ∆φjj and (b) mjj are shown in the MJ CR. The shapes of the multijet
background components (HS-only and PU+HS) are estimated by the R+S technique using simulated
events as input. The components are normalised using a fit to the observed ∆φjj distribution (a).
The hatched bands indicate the statistical and the systematic uncertainties separately.

of each event are rotated relative to each other by a random azimuthal angle multiple times.
Following this procedure, the event selection is applied to populate the SR and CR bins.

Independently of how the HS-only and the HS+PU samples are defined, the two
multijet background components are normalised by a fit to the ∆φjj distribution in a loose
multijet control region using single-jet-triggered data (MJ CR, defined in table 3). The
∆φjj distribution is well suited for this, since HS-only topologies are expected to accumulate
at large ∆φjj, while at low ∆φjj the HS+PU topology should be dominant. The shapes of
the mjj and ∆φjj distributions after the normalisation are shown in figure 7 for the case of
the HS-only and HS+PU samples being derived from simulated events.

The final step in the multijet background estimation is to apply a correction to account
for the inefficiency of the Emiss

T triggers used to collect the data in the SR bins. For Emiss
T

values above 160GeV, the Emiss
T triggers are almost fully efficient and the corrections are

small compared with the other uncertainties, which are summarised later. The multijet
background is estimated separately for three data-taking periods (2015–2016, 2017, and
2018) to account for different pile-up, beam, and trigger conditions.

The multijet prediction from the R+S method is tested in two dedicated control regions.
The first (low-mjj CR) is defined at low mjj (200GeV<mjj< 800GeV) for Emiss

T values
between 150 and 200 GeV. The selection criterion for ∆ηjj is relaxed to ∆ηjj> 2.5 but one of
the two leading jets is required to be forward with |η|> 2.4. Another control region (mid-mjj
CR) is defined at intermediate mjj (800GeV<mjj< 1500GeV) for Emiss

T values between
160 and 200 GeV and Njet=2. Both control regions have no requirement on pall-jetsT and
furthermore the events have to fulfil ∆φjj< 1 to increase each sample’s purity in multijet
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DM pair in H125 decays: VBF
J. High Energy Phys. 08 (2022) 104 / EXOT-2020-11 
Search for invisible Higgs-boson decays in events with vector-boson 

fusion signatures using 139 fb–1 of proton-proton data recorded by 

the ATLAS experiment
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Figure 1. Representative Feynman diagrams for (a) the signal and for the three dominant
background processes: (b) strong Z+ jets, (c) electroweak Z+ jets, and (d) diboson production. The
latter two processes are collectively referred to as ‘electroweak’ Z production. Electroweak vertices
are shown as red markers. For simplicity, no distinction is made between particles and antiparticles,
or between different quark flavours.

provides a powerful way to reject backgrounds from single vector-boson production in
association with two jets from QCD radiation, which is the main background after the large
backgrounds from multijet processes are suppressed by requiring a large amount of missing
transverse momentum (Emiss

T ). In this analysis, Higgs boson production via the gluon-gluon
fusion (ggF) mechanism and in association with a vector boson (V H, where V stands for
W or Z) are also considered as signal, but their contributions are small compared to the
VBF process after the selection.

In this analysis, several changes and improvements are made relative to the previous
ATLAS paper on this topic [27]. The selection criteria for mjj, ∆ηjj and the azimuthal angle
between the two highest-pT jets (∆φjj) are relaxed, while the Emiss

T requirement is increased
slightly. While the previous analysis rejected events with a third jet, events with three
or four jets are accepted in this analysis if these jets are compatible with the hypothesis
that they originate from final-state radiation. To profit from the larger data set, a finer
binning in mjj and for the first time a binning in ∆φjj (∆φjj< 1 and 1≤ ∆φjj< 2) and
jet multiplicity are used. This results in improved performance since it better captures
the characteristic shape of the signal, which yields higher signal-to-background ratios in
kinematic regions with larger values of mjj and at smaller values of ∆φjj.

