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✤ The Higgs discovery confirmed the existence of the predicted electroweak symmetry breaking mechanism, 
and so far the experimental results from LHC are consistent with the SM Higgs boson (as detailed by Sara) 

✤ However, many of the shortcomings of the SM seem to be connected to the Higgs sector: 
✤ Hierarchy problem, fermion generations, CP violation and baryogenesis (David's talk), dark matter... 
✤ Models aiming to address these issues often include an extended Higgs sector (e.g. all SUSY models)

✤ Key question: is the Higgs sector indeed minimal, unlike any other sector in SM, with only one 
complex Higgs doublet – or is it more complex?

✤ The list of interesting BSM Higgs models is wide and would earn its own lecture series: 
✤ Singlet models: Additional neutral scalar bosons (e.g. DM), strong first-order phase transition 
✤ Doublet models: Additional neutral and charged scalar bosons, more CP violation, FCNCs 

✤ E.g. two-Higgs-doublet models (2HDMs) with 5 Higgs bosons: h, H, A, H+, H- 
✤ Doublet+singlet models to combine the nice features of both 
✤ Triplet models: Similar consequences to doublet models [no FCNCs] and a spectrum of new scalars 

✤ E.g. Georgi-Machacek: Two extra triplets ➝ several neutral, charged and doubly-charged scalars 2
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From Early Run 2 to Early Run 3
✤ Throwback to Spåtind 2016:

Spåtind Bells
(Melody: Jingle Bells)

5.1.2016

Skeikampen is nice

Lots of snow outside

Before lunch uphill to ski

Or maybe back to sleep

Sometimes talks are long

And coffee breaks are not

Projector goes off, but

We’re too inspired to stop

Chorus:

BSM particles

Show us who you are

Stop hiding, start coupling

The energy is high

Gathering at Spåtind

No need to wear a tie

Days they turn, more we learn

The energy is high

At seven-hundred-fifty

We indeed see a bump

It’s time to ask the question

How significant?

’Cause with diphoton pair

Effect of look-elsewhere

Plays indeed important role

That we need to control

Chorus:

BSM particles

Show us who you are

Stop hiding, start coupling

The energy is high

Gathering at Spåtind

No need to wear a tie

Miles go past, we ski so fast

The hill is very high

Hooray the Higgs is found

From tunnel underground

To check what really happens there 

Plug kappas everywhere

QCD business

Can cause some dizziness

And lunch is served at 2 o’clock

Your stomach goes in shock

Chorus:

BSM particles

Show us who you are

Stop hiding, start coupling

The energy is high

Gathering at Spåtind

No need to wear a tie

Days they turn, more we learn

The energy is high

We’re living time so nice, of

cosmology precise, with

tiny errors such as eighty

orders of magnitude

Pancakes in the sky

and IceCube in the south

Dark matter is everywhere

How about kimberlite pipes?

Chorus:

BSM particles

Show us who you are

Stop hiding, start coupling

The energy is high

Gathering at Spåtind

No need to wear a tie

Miles go past, we ski so fast

The hill is very high

Final chorus:

Conference, conference

Physics without pain

Spåtind is the spirit again

Though this is Skeikampen

Slowing down:

Spåtind is the spirit again

Here in Skeikampen
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From Early Run 2 to Early Run 3
✤ Throwback to Spåtind 2016:

✤ In this talk, I aim to give an overview of where we stand with BSM Higgs searches at the LHC 
✤ Very wide topic, so I have hand-picked a bunch of recent results [in a completely personally biased way] 
✤ Recent advances and innovations in search methods are highlighted (lots of ML as explained by Thea) 
✤ Some (mild) current excesses are mentioned too  

✤ Let's remember the 750 GeV lesson and not jump to conclusions!
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BSM Higgs at the LHC



✤ How to discover an extended  
Higgs sector at the LHC? 
✤ "Do the Higgs trick again" 

Searches for HBSM with production  
and decay processes similar to H125 

✤ "Do the Higgs trick, but this time with electric charge" 
Searches for charged Higgs bosons 

✤ "Search as low as possible" 

Searches for low-mass HBSM (or other light BSM particles) produced in H125 decays 

✤ "Search as high as possible" 

Search for high-mass HBSM (or other heavy BSM particles) decaying to H125 
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Search for high-mass HBSM (or other heavy BSM particles) decaying to H125 

✤ All these scenarios are constrained not excluded by the previous searches and the H125 measurements 

4

BSM Higgs at the LHC



5

Neutral BSM scalars



✤ Just as for H125, we need to consider several potential production modes: 
gluon-gluon fusion, vector boson fusion, WH and WZ, ttH... 
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LHC

• table of productions 

• compare in amount of production and size, to 
previous accelerators

once the mass of the Higgs is known then one can predict strength of 
Higgs field coupling to fermions and bosons4
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✤ H/A➝ττ results are 
out with full  
Run 2 dataset 

✤ CMS sees an excess 
of ~3σ (local) around 
95 GeV 
✤ The other ~3σ one 

at 1.2 TeV is ruled 
out by ATLAS
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ATLAS & CMS H/A➝ττ

70 100 200 300 1000 2000
 (GeV)φm

4−10

3−10

2−10

1−10

1

10

210

310

 (p
b)

)ττ
→φ(

B)φ
(g

g
σ

95
%

 C
L 

lim
it 

on
 

Observed
Expected
68% expected
95% expected

 (13 TeV)-1138 fbCMS

Low-mass High-mass

70 100 200 300 1000 2000
 (GeV)φm

4−10

3−10

2−10

1−10

1

10

210

310

 (p
b)

)ττ
→φ(

B)φ
(b

b
σ

95
%

 C
L 

lim
it 

on
 

Observed
Expected
68% expected
95% expected

 (13 TeV)-1138 fbCMS

Low-mass High-mass

500 1000 1500 2000 2500

 [GeV]φm

3−10

2−10

1−10

1

10

) 
[p

b
] 

  
ττ 

→ φ(
B × 

σ

-1=13 TeV, 139 fbs ATLAS

, 95% CL limitsττ → φ
gluon-gluon fusion

Observed

Expected

σ 1 ±
σ 2 ±

-1ATLAS 36 fb

(a)

500 1000 1500 2000 2500

 [GeV]φm

3−10

2−10

1−10

1

10

) 
[p

b
] 

  
ττ 

→ φ(
B × 

σ

-1=13 TeV, 139 fbs ATLAS

, 95% CL limitsττ → φ
b-associated production

Observed

Expected

σ 1 ±
σ 2 ±

-1ATLAS 36 fb

(b)

500 1000 1500 2000

 [GeV]Am

10

20

30

40

50

60

70

80β
ta

n

Observed
Expected

σ 1 ±
σ 2 ±

Not applicable

-1=13 TeV, 139 fbs ATLAS

scenario 
125
hM

, 95% CL limitsττ →H/A 

(c)

Figure 2: The observed and expected 95% CL upper limits on the production cross section times branching fraction
for a scalar boson (�) produced via (a) ggF and (b) b-associated production. The limits are calculated from a statistical
combination of the ⌧lep⌧had and ⌧had⌧had channels. The excluded region from the 2015–2016 data ATLAS search [24]
is depicted by the dotted pink line. The 95% CL upper limits on tan � as a function of mA in the M125

h
scenario is

shown (c). The lowest value of tan � considered for the M125
h

scenario is 0.5. In the small lower-left region shown in
solid blue, the mass splitting between A and H bosons is above 50% of the mass resolution and therefore the simple
addition of the cross sections is not valid. However, this region of parameter space in the M125

h
scenario provides

predictions that are incompatible with the measured mass value of the observed Higgs boson by more than 3�. The
exclusion limit around mA = 350 GeV reflects the behavior of the A ! ⌧⌧ branching fraction close to the A ! tt̄
kinematic threshold for low tan �. The hatched area defines which side of the curve is excluded by the search.
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95% CL excluded:
Observed 68% expected
Expected 95% expected

