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• So far…
• Discovery of a neutral scalar particle of mass ~125 GeV                                       

confirmed the predicted  electroweak symmetry                                           breaking 
mechanism of the SM

• Experimental results show consistency with the SM Higgs boson
• The SM is a very successful theory but fails to describe dark matter, matter asymmetry, 

gravity etc.

• Fortunately, consistency with the SM doesn’t exclude Beyond SM scenarios

Standard Model Higgs

ATLAS-CONF-2019-032

SM

HIGG-2018-57

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-57/
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Higgs boson(s) Beyond the Standard Model

• The SM Higgs sector 
is the most 
minimalistic approach 
to describe EWS 
breaking

• Extended scalar 
sector appears in 
many extensions         
of the SM

• Searches for 
additional Higgs 
bosons are of great 
importance to probe 
BSM physics!

courtesy of N. Ilic

Neutral

Neutral Charged

Neutral

Double Charged
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Disclaimer:

This talk will present a few recent searches for additional neutral and 
charged Higgs bosons using full Run 2 data collected by the ATLAS 
detector at 13 TeV

• very incomplete set of analysed Higgs channels!

Many other ATLAS analyses with very interesting results 
• feel free to look those up!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
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Neutral Higgs boson searches

Search for diphoton resonances
ATLAS-CONF-2023-035

Heavy scalar H->multileptons + b-jets
arXiv:2307.14759

FCNC t→qX (q=u,c) → qbb 
arXiv:2301.03902

https://cds.cern.ch/record/2862024/files/ATLAS-CONF-2023-035.pdf
https://arxiv.org/abs/2307.14759
https://arxiv.org/abs/2301.03902
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Low-mass diphoton resonances ATLAS-CONF-2023-035

Model-independent search:
Local significance of 2.2𝜎 at 71.8 GeV

Model-dependent search:
Local significance of 1.7𝜎 at 95.4 GeV

• Target: possible light scalars e.g. (N)2HDM and ALPs 
• mƔƔ = 66-110 GeV

• Two searches considered: 
• model-independent for a generic spin-0 scalar 
• model-dependent using a SM-like Higgs boson as a benchmark

• Several categories based on photon conversion status (+categories from S/B BDT in model-dependent search)
• The resonant signal and background modelled using analytic functions

• Likelihood fit on invariant mass of diphoton system, mγγ

https://cds.cern.ch/record/2862024/files/ATLAS-CONF-2023-035.pdf
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Flavour-changing neutral current t→qX (q=u,c) → qbb

• Target: search for light scalar particle X from flavour-changing 
neutral current top-decays e.g. flavon with flavour charge
• m(X)=20-160 GeV 

• Categories according to number of jets and b-jets             
(3 SRs with 3 b-jets and 3 CRs with ≥4 b-jets)

• Signal discrimination using mass-parametrised NN 
• Likelihood fit on NN score 
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Figure 1: Leading-order Feynman diagram for the production of a scalar particle - in association with a top quark.

2 ATLAS detector

ATLAS [15–17] is a multipurpose detector with a forward–backward symmetric cylindrical geometry and
a near 4c coverage in solid angle.1 It consists of an inner tracking detector (ID) surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters,
and a muon spectrometer (MS). The ID covers the pseudorapidity range |[ | < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements with high granularity. A steel/scintillator-
tile hadron calorimeter covers the central pseudorapidity range (|[ | < 1.7). The endcap and forward
regions are instrumented with LAr calorimeters for EM and hadronic energy measurements up to |[ | = 4.9.
The MS surrounds the calorimeters and is based on three large air-core toroidal superconducting magnets
with eight coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the
detector. The MS includes a system of precision tracking chambers and fast detectors for triggering. The
first-level trigger is implemented in hardware and uses a subset of the detector information to accept events
at a rate below 100 kHz [18]. This is followed by a software-based trigger that reduces the accepted event
rate to 1 kHz on average depending on the data-taking conditions. An extensive software suite [19] is used
for real and simulated data reconstruction and analysis, for operation and in the trigger and data acquisition
systems of the experiment.

3 Object definition and event selection

Data were recorded from ?? collisions at
p
B = 13 TeV with the ATLAS detector between 2015 and 2018.

Only data consistent with the beam collision region and for which all relevant detector components were
functional are used [20]. The total integrated luminosity is 139 fb�1 [21, 22]. Events were recorded with
a single-electron or a single-muon trigger, with minimum thresholds on the transverse momentum (?T)
varying from 20 to 26 GeV depending on the lepton flavour and peak instantaneous luminosity during

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. Cylindrical 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). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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• Mild excess 1.8σ at 40 GeV in t→uX channel 
• ~2σ broad excess in t→cX channel  => X is expected to be much narrower
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Figure 9: Expected and observed 95% CL upper limits for B(C ! D-) ⇥ B(- ! 11̄) (a) and B(C ! 2-) ⇥
B(- ! 11̄) (b). The bands surrounding the expected limits show the 68% and 95% confidence intervals, respectively.
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arXiv:2301.03902

Limit results

18A. Salvador | Paper Approval Meeting | 21 April 2022

B(t➝cX) B(t➝uX) 

➔ Expected and observed upper limits for B(t→cX) and B(t→uX)

◆ Range from:
● 1.8 to 7.9 (1.5 to 5.6) x 10-4 obs (exp) limits for t→cX
● 1.9 to 6.2 (1.7 to 5.7) x 10-4 obs (exp) limits for t→uX 

◆ t→cX slightly higher upper limits in general
◆ t→cX 80 GeV and t→uX 40 GeV show the largest obs-exp limits difference

Limit results

18A. Salvador | Paper Approval Meeting | 21 April 2022

B(t➝cX) B(t➝uX) 

➔ Expected and observed upper limits for B(t→cX) and B(t→uX)

◆ Range from:
● 1.8 to 7.9 (1.5 to 5.6) x 10-4 obs (exp) limits for t→cX
● 1.9 to 6.2 (1.7 to 5.7) x 10-4 obs (exp) limits for t→uX 

◆ t→cX slightly higher upper limits in general
◆ t→cX 80 GeV and t→uX 40 GeV show the largest obs-exp limits difference

https://arxiv.org/abs/2301.03902
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Heavy H → multiple leptons + b-jets
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Figure 1: Signal diagrams for the dominant production and decay modes of the heavy scalar considered in the analysis.
The subsequent decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the
search. Single production through gluon fusion is not considered since the decay does not lead to the relevant final
state.
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Figure 2: Signal diagrams for the RPV SUSY signals used as additional interpretation in the analysis. The subsequent
decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the search.

anomaly [52], and can provide a successful explanation with di�erent choices of particles, masses, and
couplings [53–62]. The first model features electroweakino production (wino or Higgsino) which decays
via a lepton-number-violating RPV coupling of the LQD̄ type to a lepton and third-generation quarks. The
corresponding term in the superpotential has the form �0i33LiQ3D̄3, where i 2 2, 3 is a generation index,
and L, Q, D̄ are the lepton doublet, quark doublet, and down-type quark singlet superfields, respectively.
Relevant diagrams for the production and decay are shown in Figures 2(a) and 2(b). The second model
features direct smuon production decaying to a bino-like neutralino, which in turn decays via the same
RPV coupling (�0i33), as shown in Figure 2(c).