The analysis extracts the signal yield using a binned likelihood fit to 16 search bins and
corresponding Z!! and W!ν (# = e, µ) control region bins to estimate the main backgrounds
from the Z(→ νν)+ jets and W (→ #ν)+ jets processes. A recent theoretical calculation [41],
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• Higgs portal Doujadi et al., Phys. Rep. 842 ('20) 1-180

• scalar DM :  σWIMP ~  mχ –2 • Γinv
• fermion DM :  σWIMP ~ const • Γinv
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Summary
• Yukawa-type coupling to 3rd gen
• Lepton channels

• 2ℓ : JHEP 04 (2021) 165
• 1ℓ : JHEP 04 (2021) 174
• 0ℓ, MET>250: EPJC 80 (2020) 737, no DM 
• 0ℓ, MET>160: This work
• DM comb’n : ATL-PHYS-PUB-2022-036 (2022)

• Analysis of 0 lep, MET > 160 GeV
• Compute χ2

• coshmax, pseudo-top reco. var.

Results
• Tightest bound on spin-0
• Also BRinv limit on H125 

• 38%    (30% exp’d)

http://dx.doi.org/10.1140/epjc/s10052-023-11477-z
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-12/
https://doi.org/10.1007/JHEP04(2021)165
https://doi.org/10.1007/JHEP04(2021)174
https://doi.org/10.1140/epjc/s10052-020-8102-8
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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Dark γ in H125 decays: ZH
[2212.09649] (2022) / HDBS-2019-13 subm. to JHEP
Search for dark photons from Higgs boson decays via ZH production

with a photon plus missing transverse momentum signature from pp 

collisions at √s = 13 TeV with the ATLAS detector

Summary
• Background est.

• METfake from Z w/ 
mismeas. jet → γ

• Analysis
• Transv. mass mT
• BDT bins

Results (%)

• Errors on NSM 28
• METfake shape 18
• data stat 16

• 95% CL limits
• BRdark massless γ 2.3 (2.8)

     exp'd
• Massive γ interpretation
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https://arxiv.org/abs/2212.09649
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/


Dark matter via various methods

15

Hong       
Pittsburgh
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Model Parameters:

1. Mф  = Mass of Scalar  Bi - fundamental
2. rinv = no. of stable invisible hadrons/ no. of 
hadrons
3. Md = Mass of dark hadrons
4. Lambda = 2 vertex coupling strength ~ xs¼
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Model Parameters:

1. Mф  = Mass of Scalar  Bi - fundamental
2. rinv = no. of stable invisible hadrons/ no. of 
hadrons
3. Md = Mass of dark hadrons
4. Lambda = 2 vertex coupling strength ~ xs¼

https://cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-37

Overview
• Anomaly detection 
• Single top + DM
• Dark QCD with varying 

visibility (left, right)

Dark QCD
• Vary invisible frac. 
• Semi-visible jet

aligns with MET

By C. Doglioni after discussion with K. Pedro, C. Fallon

Run: 299184

Event: 439826223

2016-05-15 01:13:16 CEST

MET = 

604 GeV

Jet

Jet

Jet

Jet

Transverse x-y view HT = 2.8 TeV

Event display with jets
Semi-visible jet aligned with MET

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-37/


Summary
• Signal - MADGRAPH + PYTHIA8

• mdark had.=10 GeV, mφ=O(1) TeV, 
vary Rinv = inv. frac. in jets

• Analysis
• Bin in pTbal v. Δφjj (not b-to-b)
• 2+ jets > 250, extra > 30 GeV
• Trig + MET > 200 GeV

Results
• Sample size

• 17k, mostly W+jet, Z+jet

• 95% CL limits
• Exclude mφ ≳ 2 TeV for λ = 1
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Dark hadrons in semi-visible jets
[2305.18037] (2022) / EXOT-2022-37 subm. to PLB
Search for non-res. prod'n of semi-vis. jets using Run 2 data in ATLAS

• Relevant theory paper by Cohen, Lisanti, Lou & Mishra-Sharma, 


LHC searches for dark sector showers, J. High Energy Phys. 196 (2017)
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DM produced w/ single top
ATLAS-CONF-2022-036 (2022) 
Search for invisible particles produced in association with 
single top quarks in proton-proton collisions at √s = 13 TeV 
with ATLAS

Summary
• Signal models

• Vector-like quark T → t Zνν
• Non-resonant φ → t χ
• Resonant u → t Vχχ

• Analysis
• Trig + MET > 250 GeV
• BDT w/ xgBoost

Results
• 95% CL limits Prev.