CMS
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ATLAS: arXiv:2002.12223

CMS: arXiv:2208.02717
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Figure 7: 95% CLB upper limits on the Higgs production cross section times branching ratio f ⇥ BR(� ! ,,) for
a signal with the narrow-width approximation for the ggF production mode (left) and the VBF production mode
(right). The green and yellow bands correspond to the ±1f and ±2f uncertainties on the expected limit calculation.
Above 1000 GeV pseudo experiments are used to compute the expected 95% CLB .
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Figure 8: 95% CLB upper limits on the resonant boson production cross section times branching ratio f ⇥ BR(' !
,,) for a signal from the Radion particle for the ggF production mode (left) and the VBF production mode (right).
The green and yellow bands correspond to the ±1f and ±2f uncertainties on the expected limit calculation. The
red line corresponds to the theoretical cross section prediction. Above 1000 GeV pseudo experiments are used to
compute the expected 95% CLB .
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✤ Recent results in dilepton channel from both ATLAS & 
CMS, with search range up to ~5 TeV 
✤ ATLAS focuses on eμ+pTmiss, CMS uses also ee and μμ 
✤ Transverse mass of leptons+pTmiss as the discriminant 
✤ CMS uses a DNN for transverse mass regression  

✤ No significant excess 
✤ CMS sees 3.8 (2.6) sigma local (global) VBF-like excess 

at 650 GeV, not ruled out by the ATLAS limit
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Figure 6: Comparison of signal (NWA) and background <) distributions for each of the three categories: ggF (top),
VBF 1-jet (bottom left), and VBF 2-jet (bottom right) after performing the fit described in Section 9. The hatched
band in the upper panel and the shaded band in the lower panel show the combined statistical and detector related
experimental uncertainties on the predictions. The last bin contains the overflow. Normalization factors obtained
from a comparison of data and MC in the relative control regions using the final fitting procedure have been applied
for the top-quark and,, background where applicable. The band in the lower panel shows the combined theoretical,
statistical, and detector related experimental uncertainties on the predictions.
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Figure 7: 95% CLB upper limits on the Higgs production cross section times branching ratio f ⇥ BR(� ! ,,) for
a signal with the narrow-width approximation for the ggF production mode (left) and the VBF production mode
(right). The green and yellow bands correspond to the ±1f and ±2f uncertainties on the expected limit calculation.
Above 1000 GeV pseudo experiments are used to compute the expected 95% CLB .
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✤ CMS uses a DNN for transverse mass regression  

✤ No significant excess 
✤ CMS sees 3.8 (2.6) sigma local (global) VBF-like excess 

at 650 GeV, not ruled out by the ATLAS limit
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Figure 6: Comparison of signal (NWA) and background <) distributions for each of the three categories: ggF (top),
VBF 1-jet (bottom left), and VBF 2-jet (bottom right) after performing the fit described in Section 9. The hatched
band in the upper panel and the shaded band in the lower panel show the combined statistical and detector related
experimental uncertainties on the predictions. The last bin contains the overflow. Normalization factors obtained
from a comparison of data and MC in the relative control regions using the final fitting procedure have been applied
for the top-quark and,, background where applicable. The band in the lower panel shows the combined theoretical,
statistical, and detector related experimental uncertainties on the predictions.
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Figure 6: Comparison of signal (NWA) and background <) distributions for each of the three categories: ggF (top),
VBF 1-jet (bottom left), and VBF 2-jet (bottom right) after performing the fit described in Section 9. The hatched
band in the upper panel and the shaded band in the lower panel show the combined statistical and detector related
experimental uncertainties on the predictions. The last bin contains the overflow. Normalization factors obtained
from a comparison of data and MC in the relative control regions using the final fitting procedure have been applied
for the top-quark and,, background where applicable. The band in the lower panel shows the combined theoretical,
statistical, and detector related experimental uncertainties on the predictions.
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Figure 3: The upper panel shows a single pseudo-dataset (solid markers) generated from the nominal background
modelling function described in Eq. (1) (blue dashed line). The GP-smoothed pseudo-dataset is shown with the
red solid line. The bottom panel shows the di�erence between the unsmoothed and smoothed pseudo-datasets
with respect to the nominal background shape. The horizontal axis of the plot utilizes a wider diphoton invariant
mass range than the one used in the analysis in order to mitigate the impact of edge e�ects from the GP smoothing
technique. The lower right panel shows the profile of the di�erence between the unsmoothed (black) and smoothed
(red) pseudo-datasets with respect to the nominal background shape.

The final background modelling uncertainty is computed as the envelope of the maximal fitted signal yields
over all the background template variations defined previously in this section after smoothing. Figure 4(a)
shows the number of spurious-signal events #SS, taken as the background modelling uncertainty, relative
to its statistical uncertainty X( for the unsmoothed and smoothed templates. Applying the GP smoothing
procedure to the background template leads to a reduction of at least 50% in this background modelling
uncertainty relative to the unsmoothed case. The uncertainty arising from the GP smoothing technique
is found to be small compared to the decrease in background modelling uncertainty due to the reduction
of statistical noise. The magnitude of the smoothing uncertainty, as well as the remaining background
modelling uncertainty, is presented as a function of the diphoton invariant mass in Figure 4(b).

7 Statistical analysis

The data are interpreted by following the statistical procedure described in Ref. [60]. A binned likelihood
function is built from the observed diphoton invariant mass distribution and the analytic functions discussed
in Sections 5 and 6, describing the signal and background components in the 9 to 77 GeV mass range. The
search is performed in the 10 to 70 GeV mass range to avoid edge e�ects, based on the di�erent diphoton
invariant mass resolutions at these values, as illustrated in Figure 1(a).

The parameter of interest to be extracted from the likelihood fit is the fiducial production cross-section
times branching ratio ffid · B(- ! WW). Since the measurement is performed in a fiducial volume (defined
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The final background modelling uncertainty is computed as the envelope of the maximal fitted signal yields
over all the background template variations defined previously in this section after smoothing. Figure 4(a)
shows the number of spurious-signal events #SS, taken as the background modelling uncertainty, relative
to its statistical uncertainty X( for the unsmoothed and smoothed templates. Applying the GP smoothing
procedure to the background template leads to a reduction of at least 50% in this background modelling
uncertainty relative to the unsmoothed case. The uncertainty arising from the GP smoothing technique
is found to be small compared to the decrease in background modelling uncertainty due to the reduction
of statistical noise. The magnitude of the smoothing uncertainty, as well as the remaining background
modelling uncertainty, is presented as a function of the diphoton invariant mass in Figure 4(b).

7 Statistical analysis

The data are interpreted by following the statistical procedure described in Ref. [60]. A binned likelihood
function is built from the observed diphoton invariant mass distribution and the analytic functions discussed
in Sections 5 and 6, describing the signal and background components in the 9 to 77 GeV mass range. The
search is performed in the 10 to 70 GeV mass range to avoid edge e�ects, based on the di�erent diphoton
invariant mass resolutions at these values, as illustrated in Figure 1(a).

