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THE Higgs 

The end of the puzzle or the start of the journey 

16 Energy Frontier

as exotic Higgs decays, invisible Higgs decays, and shifts in the Higgs total width, as can be probed well
at e+e� colliders. For heavier hidden sectors, the observables are di↵erent and the highest energy collider
options are needed.

Another aspect of determining if the Higgs is a fundamental scalar particle concerns whether the minimal
Higgs potential is correct. If there are new BSM particles that couple to the Higgs, the potential itself can
receive modifications. This is not solely a question about the potential, because its form has repercussions for
both our understanding of the early universe and its ultimate fate. For the early universe, the SM predicts
that the electroweak symmetry should be restored at high temperatures. However, depending on the actual
form of the potential the question remains as to whether there even was a phase transition let alone its
strength. Additionally, depending on its form, the Higgs potential can control the future of our universe as
our vacuum may be metastable. Furthermore a strong EW first order phase transition can have implications
for Baryogenesis as well.

Finally, the Higgs boson is connected to some of the most puzzling questions in the universe: flavor, mass,
and CP violation. There are e↵ectively two types of interactions in the SM, gauge interactions and Higgs
interactions. Gauge interactions are tightly constrained and do not fundamentally di↵erentiate flavor. Higgs
interactions govern all the important quantities for flavor, mass, and CP violation in the SM. In particular,
all problems connected with flavor and CP – the origin of fermion masses, the origin of neutrino masses, the
origin of the neutrino mixing matrix and CKM angles – ultimately require knowledge of the fundamental
nature of the Higgs sector. Otherwise, we are just fitting parameters without an understanding. The full
information that we need is only available at high energy by studying the Higgs boson.

The fact that understanding the properties of the SM Higgs boson connects to so many fundamental questions
illustrates how central it is to the HEP program. The connections briefly reviewed so far obviously can each be
expanded in greater detail, but to collect the various themes in a simple-to-digest manner they are illustrated
in Fig. 1-4 and examples of the interplay between experimental observables and fundamental questions are
given in Fig. 1-5. The generality of the concepts and questions posed in Fig. 1-4 could even belie connections
to additional fundamental mysteries. For example, the Higgs portal could specifically connect to DM or
other cosmological mysteries.
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Figure 1-4. The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental
questions that can be investigated by studying it in detail through the many experimental probes illustrated
in Fig. 1-5.
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H
The start of the journey  - a searches perspective

125 GeV High massLow mass

h125 rare decays
h125 exotic decays
h125 → invisible

pp → a
h125 → aa, h125 → a1a2
h125 → Za

pp → H/A, pp → H  

H → h125h125
H → Sh125, H → SS
A  → ZH, A → Zh125

+-

Figure 1: An illustration of the landscape of BSM Higgs boson searches, for which the 125 GeV Higgs boson (⌘125)
marks the border between low mass and high mass searches. Low-mass scalars are denoted by 0, heavy Higgs bosons
are labelled with an � (or � if they are CP-odd), and other scalars are denoted by an (. New scalars can be produced
either directly in ?? collisions, or through the decay of other Higgs bosons (or, in general, through the decay of other
particles).

wider mass distribution being reconstructed in the analysis. This resolution is typically about a few percent
of the scalar’s mass, and is therefore much larger than the decay width generated from the signal model.
In many cases, the mass of the scalar particle cannot be fully reconstructed because the final state has
undetectable particles such as neutrinos, which degrades the signal resolution. Also, in some analyses the
final discriminant, which is used to separate a potential signal from the background, is not the mass but the
output score of a multivariate algorithm, which leads to even worse signal resolution. Therefore, analyses
that simulate a narrow-width signal are still able to constrain models that predict signal widths of the order
of GeV to tens of GeV.

Most searches presented in this report use the full Run 2 dataset, which has an integrated luminosity of 139
or 140 fb�1, the exact value depending on the luminosity calibration at the time of publication [46], and
also on the triggers [47] used. Some analyses were performed with a partial Run 2 dataset.

3.1 Searches for neutral heavy Higgs bosons

3.1.1 Heavy Higgs bosons decaying into fermions

ATLAS has conducted searches for heavy Higgs bosons decaying into fermions in the following final states:
g
+
g
� [48], `+`� [49], 11̄ [50] and CC̄ [51, 52]. These decays are predicted in models such as the 2HDM

and MSSM. Due to the mass degeneracy of the � and � bosons, the production cross-sections of the two
particles are summed (unless the mass difference becomes sizeable compared to the mass resolution). The
Higgs boson couplings to these fermions increase with their mass, as in the case of the SM-like Higgs
boson. Therefore, the largest branching fractions are predicted for decays into a top-quark pair, provided
that the mass of the heavy Higgs boson exceeds twice the top-quark mass (<C ), about 350 GeV. If the Higgs
boson is lighter than that, then its most likely fermionic decay is the one into 11̄, followed by g

+
g
�. The

decay into `
+
`
� has an even lower probability; however, this channel has excellent mass resolution. The

exact branching fraction values are model-dependent. If the SUSY mass scale is low, Higgs bosons may
decay into SUSY particles, which would decrease the probabilities of decays into fermion pairs. ATLAS
also explored the decay of a heavy neutral Higgs boson into C@̄ [53] in the context of the g2HDM, which
introduces additional Yukawa couplings.

