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Setting the context
10 years after the Higgs discovery, we continue to face deep questions:

LHC Run 2 has provided a large dataset of 
high-energy collisions to probe weakly-
coupled theories.
• We are pushing our detectors to their 

limits; new capabilities (more next talk)
• Strong theory collaborations → new 

signatures & search techniques.

• Is there additional structure to the mechanism 
of electroweak symmetry breaking?

• Is Dark Matter part of such a deeper theory?

• How exhaustively can we test the possibility of 
a GeV-TeV scale thermal relic?

Dark Matter

SUSY

Run 2 ←
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Supersymmetry

SUSY@LHC pheno crash course 

✓ New spacetime symmetry.

✓ ~ Double the SM particle content.

✓ Lightest SUSY Particle = DM?

✓ Direct Sparticle production at LHC.
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Supersymmetry

           Harjot Kaur Lepton Photon 2023 July 19, 2023 2       

Introduction
● Stringent limits on gluinos production at TeV scale 

leave open promising unconstrained regions for EW 

searches

● Full CMS Run 2 dataset with 138 fb-1 at 13 TeV can 

significantly extend reach of previous searches

● Lightest SUSY particle (LSP) can be consistent with 

observed relic dark matter (DM) density in R-Parity 

conserving scenarios

● Strategies and results from three analysis:

○ Search for top squarks decaying via the four-body decay mode in single-lepton 

final states (SUS-21-003)

○ Search for disappearing tracks (SUS-21-006)

○ EWKino Combination: Combined search for electroweak production of winos, 

binos, higgsinos, and sleptons (SUS-21-008)

Strong
3rd generation

EWK
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SUSY@LHC pheno crash course 

✓ New spacetime symmetry.

✓ ~ Double the SM particle content.

✓ Lightest SUSY Particle = DM?

✓ Direct Sparticle production at LHC.
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SUSY: where are we today?
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Since early 13 TeV data, the most 
spectacular signatures face tight 
constraints.
→ Most notably Strong SUSY

Each color in the plot represents 
a different model, probed by one 
or more analyses.
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3 Signal models

This analysis considers experimental signatures arising from the production of either gluino pairs or
squark–antisquark pairs @̃@̃⇤ (with @ = D, 3, B, 2). Several gluino and squark decay modes are investigated,
and these are summarised in Figure 1: in most cases the first step of the decay chain is to a non-stable
neutralino or chargino j̃ and SM quark(s) of first or second generation. Various j̃ decay modes may lead
to final states featuring two same-sign leptons or three leptons. Amongst those possibilities, this analysis
searches especially for the following sources of electrons and muons:

• j̃ decays into SM gauge bosons and j̃
0
1 LSPs; although the direct decays j̃±

1 ! ,
± j̃

0
1 and j̃

0
2 ! / j̃

0
1

are most efficiently probed with other experimental signatures [32–34], more favourable branching
ratios to same-sign leptons are found for cascade decays such as j̃

±

1 ! j̃
0
2,

±
! j̃

0
1/,

±, as
illustrated in Figures 1(a) and 1(b), which are thus the focus here.

• j̃ decays into sleptons and subsequently into SM leptons and j̃
0
1 LSPs, such as j̃±

1 (! ✓ã/✓̃a) ! ✓a j̃
0
1

or j̃0
2 (! ✓̃✓) ! ✓

+
✓
� j̃

0
1 , as illustrated in Figures 1(c) and 1(d).

• direct j̃
0
1 decay into SM leptons and quarks, j̃

0
1 ! D3̄✓

+, via a non-zero RPV coupling _
0 as

illustrated in Figure 1(e).

• 6̃ ! C̃ C̄ ! C̄1@ decays via a non-zero RPV coupling _
00, shown in Figure 1(f).
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Figure 1: Examples of sources of same-sign leptons which may arise in supersymmetric processes and are targeted
by the search regions of the analysis.

The experimental sensitivity to such processes is assessed in simplified models [35–37] where only the
superpartners directly involved in the process of interest are considered, alternative production and decay
modes are ignored, and masses and mixings of superpartners are either varied freely or fixed to chosen
values.
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ATLAS Strong 2 Same-Sign & 3L
Workhorse final state: excellent for scenarios with long decay chains, 
complex spectra, and/or RPV couplings due to small SM background.

