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ATLAS DM Results

Overview

Much work has been devoted to the analysis of the impressive LHC Run-2
pp dataset

ATLAS-CONF-
2020-008

ATLAS-CONF-
2020-004

ATL-PHYS-
PUB-2020-007

ATLAS-CONF-
2020-003

ATLAS-CONF-
2020-002
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ATLAS DM Results

ATLAS and Data Collection

Hermetic detector with nearly 4π solid
angle coverage of IP

2-tier trigger system filters 40 MHz pp
collisions to 1.5 kHz

Run-2 data set = 139 fb−1 of√
s = 13 TeV pp collisions

94% recording efficiency,
95.6% data quality acceptance
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https://arxiv.org/abs/1911.04632


ATLAS DM Results

VBF Higgs to Invisible

Higgs = portal between SM and DM

Collider search complements direct DM
detection

Direct probe of BH→inv.

SM-predicted 0.12%
Best ATLAS limit from combination:
BH→inv. < 0.26(0.17) obs (exp)
Phys. Rev. Lett. 122, 231801 (2019)

VBF offers distinctive jets +
Emiss
T topology

Dominant background =
V+jets (95% of backgrounds)

Strong (order α2
EW )

VBF Z+jets

Electroweak (order α4
EW )

VBF Z+jets
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ATLAS DM Results

Selection Improvements

Improved lepton veto: W → `ν 48%→ 33% of total background

Looser kinematic requirements: ∆φjj < 1.8→ 2, mjj > 1→ 0.8 TeV

Pileup discrimination: forward jet vertex tagging and jet timing

Optimized signal region binning: 3→ 11
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ATLAS DM Results

Backgrounds

Simultaneous maximum
likelihood fit of backgrounds to
data in all signal and control
regions

QCD multijet predicted from
data-driven method

tt̄, multi-boson predicted
directly from simulation

Fake electrons normalized by
data from control regions

Dominant V+jets extrapolated from
control regions (same as signal region
with visible leptons, lepton vectorially

added to Emiss
T )

Fit for normalization factors (βW , βZ ) in
each bin
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ATLAS DM Results

Results
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Analysis complementary to
DM direct detection

experiments

Upper limits on the
spin-independent WIMP–nucleon

cross section using
Higgs portal interpretations of
BH→inv. at 90% CL vs. mWIMP.
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https://arxiv.org/abs/hep-ph/0605188


ATLAS DM Results

All-Hadronic Stop Search

Interpret lightest supersymmetric
particle (LSP) (χ̃0

1) as DM

Employ soft b-tagging (for jets
constructed from inner detector
tracks) down to 15 GeV

First all-hadronic 4-body decay
consideration in ATLAS (below)

Signal region sets designed to
target different decays (14 SRs)

Main backgrounds:
Z (→ νν) + heavy flavor,
tt̄,W + jets, single top

Background contributions
extrapolated from control regions
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ATLAS DM Results

All-Hadronic Results

Backgrounds determined separately
for each set of SRs with

background-only fits

SR fit configuration with the best
expected limit chosen for each signal

point

Top squarks up to 1.25 TeV excluded
for mχ̃0 < 200 GeV
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ATLAS DM Results

Semi-Leptonic Stop Search

Interpret LSP (χ̃0
1) as DM

Region specific for tt̄+spin-0
mediator decaying to DM

Binned in ∆φ(~pmiss
T , `)

Main backgrounds =
tt̄, tt̄ + Z (→ νν),
W + jets,Wt

φ/a = (pseudo)scalar mediator

Dileptonic tt̄ (with lost lepton)
discrimination with topness (how
well event can be reconstructed
as dileptonic top - likelihood
method)

Data in control regions used to
constrain normalization:

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 10 / 14



ATLAS DM Results

Semi-Leptonic Results

Postfit signal region, benchmark
models

Assuming mDM = 1 GeV,
Common Coupling∗ (g) 95% CL Excluded med. mass [GeV]

1.0 ∼200
0.8 100
0.7 10

∗g = gq = gDM
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ATLAS DM Results