The parameter of interest to be extracted from the likelihood fit is the fiducial production cross-section
times branching ratio ffid · B(- ! WW). Since the measurement is performed in a fiducial volume (defined
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✤ Final discriminant:  
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✤ No significant excess 
✤ The largest is 3.1σ (1.5σ) 

local (global) at 19.4 GeV
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✤ Many possible production modes: 
✤ Top quark decays 
✤ Top associated production 
✤ Vector boson fusion 
✤ S-channel production

11

Charged Higgs production and decays

Contents

1 Introduction 2

2 Data and simulation samples 3

3 Object reconstruction and event selection 5

4 Background modelling 7

5 Analysis strategy 8

6 Systematic uncertainties 11

7 Results 14

8 Conclusion 20

1 Introduction

The discovery of a Higgs boson with a measured mass of 125 GeV at the Large Hadron Collider (LHC) in
2012 [1–3] raises the question of whether this is the Higgs boson of the Standard Model (SM) or part of an
extended scalar sector. Charged Higgs bosons1 are predicted in several extensions of the SM that add a
second doublet [4–7] or triplets [8–12] to the scalar sector. In CP-conserving two-Higgs-doublet models
(2HDMs), the properties of the charged Higgs boson depend on its mass, the mixing angle U of the neutral
CP-even Higgs bosons, and the ratio of the vacuum expectation values of the two Higgs doublets (tan V).
This analysis searches for charged Higgs bosons heavier than the top quark and decaying into a top quark
and a bottom quark. At the LHC, charged Higgs bosons in this mass range are expected to be produced
primarily in association with a top quark and a bottom quark [13], as illustrated in Figure 1.

Figure 1: Leading-order Feynman diagram for the production of a heavy charged Higgs boson in association with a
top antiquark and a bottom quark, as well as its decay into a top quark and a bottom antiquark.
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The discovery of a Higgs boson with a measured mass of 125 GeV at the Large Hadron Collider (LHC) in
2012 [1–3] raises the question of whether this is the Higgs boson of the Standard Model (SM) or part of an
extended scalar sector. Charged Higgs bosons1 are predicted in several extensions of the SM that add a
second doublet [4–7] or triplets [8–12] to the scalar sector. In CP-conserving two-Higgs-doublet models
(2HDMs), the properties of the charged Higgs boson depend on its mass, the mixing angle U of the neutral
CP-even Higgs bosons, and the ratio of the vacuum expectation values of the two Higgs doublets (tan V).
This analysis searches for charged Higgs bosons heavier than the top quark and decaying into a top quark
and a bottom quark. At the LHC, charged Higgs bosons in this mass range are expected to be produced
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(note that here we take MH± = MA) and consider the two values sin(� � �) = 1 and 0.7,
corresponding to di�erent strengths of the gauge couplings (2.13).
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Figure 4: Charged-Higgs branching ratios vs MH± , for tan � = 3 and 30, with two light
neutral Higgs bosons h and H (125 GeV and 130 GeV). Left: Models I and X, right:
Models II and Y. Top: sin(� � �) = 0.7, bottom: sin(� � �) = 1

The picture from Figs. 1 and 2 is confirmed: At low masses, the �� channel dominates,
whereas at higher masses, the tb channel will compete against hW and HW , if these
channels are kinematically open, and not suppressed by some particular values of the
mixing angles.

Of course, for tan � = 1 (Fig. 3), all four Yukawa models give the same result. Qualita-
tively, the result is simple. At low masses, the �� and cs channels dominate, whereas above
the t threshold, the tb channel dominates. There is however some competition with the hW
and HW channels. Similar results hold for sin(� � �) = 1, the only di�erence being that
the HW branching ratio rises faster with mass, and the hW mode disappears completely
in this limit. Even below the hW threshold, branching ratios for three-body decays via
an o�-shell W can be significant [52]. The strength of the hW channel is proportional to
cos2(� � �), and is therefore absent for sin(� � �) = 1 (not shown).

At higher values of tan � (Fig. 4), the interplay with the HW and hW channels becomes
more complicated. At high charged-Higgs masses, the HW rate can be important (if

12

Figure 3.4: Branching fractions for H ± decaying into different final states as a function of the
H ± mass, calculated for 2HDM Types I and X (left), and for Types II and Y (right),
assuming sin(b � a) = 1 and tan b = 30. [71]

The results are shown in Figure 3.3. It is reassuring to notice that the calculated
cross section (solid line) agrees with the standard results for t ! bH ± (pp ! tbH ± )
when mH ± is well below (above) the top quark mass. The kink in the cross section
corresponds to the kinematic threshold mH ± = mt � mb.

3.2.2 Decay modes

The H ± branching fractions, which define the probability of each possible decay mode,
depend on the mass of H ± , which limits the kinematically allowed decays and con-
strains the phase space of the decay products. The branching fractions also depend
on the strength of the coupling between H ± and the decay products. As the Yukawa
couplings of Higgs bosons to fermions increase linearly with the fermion mass, the
decays to third-generation quarks and leptons dominate the H ± decays over the first
and second generation. Since the couplings depend on the 2HDM type, the branching
fractions are model-dependent.

Figure 3.4 shows an example of branching fractions as a function of mH ± , as predicted
in different types of 2HDM in the alignment limit sin(b � a) = 1 and assuming
tan b = 30 [71]. For the light H ± , we notice that in Types II and X the H ± decays
almost exclusively to a tau lepton and a neutrino (H ± ! t ± nt) while in Types I and
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1 Introduction

The discovery of a Higgs boson with a measured mass of 125 GeV at the Large Hadron Collider (LHC) in
2012 [1–3] raises the question of whether this is the Higgs boson of the Standard Model (SM) or part of an
extended scalar sector. Charged Higgs bosons1 are predicted in several extensions of the SM that add a
second doublet [4–7] or triplets [8–12] to the scalar sector. In CP-conserving two-Higgs-doublet models
(2HDMs), the properties of the charged Higgs boson depend on its mass, the mixing angle U of the neutral
CP-even Higgs bosons, and the ratio of the vacuum expectation values of the two Higgs doublets (tan V).
This analysis searches for charged Higgs bosons heavier than the top quark and decaying into a top quark
and a bottom quark. At the LHC, charged Higgs bosons in this mass range are expected to be produced
primarily in association with a top quark and a bottom quark [13], as illustrated in Figure 1.

Figure 1: Leading-order Feynman diagram for the production of a heavy charged Higgs boson in association with a
top antiquark and a bottom quark, as well as its decay into a top quark and a bottom antiquark.
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(note that here we take MH± = MA) and consider the two values sin(� � �) = 1 and 0.7,
corresponding to di�erent strengths of the gauge couplings (2.13).

100 200 300 400 500 600

1−10

1

 [GeV]±HM

 (I)
ντ

tb (I,X)

(I)

(X)

cs (I)

 (X)ντ

hW (I,X)
HW (I,X)

)=0.7α-βsin(
100 200 300 400 500 600

1−10

1

 [GeV]±HM

tb (II,Y)

(Y)
(II)

 (II)ντ

 (Y)
ντ cb (Y)

cs (Y)

hW (II,Y)
HW (II,Y)

)=0.7α-βsin(

 = 3βBranching ratios for tan 

100 200 300 400 500 600

1−10

1

 [GeV]±HM

 (I)
ντ

 (X)ντ

cs (I)

 (X)
ντ

HW (I)

tb (I)

HW (X)

)=1.0α-βsin(
100 200 300 400 500 600

1−10

1

 [GeV]±HM

 (II)ντ

 (II)ντ

cb (Y)

cs (Y)

tb (II)

tb (Y)
HW (II)
HW (Y)

)=1.0α-βsin(

 = 30βBranching ratios for tan 

Figure 4: Charged-Higgs branching ratios vs MH± , for tan � = 3 and 30, with two light
neutral Higgs bosons h and H (125 GeV and 130 GeV). Left: Models I and X, right:
Models II and Y. Top: sin(� � �) = 0.7, bottom: sin(� � �) = 1

The picture from Figs. 1 and 2 is confirmed: At low masses, the �� channel dominates,
whereas at higher masses, the tb channel will compete against hW and HW , if these
channels are kinematically open, and not suppressed by some particular values of the
mixing angles.