SUSY-2020-27

distributions of the most discriminating variable for some of the SRs, with the signal region requirement
on the displayed variable removed, are shown in Figure 6.
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Figure 5: Data and post-fit background comparison in all SRs. The total uncertainties in the expected event yields
are shown as the hatched bands. The bottom panel shows the significance [131] quantifying the deviation of the
observed yields from the background expectation.

Table 10: The number of observed data events and expected background contributions in signal regions defined for
the RPC models shown in Figures 1(a) and 1(b). Backgrounds shown with a ‘�’ do not contribute to that region. The
displayed yields include all statistical and systematic uncertainties. The individual uncertainties can be correlated or
anticorrelated and therefore do not necessarily add in quadrature to equal the total uncertainty.

SRGGWZ-L SRGGWZ-M SRGGWZ-H SRSSWZ-L SRSSWZ-ML SRSSWZ-MH SRSSWZ-H

Observed 5 2 2 4 7 6 7

Total background 3.0 ± 0.7 3.5 ± 1.1 3.3 ± 0.6 5.2 ± 1.1 3.8 ± 0.8 3.9 ± 0.6 4.2 ± 0.7

// ,,
±
,

±
,+++ 0.09 ± 0.05 0.37 ± 0.15 0.47 ± 0.18 0.14 ± 0.07 0.09 ± 0.05 0.11 ± 0.05 0.15 ± 0.07

,/ 1.7 ± 0.5 1.6 ± 0.9 1.3 ± 0.5 2.0 ± 0.7 3.1 ± 0.7 3.1 ± 0.5 3.2 ± 0.7
C C̄, 0.15 ± 0.09 0.26 ± 0.12 0.22 ± 0.07 0.12 ± 0.07 < 0.05 < 0.05 0.14 ± 0.03
C C̄/ 0.24 ± 0.08 0.38 ± 0.22 0.15 ± 0.10 0.18 ± 0.10 0.38 ± 0.12 0.38 ± 0.11 0.31 ± 0.10
C C̄ C C̄ 0.02 ± 0.01 0.04 ± 0.02 < 0.02 < 0.02 < 0.02 < 0.02 < 0.02
Other SM processes 0.26 ± 0.17 0.53 ± 0.27 0.28 ± 0.15 0.36 ± 0.20 0.28 ± 0.15 0.25 ± 0.13 0.12 ± 0.07
Fake/non-prompt 0.56 ± 0.29 0.34 ± 0.24 0.85 ± 0.29 2.4 ± 0.8 < 0.3 < 0.3 0.24 ± 0.16
Charge-flip < 0.02 0.03 ± 0.01 < 0.02 – – – –

In the absence of a significant deviation from the SM prediction, the results are interpreted in terms of
model-independent upper limits on possible BSM contributions to the SRs, as well as exclusion limits on
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Craft dedicated Signal Regions for each target model 
based on #leptons, (b-)jets, pT,miss, hadronic energy.

R-parity conserving model SRs
RPV 

regions

“LQD”
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Targeting the electroweak sector
LHC signatures will be dictated by the few (lightest) sparticles.
→ target Simplified Models, where the heavier sparticles decouple.
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Statistical combination of six analyses targeting “pT,miss + (W/Z/h)” final-states.
Complementary low/high-pT, leptonic/hadronic channels.

CMS Electroweakino combination

Muon 1 
pT=4.1 GeV

Muon 2
pT=7.0 GeV 

QCD jet
pT=324 GeV

Missing pT
247 GeV 
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Statistical combination of six analyses targeting “pT,miss + (W/Z/h)” final-states.
Complementary low/high-pT, leptonic/hadronic channels.

CMS Electroweakino combination SUS-21-008
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Broad sensitivity to Δm of 3-50 GeV.
(Improved signal extraction procedure w.r.t. 
the initial paper result.)

Together the 2L, 3L, & hadronic 
channels probe (nearly) TeV Winos.

For the latest ATLAS results on EWK SUSY, see talk by S. Passagio.

CMS Electroweakino combination SUS-21-008
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GMSB scenario: EWKinos decay to ɣ + Gravitino
• Search considers both strong+weak production.

Limits placed on gluinos, squarks, 
3rd generation, EWKinos.

Selection: 100 GeV photon and ≥2 jets
• Categories (pT,miss, #(b-)jets, and W/Z/h-jets) 

probe a range of production modes.