• mT < 2.2 TeV 1.7
• mφ < 5.0 ΤeV 3.5
• mV < 2.8 TeV 1.9
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MET DM

ATLAS,	JHEP 05 (2019) 041

CMS,	 JHEP 05 (2022) 093

Events selection

6

Using the full Run 2 dataset (139 ). Missing energy triggers are used. fb−1
Boosted  
top quark

DM

•No leptons in the final state


•≥ 1 top-tagged large-R jet


•


•Minimum angular distance between any small-R jets and  ()

Emiss
T≥250GeV

Emiss
TΔϕmin≥0.2

Selecting a boosted top topology recoiling against nothing.

Main sources of background after these selections:


• production: semi-leptonic channel with missing lepton


•V+jets production: dominated by +jets and +jets


•Others: single-top (Wt), tZq, Diboson, ttV 

tt̄

Z(νν̄)W(τν)

~75%

~20%

~5%

Event display for 
boosted top w/ 3-prongs
ATLAS, JHEP 10 (2020) 61

/ EXOT-2018-48

Run: 359310

Event: 3066561649


2018-08-28 
22:20:41 CEST

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-036/
https://doi.org/10.1007/JHEP05(2019)041
https://dx.doi.org/10.1007/JHEP05(2022)093
https://link.springer.com/article/10.1007/JHEP10(2020)061
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-48/


Summary
• Teach SM w/o signal model

• Train w/ data, validate w/ MC

• Analysis
• Lep. trig, use BumpHunter 9 mj+x
• 1.3k inputs to a.e., exclude9 mj+x
• Cut log(Loss), then look at 9 mj+x

Results
• 5 benchmark BSM

• tbH+, H+ → tb
• WKK, W+radion
• Z’ → Eℓ, E → Zℓ
• W’ → WZ’ → ℓνqq ̅
• DM Z’ → qq ̅

• BumpHunter 2.9σ
• mjμ = 4.8 TeV, 10 pb AR
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DM produced via anomaly
[2307.01612] (2023) / EXOT-2022-07 subm. to PRL
Search for new phenomena in two-body invariant mass 
distributions using unsupervised machine learning for anomaly 
detection at √s = 13 TeV with the ATLAS detector
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 400 nodes
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Output trained 
to approx. input 
• Autoencoder 

to learn SM

• “Loss function” ~ 
input-output distance
• Peaks low for SM
• Peaks high for BSM 

or appear as bump
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R-parity violate

SMDirect 
production

No LSP, but gravitino / axino = DM

Challenges
• Huge param. space, so simplify with 

tan β etc., but shrinking with results
• Can expand R-parity, baryon #
• R-parity conserved, violated

Overview
• SUSY produced → SM + LSP
• Direct vs. indirect production 

E-weak vs. strong production
• (higgsino wino bino) = 

(charginos neutralinos)

Dark matter via supersymmetry
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Summary
• Signal

• Bino-like LSP with
wino-like C1 / N2 (see)

• WH+2 LSP (not shown)
• στL̃ ≳ 2 · στR̃

Fuks et al., JHEP 1401 (2014) 168


• Background est.
• τ mis-id validate

• Cuts
• mT2 to detect kinematic endpoint
• Trig: asym. di-tau (+MET for high-mass)
• For WH, use mlep,had ~ mH

Results
• Chargino excludes 1.2 TeV, indp’t WH excludes 300 GeV
• First limit on τR̃
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DM LSP in direct: 2 tau
ATLAS-CONF-2023-029 (2023)
Search for electroweak SUSY production in final states

with two τ-leptons in √s = 13 TeV pp collisions with the

ATLAS detector
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Boosted bosons
PRD 104 (2021) 112010

This work
important orthogonal final state

2 lep + MET
EPJC 80 (2020) 123
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Summary
• Background est.