Of course, for tan � = 1 (Fig. 3), all four Yukawa models give the same result. Qualita-
tively, the result is simple. At low masses, the �� and cs channels dominate, whereas above
the t threshold, the tb channel dominates. There is however some competition with the hW
and HW channels. Similar results hold for sin(� � �) = 1, the only di�erence being that
the HW branching ratio rises faster with mass, and the hW mode disappears completely
in this limit. Even below the hW threshold, branching ratios for three-body decays via
an o�-shell W can be significant [52]. The strength of the hW channel is proportional to
cos2(� � �), and is therefore absent for sin(� � �) = 1 (not shown).

At higher values of tan � (Fig. 4), the interplay with the HW and hW channels becomes
more complicated. At high charged-Higgs masses, the HW rate can be important (if
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Figure 3.4: Branching fractions for H ± decaying into different final states as a function of the
H ± mass, calculated for 2HDM Types I and X (left), and for Types II and Y (right),
assuming sin(b � a) = 1 and tan b = 30. [71]

The results are shown in Figure 3.3. It is reassuring to notice that the calculated
cross section (solid line) agrees with the standard results for t ! bH ± (pp ! tbH ± )
when mH ± is well below (above) the top quark mass. The kink in the cross section
corresponds to the kinematic threshold mH ± = mt � mb.

3.2.2 Decay modes

The H ± branching fractions, which define the probability of each possible decay mode,
depend on the mass of H ± , which limits the kinematically allowed decays and con-
strains the phase space of the decay products. The branching fractions also depend
on the strength of the coupling between H ± and the decay products. As the Yukawa
couplings of Higgs bosons to fermions increase linearly with the fermion mass, the
decays to third-generation quarks and leptons dominate the H ± decays over the first
and second generation. Since the couplings depend on the 2HDM type, the branching
fractions are model-dependent.

Figure 3.4 shows an example of branching fractions as a function of mH ± , as predicted
in different types of 2HDM in the alignment limit sin(b � a) = 1 and assuming
tan b = 30 [71]. For the light H ± , we notice that in Types II and X the H ± decays
almost exclusively to a tau lepton and a neutrino (H ± ! t ± nt) while in Types I and
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✤ Background estimation from MC, with  
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1 Introduction

The discovery of a Higgs boson with a measured mass of 125 GeV at the Large Hadron Collider (LHC) in
2012 [1–3] raises the question of whether this is the Higgs boson of the Standard Model (SM) or part of an
extended scalar sector. Charged Higgs bosons1 are predicted in several extensions of the SM that add a
second doublet [4–7] or triplets [8–12] to the scalar sector. In CP-conserving two-Higgs-doublet models
(2HDMs), the properties of the charged Higgs boson depend on its mass, the mixing angle U of the neutral
CP-even Higgs bosons, and the ratio of the vacuum expectation values of the two Higgs doublets (tan V).
This analysis searches for charged Higgs bosons heavier than the top quark and decaying into a top quark
and a bottom quark. At the LHC, charged Higgs bosons in this mass range are expected to be produced
primarily in association with a top quark and a bottom quark [13], as illustrated in Figure 1.

Figure 1: Leading-order Feynman diagram for the production of a heavy charged Higgs boson in association with a
top antiquark and a bottom quark, as well as its decay into a top quark and a bottom antiquark.

The ATLAS and CMS collaborations have searched for charged Higgs bosons in proton–proton (??)
collisions at

p
B = 7, 8 and 13 TeV with data samples ranging from 2.9 to 36 fb�1, probing the mass range

below the top-quark mass in the ga [14–19], 2B [20, 21], and 21 [22] decay modes, as well as above the

1 In the following, charged Higgs bosons are denoted �
+, with the charge-conjugate �

� always implied. Similarly, the di�erence
between quarks and antiquarks @ and @̄ is generally understood from the context, so that e.g. �+ ! C1 means both �

+ ! C 1̄

and �
� ! C̄1.

2

Figure 4 shows the predicted NN output distributions in the four analysis regions for selected �
+ signal

samples and the SM background. These distributions are used in a fit to extract the amount of �+ signal in
data. The separation of the �

+ signal from the background is most di�cult for low �
+ masses because

the two processes have very similar kinematics and topology. The kinematic discriminant has large
separating power at low �

+ masses, whereas at higher masses, where the topologies of the �
+ signal and

the background are no longer alike, other variables, such as the scalar sum of the ?T of all jets, provide the
largest separation.

(a) 5j3b (b) 5j�4b (c) �6j3b (d) �6j�4b

(e) 5j3b (f) 5j�4b (g) �6j3b (h) �6j�4b

Figure 4: Expected distributions of the NN output for �+ masses of 200 GeV (top) and 800 GeV (bottom) for SM
backgrounds and �

+ signal in the four analysis regions. All distributions are normalised to unity.

6 Systematic uncertainties

Various sources of experimental and theoretical uncertainties are considered in this analysis. They may
a�ect the overall normalisation of the processes, the shapes of the NN output distributions, or both. All the
experimental uncertainties considered, with the exception of that in the luminosity, a�ect both normalisation
and shape in all the simulated samples. Uncertainties related to the modelling of the signal and background
a�ect both normalisation and shape, with the exception of cross-section uncertainties, which only a�ect the
normalisation of the sample considered. Nonetheless, the normalisation uncertainties modify the relative
fractions of the di�erent samples, leading to a shape variation in the final NN output distributions. A single
independent nuisance parameter (NP) is assigned to each source of systematic uncertainty in the statistical
analysis. Some of the systematic uncertainties, in particular most of the experimental uncertainties, are
decomposed into several independent sources. Each individual source has a correlated e�ect across all
analysis regions and signal and background samples.

The uncertainty of the integrated luminosity for the full Run-2 dataset is 1.7% [99], obtained using the
LUCID-2 detector [100] for the primary luminosity measurements. A variation in the pile-up reweighting
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Figure 5: Distributions of the NN output after the fit for the 200 GeV (top) and 800 GeV (bottom) �+ mass hypotheses
in the four analysis regions. The lower panels display the ratio of the data to the total prediction. The hatched bands
show the uncertainties after the fit.