The most common production modes considered are gluon–gluon fusion (ggF) and 1-associated production.
The CC̄� production mode was also explored in the case of heavy Higgs boson decay into CC̄. For the SM
Higgs boson, ggF production has the largest cross-section. In BSM theories, this cross-section depends on
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2HDM-based models
2HDM DM models

arxiv:1810.09420 (and ref. therein) + 

★ Richer phenomenology: 
Higgs bosons productions and 
decays, mixing, many final 
states.
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Credit slide
Signature Exp. Reference
phi->ll (tt/W/Z) CMS EXO-21-018
displaced mm CMS HIG-21-004
h->gg CMS HIG-20-002
H->aa, mmtt CMS HIG-18-024
H->aa, mm+2tracks CMS HIG-18-006
H->aa, mmbb CMS HIG-18-011,
H->aa, mmtt CMS HIG-17-024,
H->aa,mmtt CMS HIG-17-029, 
bba(mm) CMS HIG-15-009, 
VH, H->aa->4b CMS HIG-18-026
H -> tt CMS HIG-21-001
H->aa, a->gg CMS HIG-21-016 
H->Za, a->gg CMS HIG-22-003
H->aa mmbb/ttbb CMS HIG-22-007
H->aa 4t / 2m2t CMS SUS-24-002

Signature Exp. Reference
h->gg ATLAS HIGG-2023-12
S->ZdZd->4lep ATLAS HDBS-2021-13
H->Za, a->jj ATLAS HDBS-2021-09
A->tt ATLAS HDBS-2021-08
H->aa, bbtt ATLAS HDBS-2021-07
H->aa, 4g ATLAS HDBS-2019-19
H->Za, a->gg ATLAS HDBS-2019-09
tta, a->mm ATLAS HDBS-2020-12
rare decays ATLAS HDBS-2019-33
H->aa, bbmm ATLAS HDBS-2021-03
H->SUSY ATLAS HDBS-2018-07

new since Higgs 2023

our 
experimental 
tools

ATLAS

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-024/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-029/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/
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Pseudoscalars (a) via Higgs decays
channels
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Pseudoscalars (a) via Higgs decays
channels
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Pseudoscalars (a) via Higgs decays
vs mass

a ➞ bba ➞ tta ➞ mm

mmmm mmtt

llbb

bbbb

tttt

✤ all consider H➞aa 
✤ channels are complementary 
✤ BR(a) defined by model  
✤ y=1 means Higgs decays 100% 

into new scalars

allowed by 
H➞inv.

Link for CMS plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
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Pseudoscalars (a) via Higgs decays
vs mass

a ➞ bba ➞ tta ➞ mm

different tanb, type III

mmmm mmtt

llbb

bbbb

tttt

✤ all consider H➞aa 
✤ channels are complementary 
✤ BR(a) defined by model  
✤ y=1 means Higgs decays 100% 

into new scalars

allowed by 
H➞inv.

Link for CMS plots Link for ATLAS plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
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Highlight #1: H ➞ aa ➞ mmbb / ttbb
 CMS: arXiv:2402.13358 (HIG-22-007) 

- Extra category for bjet 
15-20 GeV 

- exploit btag probability

trig
ger d
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n17-24 GeV

8 GeV

http://arxiv.org/abs/2402.13358
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Highlight #1: H ➞ aa ➞ mmbb / ttbb
 CMS: arXiv:2402.13358 (HIG-22-007) 

Decorrelation for improved 
performance 

S/B = 0.3 @60 GeV S/B = 0.02 @40 GeV
No excess in any category, very stringent limits in various scenarios

example 
of signal

http://arxiv.org/abs/2402.13358
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Highlight #2: bjets reconstruction developments
performance highlight

Momentum of decay products 
~ (m(H) - m(a))

✤ small Dm: reduce the threshold 
of final-state objects (TC-LVT)

 ATLAS: arXiv:2405.03253 (FTAG-2023-02) 

✤ large Dm: identify merged b-jets (DeXTer)
 ATLAS: ATL-PHYS-PUB-2022-042 

https://arxiv.org/abs/2405.03253
https://cds.cern.ch/record/2825434
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Highlight #2: bjets reconstruction developments
performance highlight

Momentum of decay products 
~ (m(H) - m(a))

✤ small Dm: reduce the threshold 
of final-state objects (TC-LVT)

 ATLAS: arXiv:2405.03253 (FTAG-2023-02) 

✤ large Dm: identify merged b-jets (DeXTer)
 ATLAS: ATL-PHYS-PUB-2022-042 

ATLAS TC-LVT algorithm for the reconstruction of  
soft secondary vertices outside jets
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Highlight #2: bjets reconstruction developments
performance highlight

Momentum of decay products 
~ (m(H) - m(a))

✤ small Dm: reduce the threshold 
of final-state objects (TC-LVT)

 ATLAS: arXiv:2405.03253 (FTAG-2023-02) 

✤ large Dm: identify merged b-jets (DeXTer)
 ATLAS: ATL-PHYS-PUB-2022-042 

ATLAS DeXter algorithm is a deep-learning double-b tagger 
for jets below 200 GeV 

6.2 Performance Dependency on Resonance Mass

Another desirable feature of the tagger is to be independent of the parent particle mass. Not only is
it desirable for the tagger performance to be independent of unknown model parameters, but it is also
fundamental when mass sidebands are used.