3

• 17 SRs + 10 CRs  => 27 analysis regions 
• DNN trained over each SR region for signal 

discrimination

Most significant deviation observed at mH=900 GeV with 
local significance of 2.8 σ

arXiv:2307.14759

• Target: heavy H from 2HDM with flavour changing 
neutral Higgs (FCNH) couplings 
• only FCNH couplings involving top quarks 

considered: ρtt, ρtu, ρtc - parameters of the model
• mH = 200 GeV – 1.5 TeV

• Final state: multiple leptons (e,mu) and b-jets
• considered: 2lSS, 3l, 4l

𝜌𝑡𝑡=0.6, 𝜌𝑡𝑐=0.0, and 𝜌𝑡𝑢=1.1 

https://arxiv.org/abs/2307.14759
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Charged Higgs boson searches

Light H± in t → H±b
decays, with  H± → cb, in 
the lepton+jets final state
arXiv:2302.11739

H±±→l±l±
arXiv:2211.07505

https://arxiv.org/abs/2302.11739
https://arxiv.org/abs/2211.07505
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Light H± in t → H±b decays, with H± → cb,                        
in the lepton+jets final state arXiv:2302.11739

• Three Higgs doublet model (3HDMs) feature two H±,
• Target: low mass H± production via the top decays t→H±b with H±→cb

• m(H±) = 60 GeV - 160 GeV 

• Final state: 1 lepton, 3 b-jets, 1 c-jet

• Categories based on the number of jets and b-jets

• Use mass-parametrised NN for signal discrimination
• PNN score used in likelihood fit 
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Figure 8: The observed (solid) 95% CL upper limits on B = B(C ! �
±
1) ⇥ B(�± ! 21) as a function of <�±

and the expectation (dashed) under the background-only hypothesis. The inner green and outer yellow shaded bands
show the ±1f and ±2f uncertainties of the expected limits. The exclusion limits are presented for <�± between 60
and 160 GeV with 10 GeV <�± spacing and linear interpolation between adjacent mass points. Superimposed on the
upper limits, the predictions from the 3HDM [21, 22] are shown, corresponding to three benchmark values for the
parameters - , . , and / described in the text.

There is no significant excess of data events above the background expectation, and 95% CL limits are set
on the product of branching fractions B. Figure 8 shows the observed (expected) 95% CL upper limits
on the branching fraction B as a function of <�± ; they range from 0.15% (0.09%) up to 0.42% (0.25%)
depending on <�± . The acceptance loss for the 1-jet produced from the decay C ! �

±
1 increases for

<�± close to the top-quark mass, resulting in weaker exclusion limits. Superimposed on the upper limits,
the predictions from the 3HDM [21, 22] are shown, corresponding to three benchmark values for the
parameters - , . , and / , which are functions of the Higgs-doublet vacuum expectation values and the

23

Small excess corresponds 
to a local significance 3σ at 
m(H±)= 130 GeV

Broad excess is consistent 
with the expected mass 
resolution

3HDM 
benchmarks 
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Figure 6: Comparison between the data and prediction for the NN score distributions in the fit regions (4j, 3b), (5j, 3b)
and (6j, 3b) (a-c) before the likelihood fit to data (“Pre-Fit”) and (d-f) after the likelihood fit to data (“Post-Fit”). The
small contributions from CC̄+ , CC̄�, single-top-quark, ,//+jets, diboson, C�@ and C/@ backgrounds are combined
into a single background source referred to as “non-CC̄”. The pre-fit �± signal for <�± = 130 GeV is displayed
as a dashed red line normalised to Bref = 1%. The post-fit �± signal for <�± = 130 GeV is displayed as a red
histogram normalised to the best-fit branching fraction of 0.16%, added on top of the background prediction. The
bottom panels display the ratios of data to either the SM background prediction before the fit (“Bkg”) or the total
signal-plus-background prediction after the fit (“Pred”). The hashed area represents the total uncertainty of the
background. The CC̄ background prediction is corrected according to the procedure described in Section 5.2.
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https://arxiv.org/abs/2302.11739
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H±±→l±l± arXiv:2211.07505

1 Introduction

In the Standard Model (SM), no doubly charged bosons are present. However, various theories beyond
the Standard Model (BSM theories), namely type-II seesaw models [1–5], left-right symmetric models
(LRSMs) [6–11], the Zee–Babu neutrino mass model [12–14], 3-3-1 models [15], and the Georgi–
Machacek model [16], predict such doubly charged bosons decaying into same-charge lepton pairs. In
left-right symmetric models based on the (* (2)! ⇥ (* (2)' ⇥* (1)⌫�! symmetry, Higgs multiplets
�! and �' transforming, respectively, as triplets under (* (2)! and (* (2)' gauge symmetries, contain
doubly charged Higgs bosons, termed �

±±
! and �

±±
' . Doubly charged Higgs particles can couple to

either left-handed or right-handed leptons. The cross-section for �±±
! �

±±
! production is a factor of

about two larger than for �±±
' �

±±
' production, due to the di�erent couplings to the / boson [17]. Since

the �
±±
! particle is common to LRSMs and the canonical type-II seesaw model, the results can be

directly interpreted in both. In the Zee–Babu case, two complex scalar (* (2)! singlets are proposed
within the SM gauge group, where one of them is doubly charged and is usually denoted by :

±±.
As it has the same quantum numbers as the �

±±
' from LRSMs, their electroweak production is the

same.1 It was recently shown that for the production mechanisms studied in this analysis, cross-sections
and di�erential scalar distributions in the Zee–Babu and type-II seesaw models di�er at most by a
normalisation factor if all theoretical inputs are the same [18]. If not stated explicitly, �±± represents
any of the �

±±
! , �±±

' , or :±± particles throughout the paper.

The Feynman diagram of the Drell–Yan pair production mechanism considered in this analysis is shown
in Figure 1.

q̄
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Z/�
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Figure 1: Feynman diagram of the pair production process ?? ! �
++
�

��. While the analysis allows for �±±

decays into all lepton flavour combinations, it only studies electrons and muons in the final states.

At the LHC, other mechanisms such as vector-boson fusion, gluon–gluon fusion, and photon-
initiated [19] processes are less important than Drell–Yan production [17] in the mass range of
interest for this paper, which is 300 GeV to 1300 GeV.

The ATLAS Collaboration previously analysed data corresponding to an integrated luminosity of
36.1 fb≠1 from

p
B = 13 TeV ?? collisions at the LHC during the 2015 and 2016 data-taking periods.

1 In principle, the �
±±
' also couples to a /

0 boson, which makes their production cross-sections distinguishable. However,
the /

0 boson is assumed to be very heavy in this analysis, thus making its e�ects negligible.

3

• Target: H±± predicted by Left-Right Symmetric Models (LRSM) or 
Zee-Babu model 

• Dominant production  at the LHC: DY pair production
• For low vev considered H±±→l±l± dominates 
• Decays to same-charge lepton pairs with LFV
• m(H±±) = 300 GeV − 1.3 TeV

• Categories based on lepton multiplicities (2/3/4L)
• Discriminant: leading m(L±,L’’±) in 2/3L regions; total yield in 4L 

regions

• Upper limits set on the total production cross-section 
of H±± in the context of LRSM and Zee-Babu model

• Higher sensitivity to LH scalars, due to larger 
production cross section

• Doubly charged Higgs excluded for masses below 
1080 GeV within LRSMs and 900 GeV within                    
the Zee–Babu model.
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Figure 8: Observed (solid line) and expected (dashed line) 95% CL upper limits on the �
±± pair production

cross-section as a function of <(�±±) resulting from the combination of all analysis channels, assumingÕ
✓✓0 B(�±± ! ✓

±
✓
0±) = 100%, where ✓, ✓0 = 4, `, g. The surrounding (green) shaded band corresponds to the

±1 standard deviation (±1f) uncertainty around the combined expected limit, as estimated using the frequentist
approach, where toy experiments based on both the background-only and signal+background hypotheses are
generated for this purpose. The theoretical signal cross-section predictions, given by the NLO calculation [17,
18], are shown as blue, orange and red lines for the left-handed �

±±
! , right-handed �

±±
' (which is the same as the

Zee–Babu :
±±), and a sum of the two LRSM chiralities, respectively, with the corresponding uncertainty bands.
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• There is a plethora of searches for BSM physics in the Higgs sector by ATLAS
• Sensitivity has improved significantly with respect to the latest results due to the enlarged 

dataset and new analysis techniques e.g.
• Low mass diphoton resonances      => 1.6–2.4x improvement wrt previous ATLAS result
• FCNC t→qX (q=u,c) → qbb => 3x improvement wrt previous ATLAS result
• t → H±b decays, with H±→ cb => 5x improvement wrt previous CMS result
• H±±→l±l± => 2x improvement wrt previous ATLAS result

• No significant hints for physics beyond the SM have been observed so far
• But there are several small deviations that have to be followed up

• Many further results based on the full Run 2 data set are expected in the next months
• Waiting for more data from the LHC Run 3! 