Gluino Production

R-Parity conserving 2-step
cascade models leave LSP
neutralinos (χ̃0

1)

Improved performance with
Particle Flow jets and
object-based MET-significance

Large-radius (R = 1.0) jet
multiplicities define signal
regions, binned in mass of total
jet system

Gluinos up to ∼ 2 TeV excluded for
mχ̃0 < 600 GeV
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ATLAS DM Results

Dark Photons

Intersect world of DM and Long
Lived Particles

Original work - displaced jets
in hadronic calorimeter
Utilize Machine Learning on
detector-level variables to
discriminate signal and
background
Analysis reinterpreted with
RECAST

Kinetic mixing of dark/SM γ

Models have 2 or 4 dark photons

HLSP = hidden LSP
fd = dark fermion
γd = dark photon (to
light SM f )

First constraints set for
mH = 125 GeV
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ATLAS DM Results

Conclusion

The lack of beams and access to CERN has not stifled the release of
exciting results!

VBF Higgs to Invisible
Strictest limit on BH→inv.

by a single channel -

0.13(0.13) obs (exp)

ATLAS-CONF-2020-008

All-Hadronic Stop Search

Top squarks up to 1.25 TeV

excluded for mχ̃0 < 200 GeV

ATLAS-CONF-2020-004

Semi-Leptonic Stop Search

Exclude (pseudo)scalar mediator

(SM→DM) masses below

200 GeV for mDM = 1 GeV

ATLAS-CONF-2020-003

Dark Photons

RECAST analysis, first

constraints on γd cτ from mH

ATL-PHYS-PUB-2020-007

Gluino Production

Gluinos up to ∼ 2 TeV excluded

for mχ̃0 < 600 GeV

ATLAS-CONF-2020-002
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ATLAS DM Results

Backup Slides
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ATLAS DM Results

VBF Higgs to Invisible

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 16 / 14



ATLAS DM Results

Contribution to BH→inv.

13 TeV Cross sections for
125.0 GeV Higgs

Channel XS [pb]

ggF 43.92
VBF 3.748
WH 1.380
ZH 0.8696
ttH 0.5085
bbH 0.5116

σggF (H+jet)
σ(Z+jet)·BR(Z→νν) ∼

1
300

σVBF (H+qq)
σ(Z+jet)·BR(Z→νν) ∼

4
3

VBF not largest XS but most sensitive
channel to measure BH→inv.

Drives combination

Phys. Rev. Lett. 122, 231801 (2019)
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ATLAS DM Results

Evolution of VBF BH→inv. Limits

Limit setting conducted at 95% CL

Limit Bins Observed Expected

Run-1 Paper (JHEP 01 (2016) 172 ) 3 0.28 0.31

36 fb−1 Paper (Phys. Lett. B 793 (2019) 499 ) 3 0.37 0.28

Full Run-2 (ATLAS-CONF-2020-008 ) 11 0.132 0.132

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 18 / 14

https://link.springer.com/article/10.1007/JHEP01(2016)172
https://doi.org/10.1016/j.physletb.2019.04.024
http://cdsweb.cern.ch/record/2715447


ATLAS DM Results

Object Definitions (See twiki )

Object Requirement

e(µ) Veto
4.5(4) GeV

Loose (Loose)
|η| < 2.47 include crack (2.7)

e(µ) CR
7(7) GeV

Tight (Medium)
|η| < 2.47 exclude crack (2.5)

Photon
20 GeV
Tight

|η| < 2.37 (exclude crack)

Jets
Anti-kT 0.4 PFlow (fJVT copied from EMTopo)

25 GeV
|η| < 4.5

JVT>0.59 if pT > 60 GeV and |η| < 2.5
Leading 2 - fJVT< 0.5&&|JetTiming| < 11ns

MET Loose
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ATLAS DM Results

Overlap Removal
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ATLAS DM Results