SUS-21-009

Top squark
production
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1.6.4 Long Lived Particles

Particles with long lifetime arise in many generic BSM models. The space of signatures for these long-
lived particles (LLP) signatures is very rich and complicated, ranging from exotic-looking tracks to heavy
stable charged particles to various types of displaced objects (e.g. vertices, jets, leptons). Here we highlight
two examples. More benchmark cases, results, and discussions can be found in the BSM Topical Group
report [18].

The first example is that of LLPs that are electrically charged and can be produced by many di↵erent
models. In the case of one particular signature, if the charged LLP decays within the detector, the LLP
could produce a disappearing track signature if it decays to neutral and/or very soft particles that cannot
be reconstructed. Disappearing tracks are particularly motivated in models of SUSY and dark matter.

Figure 1-35 shows the projected reach of disappearing track signatures at the HL-LHC [30], HE-LHC [437],
LE-FCC [411], FCC-ee [411], CEPC [411], CLIC [438], ILC [439], FCC-eh [153], FCC-hh [440], and several
high energy Muon Colliders [441], assuming a pure Higgsino with its natural mass splitting. Further
discussion on these constraints and their implications for dark-matter can be found in the section on dark
matter. The sensitivities are driven by many factors, and in particular, the proximity of the tracking system
to the interaction points and low pile-up environment could help enhance them.

HL-LHC 0.3HL-LHC 0.15

HE-LHC 0.598

FCC-eh 0.419

LE-FCC 37.5 TeV 0.839

FCC-hh 1.602FCC-hh 1.1

Muon Collider 3 TeV 0.62Muon Collider 3 TeV 0.45

Muon Collider 10 TeV 1.37Muon Collider 10 TeV 1.1

m(e�±1 ) [TeV]10�1 1

Higgsino

2�, disappearing track

5�, disappearing track

Figure 1-35. Overview of the sensitivity to the pure Higgsino, assuming its natural mass splitting, for
various future colliders. Figure adapted from Ref. [441].

Many new physics models with an hidden sector could lead to long-lived signatures and displaced vertices.
Here we use a simplified heavy neutral lepton (HNL) model, motivated by the neutrino mass model building
and the seesaw mechanism, as an example to show the di↵erent coverage of displaced signatures in the
current and future experiments. For more details on di↵erent models and search coverage, see the discussion
in the BSM Topical Group report [18]. Extensions to the SM that account for neutrinos masses typically
incorporate heavy neutrinos that are “sterile” with very small mixings to SM neutrinos, and they have masses
much larger than the eV scale. Neutral leptons with masses on the MeV scale or higher are referred to as
heavy neutral leptons (HNLs).

In the timescale of HL-LHC and beyond, many proposed experiments could o↵er discovery potential for
Type-1 Seesaw HNLs, particularly in the low-mass/small-coupling region where long-lived searches will be
required. Figure 1-36, adapted from [463, 477], shows the expected reach of experiments such as FASER2,
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13

Dark Matter searches at the LHC
Simplest WIMP scenario adds only 1 new state: the DM candidate itself.

For weak N-plet mDM~1-3 TeV, 
likely requiring larger √s collider.

4 Higgs portal summary plot

This section provides a summary plot from the combination of searches for invisible decays of the Higgs
boson. The upper limit on BH!inv can be converted into a limit on the spin-independent scattering
cross-section of a weakly interacting massive particle and a nucleon, to allow the comparison of the results
with the ones from experiments based on di�erent detector technologies. The translation is performed in
the context of Higgs portal models [4, 5, 29] using an e�ective field theory framework for scalar, Majorana
and vector DM. For vector DM the exclusion corresponding to a UV-complete model [30] is also provided.
The result has already been published in Ref. [31].
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coherent elastic neutrino-nucleus scattering

Figure 24: Upper limit at the 90% CL on the spin-independent WIMP-nucleon scattering cross-section as a function
of the WIMP mass for direct detection experiments and the interpretation of the H ! invisible combination result in
the context of Higgs portal models considering scalar, Majorana and vector WIMP hypotheses [29]. For the vector
case, results from a UV-complete model [30] are shown (pink curves) for two representative values for the mass of
the predicted Dark Higgs particle (m2) and a mixing angle ↵=0.2. The uncertainties from the nuclear form factor are
smaller than the line thickness. Direct detection results are taken from Refs. [32–35]. The neutrino floor for coherent
elastic neutrino-nucleus scattering (dotted gray line) is taken from Refs. [36, 37], which assume that germanium is
the target over the whole WIMP mass range. The regions above the limit contours are excluded in the range shown in
the plot.