The PFlow jet mass is not a good proxy for the ⌫-labeled jet particle-level mass since it doesn’t provide
good containment in the case of multiple particle-jets merged in the same reconstructed jet. Because of
this, mass correlation is assessed using the true mass of the 0-boson in decays 0 ! 11̄.

Two strategies are adopted to minimize the mass correlation. First, the ⌫-enriched sample used to train
D�XT�� is composed of an ensemble mix of � ! 00 ! (11̄) (11̄) and CC̄0, 0 ! 11̄ samples with
di�erent values of the 0-boson mass. Second, the impact of each individual input variable with the mass
correlation of the response is studied. When a variable is identified as the cause of a large di�erence in
performance, it is either redefined to be less mass-sensitive, or removed when a suitable redefinition is
not possible. The performance di�erence is examined by comparing the ROC curves across di�erent <0

values in � ! 00 ! (11̄) (11̄) decays, as shown in Figure 4, and CC̄0, 0 ! 11̄ processes.
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Figure 4: Performance for di�erent 0-boson masses in � ! 00 ! (11̄) (11̄) events. The same working points
defined in Figure 3 are marked. The ⌫-labeled jet e�ciency on the two reference working points di�ers by
approximately 2 � 3% across the examined values of <0.

7 E�ciency Measurements

The second half of this note describes the measurement of the algorithm e�ciency with collider data. The
e�ciency measured with data can be used to correct the modeling in simulation and is essential for the use
of D�XT�� in physics analysis.

The measurement of the e�ciency of - ! 11̄ taggers is challenging since it can be di�cult to select
merged ⌫-flavored particle-jets in an unbiased way. A particularly clear decay topology that can be explored
is / (! 11̄)W [68]. However, this decay is only merged for ?/T & 400 GeV, outside the ?T range targeted by
D�XT��. A previous version of this work [20] used 6 ! 11̄ processes in multÚet events, but those events
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Figure 9: Data-to-MC scale factors obtained for 1-labeled jets in the (a) 40 � 60% and (b) 0 � 40% tagging intervals.
The blue error band includes systematic and statistical uncertainties. The red error bar represents the statistical
uncertainty only.
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correction. The hatched band represents the systematic uncertainty in each channel.
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Highlight #2: bjets reconstruction developments
performance highlight
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✤ small Dm: reduce the threshold 
of final-state objects (TC-LVT)
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✤ large Dm: identify merged b-jets (DeXTer)
 ATLAS: ATL-PHYS-PUB-2022-042 

ATLAS DeXter algorithm is a deep-learning double-b tagger 
for jets below 200 GeV 

6.2 Performance Dependency on Resonance Mass

Another desirable feature of the tagger is to be independent of the parent particle mass. Not only is
it desirable for the tagger performance to be independent of unknown model parameters, but it is also
fundamental when mass sidebands are used.

The PFlow jet mass is not a good proxy for the ⌫-labeled jet particle-level mass since it doesn’t provide
good containment in the case of multiple particle-jets merged in the same reconstructed jet. Because of
this, mass correlation is assessed using the true mass of the 0-boson in decays 0 ! 11̄.

Two strategies are adopted to minimize the mass correlation. First, the ⌫-enriched sample used to train
D�XT�� is composed of an ensemble mix of � ! 00 ! (11̄) (11̄) and CC̄0, 0 ! 11̄ samples with
di�erent values of the 0-boson mass. Second, the impact of each individual input variable with the mass
correlation of the response is studied. When a variable is identified as the cause of a large di�erence in
performance, it is either redefined to be less mass-sensitive, or removed when a suitable redefinition is
not possible. The performance di�erence is examined by comparing the ROC curves across di�erent <0

values in � ! 00 ! (11̄) (11̄) decays, as shown in Figure 4, and CC̄0, 0 ! 11̄ processes.
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The second half of this note describes the measurement of the algorithm e�ciency with collider data. The
e�ciency measured with data can be used to correct the modeling in simulation and is essential for the use
of D�XT�� in physics analysis.

The measurement of the e�ciency of - ! 11̄ taggers is challenging since it can be di�cult to select
merged ⌫-flavored particle-jets in an unbiased way. A particularly clear decay topology that can be explored
is / (! 11̄)W [68]. However, this decay is only merged for ?/T & 400 GeV, outside the ?T range targeted by
D�XT��. A previous version of this work [20] used 6 ! 11̄ processes in multÚet events, but those events
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uncertainty only.