Higgs boson, including the limits from the search for heavier neutral and charged Higgs boson states. The
"

125
⌘

, "125
⌘

( j̃), "125
⌘

(g̃), "125
⌘

(alignment) and "
125
⌘1

(CPV) scenarios also feature a scalar particle with
mass and couplings compatible with those of the observed Higgs boson, and force a significant portion
of their parameter space to be compatible with the limits from searches for supersymmetric particles. In
the "

125
⌘

scenario, all supersymmetric particles are relatively heavy and the decays of the MSSM Higgs
bosons are essentially una�ected, whereas the "

125
⌘

( j̃) and "
125
⌘

(g̃) models include either light charginos
and neutralinos ("125

⌘
( j̃)) or light staus ("125

⌘
(g̃)). In both cases a charged Higgs boson of su�ciently

high mass is allowed to decay into the supersymmetric particles. Finally, the value of tan V in both the
"

125
⌘

(alignment) scenario, characterised by one of the two neutral CP-even scalars having couplings like
those of the SM Higgs boson, and the "

125
⌘1

(CPV) scenario, which includes CP violation in the Higgs
sector, is already constrained to be in the range 1–20 by previous searches at the LHC [36]. Uncertainties in
the predicted �

+ cross-sections or branching ratios are not included in the limits. For all scenarios except
the hMSSM, Higgs boson masses and mixing (and e�ective Yukawa couplings) have been calculated with
the code FeynHiggs [129–135]. Whereas in the hMSSM the branching ratios are computed solely with
HDECAY [136, 137], all other scenarios combine the most precise results of FeynHiggs, HDECAY and
PROPHECY4f [138, 139].

In the context of these scenarios, tan V values below 1 are observed to be excluded at 95% CL for �+

masses between 200 and ⇠790 GeV. High values of tan V between 34 and 60 are excluded in a similar mass
range in the hMSSM and "

125
⌘

( j̃) models. The most stringent limit, tan V < 2.1 excluded at 95% CL, is
set for the �

+ mass hypothesis of 225 GeV in the hMSSM and for the 250 GeV �
+ mass hypothesis in

the "
125
⌘

, "125
⌘

( j̃), "125
⌘

(g̃), "125
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(alignment) and "
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(CPV) models. The low tan V and high �
+ mass
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1 Introduction

The discovery of a Higgs boson with a measured mass of 125 GeV at the Large Hadron Collider (LHC) in
2012 [1–3] raises the question of whether this is the Higgs boson of the Standard Model (SM) or part of an
extended scalar sector. Charged Higgs bosons1 are predicted in several extensions of the SM that add a
second doublet [4–7] or triplets [8–12] to the scalar sector. In CP-conserving two-Higgs-doublet models
(2HDMs), the properties of the charged Higgs boson depend on its mass, the mixing angle U of the neutral
CP-even Higgs bosons, and the ratio of the vacuum expectation values of the two Higgs doublets (tan V).
This analysis searches for charged Higgs bosons heavier than the top quark and decaying into a top quark
and a bottom quark. At the LHC, charged Higgs bosons in this mass range are expected to be produced
primarily in association with a top quark and a bottom quark [13], as illustrated in Figure 1.

Figure 1: Leading-order Feynman diagram for the production of a heavy charged Higgs boson in association with a
top antiquark and a bottom quark, as well as its decay into a top quark and a bottom antiquark.

The ATLAS and CMS collaborations have searched for charged Higgs bosons in proton–proton (??)
collisions at

p
B = 7, 8 and 13 TeV with data samples ranging from 2.9 to 36 fb�1, probing the mass range

below the top-quark mass in the ga [14–19], 2B [20, 21], and 21 [22] decay modes, as well as above the

1 In the following, charged Higgs bosons are denoted �
+, with the charge-conjugate �

� always implied. Similarly, the di�erence
between quarks and antiquarks @ and @̄ is generally understood from the context, so that e.g. �+ ! C1 means both �

+ ! C 1̄

and �
� ! C̄1.
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Figure 4 shows the predicted NN output distributions in the four analysis regions for selected �
+ signal

samples and the SM background. These distributions are used in a fit to extract the amount of �+ signal in
data. The separation of the �

+ signal from the background is most di�cult for low �
+ masses because

the two processes have very similar kinematics and topology. The kinematic discriminant has large
separating power at low �

+ masses, whereas at higher masses, where the topologies of the �
+ signal and

the background are no longer alike, other variables, such as the scalar sum of the ?T of all jets, provide the
largest separation.

(a) 5j3b (b) 5j�4b (c) �6j3b (d) �6j�4b

(e) 5j3b (f) 5j�4b (g) �6j3b (h) �6j�4b

Figure 4: Expected distributions of the NN output for �+ masses of 200 GeV (top) and 800 GeV (bottom) for SM
backgrounds and �

+ signal in the four analysis regions. All distributions are normalised to unity.

6 Systematic uncertainties

Various sources of experimental and theoretical uncertainties are considered in this analysis. They may
a�ect the overall normalisation of the processes, the shapes of the NN output distributions, or both. All the
experimental uncertainties considered, with the exception of that in the luminosity, a�ect both normalisation
and shape in all the simulated samples. Uncertainties related to the modelling of the signal and background
a�ect both normalisation and shape, with the exception of cross-section uncertainties, which only a�ect the
normalisation of the sample considered. Nonetheless, the normalisation uncertainties modify the relative
fractions of the di�erent samples, leading to a shape variation in the final NN output distributions. A single
independent nuisance parameter (NP) is assigned to each source of systematic uncertainty in the statistical
analysis. Some of the systematic uncertainties, in particular most of the experimental uncertainties, are
decomposed into several independent sources. Each individual source has a correlated e�ect across all
analysis regions and signal and background samples.

The uncertainty of the integrated luminosity for the full Run-2 dataset is 1.7% [99], obtained using the
LUCID-2 detector [100] for the primary luminosity measurements. A variation in the pile-up reweighting
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Figure 5: Distributions of the NN output after the fit for the 200 GeV (top) and 800 GeV (bottom) �+ mass hypotheses
in the four analysis regions. The lower panels display the ratio of the data to the total prediction. The hatched bands
show the uncertainties after the fit.

Higgs boson, including the limits from the search for heavier neutral and charged Higgs boson states. The
"

125
⌘

, "125
⌘

( j̃), "125
⌘

(g̃), "125
⌘

(alignment) and "
125
⌘1

(CPV) scenarios also feature a scalar particle with
mass and couplings compatible with those of the observed Higgs boson, and force a significant portion
of their parameter space to be compatible with the limits from searches for supersymmetric particles. In
the "

125
⌘

scenario, all supersymmetric particles are relatively heavy and the decays of the MSSM Higgs
bosons are essentially una�ected, whereas the "

125
⌘

( j̃) and "
125
⌘

(g̃) models include either light charginos
and neutralinos ("125

⌘
( j̃)) or light staus ("125

⌘
(g̃)). In both cases a charged Higgs boson of su�ciently

high mass is allowed to decay into the supersymmetric particles. Finally, the value of tan V in both the
"

125
⌘

(alignment) scenario, characterised by one of the two neutral CP-even scalars having couplings like
those of the SM Higgs boson, and the "

125
⌘1

(CPV) scenario, which includes CP violation in the Higgs
sector, is already constrained to be in the range 1–20 by previous searches at the LHC [36]. Uncertainties in
the predicted �

+ cross-sections or branching ratios are not included in the limits. For all scenarios except
the hMSSM, Higgs boson masses and mixing (and e�ective Yukawa couplings) have been calculated with
the code FeynHiggs [129–135]. Whereas in the hMSSM the branching ratios are computed solely with
HDECAY [136, 137], all other scenarios combine the most precise results of FeynHiggs, HDECAY and
PROPHECY4f [138, 139].