Summary
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Diphoton resonances in 66 to 110 GeV ATLAS-CONF-2023-035

• Search for a low-mass diphoton resonance in the region 
mƔƔ ∈ [66, 110] GeV as a follow-up to a 2018 80 ifb ATLAS-
CONF-2018-025 
• Theoretical motivation: possible light scalars in extended 
Higgs sectors (2HDM, N2HDM, NMSSM, ALP, Composite 
Higgs, R-axions) 
• CMS probes a similar mass range and sees a 2.9σ excess 
at 95 GeV - CMS-HIG-20-002
•Two searches considered:  

• model-independent for a generic spin-0 scalar 
• model-dependent using a SM-like Higgs boson as a 

benchmark. 
• Selection: 𝛾𝛾 with ET > 22 GeV and ET/m𝛾𝛾> 0.38;
• Four significant background components are identified: 

𝛾𝛾, 𝛾j and jj pairs from QCD production (continuum non-
resonant backgrounds) + 𝑒𝑒 from DY production
• classification BDT to reduce - fakes

• Several categories defined based on photon conversion 
status (+ BDT categories) for a model-independent 
(model-dependent) search

ch photon 0!V1"" > 0.38

reduction of 𝑒𝑒 backgrounds 
between 65 to 90%

cat1 cat2 cat3

https://cds.cern.ch/record/2862024/files/ATLAS-CONF-2023-035.pdf
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Search for a standard model-like Higgs boson in the mass
range between 70 and 110 GeV in the diphoton final state

Diphoton resonances in 70 to 110 GeV CMS PAS HIG-20-002
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https://cds.cern.ch/record/2852907/files/HIG-20-002-pas.pdf
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Table 3: Event selection summary in the signal regions. Leptons are ordered by pT in the 2`SS and 4` regions. In the
3` regions the lepton with opposite-sign charge is taken first, followed by the two same-sign leptons in pT order. In
the lepton selection, T, M, L stand for Tight, Medium and Loose lepton definitions. In the region naming, the “CAT
ttX” denotes the category based on the DNN

cat output enriched in the signal process “ttX”. Each of these regions is
split according to the lepton charge of the same-sign lepton pair (“++” or “- -”).

Lepton category 2`SS 3` 4`

Lepton definition
(T,T) with � 1 b

60% || (L,T,M) with � 1 b
60% ||

(L, L, L, L)
(T,M) with � 2 b

77%
(L,M,M) with � 2 b

77%

Lepton pT [GeV] (20, 20) (10, 20, 20) (10, 10, 10, 10)

m
OS�SF
`+`� [GeV] – >12

|m
OS�SF
`+`� � mZ | [GeV] – >10

Njets � 2

Nb�jets � 1 b
60% || � 2 b

77%

Region split (sstt, ttq, ttt, tttq, tttt) ⇥ (Q++,Q��) (ttt, tttq, tttt) ⇥ (Q+,Q�) –

Region naming 2`SS ++ CAT sstt 3` ++ CAT ttt 4`

2`SS ++ CAT ttq 3` ++ CAT tttq

2`SS ++ CAT ttt 3` ++ CAT tttt

2`SS ++ CAT tttq 3` �� CAT ttt

2`SS ++ CAT tttt 3` �� CAT tttq

2`SS �� CAT sstt 3` �� CAT tttt

2`SS �� CAT ttq

2`SS �� CAT ttt

2`SS �� CAT tttq

2`SS �� CAT tttt

signal events in the evaluation, cross-training is used with the events divided by even/odd event number.

Since several of the probed signal processes are expected to be charge-asymmetric, all the 2`SS and 3`
regions are further split into two categories each corresponding to the positive and negative total lepton
charge selections. Figures 4(a) and 4(b) show the normalized distributions of the targeted signals with
a scalar mass of 400 GeV or 1000 GeV, compared to the expected background distribution across the
various categories described in Table 3. At high signal mass, a strong migration is observed from the
ttt to the tttq category, due to the high probability of additional radiation. Figures 4(c) and 4(d) show
the expected fractional signal contribution in each category for the benchmark coupling. The signals
originating from top-Higgs associated production (ttq and ttt) are expected to dominate across all regions,
including the categories designed to target other processes, due to the much larger production cross section.
This contribution is however strongly dependent on the coupling choice. For the benchmark coupling
of ⇢tt = 0.4, ⇢tc = 0.2, ⇢tu = 0.2, the decay to top-quark pairs dominates when not suppressed by the

12

Heavy scalars with FV decays in final 
states with multiple leptons and b-jets ATLAS-CONF-2022-039
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Heavy scalars with FV decays in final 
states with multiple leptons and b-jets ATLAS-CONF-2022-039
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Figure 1: Signal diagrams for the dominant production and decay modes of the heavy scalar considered in the analysis.
The subsequent decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the
search. Single production through gluon fusion is not considered since the decay does not lead to the relevant final
state.
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Figure 2: Signal diagrams for the RPV SUSY signals used as additional interpretation in the analysis. The subsequent
decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the search.

anomaly [52], and can provide a successful explanation with di�erent choices of particles, masses, and
couplings [53–62]. The first model features electroweakino production (wino or Higgsino) which decays
via a lepton-number-violating RPV coupling of the LQD̄ type to a lepton and third-generation quarks. The
corresponding term in the superpotential has the form �0i33LiQ3D̄3, where i 2 2, 3 is a generation index,
and L, Q, D̄ are the lepton doublet, quark doublet, and down-type quark singlet superfields, respectively.
Relevant diagrams for the production and decay are shown in Figures 2(a) and 2(b). The second model
features direct smuon production decaying to a bino-like neutralino, which in turn decays via the same
RPV coupling (�0i33), as shown in Figure 2(c).
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ATLAS Week - Multi-lepton anomalies| 21 June 2022 | M.Nazlim Agaras

 is an important background to several SM processes of interest 
(e.g. , ) and BSM searches  

Measured consistently higher than SM prediction 

Run 1  (and ) (high uncertainties),  -ML,   
measurements  

CMS also measured a similar tension 

Yellow Report 4 number - Missing several important contributions… 

Higher order QCD/EWK corrections 

Several predictions available - does not resolve the tension between 
data/MC ->Josh’s slides 

Measurements of  -ML &&   have similar strategy 

Template fit - Fake templates taken from MC normalised && 
disentangled  from fakes 

Measured  in different phase spaces (assigned ad-hod unc. to cover 
the disagreement) 

- -ML - 2ℓSS (low/high ), 3ℓ &&  

 (after 1.1 
QCD, 1.09 EWK cor.) 