5 Dark Higgs summary plot

This section provides a summary plot from analyses targetting the Dark Higgs Model [6]. This signal
model provides a Majorana fermion dark matter candidate � and two mediators: a vector boson Z

0 and
a scalar dark Higgs boson s. The dark Higgs boson does not couple to SM particles, but can decay via
mixing with the SM Higgs boson and hence has SM-like branching fractions as long as there are no new
decay channels. The additional free parameters of this model are the masses of the Dark Matter m�, the
mediator particles mZ0 and ms, the Z

0 coupling strength to quarks qq and to DM g�, and the mixing angle
✓ between the SM and dark Higgs bosons.
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Minimal s-channel models
New mediators may facilitate SM-DM interaction, 
leading to several degrees of freedom:
• mDM, mediator masses, couplings to DM, SM.
• Mediator: (Pseudo-)scalar, (Axial-)Vector?
• DM: Dirac, majorana, (scalar, vector)?
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Dark Higgs model adds a light scalar that can’t decay 
invisibly (ms<2mχ, ‘secluded annihilation’).
• Relic favors large s-Z’ couplings → dark h-strahlung.
New CMS result: s→WW for 2l2v + lvqq’ channels.
• Template fit to mll/mT,min (2L) and BDT analysis (1L).
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Figure 3: Unrolled m`` -m` min,pmiss
T

T post-fit distributions in the di-leptonic channel for three
signal regions SR1 (top left), SR2 (top right), and SR3 (bottom), for the full data set. The his-
togram bins are spaced uniformly. Each group of five bins (from left to right) corresponds to
the m` min,pmiss

T
T distribution in a m`` region, placed in ascending order. The black line indicates

the signal prediction for ms = 160 GeV, mc = 100 GeV, mZ0 = 500 GeV.
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Comparison to the observed DM relic density can indicate the preferred model parameters.
Therefore relic density calculations are preformed with the current dark Higgs model assump-
tions using MADDM [75]. When the dark Higgs mass is lower than the DM mass, DM an-
nihilation to two s is on-shell reducing the relic density compared to models with only Z0 as
mediator. In the case when ms ⇡ 2mc, the WIMPs can be converted to SM particles through
an on-shell dark Higgs resosnance. This reduces the relic density heavily. Gray lines in Fig. 5
indicate were the model parameters produce exactly the current measurement of the observed
relic density [7].

In this analysis only the decay of the dark Higgs boson to a pair of visible W bosons is consid-
ered; this decay mode is dominant in the phase space analyzed. In the case where ms � 2mc,
however, the dark Higgs boson decays predominantly to a pair of DM particles. The conse-
quence of this change of decay mode can be seen in Fig. 5: there is a boundary reflecting a
sharp drop of sensitivity in the upper-left (upper-right) plot corresponding to ms equal to twice
the DM particle mass of 100 GeV (150 GeV).

This analysis extends the search to a wider DM mass range than in previous results [23, 24],
from 100 GeV to 300 GeV. For mDM = 200 GeV and ms = 160 GeV, this analysis excludes up to
mZ0 ⇡ 2200 GeV, while for mZ0 = 700 GeV, it excludes ms masses up to ⇡ 350 GeV.
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Figure 5: Observed (expected) exclusion regions at 95% CL for the dark Higgs model in the
(ms, mZ0 ) plane, marked by the solid red (black) line. The expected ± 1s and ± 2s bands are
shown as the thinner black lines. Upper left: mc = 100 GeV, upper right: mc = 150 GeV,
lower left: mc = 200 GeV, lower right: mc = 300 GeV. The gray line indicates were the model
parameters produce exactly the observed relic density Wch2 = 0.12 [7].

10 Summary
A search for dark matter particles produced in association with a dark Higgs boson has been
presented. A sample of proton-proton collision data at a center-of-mass energy of 13 TeV is
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Figure 5: Observed (expected) exclusion regions at 95% CL for the dark Higgs model in the
(ms, mZ0 ) plane, marked by the solid red (black) line. The expected ± 1s and ± 2s bands are
shown as the thinner black lines. Upper left: mc = 100 GeV, upper right: mc = 150 GeV,
lower left: mc = 200 GeV, lower right: mc = 300 GeV. The gray line indicates were the model
parameters produce exactly the observed relic density Wch2 = 0.12 [7].