In the context of these scenarios, tan V values below 1 are observed to be excluded at 95% CL for �+

masses between 200 and ⇠790 GeV. High values of tan V between 34 and 60 are excluded in a similar mass
range in the hMSSM and "

125
⌘

( j̃) models. The most stringent limit, tan V < 2.1 excluded at 95% CL, is
set for the �

+ mass hypothesis of 225 GeV in the hMSSM and for the 250 GeV �
+ mass hypothesis in

the "
125
⌘

, "125
⌘

( j̃), "125
⌘

(g̃), "125
⌘

(alignment) and "
125
⌘1

(CPV) models. The low tan V and high �
+ mass
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Figure 7: Observed and expected limits on tan V as a function of <�
+ in various scenarios: (a) hMSSM, (b) "125

⌘
,

(c) "125
⌘

( j̃), (d) "125
⌘

(g̃), (e) "125
⌘

(alignment) and (f) "125
⌘1

(CPV). Limits are shown for tan V values in the range of
0.5–60 or 1–20 depending on the availability of model predictions. The bands surrounding the expected limits show
the 68% and 95% confidence intervals. Uncertainties in the predicted �

+ cross-sections or branching ratios are not
considered.
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Figure 6: Observed and expected upper limits for the production of �+ ! C1 in association with a top quark and
a bottom quark. The bands surrounding the expected limit show the 68% and 95% confidence intervals. The red
lines show the observed and expected 95% CL exclusion limits obtained with the 36 fb�1 data sample [25]. Theory
predictions are shown for two representative values of tan V in the hMSSM benchmark scenario. Uncertainties in the
predicted �

+ cross-sections or branching ratios are not considered.

parameter space was not excluded by any other analysis before, while the high tan V was already excluded
by the �

+ ! ga search. Compared to previous results of the same search channel, this analysis excludes a
broader region of large tan V. Additionally, an extended region of low tan V and low and high �

+ masses is
also excluded.
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✤ Limits improved by 5% 
(in systematics-driven 
low-mass region) to 
70% (at high mass)
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H125 decays to light BSM particles



✤ Thanks to the small total width of H125, it could have notable branching fraction to even very weakly 
coupled BSM particles, e.g. 
✤ One extra singlet coupling to H125 would generate H125➝hBSMhBSM➝XXYY decays 
✤ Models with axion-like particles typically contain H125➝aa decays to CP-odd BSM scalars a 

✤ Very active and diverse search program at the LHC

15

H125➝xBSMxBSM experimental summary
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✤ Thanks to the small total width of H125, it could have notable branching fraction to even very weakly 
coupled BSM particles, e.g. 
✤ One extra singlet coupling to H125 would generate H125➝hBSMhBSM➝XXYY decays 
✤ Models with axion-like particles typically contain H125➝aa decays to CP-odd BSM scalars a 

✤ Very active and diverse search program at the LHC
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Overview tables by  
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✤ ATLAS has introduced a dedicated 
DNN tagger for merged digluon jets

https://indico.cern.ch/event/1169286/timetable/?view=standard#55-summary-of-exotic-higgs-dec
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-027/


✤ NB! To compare these upper limits, need to plug in (model-dependent) branching fractions to XX and YY 16

Summary of current upper limits
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Figure 1: Observed 95% CL upper limits on �h/�SMh Br(h ! ss ! XXY Y ) where s is a new
scalar decaying to pairs of SM particles X and Y , and �SMh is the SM Higgs boson production
cross section. The most recent h ! ss analyses from Table 1 are included.

Current searches cover a mass range for the new particle from m & 2mµ ⇡ 0.2 GeV to
mh/2 ⇡ 62.5 GeV. The lower mass range is exclusively covered by the µµµµ decay channel,
which spans the full mass range except for challenging regions close to the J/ and ⌥ mass
peaks in some analyses. These searches currently set the strongest constraints on the branching
ratio for a given exclusive final state, down to ⇠ 10

�6 [78, 80]. Searches for the µµ⌧⌧ and µµbb

decays are currently able to place limits on exclusive branching ratios down to ⇠ 10
�5

� 10
�4

in the mass range from m & 2m⌧ ⇡ 4 GeV to mh/2 ⇡ 62.5 GeV [81–86]. Searches in the
bb⌧⌧ [87], ⌧⌧⌧⌧ [77], and bbbb [76, 88] final states reach sensitivity in the range ⇠ 10

�2
� 10

�1

for the mass range m & 2mb ⇠ 10 GeV. Searches sensitive to photons also place significant
constraints on the branching ratio, including limits down to 10

�5 for m ⇡ 12 � 62.5 GeV in
the ���� final state [89, 90] and 10

�1 for m ⇡ 20� 60 for ��jj [91].

There are currently fewer experimental searches targeting decay modes to a new pseu-
doscalar or vector boson produced with a Z boson. A search for hadronic scalar decays [92]
sets upper limits on Br(h ! Za ! ``XX) as low as 0.35 for ma in the range 0.5 � 4 GeV,
assuming a decays to either gluon pairs or strange or charm quark pairs. Decays to muons and
electrons are also explored [80], setting limits on the branching ratio down to ⇡ 5 ⇥ 10

�5 in
the 15� 30 GeV or 15� 55 GeV mass range for the pseudoscalar or vector cases, respectively.

– 15 –
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✤ Limit comparison assuming SM+singlet benchmark model with one extra real scalar singlet 17

Limit comparisons in SM+s model

The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity
and are interesting cross checks in case an excess is observed.

4.1.2 SM+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m & 2mµ ⇡

0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range m & 2mb ⇡ 8.4 GeV,
several searches also target decays to b-jets.
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Figure 2: Observed 95% CL upper limits on �h/�SMh Br(h ! ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the µµµµ mode, setting branching ratio limits down to
10�5. Between the J/ and the ⌥ thresholds, the sensitivity steadily decreases to about

– 16 –

See the overview paper 
for other interesting 
benchmarks, e.g. case 
where s is long-lived
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✤ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature 
✤ hBSM➝γγ decay reconstructed as one merged diphoton object in ECAL 

✤ End-to-end ML reconstruction: DNN trained on ECAL energy  
deposits to estimate diphoton invariant mass 

✤ Signal extraction with 2D mass templates 
✤ Background estimation from sidebands ➝ sideband statistics limit sensitivity

18
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Figure 1: Mass distributions from selected events in data. Center: the 2D-mG distribution for
data events in the mH-SR. The red dashed lines indicate the mA-SR boundaries. The contours of
simulated H ! AA ! 4g events for mA = 0.4 GeV are plotted for 75% (solid contour) and 50%
(dotted contour) of the distribution maximum. The corresponding mG1

(left) and mG2
(right)

projections for the overlap of the mH-SR and mA-SR are also shown. The data distributions
(black points) are plotted against the total predicted background distributions (blue curves).
The statistical uncertainties in the former are negligible and the total uncertainties in the latter
are barely visible as green bands. The spectra of simulated H ! AA ! 4g events for mA = 0.1
(purple dashed curve), 0.4 (gray dotted curve), and 1.0 GeV (orange dash-dotted curve) are also
provided. They are each normalized to the value of B(H ! AA ! 4g) that is expected to be
excluded by the background model (described under the CLs criterion in our results) times 103.
The black points in the lower panels of the left and right plots give the ratios of the data to the
predicted background distributions. The vertical bars represent the statistical uncertainties in
the former, and the green bands represent the total uncertainty in the latter.