-  - ,  

 (norm. to YR4)

tt̄W
tt̄H tt̄tt̄

tt̄W tt̄Z 80 fb−1 tt̄H 139 fb−1 tt̄tt̄

80 fb−1 tt̄H 139 fb−1 tt̄tt̄

tt̄W
tt̄W

tt̄H Njets Nbjets > = 1
NF2ℓLJ

tt̄W = 1.56 ± 0.3, NF2ℓHJ
tt̄W = 1.26 ± 0.19, NF3ℓ

tt̄W = 1.56 ± 0.3

tt̄tt̄ Njets > = 4, Nbjets > = 2
NFtt̄W = 1.6 ± 0.3

8

Multilepton+bjets: -like tt̄W

HINT: Excess seen in SS leptons, >1bjet, charge asym. and 3L >=2bj -- for -ML  and  SS 
leptons, 7-8 jet and charge asym. for  searches

tt̄H
tt̄tt̄

excess

excess

ATLAS-CONF-2019-045

charge asm. VR

arXiv:2007.14858

• Main backgrounds: ttW, ttZ, VV – from MC with normalisation during the fit

The systematic uncertainties with the largest impact on the signal strength originate 
from the modelling of tt ̄W with and without additional heavy flavour jets, tt ̄Z, tt ̄H, 
and tt ̄tt ̄ processes. The search is dominated by statistical uncertainties. 
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2b + 1bl: 
exactly two b-tagged 

jets (60% OP) plus one 
loose b- tagged jet (70% 

OP) 

3b: 
exactly three b-tagged 

jets (60% OP)

4b: 
at least four b-tagged 

jets (60% OP)

4j: exactly four jets
4j, 2b + 1bl 
(data-based          

corrections, 10 bins)

4j, 3b 
(signal region, 10 bins)

4j, 4b 
(                  background 
control region and large 
S/B region, 1 bin)

5j: exactly five jets
5j, 2b + 1bl 
(data-based          

corrections, 10 bins)

5j, 3b 
(signal region, 10 bins)

5j,    4b 
(                   background 
control region and large 
S/B region, 1 bin)

6j: exactly six jets
6j, 2b + 1bl 
(data-based          

corrections, 10 bins)

6j, 3b 
(signal region, shape 
correction for the NN 

discriminant in low S/B 
bins, 10 bins)

6j,    4b 
(                  background 

control region, 1 bin)

Nj
Nb

Regions for NN training and fitRegions used to derive  correctiontt̄

≥

≥

≥

tt̄ + ≥ 1btt̄

tt̄

tt̄

tt̄ + ≥ 1b

tt̄ + ≥ 1b

Figure 2: Summary of the analysis regions along with information about their usage, as described in the text. The
1-tagging selection is based on the DL1r algorithm’s 60% e�ciency OP.

5.2 t t̄ modelling

The main background for this search originates from CC̄ production in association with jets. It was observed
that the CC̄ simulation does not provide a fully satisfactory description of the jet multiplicity and transverse
energy distributions in data; this motivates the introduction of a data-based approach to correct the CC̄

simulation, similar to that developed in recent ATLAS searches [46, 97].

The data and the SM prediction are compared in the 2b+1bl regions separately for events with four, five
or six jets. In these three analysis regions, independent corrections for the CC̄ simulation are derived as a
function of �all

T , which is defined as the scalar sum of the transverse momenta of all selected objects in the
event and ⇢

miss
T .

The correction factor in a given �
all
T bin (�all, i

T ) and jet multiplicity region (j8) is defined as

⇠ (�all, i
T , j8) =

#
data(�all, i

T , j8) � #
non-C C̄ (�all, i

T , j8)
#

C C̄ (�all, i
T , j8)

where #
data(�all, i

T , j8), #non-C C̄ (�all, i
T , j8) and #

C C̄ (�all, i
T , j8) represent respectively the yields observed in

data, and the predicted non-CC̄ and CC̄ yields in the �
all
T bin and jet multiplicity under consideration. The
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H±->cb
arXiv:2302.11739

ATLAS Simulation 
 = 13 TeVs

 cb search→±H

 + lighttt
1c≥ + tt
1b≥ + tt
tnon-t

4j, 2b + 1bl 4j, 3b 4j, 4b

5j, 2b + 1bl 5j, 3b 4b≥5j, 

6j, 2b + 1bl 6j, 3b 4b≥6j, 

Figure 3: Fractional contributions of the various processes to the total background prediction in each analysis
region. The predictions for the various background contributions are obtained through the simulation as described in
Section 4.

fraction of subtracted non-CC̄ background is about 7.1% in the (4j, 2b+1bl) region, 6.4% in the (5j, 2b+1bl)
region and 5% in the (6j, 2b+1bl) region. In all jet multiplicities, the derived corrections are close to
unity for �all

T above 800 GeV, and increase monotonically towards lower �all
T values, reaching 1.2 for

�
all
T = 200 GeV. The corrections are parameterised as a function of �

all
T in each jet multiplicity bin

using rational functions of varying degree. A possible signal contamination in the 2b+1bl regions would
mostly result in a normalisation o�set for the CC̄ prediction, smaller than 1.5%, due to the similarity of
the CC̄ background and signal �all

T distribution shapes. Such an e�ect is fully absorbed by the systematic
uncertainties of the CC̄ prediction and has a numerically negligible impact on the signal extraction.

It was verified that after the inclusion of the data-based CC̄ corrections there is a consistently better agreement
between data and the SM prediction in all analysis regions and for a wide range of observables. Figure 4
compares the �all

T distribution of data events with that of the background prediction before and after applying
the data-based correction to the CC̄ background simulation in analysis regions with three 1-tagged jets that
contain events not used to derive the CC̄ corrections. An improved agreement between the background
prediction and data is observed, despite the fact that the correction was derived in a region with substantially
lower CC̄+�1c and CC̄+�1b fractions (see Fig. 3). This demonstrates the appropriateness of applying these
corrections to all CC̄ components (CC̄+light, CC̄+�1c, and CC̄+�1b) in the simulation. To account for residual
di�erences in their modelling, the associated systematic uncertainties are treated as uncorrelated between
the three CC̄ components (see Sect. 6.3).
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Figure 6: Comparison between the data and prediction for the NN score distributions in the fit regions (4j, 3b), (5j, 3b)
and (6j, 3b) (a-c) before the likelihood fit to data (“Pre-Fit”) and (d-f) after the likelihood fit to data (“Post-Fit”). The
small contributions from CC̄+ , CC̄�, single-top-quark, ,//+jets, diboson, C�@ and C/@ backgrounds are combined
into a single background source referred to as “non-CC̄”. The pre-fit �± signal for <�± = 130 GeV is displayed
as a dashed red line normalised to Bref = 1%. The post-fit �± signal for <�± = 130 GeV is displayed as a red
histogram normalised to the best-fit branching fraction of 0.16%, added on top of the background prediction. The
bottom panels display the ratios of data to either the SM background prediction before the fit (“Bkg”) or the total
signal-plus-background prediction after the fit (“Pred”). The hashed area represents the total uncertainty of the
background. The CC̄ background prediction is corrected according to the procedure described in Section 5.2.
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Figure 7: Comparison between the data and prediction for the event yields in the fit regions (4j, 4b), (5j, �4b) and
(6j, �4b) (a) before the likelihood fit to data (“Pre-Fit”), and (b) after the likelihood fit to data (“Post-Fit”). The
small contributions from CC̄+ , CC̄�, single-top-quark, ,//+jets, diboson, C�@ and C/@ backgrounds are combined
into a single background source referred to as “non-CC̄”. The pre-fit �± signal for <�± = 130 GeV is displayed
as a dashed red line normalised to Bref = 1%. The post-fit �± signal for <�± = 130 GeV is displayed as a red
histogram normalised to the best-fit branching fraction of 0.16%, added on top of the background prediction. The
bottom panels display the ratios of data to either the SM background prediction before the fit (“Bkg”) or the total
signal-plus-background prediction after the fit (“Pred”). The hashed area represents the total uncertainty of the
background. The CC̄ background prediction is corrected according to the procedure described in Section 5.2.
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1. Introduction t ! bH
±(cb) PAM

Selection

Leptons

• Electrons:
� pT > 28 GeV
� |⌘| < 2.47, excluding 1.37 < |⌘| < 1.52
� TightLH ID

• Muons:
� pT > 28 GeV
� |⌘| < 2.5
� Medium ID

Jets

• Jets:
� PFlow, Anti-kT R = 0.4
� pT > 25 GeV
� |⌘| < 2.5
� JVT> 0.5 for jets with |⌘| < 2.4 and

pT < 60 GeV

• B-taggged jets:

� DL1r at 60% OP.