CR bl [20,90]

CR lb [20,90]

CR ll [20,90]
CR bl [90,140]

CR lb [90,140]

CR ll [90,140]

CR bl [140,200]

CR lb [140,200]

CR ll [140,200]

SR 60-100% [20,90]

SR 60-100% [90,140]

SR 60-100% [140,200]

SR 40-60% [20,90]

SR 40-60% [90,140]

SR 40-60% [140,200]

SR 0-40% [20,90]

SR 0-40% [90,140]

SR 0-40% [140,200]

0.5
0.75

1
1.25

D
at

a 
/ P

re
d. 1

10

210

310

410

510

610

710Ev
en

ts

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

top-region
Efficiency correction applied

Data B b
c l Uncertainty

Figure 10: Comparison between data and prediction for the event yields in the top-region channels after the e�ciency
correction. The hatched band represents the systematic uncertainty in each channel.
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Figure 2: The analysis categories used in the search corresponding to different decay modes of the g-leptons and
strategies for identifying heavy-flavor jets, including merged 1-jet pairs (⌫) and single 1-jets (1). Note that the
categories are exclusive.

For low <
0
, the 0-boson has a large Lorentz boost and its decay products can be collimated. Consequently,

the 0 ! 11̄ final state is reconstructed as a single jet that contains the hadronization products of the two
1-quarks. While several techniques exist to resolve merged jets [25], most of them are only efficient in
the case of high-mass and high-?T jets. Due to the relatively low mass of the Higgs boson, the merged
0 ! 11̄ jet will have low ?T. This analysis uses a novel, dedicated algorithm to identify low-mass, merged,
“double 1-quark” jets (⌫-jets) [26]. For high <

0
, the 1-quarks decays tend to be well separated and the

reconstructed jets capture the hadronization of a single 1-quark (1-jet). The analysis considers events with
one ⌫-jet, or one or two 1-jets, resulting in nine analysis categories, as shown in Figure 2.

Similar searches in the 11̄g
+
g
� decay channel were performed by the CMS Collaboration [27, 28]. The

latest search has placed 95% CL upper limits on B(� ! 00 ! 11̄g
+
g
�) in the range 1.7 � 7.7%

for 12  <
0
 60 GeV using 138 fb�1 of Run 2 data at

p
B = 13 TeV. This analysis improves the

sensitivity of previous results [28] in the low mass regime (<
0
< 20 GeV) by targeting more final

states and using a neural network discriminant to increase the separation of signal from background.
This search is also complementary to other searches for � ! 00 decays performed by the ATLAS
and CMS collaborations using both

p
B = 8 TeV and

p
B = 13 TeV data in several final states including

`
+
`
�
`
+
`
� [29–31], `+`�

g
+
g
� [32–35], g+g�g+g� [34, 36], 11̄`+`� [37–40], 11̄11̄ [41–43], WWWW [44–

46], and WW66 [47].

2 ATLAS detector

The ATLAS detector [48] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.
Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is
defined in terms of the polar angle \ as [ = � ln tan(\/2) and is equal to the rapidity H = 1

2 ln
⇣
⇢+?I2
⇢�?I2

⌘
in the relativistic limit.

Angular distance is measured in units of �' ⌘
q
(�H)2 + (�q)2.
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Figure 10: The observed (solid) 95% C.L. upper limits on (f(�)/fSM (�))B(� ! 00 ! 11̄g
+
g
�) as a function of

<
0

and the expected (dashed) limits under the background-only hypothesis when (a) combining all categories and (b)
considering different categories based on the heavy-flavor objects separately. In the combined plot (a) the inner green
and outer yellow shaded bands show the ±1f and ±2f uncertainties of the expected limits. The mass hypothesis <

0

is probed between 12 and 60 GeV for the values shown with markers. A linear interpolation validated with MC
simulation between adjacent mass points is used.

10 Conclusion

This paper presents the first search by the ATLAS experiment for exotic decays of the Higgs boson into a
pair of pseudoscalar particles, � ! 00, where the 0-boson decays into two 1-quarks and two g-leptons.
The analysis is performed using the 140 fb�1 of proton–proton collision data at a center-of-mass energy
of 13 TeV recorded by the ATLAS detector at the LHC between 2015 and 2018. The search makes use
of heavy-flavor-tagging techniques to target collimated 0 ! 11̄ decays and a mass-parameterized neural
network to enhance the sensitivity. The analysis categorizes events depending on the g-lepton decay modes:
4`, 4ghad, and `ghad, as well as the strategy for identifying heavy-flavor jets: a merged 1-jet pair, ⌫-jet, and
one or two single 1-jets. No significant excess above the SM background expectation is observed, and
upper limits at 95% confidence level are set on B(� ! 00 ! 11̄g

+
g
�) of 2.2% � 3.9% for pseudoscalar

mass values in the range 12 GeV  <
0
 60 GeV, assuming the SM Higgs boson production cross-section.