• W + jets (50 - 75%)

• Analysis
• mjj, mT, SMET, 

Final sample meff 

Results
• Yield

• O(10)

• Errors
• Stats, JES

• 95% CL limits
• mχ1± > 500 GeV

DM LSP in direct: 1 lepton + jets
ATLAS-CONF-2022-059 (2022)

Search for direct production of electroweakinos in final states 

with one lepton, jets and missing transverse momentum and in 

pp collisions at 13 TeV with the ATLAS detector
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Figure 8: ⇢miss
T distributions after the background-only fit, showing the data and the post-fit expected background in

all the flavour and ⇢
miss
T bins of the SR,⌘

high-<T2
region. The vertical black lines and the corresponding arrows indicate

the cuts defining the three ⇢
miss
T bins of the SR,⌘

high-<T2
region: SR,⌘

high-<T2
-1, SR,⌘

high-<T2
-2, and SR,⌘

high-<T2
-3. The

last bin includes overflow. The ‘Other’ category contains the CC̄+�, rare top, triboson, and other diboson processes
with the SS final state. Distributions for three representative signal mass points of the ,⌘ model are overlaid. The
bottom panel shows the ratio of the observed data to the predicted yields. The hatched bands indicate the combined
theoretical, experimental, data-driven and MC statistical uncertainties.

9 Results

The ⇢
miss
T and S(⇢

miss
T ) distributions for all events passing the ,⌘ SR requirements, except for the ⇢

miss
T

and S(⇢
miss
T ) requirements themselves, are shown in Figure 8 and Figure 9, respectively. Data are compared

with the expected SM background; each source is estimated as described in Section 7. Separate distributions
are provided for each SS-dilepton flavour: 4±4±, 4±`± and `

±
`
±. Fake and non-prompt leptons as well as

the ,/ irreducible background dominate the events mimicking signal events, while the CF events are an
important source of background in the 4

±
4
± SRs, as observed in Figure 8(a) and Figure 9(a). The expected

distributions for three representative signal mass points are also overlaid as indicated. Good agreement
between the data and total expected SM background is observed.
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Summary
• Background

• Di-boson CR

• Analysis
• Trig. dilep or

MET > 250

Results
• Error RPC

• Stats
• Fake / Non-Pr

• 95% CL limits
• mw̃ > 525, WH125
• mw̃ > 250, WZ
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Figure 3: Expected SM backgrounds and data yields in the CR,/
,⌘ , CR,,

,⌘ , VR,/
,⌘ , VR,,

,⌘ , VRCF,⌘

and VRFNP,⌘ designed for the ,⌘ model. The ‘Other’ category contains the CC̄+�, rare top, triboson, and other
diboson processes with the SS final state. The error band includes the statistical, theoretical and experimental
uncertainties. The bottom panel shows the obtained scale factors (`,/ , `,, ) in the CRs and the statistical
significance [194] of the discrepancy between the observed number of events and the SM expectation.

are vetoed. In addition, the selections given in Table 5 are applied to ensure a more stringent rejection
of possible bRPV and UDD RPV signal events, as well as other SUSY signals with several (1-)jets and
moderate ⇢

miss
T in the final state. These vetoes help to reduce the expected signal contamination to a few

percent. The purity of the target background process varies from a minimum of 62% (VRCC̄+,/ ,(b)RPV) to
a maximum of 85% (CR,/

,/ ,(b)RPV
2 9 ).

The correction factor and its uncertainty are extracted from CR,/
,/ ,(b)RPV
2 9 and are found to be 0.88±0.30.

The estimated backgrounds and the observed data in CR,/
,/ ,(b)RPV
2 9 , VR,/

,/ ,(b)RPV
4 9 , VR,/

,/ ,(b)RPV
5 9

and VRCC̄+,/ ,(b)RPV are shown in Figure 4, where good agreement is observed.

The contributions of CF events are evaluated from reweighted data events with two opposite-sign leptons
(4±4⌥, 4±`⌥). The weight expresses the probability of one electron charge to be mismeasured and is a
function of the electron CF rates. This method largely improves the statistical accuracy by relying entirely
on data to obtain the reweighting factors, thus eliminating uncertainties associated with MC simulations.
An additional 25% uncertainty stems from the choice of lepton selections, and was derived by comparing
the nominal CF predictions with those obtained using BL leptons.