• Overlap removal between signal leptons and
jets.

• Tight b-tagging WP @60% combining with
a loose b-tagging WP @70% is used for
analysis region definition.

Pre-selection
Trigger single-lepton trigger
Leptons = 1 isolated e or µ
Jets � 4 jets

B-tagged jets � 2 b-tagged jets
MET > 20 GeV

MET + m
W

T > 60 GeV

4 of 18

The leading uncertainties affecting the signal extraction 
by the fit are found to be related to the 𝑐-tagging 
calibration, the calibration of light-jet mis-tagging rate 
and the choice of 𝑡𝑡 ̄ NLO generator in fit regions with 
four jets. Other uncertainties with a sizeable impact on 
the signal-strength measurement include 𝑡𝑡 ̄+≥1b and 
𝑡𝑡 ̄+≥1c normalisation uncertainties. 

https://arxiv.org/abs/2302.11739
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H±±→l±l± arXiv:2211.07505

• Main backgrounds: fake/non-prompt, diboson, Drell-Yan, 
rare-top, single-top, ttbar, multiboson. 

• Background estimation strategy: 
• prompt SM backgrounds (diboson, DY, ...) estimated 

from MC simulation,
• Normalisation of DY, diboson from CR in the final 

fit
• events containing at least one fake lepton are 

estimated using data-driven fake factor method, 
• electron charge flip strategy (Drell-Yan, tt) from the 

EGamma group 
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Figure 9: Observed 95% CL upper limits on the �
±± pair production cross-section as a function of <(�±±)

assuming
Õ

✓✓0 B(�±± ! ✓
±
✓
0±) = 100%, where ✓, ✓

0 = 4, `, g. The dashed blue, green, and purple lines
indicate the observed limit using the two-, three-, and four-lepton exclusive final states, respectively. The limit
obtained from the four-lepton final state is the strongest and drives the combined result. The black lines show the
combined observed limit obtained using the frequentist approach for a fit with only statistical uncertainties (dotted)
and a fit with statistical and systematic uncertainties (solid). The grey line shows the limit using the asymptotic
approximation [94], and the cyan dashed line shows the combined observed limit obtained analysing the first
36.1 fb≠1 of Run 2 [20]. The theoretical signal cross-section predictions, given by the NLO calculation [17, 18],
are shown as blue, orange and red lines for the left-handed �

±±
! , right-handed �

±±
' (which is the same as the

Zee–Babu :
±±), and a sum of the two LRSM chiralities, respectively, with the corresponding uncertainty bands.
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Õ
✓✓0 B(�±± ! ✓

±
✓
0±) = 100%. The observed lower limit on the mass reaches 1080 GeV and 900 GeV

when combining all three channels for LRSMs and the Zee–Babu model, respectively. The expected
exclusion limit is 1065+30

�50 GeV for LRSMs and 880+30
�40 GeV for the Zee–Babu model, where the

uncertainties of the limit are extracted from the ±1f band. The limit obtained from the four-lepton
final state is the strongest and drives the combined result. A comparison between the various limits
obtained from this measurement is presented in Figure 9.
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Figure 5: The numbers of observed and expected events in the control, validation, and signal regions for all
channels, split by lepton flavour and electric charge combination. The symbol ✓ only stands for light leptons
(✓, ✓0 = 4, `). The background expectation is the result of the background-only fit described in the text. The
hatched bands include all post-fit systematic uncertainties with the correlations between various sources taken
into account. The error bars show statistical errors. FNP refers to the fake/non-prompt lepton background.
Backgrounds from top-quark and multiboson processes are merged, forming the ‘Other’ category. The lower
panel shows the ratio of the observed data to the estimated SM background.

Table 4: The number of predicted background events in control regions post-fit, compared with the number of
events observed in data. Uncertainties correspond to the uncertainties in the predicted event yields and their
total is smaller than the sum of the components in quadrature due to correlations between these components.
Due to rounding, the totals can di�er from the sums of components. FNP refers to the fake/non-prompt lepton
background. Backgrounds from top-quark and multiboson processes are merged, forming the ‘Other’ category.
Background processes with a negligible yield are marked with a dash (–).

DYCR DBCR2L DBCR2L DBCR2L DBCR3L CR4L
4
±
4
⌥

4
±
4
±

4
±
`
±

`
±
`
±

✓
±
✓
±
✓
⌥

✓
±
✓
±
✓
⌥
✓
⌥

Observed events 46 116 570 1437 805 677 119

Total background 46 120± 220 571± 24 1400 ± 40 798 ± 28 675 ± 26 119 ± 11

Diboson 3200 ± 600 410± 70 1170 ± 70 686 ± 33 595 ± 31 116 ± 11
FNP lepton 660 ± 150 130± 70 220 ± 60 100 ± 17 69 ± 15 0.5 ± 0.4
Drell–Yan 39 100± 600 – 11.7± 2.0 – – –
Other 3230 ± 220 32± 7 45 ± 9 11.9± 0.9 10.9± 0.6 1.76± 0.13
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Decays: H±±→l±l± or H±±→W±W±

• BR ~ f(mH±± , vev of Higgs triplet) 
• Low mH±± and  low vev : H±±→l±l± dominates

https://arxiv.org/abs/2211.07505
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Two Higgs Doublet Model (2HDM) 

• Generic class with second Higgs doublet. 
• Four variants to couple SM fermions to the 2HDs. No FCNCs-> all 

fermions with the same electric charge couple to one Higgs 
doublet only: 
• Type I: all quarks and leptons couple to only one doublet 
• Type II: one doublet couples to up-type quarks, the other to 

down-type quarks and leptons: „MSSM-like”
• Lepton-specific: couplings to quarks as in the Type I model 

and to leptons as in Type II
• Flipped: couplings to quarks as in the Type II model and to 

leptons as in Type I

• 5 Higgs bosons: h, H, A, H+, H-

• Free parameters: tanβ (ratio between the vevs of the doublets), 
α (mixing angle between h and H) and mA

• Minimal Supersymmetric SM (MSSM) is a special case of 2HDM:
• “type II” with fixed α
• numerous benchmark models:  hMSSM, mh

mod+, etc.

• SM Higgs results give big constraints on 2HDM. Data prefers 
alignment limit: cos(β- α)=0 – h recovers properties of the SM 
Higgs

Phys. Rev. D 101 (2020) 012002
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t𝑡 H/A (→ t𝑡) in the multilepton final state arXiv:2211.01136

• Target: 2HDM t𝑡 H/A (→ t𝑡) signal and interpretation on low tanβ 
region in the alignment limit

• m(A/H) = 400 GeV – 1 TeV

• No large negative interference from SM t𝑡 as in pp →H → t𝑡

• Final state: 2SS leptons or ≥3 leptons + ≥ 6j, ≥2b-jets,  
HT=∑p(l)+∑p(j) ≥ 500GeV (SR)
•Two BDTs used for signal discrimination

•SM BDT: to extract t𝑡t𝑡 -like events from remaining bkgs
=> Used to define final SR (SM BDT > 0.55)
• mass-parametrised BDT for signal t𝑡 H/A → t𝑡t𝑡 vs all bkgs
=> Discriminant in likelihood fit

Existing constraints from direct searches for heavy neutral bosons by the ATLAS and CMS Collabora-
tions [15–25], as well as precision measurements of the production cross-sections and decay rate of the SM
Higgs boson, restrict the available parameter-space to the so-called ‘alignment limit’, sin(V � U) ! 1. In
this limit the ⌘ couplings are the same as for the SM Higgs boson.