10 Summary
A search for dark matter particles produced in association with a dark Higgs boson has been
presented. A sample of proton-proton collision data at a center-of-mass energy of 13 TeV is

Results are interpreted for range of mχ values.
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Dark Higgs model adds a light scalar that can’t decay 
invisibly (ms<2mχ, ‘secluded annihilation’).
• Relic favors large s-Z’ couplings → dark h-strahlung.
New CMS result: s→WW for 2l2v + lvqq’ channels.
• Template fit to mll/mT,min (2L) and BDT analysis (1L).
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Figure 3: Unrolled m`` -m` min,pmiss
T

T post-fit distributions in the di-leptonic channel for three
signal regions SR1 (top left), SR2 (top right), and SR3 (bottom), for the full data set. The his-
togram bins are spaced uniformly. Each group of five bins (from left to right) corresponds to
the m` min,pmiss

T
T distribution in a m`` region, placed in ascending order. The black line indicates

the signal prediction for ms = 160 GeV, mc = 100 GeV, mZ0 = 500 GeV.
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5.1 Parameter scan

The summary plot shown in Fig. 25 corresponds to a benchmark with gq = 0.25, g� = 1, sin ✓ = 0.01,
m� = 200 GeV.

Figure 25: Observed (solid lines) and expected (dotted lines) exclusion limits at 95% CL for the Dark Higgs model in
the (mZ0,ms) plane under the assumption of gq = 0.25, g� = 1, sin ✓ = 0.01, m� = 200 GeV. The open contours
indicate regions of the mass plane not explored for that particular signature. The coloured areas are excluded.
The dashed curve corresponds to the combinations of parameter values that are consistent with a DM density of
⌦h

2 = 0.12 and a standard thermal history, as computed in M��DM [7, 8], with the diagonal lines indicating which
side corresponds to an overabundance of DM.
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UV complete models: 2HDM+a
Model adds Type-II 2HDM (h, H, H±, A) plus 
pseudo-scalar mediator and DM (a, χ).
• Recent ATLAS summary considers several 

benchmark scenarios.
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Figure 8: Observed (solid lines) and expected (dashed lines) exclusion limits for the 2HDM+0 as a function of
<j, following the parameter choices of <� = 1.0 TeV, <0 = 400 GeV, tan V = 1.0, and sin \ = 0.35 (Scenario 5).
The limits are calculated at 95% CL and are expressed in terms of the ratio of the excluded cross-section to the
nominal cross-section of the model. The results are shown for several individual searches and the combination of
the ⇢

miss
T + / (✓✓), ⇢miss

T + ⌘(11̄), and C1�
±(C1) searches. The relic density for each <j assumption, calculated

with M��DM [156], is superimposed in the plot (dashed line) and described by the right vertical axis. The valley
at <j = 200 GeV indicates the 0-funnel region [71, 154, 155] where the predicted relic density is depleted by the
resonant enhancement of the processes jj̄ ! �/0 ! SM.

8.6 Scenario 6: ma � m6 plane

Exclusion limits as a function of <0 and <j corresponding to Scenario 6 are shown in Figure 9. The
⌘ ! 00 ! 5 5̄ 5

0
5̄
0 searches target the region characterised by <0 < <⌘/2, where the decay ⌘ ! 00 is

kinematically allowed, and <0 < 2<j where invisible mediator decays are kinematically forbidden. This
region is almost fully excluded by the ⌘ ! 00 ! 5 5̄ 5

0
5̄
0 searches under consideration, except for two

bands where <0 is close to the masses of the J/k and ⌥ mesons. As discussed in Section 5.2.3, these
mass regions are excluded from the searches. Experimentally di-muon searches near the J/k mass are
challenging, as are ⌘ ! 00 ! 46 searches. The `

+
`
�
g
+
g
� final states [81] have some sensitivity, but

are unable to exclude the higher mass region around <0 = 10 GeV. Searches for hadronic final states are
complicated by the collimation of the quark pairs, and dedicated techniques are often required to make
signatures such as 11̄g

+
g
� and 11̄11̄ sensitive. The ⌘ ! 00 ! 5 5̄ 5

0
5̄
0 searches are not sensitive for

<0 > <�/2, where invisible mediator decays dominate the branching ratio. For <0 < <⌘/2, this region is
excluded by the ⌘ ! invisible search. For larger values of <0, the region <0 > <j/2 is excluded by the
⇢

miss
T + ⌘(11̄) search up to <0 ⇡ 600 GeV. The unexcluded high-<0, high-<j region can be probed by

searches for the mediator or heavy Higgs boson states in signatures such as CC̄CC̄ and C1�
±(C1), which are

currently unable to exclude <� = 1200 GeV.