LHCWG2022 - CERN November 28th-30th                Search for H→aa→4γ                                                     28-11-2022               LHCWG2022 - CERN November 28th-30th                Search for H→aa→4γ                                                     28-11-2022        

Boosted Regime

8

For ma < 0.4 GeV, Lorentz boost (γL) > 150:                                     
ΔR(γγ) < ECAL crystal Molière radius → 
γγ reconstructed as one photon (Γ)   

ML end-to-end used to reconstruct Γ:
- CNN architecture: regression algorithm 
  using shower patterns at crystal level  
- Training performed using signals A→γγ
   with pT=20-100 GeV and mA=0,1.6 GeV, 
   i.e. 10 < γL< 1000

Data π0→γγ

CMS-EGM-20-001

γL≈ 50 γL≈ 600

4      

arXiv:2209.06197



✤ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature 
✤ hBSM➝γγ decay reconstructed as one merged diphoton object in ECAL 

✤ End-to-end ML reconstruction: DNN trained on ECAL energy  
deposits to estimate diphoton invariant mass 

✤ Signal extraction with 2D mass templates 
✤ Background estimation from sidebands ➝ sideband statistics limit sensitivity
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Figure 1: Mass distributions from selected events in data. Center: the 2D-mG distribution for
data events in the mH-SR. The red dashed lines indicate the mA-SR boundaries. The contours of
simulated H ! AA ! 4g events for mA = 0.4 GeV are plotted for 75% (solid contour) and 50%
(dotted contour) of the distribution maximum. The corresponding mG1

(left) and mG2
(right)

projections for the overlap of the mH-SR and mA-SR are also shown. The data distributions
(black points) are plotted against the total predicted background distributions (blue curves).
The statistical uncertainties in the former are negligible and the total uncertainties in the latter
are barely visible as green bands. The spectra of simulated H ! AA ! 4g events for mA = 0.1
(purple dashed curve), 0.4 (gray dotted curve), and 1.0 GeV (orange dash-dotted curve) are also
provided. They are each normalized to the value of B(H ! AA ! 4g) that is expected to be
excluded by the background model (described under the CLs criterion in our results) times 103.
The black points in the lower panels of the left and right plots give the ratios of the data to the
predicted background distributions. The vertical bars represent the statistical uncertainties in
the former, and the green bands represent the total uncertainty in the latter.

6

systematic (stat + syst) uncertainties. We find no statistically significant excess in the data over
the SM background predictions for mA masses in the range 0.1–1.2 GeV.

The CLs criterion [47, 48] is used to interpret this result in terms of excluded B(H ! AA ! 4g)
values. The observed upper limit on B(H ! AA ! 4g) at 95% confidence level (CL) as a func-
tion of mA in the range 0.1-1.2 GeV is shown in Fig. 2, and varies between (0.9–3.3)⇥10�3 for mA
values 0.1–1.2 GeV. The expected 95% CL limits and their associated 68 and 95% confidence in-
tervals (CI) are determined by simulating SM background-only pseudo-experiments. The LHC
measurements of B(H ! gg) [1, 2] give an effective upper bound on a possible measurement
of B(H ! AA ! 4g) because of the degeneracy between the final states. The constraint from
the CMS measurement [1] is shown in Fig. 2. It is relevant for values of mA ⇡ 0.1 GeV where
the A ! gg decay resembles a single photon and increases at larger mA. Our observed upper
limits thus set the best constraints for this decay mode in the mA range that we study.
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We estimate the upper limits for long-lived A decays by comparing the signal yield in the
mA-SR \ mH-SR for different simulated A decay lengths compared with that for prompt de-
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Boosted Regime

8

For ma < 0.4 GeV, Lorentz boost (γL) > 150:                                     
ΔR(γγ) < ECAL crystal Molière radius → 
γγ reconstructed as one photon (Γ)   

ML end-to-end used to reconstruct Γ:
- CNN architecture: regression algorithm 
  using shower patterns at crystal level  
- Training performed using signals A→γγ
   with pT=20-100 GeV and mA=0,1.6 GeV, 
   i.e. 10 < γL< 1000

Data π0→γγ

CMS-EGM-20-001

γL≈ 50 γL≈ 600
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✤ Targets very low masses (0.1-1.2 GeV) with a highly boosted signature 
✤ hBSM➝γγ decay reconstructed as one merged diphoton object in ECAL 

✤ End-to-end ML reconstruction: DNN trained on ECAL energy  
deposits to estimate diphoton invariant mass 

✤ Signal extraction with 2D mass templates 
✤ Background estimation from sidebands ➝ sideband statistics limit sensitivity
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Figure 1: Mass distributions from selected events in data. Center: the 2D-mG distribution for
data events in the mH-SR. The red dashed lines indicate the mA-SR boundaries. The contours of
simulated H ! AA ! 4g events for mA = 0.4 GeV are plotted for 75% (solid contour) and 50%
(dotted contour) of the distribution maximum. The corresponding mG1

(left) and mG2
(right)

projections for the overlap of the mH-SR and mA-SR are also shown. The data distributions
(black points) are plotted against the total predicted background distributions (blue curves).
The statistical uncertainties in the former are negligible and the total uncertainties in the latter
are barely visible as green bands. The spectra of simulated H ! AA ! 4g events for mA = 0.1
(purple dashed curve), 0.4 (gray dotted curve), and 1.0 GeV (orange dash-dotted curve) are also
provided. They are each normalized to the value of B(H ! AA ! 4g) that is expected to be
excluded by the background model (described under the CLs criterion in our results) times 103.
The black points in the lower panels of the left and right plots give the ratios of the data to the
predicted background distributions. The vertical bars represent the statistical uncertainties in
the former, and the green bands represent the total uncertainty in the latter.
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Resolved Analysis: Results

17

Signal model:
- Built from MC for each nominal ma
- Modelled using double sided crystal ball function
- Interpolation performed in 1GeV step

Background model:
- Built from selected data (3 years merged) for each nominal ma
- Modelled using Envelope method

Results:
- Dominated by the statistical uncertainty 
   on background modelling
- No excess and observed limits are in      
   agreement with the expected limits

9      

Complementary  
resolved analysis
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Heavy resonances decaying to H125
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✤ HBSM → H125hBSM can be the dominant production process for hBSM e.g. 
in 2HDM+singlet models and in two-real-scalar-singlet models 

✤ CMS has recently preformed the first LHC searches for this process, 
targeting different H125 decay modes : 
✤ H125(bb)hBSM(bb) 
✤ H125(ττ)hBSM(bb) 
✤ H125(γγ)hBSM(bb) 
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✤ Nice complementarity 
of the tree channels 

✤ bbbb analysis focuses 
on merged-jet topology, 
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H(bb) tagging with a 
graph neural network
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✤ Search for a heavy resonance Y (mass 1.5–6 TeV), decaying to H(bb)  
and a new particle X (mass 65-3000 GeV), both reconstructed as large-radius jets 

✤ First application of fully unsupervised ML in an ATLAS analysis 
✤ Training on unlabeled jets, no particular signal hypothesis 
✤ Jets modeled as sequences of constituent four-vectors 
✤ Variational autoencoder used to define an anomaly score for each jet 
✤ Requiring anomaly score >0.5 leads to S/B enhancement by ~25%
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Figure 2. A Variational Autoencoder with a Gaussian latent space parametrization.

where n is sampled from a unit isotropic normal distribution n ⇠ N(0, 1) [10].

The VAE loss function includes both a reconstruction error term as well as an additional Kullback-

Leibler (KL)-Divergence term from a chosen prior distribution ?(z) to the approximate posterior

distribution @(z|x):

L = |y � x|2 + ⇡ ! (@(z|x) | |?(z)). (1.3)

For the prior, it is common to choose a unit isotropic Gaussian centered at the origin, as the

KL-Divergence from a Gaussian prior to a Gaussian approximate posterior takes on a closed form

solution [11].