For heavy neutral Higgs bosons with masses more than twice the top-quark mass, the dominant decay mode
is �/� ! CC. Inclusive searches for �/� ! CC are challenging because of destructive interference with
the SM background, 66 ! CC̄, that largely dilutes a resonant peak in the CC̄ invariant mass spectrum [26, 27].
An alternative approach is to search for �/� production in association with third-generation quarks [28];
thanks to its sizeable cross-section and striking signature, the CC�/� production mode provides a promising
channel, characterised by large experimental acceptance and low SM background rate.

This paper presents a search for a new heavy scalar or pseudo-scalar Higgs boson, �/�, produced in
association with a pair of top quarks, with the Higgs boson decaying into a pair of top quarks, CC�/�(! CC).
The Feynman diagram of this process is shown in Figure 1. The mass of the heavy Higgs boson is assumed
to be between 400 GeV and 1000 GeV, where a large �/� ! CC branching ratio and small �/� total
widths are expected. The search targets a final state with exactly two leptons1 with same-sign electric
charges or at least three leptons (SSML). This particular signature is experimentally favoured due to the
low level of background contamination, with the main contribution originating from the SM production
of four top quarks and of CC̄ in association with a , boson (CC̄,), / boson (CC̄/), or Higgs boson (CC̄�).
Other significant sources of background are events where one of the leptons has a mis-assigned charge and
events which contain a fake/non-prompt lepton. Backgrounds from multiboson, CC̄,, , single-top-quark or
other rare top-quark processes are expected to be minor. The analysed dataset corresponds to an integrated
luminosity of 139 fb�1 of proton–proton (??) collisions collected at a centre-of-mass energy of

p
B =13 TeV

with the ATLAS detector at the LHC.
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Figure 1: Feynman diagram showing the production of a heavy scalar or pseudo-scalar Higgs boson, �/�, produced
in association with a pair of top quarks, with the Higgs boson decaying into a pair of top quarks.

Previous searches for CC�/�(! CC) in the SSML channel were performed by the ATLAS and CMS Collabo-
rations [29, 30]. A similar search for BSM CC̄CC̄ events using an alternative experimental signature featuring
exactly one charged lepton or two opposite-sign leptons was performed by the CMS Collaboration [31].
Other related searches include those looking for SM production of four top quarks [30, 32, 33]. The
ATLAS and CMS measurements of SM four-top-quark production found the cross-section to be 24+7

�6 fb
and 13+11

�9 fb, respectively, compared to a SM expectation of fC C̄ C C̄ = 12.0 ± 2.4 fb [34].

1 In this paper, leptons refer to either electrons or muons, which can include those that come from g-lepton decays.
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• Results interpreted in 
Type-II 2HDM model
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Figure 6: Data and post-fit background comparison obtained with the background-only fit to the BSM SR for the
BSM pBDT distribution used for (a) <� = 400 GeV and (b) <� = 1000 GeV. The fit is done simultaneously in all
signal and control regions. The band includes the total uncertainty of the post-fit estimate. The respective signal
hypothesis is also shown. The signal is normalised to the total background for better visibility. The lower panel
shows the ratio of the data to the post-fit background. The binning of the BSM pBDT is optimised for every signal
hypothesis to provide the best discrimination between the tested signal and the background, avoiding the presence of
bins with no contribution from the major backgrounds.
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Table 3: Optimised kinematic selections defining the signal region for `+`��+E
miss
T .

Two same flavour, opposite sign, medium ID and loose isolated leptons,
with leading pT > 27 GeV, sub-leading pT > 20 GeV

Veto events with additional lepton(s) with loose ID and pT > 10 GeV

76 GeV < m`` < 116 GeV

Only one tight ID, tight isolated photon with E
�
T > 25 GeV

E
miss
T > 60 GeV with ��( ÆEmiss

T , Æp ``�
T ) > 2.4 rad

m``� > 100 GeV

Njet  2, with p
jet
T > 30 GeV, |⌘ | < 4.5

Veto events with b-jet(s)

where E
�
T is the transverse energy of the photon. In addition, the scalar sum of the pT of all tracks located

within a distance �R = 0.2 of the photon candidate must be less than 0.05 ⇥ E
�
T [GeV].

Other selections are applied, which exploit the topology and kinematics of the signal events. A threshold on
E

miss
T was optimised to select signal events while rejecting the inclusive Z production. In addition, E

miss
T is

expected to be back-to-back with the (Z � �) system, leading to a requirement on the azimuthal separation
��( ÆEmiss

T , Æp ``�
T ) applied in the SR. Furthermore, events with more than 2 jets (with p

jet

T > 30 GeV,
|⌘ | < 4.5) are rejected to reduce contribution from V+jets processes. Finally, a veto on any b-tagged jet is
also applied to reduce processes with a top quark.

Depending on whether `+`� ⌘ (e+e
� or µ+µ�), events are categorised into two sub-regions, called

respectively e
+

e
�- and µ+µ�-channel. The expected signal and background composition in each SR, as

predicted from MC simulation, after all the optimisations, is shown in Table 4 . It should be noticed
that the VV background is dominated by the W Z process where the photon is the result of an electron
mis-identification while contributions from WW, Z Z are found to be negligible due to the very low
probability of jets to be mis-identified as photons. The VV� background is dominated by Z Z� and WW�
contributions from the ``⌫⌫� final state.

Table 4: Signal and background yields in the SR with statistical uncertainties. Signal events are for massless �d,
assuming BR(H ! ��d) = 5%. Events for background processes are categorised as Z� (QCD+EWK Z�), Z+jets
(QCD+EWK Z+jets), Top (single top-quark, Wt), tt̄ (tt̄, tt̄V, tt̄VV), Top� (Wt�), VV� (WW�,W Z�, Z Z�), VV

(WW,W Z, Z Z), SM Higgs (ggH,VH, VBF H) and W� (QCD+EWK W�).

Channel Signal Z� Z+jets Top tt̄ Top� VV� VV SM Higgs W� Total background

ee 19.3 ± 0.2 155 ± 15 274 ± 55 3.5 ± 0.7 25 ± 1 1.9 ± 0.1 26 ± 1 27 ± 1 0.41 ± 0.01 3.5 ± 1.5 517 ± 57

µµ 22.4 ± 0.2 283 ± 18 380 ± 63 4.6 ± 0.8 26 ± 1 2.4 ± 0.1 35 ± 1 24 ± 1 0.54 ± 0.01 1.6 ± 1.1 758 ± 66

In order to enhance the sensitivity of the search for �d signal, boosted decision tree (BDT) algorithm was
implemented using the XGBoost classifier [67]. For the training and testing, all the events entering the
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Dark photons from Higgs boson       
decays via ZH production 

Background composition in the SR

Fake Emiss
T : Data-driven estimate from ABCD, shape from Zy, Z+jets, Vyy, Higgs related bkgs MC

e ! � : Pure data-driven estimate obtained rescaling data in probe-e CR event-by-event by e ! � fake-rate

VVy : MC normalized to data in CR, irreducible bkg

Top : pure MC, with 20% syst uncertainty derived from data/Bkg in CR

Higgs: pure MC ( VH(Zy), ttH(Zy) )

Wy : pure MC
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Fake Emiss
T background

ABCD method, based on E
miss

T
and ��(

�!
E

miss

T
,�!p ``�

T
) variables:

N
fakeMET

A
= R

NBNC

ND

, R =
N

MC

A+A0N
MC

D

NMC

C+C 0N
MC

B

R takes into account possible correlation between the 2 variables
NX is number observed data in region X, after subtraction of the contribution
from non fake E

miss

T
backgrounds

Good stability of the R values (close to 1) for di↵erent cuts on

��(
�!
E

miss

T
,�!p ``�

T
) and E

miss

T

Good closure in VR (R0
data

and R
0
MC

are consistent within
uncertainties)

The uncertainty include statistical uncertainties in the B, C and D
regions and the uncertainty of R coe�cient from MC statistics
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Analysis Motivations

Theoretical assumptions: interaction between dark and ordinary matter can occur through various portals, other than
gravity.