The relic density contour for the case ⌦2h2 = 0.12 is superimposed in the plot (long-dashed line).
Regions above this line at low <j and below this line at high <j, excluding the “island” region around
(<j ⇡ 100 GeV, <0 ⇡ 150 GeV), have a predicted relic density ⌦⌘

2
< 0.12. Due to the large Yukawa

couping, the annihilation process jj̄ ! CC̄ is very efficient. For regions with light DM (<j < <C ), this
is kinematically inaccessible and the predicted relic density is often over-abundant unless alternative
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Table 3: Summary of input analyses used in the different benchmark scenarios.

Analysis/Scenario 1a 1b 2a 2b 3a 3b 4a 4b 5 6

⇢
miss
T + / (✓✓) [74] x x x x x x x x x

⇢
miss
T + ⌘(11̄) [75] x x x x x x x x x x

⇢
miss
T + ⌘(WW) [84] x x x x x x

⇢
miss
T + ⌘(gg) [78] x x

⇢
miss
T + C, [77] x x x x x x x x

⇢
miss
T + 9 [45] x x x x x x

⌘ ! invisible [86] x x x x
⇢

miss
T + / (@@̄) [126] x x x

⇢
miss
T + 11̄ [127] x x

⇢
miss
T + CC̄ [127, 128] x x

CC̄CC̄ [85] x x x x x x x x x
C1�

±(C1) [76] x x x x x x x x x
⌘ ! 00 ! 5 5̄ 5

0
5̄
0 [79–83] x

clusters, calibrated with a hadronic weighting scheme [124]. The missing transverse momentum Æ? miss
T

(with magnitude ⇢
miss
T ) is calculated from the negative vector sum of transverse momenta (?T) of electrons,

muons and jet candidates and an additional soft term [125] which includes activity in the tracking system
originating from the primary vertex but not matched with any reconstructed particle. Some analyses may
also consider photons and g-leptons in the ⇢

miss
T reconstruction.

5.1 Searches for invisible mediator decays

5.1.1 Kmiss

T
+ `(◆◆)

Signal events in this analysis [74] are required to have ⇢
miss
T and a pair of high-?T leptons (✓ = 4, `).

They are required to satisfy a set of single-electron [129] and single-muon [130] triggers which require
the presence of an electron (muon) with transverse energy above thresholds in the range of 20–26 GeV
depending on the lepton flavour and data-taking period [131]. Accordingly, a requirement of ?T > 30 GeV
is imposed on the leading electron or muon in the event, while the subleading lepton is required to satisfy
?T > 20 GeV. The leptons are required to have the same flavour, be oppositely charged, and their invariant
mass must be between 76 GeV and 106 GeV, compatible with the / boson mass. To select events consistent
with invisible particles recoiling against the / boson, events are required to have ⇢

miss
T > 90 GeV and

(
⇢

miss
T

> 9, where (
⇢

miss
T

denotes the object-based ⇢
miss
T significance [132]. Additionally, a requirement

�'(✓✓) < 1.8 on the angular separation between the two leptons is required. Events with one or more jets
identified as initiated by a 1-hadron (1-jet) are removed in all regions to suppress events containing top
quarks.

The dominant background is the // background, followed by,/ , /+jets, and the non-resonant backgrounds
(,, , CC̄, single top-quark, and / ! gg). Additional smaller contributions arise from triboson production,
CC̄ + + , and // ! 4✓, where two of the leptons are not reconstructed. The backgrounds from // and
,/ production and the sum of the non-resonant backgrounds are estimated from MC simulation and
normalised to data in the final likelihood fit using dedicated 4✓, 3✓, and 4` control regions, which are
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• Combines 3 of the 
leading channels.
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Figure 4: Observed (solid lines) and expected (dashed lines) exclusion regions at 95% CL in the (<0,<�) plane
assuming (a, c) sin \ = 0.35 (Scenario 1a) and (b, d) sin \ = 0.7 (Scenario 1b). In the upper sub-figures, the observed
(solid lines) and expected (dashed lines) exclusion regions for the statistical combination of the ⇢