Signal Region Definitions

Lepton/photon veto Emiss
T > 200 GeV |∆φjj |< 2.0

pT (j1) > 80 GeV ∗Hmiss
T > 180 GeV |∆ηjj |> 3.8

pT (j2) > 50 GeV E soft
T < 20 GeV mjj > 0.8 TeV

η(j1) · η(j2) < 0 2 ≤ Njet ≤ 4 Nb < 2
pT (j) > 25 GeV |jet timing| < 11 ns fJVT< 0.5(0.2) when
MET Triggers Med. JVT WP Emiss

T > (<)180 GeV

If Njet > 2,
Centrality Ci < 0.6

mrel
i < 0.05

Centrality Ci =

exp
(
− 4

(η1−η2)2

(
ηi − η1+η2

2

)2
)

mrel =
maxMj3 j

Mjj

Control regions for
V+jets defined

identically except for
lepton requirements

(See Backup 22)
∗ Hmiss

T = vectoral sum of all jet pT if pT > 20 GeV, including pile-up jets
(no JVT requirement)
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ATLAS DM Results

Control Region Definitions

Lepton triggers (e), OR’ed with MET triggers (µ)
Same requirements as SR, except...

Cut W → eν W → µν Z → `−`+

Name CR1L (WCR) | CR2L (ZCR)

Selected leptons e± µ± `−, `+

pT (`1) > 30 GeV > 30 GeV > 30 GeV
pT (`2) – – > 7 GeV

|M(``)−MZ | – – < 25 GeV
Emiss
T (with leptons) – – < 70 GeV

SMET > 4.0 GeV1/2 – –

event-based SMET =
Emiss
T√

pj1T +pj2T +peT
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ATLAS DM Results

Weν anti-ID CR

For mis-identified electrons in the Weν CR, use additional CR enriched with
fake electrons to derive scaling factor

Background accounts for ∼ 3% of Weν CR
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ATLAS DM Results

QCD Multijet Estimate

Jet mis-measurement from JER, experimental effects, PU, mis-tagging can
lead to fake Emiss

T and signal-like topologies
use data-driven estimation technique

variation of “Rebalance and Smear”
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ATLAS DM Results

QCD Rebalance and Smear (R&S) Procedure

1 Identify jets from single jet triggered events (lepton veto) as hard
scatter (HS) or pile up (PU) based on (f)JVT

2 Rebalance HS and PU collections separately by adjusting momenta
(within uncertainties) until Emiss

T is eliminated

3 Smear within jet response templates

4 Merge collections and reevaluate (f)JVT

5 Split events into those with only HS jets or a combination of HS+PU

6 Normalize separately using MJ CR

7 Apply trigger-efficiency correction

8 Merge and normalize full distribution in low-mjj (200 <mjj < 800 GeV)
and low-Emiss

T (100 <Emiss
T < 150 GeV, Hmiss

T > 100 GeV) CRs

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 25 / 14



ATLAS DM Results

V+jets Uncertainties

On-the-fly Sherpa MC variations of factorisation and renormalisation
scales - use envelope of 7 variations

Fractional uncertainty of strong (EWK) from
+27%
−18%

(
+11%
−9%

)
→ +43%
−26%

(
+29%
−20%

)
from low→ high mjj

Correlated uncertainties cause cancellation between SR and
corresponding CR; no correlation between strong and EWK or W and
Z processes

Resummation and CKKW varied and applied as reweighting factors
binned in pVT and Ntrue jets

Relative errors for resummation (CKKW) range from 4% (4%) to
8% (6%)

PDF uncertainties range from 1% to 2%
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ATLAS DM Results

Results - Post-fit Distributions
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Relative impact ∆ of the 95% CL upper limit on Binv
if a group of uncertainties is “removed”, i.e. if the

corresponding nuisance parameters are fixed to their
best fit values.

Source ∆ [%]
Jet energy scale 1.8

JER 5.5
Lepton 4.6
Other 1.9

Multijet 7.0
V+jets Theory 1.6
Signal Theory 1.0

MC Stats 7.9
Data Stats 17.3

Data is consistant with
background-only hypothesis

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 27 / 14



ATLAS DM Results

Interpretation - Heavy Scalar → Inv.