Dark photon:

Predicted in hidden-sector models with an unbroken dark U(1) gauge symmetry.

Interacts with SM sector through higher-dimensional interactions via messenger exchange.

Loop of messenger fields can modify Higgs decay H ! �� and can also produce H ! ��d , H ! �d�d

Many dark photon proposals were introduced to improve astroparticle and cosmology models. Pamela-AMS2-Fermi
positron anomaly (N.Arkani-Hamed et al. PRD 79 2009).

Could help solving the small-scale structure formation problems in cosmology/Yukawa-hierarchy.

At collider experiments, Higgs portal allows access to DM ⌧ SM interactions.
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Main backgrounds
○ Irreducible background from VVγ final states with 
bosons decaying leptonically, obtained from simulation
○ Reducible background from biased MET measurement, 
data-driven

Titolo Testo 
Prova

Federica Piazza

BDT training

• Optimization of BDT hyperparameters based on 
Randomized + Grid search  

• 5-fold cross-validation (SKLearn::StratifiedKFold) 

• Kolmogorov-Smirnov test implemented => no 
overtraining observed 

• BDT results consistent among different dark-photon 
masses

6

• xGBoost 
• Input variables in order of importance (no gain from 

including more variables):  

•  significance,  

• mT( ),  

• photon pT,  

• mll,,  
• mlly ,  

•  

!"#$$
%

γ, !"#$$
%

| ⃗! "#$$
% + ⃗& γ

% | − &((
%

&((%

BDT variables:

arXiv:2212.09649

https://arxiv.org/abs/2212.09649
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tt H/A-> tt tt arXiv:2211.01136

Backgrounds:
• Physics processes: (~75%) 

• SM tttt (constrained to SM prediction with 20% cross 
section uncertainty)

• ttW QCD and tt ̄γ* (MC corrected to data in dedicated CR) 
• ttW EW+jets, ttZ+jets, ttH+jets and minor processes 

(constrained to SM prediction)
• Instrumental and fake backgrounds: (~25%) 

• Charge mis-identification → likelihood fit to find best 
agreement in OS and SS Z → ee data binned by p and |η| 
(with additional MPV for CR Conv.) with rates varying from 
0.001% to 10% 

• Non-prompt leptons from heavy-flavor decays and photon 
conversion (MC corrected to data in CRs) 

• Fake leptons from light mesons and quark/gluon jets, and 
minor backgrounds (constrained to SM prediction) 

• ‘CR HF 4’ ( ‘CR HF `’): It is enriched in events with one electron (muon) coming from heavy-flavour
decay. The selection targets CC̄ dilepton decays with an extra non-prompt lepton. This region is then
defined by selecting events with three leptons, namely 444 and 44` (4`` and ```) for CR HF 4

(CR HF `), low �T and exactly one 1-jet. The number of events in this region is used as the fitted
variable.

• ‘CR CC̄,’: It is enriched in CC̄, events. Events are required to have an 4
±
`
± or `±`± pair, at least

four jets and at least two 1-jets. In order to reduce the background coming from electron charge
misidentification, events containing electrons with |[ | > 1.5 are removed. This region is also required
to be orthogonal to the ‘CR Conv’ region and to the baseline SR. The fitted variable is the scalar sum
of the lepton ?T.

• ‘CR lowBDT’: It is not enriched in any particular background, but rather used as a control region which
is very close to the BSM SR. Events are required to be in the baseline SR, but with SM BDT < 0.55.
The fitted variable is the SM BDT output score.

These control regions are fitted simultaneously with the BSM SR to determine both the strength of any
BSM CC̄CC̄ signal and the five normalisation factors: _C C̄,QCD for CC̄, QCD production, _Mat. Conv. for the
background from detector-material photon conversions, _Low <W⇤ for the contribution from virtual photons
leading to 4

+
4
� pairs, and _HF 4 (_HF `) for the non-prompt electron (muon) background from heavy-flavour

decays.

Table 1: Definition of the signal region and control regions used in the analysis. The first column shows the region
name as used in the text. The event selection requirements are defined in the middle columns. The last column shows
the fitted variable in each region. The variable <

CV
44 (<PV

44 ) is defined as the invariant mass of the system formed by
the track associated with the electron and the closest track at the conversion (primary) vertex. #j (#b) indicates the
jet (1-tagged jet) multiplicity. �T is defined as the scalar sum of the transverse momenta of the isolated leptons and
jets. The baseline SR is equal to the BSM SR + CR lowBDT.

Region Channel #j #b Other selection requirements Fitted variable

CR Conv 4
±
4
± | | 4±`± 4 #j< 6 � 1

<
CV
44 2 [0, 0.1] GeV

<
PV
44200 < �T < 500 GeV

CR HF 4 444 | | 44` = 1 100 < �T < 250 GeV Yield
CR HF ` 4`` | | ``` = 1 100 < �T < 250 GeV Yield

CR CC̄, 4
±
`
± | | `±`± � 4 � 2

<
CV
44 8 [0, 0.1] GeV, |[(4) | < 1.5 Õ

?
✓
Tfor #b = 2, �T < 500 GeV or #j < 6;

for #b � 3, �T < 500 GeV
CR lowBDT SS+3L � 6 � 2 �T > 500 GeV, SM BDT < 0.55 SM BDT

BSM SR SS+3L � 6 � 2 �T > 500 GeV, SM BDT � 0.55 BSM pBDT

5.1.2 Electron charge misidentification background

Background from electron charge misidentification is relevant only in the same-sign dilepton channel.
It arises when the sign of the electric charge of one of the two leptons in the selected same-sign
pair is misreconstructed either because of bremsstrahlung photon emission followed by its conversion
(4± ! 4

±
W ! 4

±
4
+
4
�) or due to mismeasured track curvature. In the signal region, it mainly comes from

CC̄+jets production. Due to the low probability of bremsstrahlung for muons and because of the large lever
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Table 4: Post-fit impact of the di�erent systematic uncertainties on the signal strength ` assuming <� = 400 GeV,
grouped in categories. For each uncertainty source, the fit is repeated with the corresponding group of nuisance
parameters fixed to their best-fit values. The square of each group’s contribution is evaluated as the di�erence of the
squares of the full-fit uncertainty and the uncertainty obtained in the repeated fit. The contributions from individual
groups are compared with the total systematic uncertainty and the statistical uncertainty. The total uncertainty is
di�erent from the sum in quadrature of the components due to correlations among nuisance parameters in the fit.

Uncertainty source �`
Signal modelling

CC̄� (! CC̄) +0.01 �0.00
Background modelling

CC̄CC̄ +0.17 �0.17
CC̄, +0.07 �0.07
CC̄C +0.06 �0.05
Non-prompt leptons +0.05 �0.05
CC̄/ +0.05 �0.05
CC̄� +0.03 �0.03
Other background +0.03 �0.02
Instrumental

Jet uncertainties +0.12 �0.09
Jet flavour tagging (1-jets) +0.05 �0.04
Jet flavour tagging (light-flavour jets) +0.04 �0.03
Luminosity +0.03 �0.02
Jet flavour tagging (2-jets) +0.02 �0.02
Other experimental uncertainties +0.02 �0.02
MC statistical uncertainty

Simulation sample size +0.04 �0.04
Total systematic uncertainty +0.31 �0.28
Statistical

HF, Mat. Conv., and Low <W⇤ normalisation +0.05 �0.04
CC̄, QCD normalisation +0.05 �0.04
Total statistical uncertainty +0.35 �0.32

Total uncertainty +0.46 �0.41
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• Higgs boson as portal to Dark Sector
•Target: dark photon => predicted in hidden-sector 
models with an unbroken dark U(1)d gauge symmetry 
• Massless and light dark-photon (up to 40 GeV)

• ZH production
• Clean final state: 

• l+l-(trigger) 
• 𝛾 𝛾dark (one isolated 𝛾 +  MET)

•The BDT classifier output used as discriminant for the 
final statistical analysis

heavy scalar messenger fields that might produce new physics signals at the Large Hadron Collider (LHC).
For massless dark photons, the U(1)D kinetic mixing with U(1) can be tuned away on shell, in agreement
with all existing constraints [16, 17], while o�-shell contributions give rise to higher-dimensional contact
operators strongly suppressed by the scale of the heavy messenger mass.