Variational Autoencoders provide a number of improvements over standard Autoencoders, both as

generative models [10] and as anomaly detection tools [12]. The inclusion of a KL-Divergence

term in the loss function motivates the architecture to more appropriately model unique classes of

data. It also acts as another discriminatory metric, as anomalous elements are expected to have

both a large reconstruction error and a large KL-Divergence when compared to nominal elements.

While VAEs have shown promise in the task of jet-level anomaly detection, they have a number of

drawbacks. Most notably, VAEs are a fixed-length architecture, and cannot accommodate a variable

number of inputs. When modeling jets via their constituent four-vectors, it becomes necessary to

only process at most # constituents, and zero-pad the input layer when processing a jet with a

number of constituents less than # . In classifier models, this is common and benign, as the loss

function depends only on the output of the network and the ground truth that it is trying to reproduce.

However, in a VAE, the input layer’s neuron values are a part of its loss function (due to the MSE

– 4 –
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Putting pieces together: 2HDM

✤ Neutral and charged Higgs boson searches in various 
production and decay modes and H125 precision 
measurements complement each other
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Putting pieces together: Triplet models
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GENERAL 2-HIGGS-DOUBLET MODEL LHC sensitivity Conclusion

SIGNAL VS. BACKGROUND : PARTON LEVEL

• Samples of BPs for the signal given by
H ! aZ

⇤ ! hZ
⇤

Z
⇤ ! µ+µ�

jj bb are considered

• Main background processes are :

• ggtt (reducible background)

• Z
(⇤)

Z
(⇤) production in association with bb

quarks (irreducible background, negligible)

Background Cross section (pb)

pp ! ZZbbQCD ! µ+µ�
jjbb 9.27 ⇥ 10�3 ± 2.4 ⇥ 10�5

pp ! ZZbbQED ! µ+µ�
jjbb 2.42 ⇥ 10�4 ± 5.5 ⇥ 10�7

pp ! ggtt ! ggµ+µ�
jj⌫⌫ 2.92 ± 0.008

TABLE – The background cross sections

MadGraph-v.9.2.5 is used to
generate signal/background events

PYTHIA8 is used for showering and
hadronising parton level events

Applying detector simulation
via Delphes-3.5.0 (CMS card)

Applying cuts and
carry out analysis using MadAnalysis

• QCD corrections to signal and background are
considered through K-factor,

• NLO QCD correction to tt + gg ⇠ �27%
Phys.Rev.D 84 (2011) 114017

• NNLO QCD correction to gg ! H ⇠ 2.6

Signal
Background

Toolbox to generate and analyse MC events

13/22

✤ gg → H125 → Z*aBSM → Z*Z*hBSM → μμjjbb  
motivated by Type-1 2HDM

arXiv:2207.03007
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Same sign trilepton search at the LHC in Type I 2HDM

• For large tan� the cross section pp ! W⇤± ! H±� dominates over the
pp ! H±tb channel in Type I 2HDM.

q
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±

�q̄0

W
±

• For close to the alignment limit � 6= hSM .

• Signal:

(A) pp ! W
⇤± ! H

±
H ! (W±
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W

�) ! (W±
W
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W
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(B) pp ! W
⇤± ! H
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A ! (W±

H)(ZH) ! (W±
W

+
W

�)(ZW
+

W
�) ! 3`±�ET + X

• SM backgrounds: WZ+ jets, Z`+`�+ jets and t t̄W+ jets.

• Parameter Choice: m
H± � mH = 85, 120 GeV, mH 2 [130 � 300]GeV,

m
H± ⇡ mA, tan� 2 [1, 50], sin(� � ↵) = 0.995 and m2

12 2 [0,m2
H
sin� cos�].
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✤ Trilepton final states of H±H and H±A pairs 
motivated by Type-1 2HDM

Same sign trilepton search at the LHC in Type I 2HDM

• For large tan� the cross section pp ! W⇤± ! H±� dominates over the
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- Including extended Higgs sector, as in 2HDM, opens many possible search channels 
- Heavy Higgses produced with QCD size cross sections 
- Note: can be used to interpret reach for similar models e.g. Z’/W’ 
- Can simultaneously probe decay patterns of VLQs and heavy Higgs

R. Dermisek, E. Lunghi, S. Shin: arXiv:1901.03709

R. Dermisek, E. Lunghi, NM, S. Shin: arXiv:2005.07222 
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✤ Multi-top and multi-b final states from 
intermediate vector-like quarks and H±/HBSM
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12 2 [0,m2
H
sin� cos�].
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✤ Trilepton final states of H±H and H±A pairs 
motivated by Type-1 2HDM

Same sign trilepton search at the LHC in Type I 2HDM

• For large tan� the cross section pp ! W⇤± ! H±� dominates over the
pp ! H±tb channel in Type I 2HDM.
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+
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+

W
�) ! 3`±�ET + X

• SM backgrounds: WZ+ jets, Z`+`�+ jets and t t̄W+ jets.

• Parameter Choice: m
H± � mH = 85, 120 GeV, mH 2 [130 � 300]GeV,

m
H± ⇡ mA, tan� 2 [1, 50], sin(� � ↵) = 0.995 and m2

12 2 [0,m2
H
sin� cos�].
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- Including extended Higgs sector, as in 2HDM, opens many possible search channels 
- Heavy Higgses produced with QCD size cross sections 
- Note: can be used to interpret reach for similar models e.g. Z’/W’ 
- Can simultaneously probe decay patterns of VLQs and heavy Higgs

R. Dermisek, E. Lunghi, S. Shin: arXiv:1901.03709

R. Dermisek, E. Lunghi, NM, S. Shin: arXiv:2005.07222 
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- Including extended Higgs sector, as in 2HDM, opens many possible search channels 
- Heavy Higgses produced with QCD size cross sections 
- Note: can be used to interpret reach for similar models e.g. Z’/W’ 
- Can simultaneously probe decay patterns of VLQs and heavy Higgs
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✤ Multi-top and multi-b final states from 
intermediate vector-like quarks and H±/HBSM

arXiv:2005.07222

  

Benchmark Scenario of Study
BP3

M 1<M 2<M 3

Here we focus in the BP3 Scenario introduced in 1908.08554  which 
allows for a large   h

1
h

1
h

1
  production while obeying current theoretical 

and experimental constraints.

Here we focus in the BP3 Scenario introduced in 1908.08554  which 
allows for a large   h

1
h

1
h

1
  production while obeying current theoretical 

and experimental constraints.

We consider the mass hierarchy

  

Adding an Extra-Scalar Singlet 

V (Φ , S )=μΦ
2 Φ†Φ+λΦ(Φ

†Φ)2+(
a1

2
)(Φ†Φ) S

+(
a2

2
)(Φ†Φ)S 2+(

b2

2
)S 2+(

b3

3
)S 3+(

b4

4
)S 4

S=(ϕ S+vS)/√2
h1=hcosθ+ϕ ssinθ

h2=−h sinθ+ϕs cosθ

Kotwal et al. 1605.06123

Mass
 Eigenstates

The x-SM potential

Triple Higgs production in
the presence of an

 extra-scalar

✤ Triple Higgs production via HBSM 
motivated by e.g. singlet or doublet models

arXiv:2101.00037



✤ There could be beautiful mountains in the horizon for us to observe, Beyond the Standard Mountain 
✤ Experimentally, skiing around the area has so far not revealed any evidence of these BSM mountains 

✤ We set stronger and stronger exclusion limits, ruling out larger areas of our maps 
✤ We keep improving our skiing techniques, and there is no shortage of possible trails 

✤ Most importantly, skiing can be lots of fun, and we learn a lot about the world along the way! 28

Summary (metaphorical)