These results contribute to the broad program of searches for � ! 00 decays in ATLAS and can be used
to set constraints on a variety of BSM scenarios featuring such exotic Higgs decays.
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1 double-b 
region  
(exp and obs)

1 Introduction

Following the observation of the Higgs boson � with mass <
�

near 125 GeV by the ATLAS and CMS
collaborations [1, 2], studies of its properties have been important programs of research. Global analyses of
measurements of Higgs boson properties constrain the branching ratio of the Higgs boson into undetected
Beyond the Standard Model (BSM) particles to approximately Bu . 12% [3, 4]. Higgs boson decays are
particularly sensitive to new physics due to the small total width (�

�
⇡ 4 MeV). Even very small couplings

to new particles can give sizable branching ratios and can be compatible with available measurements [5].

Extensions of the Standard Model (SM) that include new light pseudoscalars, called 0-bosons, can give rise
to exotic Higgs boson decays � ! 00. Such new light particles appear in theories with an extended Higgs
sector [6–10], dark matter models [11–15], models with a first-order electroweak phase transition [16,
17], and theories of neutral naturalness [18, 19]. Signatures of � ! 00 can also arise in models with
hidden-sector particles that are singlets under the SM gauge transformations [5, 20–23]. In scenarios
where the 0-boson mixes with the SM Higgs boson and inherits its Yukawa couplings to fermions,
decays of the 0-boson into heavy fermions such as 1-quarks and g-leptons are favored, and the process
� ! 00 ! 11̄g

+
g
�, shown in Figure 1, is expected to have a sizeable branching ratio in the mass range

2<
1
< <

0
< <

�
/2 [5, 24].

This paper presents a search for the exotic Higgs boson decay � ! 00 ! 11̄g
+
g
� and uses the full Run-2

dataset of ?? collisions at
p
B = 13 TeV recorded with the ATLAS detector corresponding to an integrated

luminosity 140 fb�1. The analysis is performed over the mass range 12 < <
0
< 60 GeV and targets the

following production modes of the Higgs boson: gluon-gluon fusion (ggF), vector boson fusion (VBF),
and associated production with a vector boson (+�). The associated production of a top-antitop-quark pair
(CC̄) with a Higgs boson provides a negligible signal contribution due to (i) the low cross-section and (ii) the
additional 1-quarks from the top-quark decays resulting in a reduced signal acceptance. Therefore, this
production mode is not considered. Different analysis categories are defined depending on the g-lepton
decay modes, which can be into electrons (4), muons (`), or hadrons (ghad, also “hadronic taus”). Due to
the relatively low mass of the Higgs boson and the four-body final state, the g-leptons and 1-quarks tend
to have low transverse momentum (?T), typically below ?T . 50 GeV. Therefore, the analysis relies on
electron or muon triggers, which have lower ?T thresholds compared to triggers using hadronic activity, to
select the events of interest and requires an electron or muon in the final state. The analysis defines different
event categories depending on g-lepton decay modes: 4`, 4ghad, and `ghad. The major backgrounds to the
signal process are Drell–Yan production of g-leptons produced in association with heavy-flavor jets, CC̄, and
non-prompt leptons plus ghad.

H a

a

p

p ⌧
+

⌧
�

b̄

b

Figure 1: Feynman diagram for the leading contribution to the ?? ! � ! 00 ! 11̄g
+
g
� process.

2

(*) check out also the beautiful performance of the  di-t missing mass 
calculator [1012.4686] used in this analysis

https://arxiv.org/abs/2405.03253
https://cds.cern.ch/record/2825434
https://arxiv.org/abs/2407.01335
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Dark Sectors and Hidden Sectors via Higgs or scalars
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Light Higgs bosons and Dark Matter

1)e SM Higgs mediates the interaction to the dark sector 
(H ➞ invisible)

 CMS: arXiv:2405.13778 (EXO-2023-005)  ATLAS: arXiv:2404.15930 (EXOT-2018-62)

f / a / s

 CMS:arXiv:1809.05937 

 ATLAS:arXiv:2301.10731 
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Figure 65: 95% CL upper limits on the mixing parameter q2
h from the H ! inv analysis [85]

(Section 6.1.2) interpreted with a dark-Higgs boson model.
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Figure 66: Results on B(H ! inv), shown separately for each Higgs boson production mode
as tagged by the input analyses, as well as combined across modes. Left: observed and ex-
pected upper limits on B(H ! inv) at 95% CL. Right: best-fit estimates of B(H ! inv). Figure
adapted from Ref. [85].

7.1.3 Fermion portal

Figure 69 presents 95% CL limits for the fermion portal model, obtained from the monojet
search [81]. In the specific model probed, the mediator F couples to DM particles and right-
handed u quarks with coupling strength l = 1. Exclusions are presented in terms of the DM
mass and the mass of the mediator.