A new discovery process for dark photons proceeding via Higgs-boson production at the LHC is presented
in this paper. Thanks to the non-decoupling properties of the Higgs boson, a branching ratio of H ! ��d
with values up to a few percent are possible for a massless dark photon as well as for heavy dark-sector
scenarios [13–15]. The corresponding signature consists, for a Higgs boson with a mass mH = 125 GeV,
of a photon with an energy E� = mH/2 in the Higgs centre-of-mass and a similar amount of missing
transverse momentum (Emiss

T ) which originates from the escaping �d [14].

In this scenario, the Higgs boson decay to one photon � and one dark photon �d can be enhanced despite
existing constraints [13], providing a very distinctive signature of a single photon plus missing transverse
momentum at the Higgs boson mass resonance. If such a signature is discovered at the LHC, CP invariance
will imply the spin-1 nature of the missing particle, excluding axions or other ultra light scalar particles.

The photon plus E
miss
T signature has been extensively studied by the LHC experiments [18, 19]. In the

particular case of massless �d searches in Higgs boson decays, the CMS experiment has probed this decay
channel using Higgs boson events produced in association with a Z boson ZH(Z ! `+`�) [20] or via
vector-boson fusion (VBF) production [21] setting an observed (expected) upper limit at 95% confidence
level (CL) of 4.6% (3.6%) and 3.5% (2.8%) respectively. ATLAS has set an observed (expected) limit on
H ! ��d branching ratio, using the VBF production mode, to 1.8% (1.7%) at 95% CL [22].

This analysis is based on the ZH production mode where Z ! `+`� (` = e, µ) and H ! ��d which
proceeds at leading order through the Feynman diagrams shown in Figure 1. The study is performed using
a final state consisting of two same-flavour, opposite-charge electrons or muons, an isolated photon and
missing transverse momentum. The requirements applied to the photon and the E

miss
T , originating from a

potential SM Higgs boson decay, are optimised to maximise the signal acceptance. The leptons, on the
other hand, are used for triggering on the event and provide a Z boson mass constraint. The transverse
mass mT of the ��E

miss
T system presents a kinematic edge at the Higgs boson mass and is included as a

variable of interest in the boosted decision tree (BDT) score that is exploited to search for a dark photon
signal. The kinematics of these events would also allow the search for low-mass (, 0) �d. Hence, the
analysis is optimized for dark photon searches in the [0-40] GeV mass range.

Figure 1: Feynman diagrams for H! ��d in qq̄ ! ZH and gg ! ZH production modes.
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Table 6: Observed event yields in 139 fb�1 of data compared to expected yields from SM backgrounds obtained from
the background-only fit for the ee + µµ channel in the SR and in the VV� CR. The expected yields for the massless
�d signal are also shown assuming BR(H ! ��d) = 5%. The uncertainty includes both the statistical and systematic
sources. The individual uncertainties can be correlated and do not necessarily add in quadrature to equal the total
background uncertainty.

BDT bin SR 0 - 0.50 SR 0.50 - 0.64 SR 0.64 - 0.77 SR 0.77 - 0.88 SR 0.88 - 0.96 SR 0.96 - 1 CR 0 - 1

Observed 910 84 59 72 42 6 32

Expected SM background 910 ± 29 85.5 ± 8.7 59.9 ± 7.3 69.7 ± 7.8 41.6 ± 6.1 7.3 ± 2.0 31.4 ± 5.4

Fake E
miss

T
800 ± 34 72.1 ± 8.3 45.7 ± 6.5 53.2 ± 7.1 27.9 ± 6.1 2.0 ± 1.9 2.1+3.5

�2.1
e � 21.5 ± 2.4 3.33 ± 0.65 3.75 ± 0.77 6.4 ± 1.2 5.7 ± 1.5 1.47 ± 0.26 1.24 ± 0.07
VV� 44 ± 12 5.3 ± 1.6 5.8 ± 1.7 6.4 ± 1.8 5.7 ± 1.9 3.30 ± 0.97 27.3 ± 6.4

tt̄, tt̄�, single t 42 ± 15 4.3 ± 1.5 3.4 ± 1.2 3.6 ± 1.2 2.13 ± 0.80 0.50 ± 0.18 0.63 ± 0.22
W� 3.3 ± 1.5 0.39 ± 0.18 1.18 ± 0.55 � 0.04 ± 0.02 � �

tt̄H, VH 0.15 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.06 ± 0.01 0.09 ± 0.03 0.02 ± 0.01 0.17+0.18
�0.17

Signal (ZH ! ��d) 5.11 ± 1.34 1.98 ± 0.51 3.24 ± 1.00 5.46 ± 1.64 11.12 ± 3.06 14.87 ± 1.88 �
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Figure 5: Distribution of the BDT classifier response in data and for the expected SM background before (a) and
after (b) the background-only fit. The expectations for ZH, H ! ��d are also shown for the massless dark photon
(red dashed line) and for dark photon mass values of 20 GeV (blue dashed line) and 40 GeV (yellow dashed line),
assuming BR(H ! ��d) = 5%. Uncertainties shown are statistical for data, while for backgrounds include statistical
and systematic sources determined by the multiple-bin fit. The lower panel shows the ratio of data to expected
background event yields.

uncertainty due to energy scale and resolution of electrons and photons corresponds to 7.4%, while the
same uncertainty for muons corresponds to 4.2%.

The other experimental and theoretical systematic uncertainties have a relative impact below about 3% in
all BDT bins.

The event yields in data are consistent with the predicted SM background event yields, as shown in Table 6.
The model-dependent fit is therefore performed in order to extract upper limits at 95% CL on the branching

20

ratio of the sought decay mode of the Higgs boson. These limits are based on the profile-likelihood-ratio
test statistic [74] and CLs prescriptions [75], evaluated using the asymptotic approximation [76]. The fit is
performed including the signal component of the Higgs boson production in ZH with a subsequent Higgs
boson decays into � and �d. The results are provided for the massless dark photon, as well as for low dark
photon mass values up to 40 GeV, as shown in Figure 7. The corresponding values are also reported in
Table 8. The observed (expected) upper limits on BR(H! ��d) is at the level of 2.3% (2.8%), for massless
�d and varies slightly until mass values of 20 GeV. The mass dependence of the limits become stronger
beyond that value and the observed (expected) upper limit increases to about 2.5% (3.1%) at 40 GeV.
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Figure 7: Observed and expected exclusion limits at 95% CL on BR(H ! � �d) as function of the �d mass. The
green and yellow bands show respectively the ±1� and ±2� uncertainties.

Table 8: Observed and expected limits at 95% CL on BR(H ! ��d) for di�erent values of the �d mass for the
ee + µµ channel. The asymmetric error corresponds to the ±1� band.

m�d BR(H ! ��d)95% CL
obs BR(H ! ��d)95% CL

exp

[GeV] [%] [%]
0 2.28 2.82+1.33

�0.84

1 2.19 2.71+1.28
�0.81

10 2.21 2.73+1.31
�0.82

20 2.17 2.69+1.29
�0.81

30 2.32 2.87+1.36
�0.86

40 2.52 3.11+1.48
�0.93
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For massless 𝛾dark, 
upper limit on   
BR(H→ 𝛾𝛾dark)                
of 2.28% is set at 
95% CL 
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