miss
T + ⌘(11̄),

⇢
miss
T + / (✓✓), and C1�

±(C1) searches are shown, along with the observed and expected exclusion regions for the
three individual searches entering the combination. The surrounding shaded bands correspond to the ±1 and ±2
standard deviation (±1f, ±2f) uncertainty in the expected limit of the combined result. In the lower sub-figures, the
results are shown for the combination of the ⇢

miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches (filled area) and

additional individual searches. The individual results from the ⇢
miss
T + ⌘(11̄), ⇢miss

T + / (✓✓), and C1�
±(C1) searches

are not shown in this case. In all four sub-figures, dashed grey regions indicate the region where the width of any of
the Higgs bosons exceeds 20% of its mass.
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ATLAS 2HDM+a: mono-h(ττ)
Most recent addition: mono-Higgs(τhadτhad) channel, 
sensitive to a wide range of mA and ma.
• Challenges: broad Higgs mass peak (due to vτ), 

and Diboson (ττvv) background.
• Signal regions target high/low mA-ma based on the 

total transverse mass.
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Figure 2: Kinematic distributions of some of the variables used to construct the SRs, shown in the common SR
preselection region: (a) �'(g1, g2), (b) <vis (g1, g2), (c) <tot

T , (d) <g1
T . Predictions for four benchmark parameter

configurations of the 2HDM+a model are also shown for the parameter values given in the legend. The value
tan(V) = 1 is assumed for all parameter configurations. The total statistical and systematic uncertainty of the
SM background is shown by the hatched band. The top-quark and / (gg) background predictions are normalized
according to the background-only fit. The leftmost and rightmost bins include the underflow and overflow entries
respectively. The ratio of the observed yield to the expected yield is shown in the lower panel.
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Figure 2: Kinematic distributions of some of the variables used to construct the SRs, shown in the common SR
preselection region: (a) �'(g1, g2), (b) <vis (g1, g2), (c) <tot

T , (d) <g1
T . Predictions for four benchmark parameter

configurations of the 2HDM+a model are also shown for the parameter values given in the legend. The value
tan(V) = 1 is assumed for all parameter configurations. The total statistical and systematic uncertainty of the
SM background is shown by the hatched band. The top-quark and / (gg) background predictions are normalized
according to the background-only fit. The leftmost and rightmost bins include the underflow and overflow entries
respectively. The ratio of the observed yield to the expected yield is shown in the lower panel.
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More results in the 
2HDM combination.
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Figure 1: Feynman diagrams describing the 2HDM+a scenarios leading to the production of the mono-Higgs
signatures: (a) and (b) gluon–gluon fusion, (c) 11̄ annihilation.

couplings to BSM particles are enhanced [11], such scenarios are possible, making mono-Higgs topologies
an important tool in LHC DM searches.

The ATLAS and CMS collaborations have performed ⌘ + ⇢miss
T searches where the Higgs boson decays into

a pair of 1-quarks [12, 13], g-leptons1 [14], or photons [15, 16], or into // or ,+
,

� [17]. This analysis
presents a search for DM using the ⌘ + ⇢

miss
T topology with the Higgs boson decaying into two hadronically

decaying g-leptons, using the 139 fb�1 of proton–proton collision data collected by the ATLAS detector in
2015–2018 at

p
B = 13 TeV. The presence of tau neutrinos can, in certain topologies, enhance the ⇢

miss
T

signature of the signal and increase the sensitivity to the more challenging models [18].

One of the most straightforward and natural extensions of the SM is the two-Higgs-doublet model
(2HDM) [19], extending the Higgs sector with a second scalar doublet. Such an extension of the Higgs
sector is required in supersymmetric models, but is also of more general interest. After electroweak
symmetry breaking the model has five physical Higgs states: two neutral scalar states ⌘ and �, a
pseudoscalar neutral state �, and two charged scalar states �

±. The 2HDM+a model [20] extends the
baseline 2HDM by adding a new pseudoscalar singlet 0 with Yukawa-like coupling to the DM candidate j

and the SM fermions. The singlet acts as a mediator between the SM particles and the DM sector. This is
the simplest gauge-invariant and renormalisable extension of pseudoscalar mediator DM models [21]. The
model leads to ⌘ + ⇢

miss
T final states through the gluon–gluon fusion and 11̄ annihilation modes as depicted

by the Feynman diagrams of Figure 1.