2)Interaction mediated by a light scalar/pseudoscalar 
(somewhat simplistic model but interesting final states) 

Great results in constraining 
H ➞ invisible < 10-15% 

http://arxiv.org/abs/2405.13778
https://arxiv.org/abs/2404.15930
http://arxiv.org/abs/1809.05937
https://arxiv.org/abs/2301.10731
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2HDM-based models
2HDM DM models

arxiv:1810.09420 (and ref. therein) + 

★ Richer phenomenology: 
Higgs bosons productions and 
decays, mixing, many final 
states.
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Highlight #3: 2HDM+a 
A more realistic model for Dark Matter
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Highlight #4: Long Lived Particles
LLP

LLP

3)e SM Higgs mediates the interaction to the hidden sector 
and decays into long lived particles
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Highlight #4: Long Lived Particles
LLP

LLP

3)e SM Higgs mediates the interaction to the hidden sector 
and decays into long lived particles

 CMS: Run3LLPHLT 

 ATLAS: arXiv:2405.04914 (HDBS-2023-15) 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT
https://arxiv.org/abs/2405.04914
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Highlight #4: Intermediate mass searches

4)All new mediators decay back into the SM and can be 
reconstructed as resonances in all allowed SM final states 
‣ ese searches provide unique access to intermediate mass regimes

di-photon searches 70 < mgg <110 GeV

X   g 

 g 
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Highlight #5: Intermediate mass searches

4)All new mediators decay back into the SM and can be 
searched as resonances in all allowed SM final states 
‣ ese searches provide unique access to intermediate mass regimes

di-photon searches 70 < mgg <110 GeV

X   g 

 g 

 CMS: arXiv:2405.18149  (HIG-20-002) 

✤ Complete and 
improved re-analysis of 
the entire dataset 

✤ Events divided in 
various categories, VBF 
newly added for 
2017-2018 data 

2018 data2016 data new 2018 VBF selection

http://arxiv.org/abs/2405.18149
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Highlight #5: di-photon searches 70 < mgg <110 GeV

 CMS: arXiv:2405.18149  (HIG-20-002)  ATLAS: arXiv:2407.07546  (HIGG-2023-12) 

http://arxiv.org/abs/2405.18149
https://arxiv.org/abs/2407.07546
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Wrap-up
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Bring me that Horizon [Jack Sparrow, Pirates of the Caribbean, 2003]

p-value table and search for new ideas
"Maps copyright Chris Wormell, from Jon Butterworth's "A Map of the Invisible".

Excluded/explored

Excluded/
explored

Unknown
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The importance of focusing on low masses
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Conclusions and credits (again)
 CMS:"Dark sector searches with the CMS experiment”, arXiv:2405.13778 (EXO-2023-005)

 ATLAS:”ATLAS searches for additional scalars and exotic Higgs boson decays [..]“ arXiv:2405.04914 (HDBS-2023-15) 

Signature Exp. Reference
phi->ll (tt/W/Z) CMS EXO-21-018
displaced mm CMS HIG-21-004
h->gg CMS HIG-20-002
H->aa, mmtt CMS HIG-18-024
H->aa, mm+2tracks CMS HIG-18-006
H->aa, mmbb CMS HIG-18-011,
H->aa, mmtt CMS HIG-17-024,
H->aa,mmtt CMS HIG-17-029, 
bba(mm) CMS HIG-15-009, 
VH, H->aa->4b CMS HIG-18-026
H -> tt CMS HIG-21-001
H->aa, a->gg CMS HIG-21-016 
H->Za, a->gg CMS HIG-22-003
H->aa mmbb/ttbb CMS HIG-22-007

Signature Exp. Reference
h->gg ATLAS HIGG-2023-12
S->ZdZd->4lep ATLAS HDBS-2021-13
H->Za, a->jj ATLAS HDBS-2021-09
A->tt ATLAS HDBS-2021-08
H->aa, bbtt ATLAS HDBS-2021-07
H->aa, 4g ATLAS HDBS-2019-19
H->Za, a->gg ATLAS HDBS-2019-09
tta, a->mm ATLAS HDBS-2020-12
rare decays ATLAS HDBS-2019-33
H->aa, bbmm ATLAS HDBS-2021-03
H->SUSY ATLAS HDBS-2018-07

✤ Exploration of low-mass BSM Higgs and exotics decays well 
advanced - congratulations to the experiments for the extensive 
effort! 

✤ Looking forward to new ideas, Run-3 exploitation and HL-LHC

http://arxiv.org/abs/2405.13778
https://arxiv.org/abs/2405.04914
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-024/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-029/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/
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Single BSM higgs searches

ggH, VBF,  
ttH, VH

a/h
✤ Great results in constraining H ➞ 

invisible < 10-15% 

✤ Trigger requirements and large 
backgrounds are oen challenging in 
some other final states 

✤ Unique probe of intermediate mass 
regime (60-200 GeV) - synergies with  

data scouting and b-jet TLA (?) 

✤ Increasing efforts in non-standard final 
states: Long Lived particles (LLPs) and 
SUSY decays -latter to be extended?  CMS:arXiv:1809.05937 

 ATLAS:arXiv:2301.10731 
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Figure 65: 95% CL upper limits on the mixing parameter q2
h from the H ! inv analysis [85]

(Section 6.1.2) interpreted with a dark-Higgs boson model.
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Figure 66: Results on B(H ! inv), shown separately for each Higgs boson production mode
as tagged by the input analyses, as well as combined across modes. Left: observed and ex-
pected upper limits on B(H ! inv) at 95% CL. Right: best-fit estimates of B(H ! inv). Figure
adapted from Ref. [85].