The CF rates are measured as a function of lepton ?T and |[ | for simulated SM processes that contribute to
the SRs due to CF. They are multiplied by the scale factors obtained from a ‘tag and probe’ method [177] to
match the rates observed in data. The nominal CF rates are no more than O(10�6

) in the low-?T region, but
reach O(1%) in the higher ?T and |[ | regions. Systematic uncertainties are estimated from the statistical
uncertainties of the measured CF rates and the uncertainties from the scale factors, leading to a 10% to
40% uncertainty in the predicted SR yields for the CF background.
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DM LSP in direct: 2 SS or 3 lep.
ATLAS-CONF-2022-042 (2022)
Search for direct production of winos and higgsinos in events 

with two same-charge leptons or three leptons in pp collision 

data at √s =13 TeV with the ATLAS detector
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This talk

• Novel approaches: simplified model, unsupervised, full model
• Like Minoans, ATLAS is always leaping to produce the best results!

Conclusions

• DM via scalars : VBF H, ZH, ttφ̅
• DM via methods: dark sector jets, single t, anomaly ML
• DM in SUSY : 2 tau, 1 e/μ lepton + jets, 2-3 e/μ leptons
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scattering is taken from refs. [153, 154] and assumes germanium as the target over the whole WIMP
mass range. The dependence on the choice of target nucleus is relatively small, given the large range
of cross sections shown.
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Figure 13. Upper limits on the spin-independent WIMP-nucleon cross section using Higgs portal
interpretations of Binv at 90% CL vs mWIMP. For the vector-like WIMP hypothesis, the dependence
on the mass m2 of the new scalar particle, which is often predicted by renormalisable models, is
shown for two different values taken from ref. [151]. For comparison with direct searches for DM,
the plot shows results from refs. [146–148]. The neutrino floor for coherent elastic neutrino-nucleus
scattering is taken from refs. [153, 154] and assumes germanium as the target over the whole WIMP
mass range. The dependence on the choice of target nucleus is relatively small, given the large range
of cross sections shown.
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shown for two different values taken from ref. [151]. For comparison with direct searches for DM,
the plot shows results from refs. [146–148]. The neutrino floor for coherent elastic neutrino-nucleus
scattering is taken from refs. [153, 154] and assumes germanium as the target over the whole WIMP
mass range. The dependence on the choice of target nucleus is relatively small, given the large range
of cross sections shown.
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Bertone & Tait, Nature 562 (2018) 51–56
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Figure 4-9. Dark matter may have non-gravitational interactions with one or more of four categories of
particles: nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions
may then be probed by four complementary approaches: direct detection, indirect detection, particle
colliders, and astrophysical probes. The lines connect the experimental approaches with the categories
of particles that they most stringently probe. The diagrams give example reactions of dark matter (DM)
with Standard Model particles (SM) for each experimental approach. From Ref. [130].

suggested by the WIMP miracle. Experimental sensitivities are expected to improve greatly on several
fronts in the coming decade but some modes require good understanding of astrophysical backgrounds.
Further, the signals are typically subject to uncertainties in the spatial distribution of dark matter (which
is often not directly constrained) and may be absent altogether whenever the dark matter annihilation is
insignificant now, e.g., in the case of asymmetric dark matter or P -wave suppressed annihilation.

• Particle Colliders. Particle colliders, such as the Large Hadron Collider (LHC) and proposed future
lepton colliders, produce dark matter particles that escape the detector, but are discovered as an excess
of events with missing energy or momentum. LHC experiments are sensitive to the broad range of masses
favored for WIMPs (especially if they couple to quarks and/or gluons), but are relatively insensitive to
dark matter that interacts only with leptons. Collider experiments are also unable to distinguish missing
momentum signals produced by a particle with lifetime ⇠ 100 ns from one with lifetime above 1017 s, as
required for dark matter.