The present analysis considers the 2HDM+a model as a benchmark and uses it to optimise the search and
interpret the results. The model is described by 12 additional parameters not present in the SM. Following
the LHC DM Working Group’s recommendations [21], two-dimensional parameter scans are performed
with the following benchmark parameter choices:

• Masses of the CP-odd Higgs boson �, CP-even Higgs boson �, and charged Higgs bosons �± are
set to be equal to each other.

• The mass of the fermionic DM particle j is set to 10 GeV.

• The DM Yukawa coupling Hj to pseudoscalar 0 is set to 1.

• Mixing angles U and V are constrained to satisfy cos(V � U) = 0, where U is the mixing angle
between CP-even Higgs bosons ⌘ and �, and tan V is the ratio of the vacuum expectation values
(VEV) of the two Higgs doublets. In this so-called alignment limit the properties of the lightest
Higgs boson ⌘ are very similar to those of the SM Higgs boson.

1 Direct comparison with the presented search is not possible due to the di�erence between the models used for reinterpretation.
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ATLAS ZH(→yyD)
Search for invisible dark photons in Higgs 
decays, coupled through a new dark sector.
New ATLAS result in the ZH channel:
• BDT purifies signal region, mainly based on: 
σ(pT,miss), mT(ɣ,pT,miss), and decay angles.
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ATLAS Z→Dark photons
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ATLAS Semi-visible jets
Strongly-coupled Dark Sectors may lead to “Dark 
Showers” analogous to the QCD parton shower.
• Some fraction of the resulting πD, ρD may decay to SM.
New ATLAS search for DS production in the t-channel.
• Categorize events by the min/max dφ(jet,pT,miss) jets.
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Figure 3: The post-fit yields in the nine bins of the (?bal
T , |qmax � qmin |) grid are shown for the (a) SR, (b) 1L CR, (c)

1L1B CR, and (d) 2L CR. Data are compared with background predictions, and six signal predictions covering a
representative mediator mass and invisible fraction range are overlaid in the SR. Figure (a) shows a background-only
fit in the SR. The uncertainties include all systematic and statistical components.

less than 2%. The total data yield can be translated into a model-independent cross-section limit in this
SR.

Upper limits on the contribution of events from new physics are computed by using the modified frequentist
CLs approach based on asymptotic formulas at 95% confidence level (CL) [43, 55], and are given in
terms of the signal strength, `, defined previously. For upper limits with values of `  1, the nominal
cross-section is excluded, while for upper limits with ` > 1, no such conclusion can be obtained. The limits
on the signal model are presented in two different ways. The 95% CL exclusion limit plots for limits on the
cross-section as a function of mediator mass and 'inv values are shown in Figure 5. The observed limits
increase from 2.4 TeV for 'inv of 0.2 to 2.7 TeV for 'inv of 0.8. The observed exclusions tend to be slightly
stronger than the expected ones due to a slight deficit in data in individual SR bins and the fit’s preference
of a negative signal yield to improve the data agreement. The exclusion confidence levels decrease at
higher mediator masses as the distributions of the discriminating observables, e.g. |qmax � qmin |, become
more background-like in shape and with lower yields. The signal acceptance in the SR decreases for lower
mediator masses, opposing the effect of rapidly increasing signal event rates. The systematic uncertainties
weaken the limits by about 25%.

Additionally, the nominal signal cross-sections for each signal mass point, obtained with _ = 1, can
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Summary
• The significant 13 TeV dataset deliver by the LHC during Run 2 has lead to 

an expansive program of searches at ATLAS and CMS.

• Many state-of-the-art efforts are only possible through an understanding 
of our detectors and reconstruction developed w/ 10+ years experience.

• Portfolio of SUSY and Dark Matter searches following similar trajectories:

• A comprehensive program of searches, combinations, and new 
summary results target a critical set of benchmark models.

• Meanwhile, new ideas in theory and novel reconstruction techniques 
expand our sensitivity to previously-unconsidered signatures.

• Looking ahead, more LHC data (and new triggers, upgraded detectors) in 
Run 3 and the High Luminosity LHC will significantly extend our 
reach to new weakly-coupled states!