7.1.3 Fermion portal

Figure 69 presents 95% CL limits for the fermion portal model, obtained from the monojet
search [81]. In the specific model probed, the mediator F couples to DM particles and right-
handed u quarks with coupling strength l = 1. Exclusions are presented in terms of the DM
mass and the mass of the mediator.

http://arxiv.org/abs/1809.05937
https://arxiv.org/abs/2301.10731
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6.2 Fully visible and prompt signatures 63
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Figure 34: The dimuon invariant mass distributions of events selected with the standard muon
triggers (brown, darker), and the scouting dimuon triggers (green, lighter), in the search for a
prompt dark photon resonance decaying into two muons. Events are required to pass all the
selection requirements. The inset shows the data (black points), the signal model (blue line),
and the background-only fit (orange line), and it is restricted to events in the barrel category in
the mass range 23.9–26.1 GeV. A function describing the background is fit to these data. The
bottom panel of the inset shows the bin-by-bin difference between the number of events in data
and the prediction from the background fit, divided by the statistical uncertainty. Figure taken
from Ref. [178].

6.2.1.4 Search for a prompt dark photon resonance decaying into two muons includ-
ing data scouting Reference [178] presents a search for a narrow resonance, in the 11.5
to 200 GeV mass range, decaying into a pair of oppositely charged muons. For masses less
than ⇡40 GeV, a dedicated scouting trigger (as discussed in Section 4.1.2) with an exception-
ally low muon pT threshold was used. For higher masses, standard triggers were used. The
data correspond to Lint = 97 and 137 fb�1 for the scouting and conventional triggering strate-
gies, respectively. The dimuon mass resolution depends strongly on the pseudorapidity of
the muons. Therefore, events are divided into two categories. The barrel category consists of
events in which both muons are in the barrel region, and the forward category contains events
in which at least one of the two muons is not in the barrel region.

In the high-mass search performed with the standard triggers, events are required to have at
least one well-reconstructed PV and two oppositely charged muons. The muons are required
to be isolated and to pass selection requirements based on the quality of their reconstructed
tracks. In the search performed using the scouting triggers, events are required to contain two
muons of opposite charge that are consistent with originating from the same vertex, with sim-
ilar requirements on muon isolation and track quality as in the search using standard triggers.
The dimuon invariant mass distribution is shown for a representative category in Fig. 34.

6.2.1.5 Search for prompt dimuon resonances with data scouting An analysis [177]
similar to the one described in Section 6.2.1.4 is performed to search for dimuon resonances
with masses below the U(1S) resonance in the range of 1.1–2.6 GeV and 4.2–7.9 GeV using data
collected by the dimuon scouting trigger during 2017–2018 with Lint = 97 fb�1.

The event candidate is required to have at least one PV reconstructed by the HLT system and
to contain a pair of oppositely charged muons originating from this vertex. To identify good-
quality muon candidates, two multi-variate analysis (MVA) discriminants are used depending
on the reconstructed dimuon mass, optimized for the signal kinematic properties in each mass
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LLP summary

7.2 Extended dark sectors 111
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Figure 80: Observed and expected 95% CL excluded regions in the SUEP search (Section 6.2.3.2)
in mdark–Tdark for each mS value, considering the case with mA0 = 1.0 GeV (A0

! p+p� with
B = 100%). The regions below the lines are excluded. Figure taken from Ref. [289].

two LLPs, here denoted X (as shown in the right diagram in Fig. 7). These reinterpretations are
shown in Figs. 81, 82, and 83. Figure 81 shows the upper limits on the branching fraction of
Higgs bosons decaying into LLPs with masses between 40 and 55 GeV, as functions of the LLP
proper decay length. Figure 82 shows the same but for masses between 15 and 30 GeV, and
Fig. 83 shows the same but for masses between 0.4 and 7 GeV.
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Figure 81: Observed 95% CL upper limits on the branching fraction of Higgs bosons decaying
into LLPs with masses between 40 and 55 GeV [85, 187, 243, 292, 294, 301, 323].

7.2.4.5 Heavy long-lived particles Dark sectors may have complex constituents includ-
ing TeV scale scalar and vector bosons that decay into LLPs in the DS as well as to DM candi-
date particles [142]. This can include scenarios motivated by neutral naturalness, as described
in Section 2.2.4.4. The LLPs may be boosted if their mass is significantly less than the parent

 ATLAS: arXiv:2405.13778 (CMS-EXO-23-005) 
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Figure 82: Observed 95% CL upper limits on the branching fraction of Higgs bosons decaying
into LLPs with masses between 15 and 30 GeV [85, 187, 243, 292, 294, 301, 323].
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Figure 83: Observed 95% CL upper limits on the branching fraction of Higgs bosons decaying
into LLPs with masses between 0.4 and 7 GeV [294, 301].
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Figure 82: Observed 95% CL upper limits on the branching fraction of Higgs bosons decaying
into LLPs with masses between 15 and 30 GeV [85, 187, 243, 292, 294, 301, 323].
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Figure 83: Observed 95% CL upper limits on the branching fraction of Higgs bosons decaying
into LLPs with masses between 0.4 and 7 GeV [294, 301].

https://arxiv.org/abs/2405.13778
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2HDM-based models
2HDM DM models
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★ Richer phenomenology: 
Higgs bosons productions and 
decays, mixing, many final 
states.
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BSM Higgs Models @ LHC
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● There are many interesting BSM models to guide us at the LHC:
Higgs Singlet, 2HDMs, 2HDM+a, Composite Higgs, Higgs portal to Dark matter, FCNC ..