Improvement at higher scalar mediator mass due to better S/B
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Figure 11: Upper limit on cross section times branching ratio to invisible particles for

heavy scalar mediator particle as a function of its mass.

95% CL upper limit on σVBF × BH→inv. ranges from 0.97 pb (50 GeV
mediator mass) to 0.12 pb (1 TeV mediator mass)
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ATLAS DM Results

tt̄+Emiss
T
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ATLAS DM Results

All-Hadronic Stop

LSP = lightest neutralino (χ̃0
1), interpreted as DM

Two-, three-, and four-body squark decays
d) up-type, third-generation scalar leptoquark pair production
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ATLAS DM Results

All-Hadronic SRA-B
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ATLAS DM Results

All-Hadronic SRC, SRD

RISR ≡
Emiss
T

pISR
T

∼
m
χ̃0

1
mt̃
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ATLAS DM Results

All-Hadronic CRs

3 independent fits:
fit SRA-B, fit SRC, fit SRD CRs/VRs defined orthogonally for each fit, not

necessarily between fits
Kinematically similar to corresponding SR, but some cuts loosened for

higher statistics
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ATLAS DM Results

All-Hadronic Systematics
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ATLAS DM Results

All-Hadronic Fits
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ATLAS DM Results

Semi-Leptonic Stop

LSP = lightest neutralino (χ̃0
1), interpreted as DM

Two-body dominate when ∆mt̃,χ̃0
1
> mtop, four-body dominate at small

values of ∆mt̃,χ̃0
1
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ATLAS DM Results

Semi-Leptonic Region Definitions

Signal region

Control region
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ATLAS DM Results

Topness Variable

To reject dileptonic tt̄ backgrounds where one lepton is lost, topness is used

Tests how well an event can be reconstructed under a dileptonic top
hypothesis using a likelihood method, including permutations of b-jets (if

event has more than one)

S(pWx , pWy , pWz , pνz ) =
(m2

W−p
2
W )2

a4
W

+ (m2
t−(pb1+p`+pν)2)2

a4
t

+

(m2
t−(pb2+pW )2)2

a4
t

+ (4m2
t−(Σipi )

2)2

a4
CM

Minimization with respect to pW and pν where ~pT ,ν + ~pT ,W = ~pmiss
T
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ATLAS DM Results

Semi-Leptonic Systematics
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ATLAS DM Results

Semi-Leptonic Fit

Background-only fit to normalize backgrounds, Z significance shown in
bottom plot SRs not orthogonal ⇒ not statistically independent

A. Steinhebel (U of Oregon) LHC DM WG Public Meeting 28 April 2020 40 / 14



ATLAS DM Results

Other featured analyses
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ATLAS DM Results

Dark Photon Models

RECAST re-analysis of displaced jets in hadronic calorimeter compared to
search for collimated leptons or light hadrons
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ATLAS DM Results

Dark Photon Constraints
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ATLAS DM Results

Higgs-Portal Baryogenesis

RECAST re-analysis of displaced
hadronic jets for 125 GeV Higgs

Decays violate lepton/boson
conservation

Reanalysis extends lower limits
on top of previous work with
jets displaced in
muon spectrometer
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ATLAS DM Results

Gluino/LSP Production

R-parity conserving SUSY models provide DM candidate in LSP (χ̃0
1).

R-parity violating models are also considered in this search (Fig. c)
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ATLAS DM Results

Gluino/LSP Regions

MΣ
J =

∑
j m

R=1.0
j

S(Emiss
T ) =

Emiss
T√

σ2
L

(1−ρ2
LT

)
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ATLAS DM Results

Gluino Multijet Background Estimation

Multijet Template Estimate
defines template regions (in jet
multiplicity and S(Emiss

T ) ) to
estimate contribution from data

S(Emiss
T ) independent of jet

multiplicity

Leptonic backgrounds subtracted
from Template Regions

Bin in HT to eliminate secondary
dependence on event kinematics

Introduce MJ non-closure
uncertainty
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ATLAS DM Results

Gluino Fit

Backgrounds other than data-driven
multijet and low contributions taken
directly from MC are computed from

background-only fits to control
regions
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