• Astrophysical Probes. The particle properties of dark matter are constrained through its impact on
astrophysical observables. Dark matter distributions and substructure in galaxies are unique probes of the
“warmth” of dark matter and hidden dark matter properties, such as its self-interaction strength, and they
measure the e↵ects of dark matter properties on structure formation in the Universe. Examples include
the self-interaction of dark matter particles a↵ecting central dark matter densities in galaxies (inferred
from rotation velocity or velocity dispersion measures), the mass of the dark matter particle a↵ecting dark
matter substructure in galaxies (inferred from strong lensing data), and the annihilation of dark matter
in the early Universe a↵ecting CMB fluctuations. Astrophysical probes are typically unable to distinguish
various forms of CDM from one another or make other precision measurements of the particle properties
of dark matter.

Community Planning Study: Snowmass 2013
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This talk[1401.6085]

https://arxiv.org/abs/1401.6085
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Dark matter summary plots
ATL-PHYS-PUB-2022-036, for s-chan., 2HDM+a, Dark Higgs models
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Regions in the (mediator-mass, DM-mass) plane excluded at 95% CL by visible and invisible searches, for leptophobic axial-vector mediator simplified models. 
Each shaded region represents the union of the exclusion contours of the individual analyses listed in the legend, where more than one result contributes. The 
exclusions are computed for a DM coupling gχ = 1, quark coupling gq = 0.25, universal to all flavours, and no coupling to leptons. Dashed curves labelled "thermal 
relic" correspond to combinations of DM and mediator mass values that are consistent with a DM density of Ω h2 = 0.12 and a standard thermal history, as 
computed in MadDM [Phys. Dark Univ. 26 (2019) 100377, AIP Conf. Proc. 1743 (2016) 1, 060001]. Between the two curves, annihilation processes described by 
the simplified model deplete Ωh2 to below 0.12. A dotted line indicates the kinematic threshold where the mediator can decay on-shell into DM. Excluded regions 
that are in tension with the perturbative unitary considerations of [JHEP 02 (2016) 016] are indicated by shading in the upper left corner. The reinterpretation 
procedure for the TLA analysis follows the procedure recommended by ATLAS in Appendix A of [Phys. Rev. D 91 (2015) 052007], while the high-mass dijet and 
dijet+ISR analyses are reinterpreted following [Phys. Lett. B 769 (2017) 520].

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
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Hadronic resonance search contours for 95% CL upper limits on the coupling gq as a function of the resonance mass mZ′A for the leptophilic axial-vector mediator 
simplified model. The expected limits from each search are indicated by dotted lines. The TLA dijet analysis has two parts, employing different datasets with 
different selections in the rapidity difference y* as indicated. The dijet+ISR (γ) analysis also has two parts, each using a different trigger strategy, and each further 
studied in inclusive and b-tagged channels. Two lines are also shown for the di-b-jet search. These are from separate analyses, one which used b-jet triggers and 
provides the limit at lower mass, and one which used inclusive jet triggers and provides the high mass limit. Coupling values above the solid lines are excluded, as 
long as the signals are narrow enough to be detected using these searches. The TLA dijet search with |y*| < 0.6 is sensitive up to Γ/mZ′ = 7%, the TLA dijet with |y*| 
< 0.3 and dijet + ISR searches are sensitive up to Γ/mZ′ =10%, and the dijet and di-b-jet searches are sensitive up to Γ/mZ′ = 15%. The dijet angular analysis is 
sensitive up to Γ/mZ′ = 50%. No limitation in sensitivity arises from large width resonances in the tt̄ resonance analysis. Benchmark width lines are indicated in the 
canvas. Γ/mZ′ = 50% lies beyond the canvas borders.
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The presence of a non-baryonic Dark Matter (DM) component in the 
Universe is inferred from the observation of its gravitational 
interaction. If Dark Matter interacts weakly with the Standard Model 
(SM) it could be produced at the LHC. The ATLAS Collaboration has 
developed a broad search program for DM candidates in final states 
with large missing transverse momentum produced in association with 
other SM particles (light and heavy quarks, photons, Z and H bosons, 
as well as additional heavy scalar particles) and searches where the 
Higgs boson provides a portal to Dark Matter, leading to invisible 
Higgs decays. The results of recent searches on 13 TeV pp data from 
the LHC, their interplay and interpretation will be presented.