● Two Higgs Doublet Model (2HDM) extends BSM Higgs sector to include 2 complex H doublets  
(CP-even) h, H,  (CP-odd) A, H+, H-

○ Parameter : mass,  tanβ (ratio of vev, v2/v1) , α (mixing angle between the h, H)
○ Type 1 : One doublet couples to V(fermiophobic), one to fermions
○ Type 2 : MSSM like model, one doublet couples to up-type quark, one to down-type quarks
○ Type 3 : Lepton-specific model, same coupling to quarks as Type 1 & to lepton as Type 2
○ Type 4 : Flipped model, same coupling to quarks as Type 2 & to lepton as Type 1

● 2HDM+S : This model is an extension of 2HDM with an additional EWK scalar singlet. 

● Minimal Super Symmetry SM (MSSM) provides an elegant solution to the hierarchy problem, 
and potential Dark matter candidate
○ More specific MSSM model Mh125 fully determined at tree-level by mA and tanβ
○ The NMSSM is a particular case of 2HDM+S Type 2.

● In MSSM/2HDM Type 2, the couplings to b-quarks and τ-leptons are enhanced at high tanβ

2HDM
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Key experimental ingredients 

Particle identification 
performance 
✤ muons 
✤ bjets 
✤ taus

Background 
modelling

Systematic 
uncertainties

Mass 
reconstruction

+ Rigorous blinding procedure,  
+ non-discovery results interpreted as broadly as possible
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more in the context of ALPs
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2HDM DM models
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★ Richer phenomenology: 
Higgs bosons productions and 
decays, mixing, many final 
states.
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Light Higgs bosons and Dark Matter
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS model.

to all models with spin-0 mediators considered in this paper, is typically referred to as minimal flavour203

violation (MFV) ansatz and automatically relaxes the severe restrictions imposed on the coupling of new204

spin-0 colour-neutral particles to the SM-fermions imposed by precision flavour measurements [128–205

130]. Furthermore, it implies that these mediators would be sizeably produced through loop-induced206

gluon fusion or in association with heavy-flavour quarks (see Fig. 3). According to whether the mediator207

decays into a pair of DM or SM particles, di�erent final states o�er sensitivity to these models. Due to208

the Yukawa-like structure of the couplings, visible final states with two or four top-quarks are particularly209

important signatures. Final states involving a single top quark and E
miss
T may also play an important role210

to constrain these models [131–134]. Despite the absence of a dedicated parameter that regulates the211

relative importance of up-type and down-type quark couplings (otherwise present in UV completions of212

these models as in Sec. 2.3.2), it is also important to study final states involving bottom-quarks separately,213

which becomes a relevant signature if the up-type couplings are suppressed.214

2.2.2 Colour-charged interaction215

The colour-charged interaction model (SCC) assumes that the mediator couples to left or right-handed216

quarks, and it is a colour triplet. The DM is produced via a t-channel exchange of this mediator which217

leads to a di�erent phenomenology with respect to colour-neutral interactions. These models have a strong218

connection with the minimal supersymmetric Standard Model (MSSM) [135, 136] with a neutralino DM219

and first and second generation squarks with universal masses, and share with it the same cross-sections220

and phenomenology when the mediator is pair produced via strong interaction. Nevertheless, additional221
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Spin-0 Dark Matter mediator simplified models

Experimental signature #2

1)Mediated by the SM Higgs (H ➞ invisible) 

2)Mediated by a light scalar/pseudoscalar (simplified and 
somewhat simplistic model)  

3)Mediated by a light scalar/pseudoscalar within an 
extended Higgs sector (UV complete and rich 
phenomenology)

 CMS: arXiv:2405.13778 (EXO-2023-005)

 ATLAS: arXiv:2404.15930 (EXOT-2018-62)

Results in the next slide

http://arxiv.org/abs/2405.13778
https://arxiv.org/abs/2404.15930
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Highlight #4: di-photon searches 70 < mgg <110 GeV
 ATLA

S
: arX

iv:2407.07546  (H
IG

G
-2023-12) 

 CMS: arXiv:2405.18149  (HIG-20-002) 

2018 data

2016 data

VBF selection

✤ Complete and improved re-analysis of the entire 
dataset 

✤ Events divided in various categories, VBF newly 
added for 2017-2018 data 

https://arxiv.org/abs/2407.07546
http://arxiv.org/abs/2405.18149

