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-

Higgs and BSM physics  

BSM Higgs searches 

– Conventional Channels 

– Exotic channels 

– Not included in this talk: h125 exotic decay, 
connection to dark matter,… 

Complementarity 

– Indirect vs. direct searches 

– Conventional channels and exotic channels

Outline
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-

SM Higgs

SM Higgs sector: One SU(2)L Higgs doublet

๏ gauge interactions 
๏ Yukawa interactions

➡ after EWSB, 1 CP-even Higgs hSM, 3 GB eaten by W± and Z 
➡ couplings to fermions and gauge bosons: proportional to mass 
➡ Higgs self-coupling 𝝀 fixed once mh is measured.

Why is Higgs puzzling

- μh, 𝝺 measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(𝝓) need to come 

from a (unknown) fundamental 
theory.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇ଶ  𝜑ത  𝜑 −
𝜆
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆 is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle
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heavy Higgs discovery via exotic decay modes to light Higgses or one light Higgs plus a SM gauge

boson. In Sec. VII, we conclude.

II. TYPE II 2HDM

In the 2HDM1, we introduce two SU(2) doublets �i, i = 1, 2:
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a soft breaking of the Z2 symmetry is allowed, there is an additional parameter m2
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Two types of couplings that are of particular interest are the couplings of a Higgs to two gauge

bosons, as well as the couplings of a SM gauge boson to a pair of Higgses. Both are determined

by the gauge coupling structure and the mixing angles. The H
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1 For more details about the 2HDM, see Ref. [? ].
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SM Higgs

light, weakly coupled boson

๏ mh = 125.11 ± 0.11 GeV (ATLAS), mh = 125.08 ± 0.12 GeV (CMS), 0.09% 

๏ Γh = 4.5 +3.3 -2.5 MeV (ATLAS), mh = 2.9 +2.3 -1.7 MeV (CMS)   

๏ CP even, pure CP-odd ruled out in Htt, H𝛕𝛕 coupling 

๏ Higgs strength µ=1.05 ± 0.06 (ATLAS), 1.002 ± 0.057 (CMS) 5 - 12% precision

DESY. Page 2

Introduction
• Higgs: scaler field giving mass to elementary particles, central feature of SM

• H coupling can be precisely predicted once all masses/types of particles known

• Since H discovery, its measured properties (mass, quantum numbers, couplings) are consistent with SM in an 
unprecedented accuracy

• Summarize recent couplings and XS measurements from ATLAS/CMS since last year!

| Recent couplings and cross-section measurements from ATLAS and CMS | Kunlin Ran, 13.11.2023

[Nature 607 (2022) 60-68]

[arXiv:2308.04775] [Phys. Lett. B 843 (2023) 137745]

Higgs properties

Results are consistent with the SM!
◦ Higgs mass: 

ATLAS 4l+gg Run1+2: 125.11 ± 0.11 GeV
◦ Higgs width: 

ATLAS 4l+2l2v Run2: ΓH = 4.5+3.3 
-2.5 MeV

◦ CP: even, consistent with SM pred.
Pure CP odd excluded for H-tau and H-top interactions

◦ Couplings: agree with SM predictions
Higgs strength: µ= 1.05+0.06

0.09% uncert. 

5-12% uncert. 

7

New !

arXiv:2308.04775

Nature 607, 52-59 (2022)

ATLAS,  Nature 607 (2022) 52-59
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A Light Higgs is Puzzling...

 Light, weakly coupled boson 
➡ spin 0, a new kind of fundamental particle 
➡ Nothing protects its mass ⇒ New physics beyond the SM
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A Light Higgs is Puzzling...

 Light, weakly coupled boson 
➡ spin 0, a new kind of fundamental particle 
➡ Nothing protects its mass ⇒ New physics beyond the SM

Then What? Still a lot of hard, but fun work to do!
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A Light Higgs is Puzzling...

 Light, weakly coupled boson 
➡ spin 0, a new kind of fundamental particle 
➡ Nothing protects its mass ⇒ New physics beyond the SM

Then What? Theoretically ... 
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A Light Higgs is Puzzling...

 Light, weakly coupled boson 
➡ spin 0, a new kind of fundamental particle 
➡ Nothing protects its mass ⇒ New physics beyond the SM

Then What? 

Why is Higgs puzzling

- μh, 𝝺 measured, not PREDICTED. 
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇ଶ  𝜑ത  𝜑 −
𝜆
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆 is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:

H

H

H= −3iM
2
H

v

H

H

H

H

= −3iM
2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
µ

V
!

H

H

= 2iM
2
V

v2
gµν

We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:

12

Why is Higgs puzzling

- μh, 𝝺 measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(𝝓) need to come 

from a (unknown) fundamental 
theory.
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BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇ଶ  𝜑ത  𝜑 −
𝜆
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆 is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0
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as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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BSM Higgs Sector

Models with extended Higgs sector: arise in natural theories of EWSB

๏ Higgs sector of MSSM/NMSSM
๏ Generic 2HDM 
๏ Little Higgs, twin Higgs ... 
๏ Composite Higgs models … 
๏ GM model

๏ SM+singlet: parametrized by a simple mixing parameter 
๏ 2HDM: covers board class of known models 
๏ Allow for convenient parametrization 
๏ Many features shared by many extended EWSB sectors

๏ neutral Higgs 
‣ CP-even Higgses 
‣ CP-odd Higgs  
‣ mixed CP states 

๏ Charged Higgses: H± 

๏ Doubly charged Higgses: H±± , …. 
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BSM Higgs Searches

๏ Search for extra Higgses 
➡ Precision Higgs study: couplings of the SM-like Higgs 
➡ Direct search of extra Higgses: direct evidence for BSM 
new physics 

๏ Conventional search channel (even for non-SM Higgs): 

   γγ, ZZ, WW, ττ, bb, µµ, tt 

๏ Charged Higgs is challenge!  
๏ Exotic Higgs decay modes open for BSM Higgs 

➡ relax the current search bounds 
➡ offer new discovery channels 
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BSM Higgs Searches:  

Conventional Modes

γγ, ZZ, WW, ττ, bb, µµ, tt
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Searching for Other Higgses

๏ A/H decay
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๏ Search for non-SM neutral Higgs still in conventional channels: 
    γγ, ZZ, WW, ττ, bb, µµ, tt 

➡ suppressed production 
- gluon fusion/bb-associated production: large mass suppression 
- VBF, VH: suppressed coupling 

➡ decay to γγ, ττ, bb, µµ 
- small Br or large BG 
- sub-leading when other decay modes open 

➡ decay to tt 
   challenge to detect 
➡ decay to WW/ZZ 
   absent or suppressed

Neutral Higgses
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H/A → 𝝉𝝉  

ATLAS,  PRL 125 (2020) 051801

1

1 Introduction

A broad variety of precision measurements have shown the overwhelming success of the stan-
dard model (SM) [1–3] of fundamental interactions, which includes an explanation for the ori-
gin of the mass of the weak force carriers, as well as for the quark and lepton masses. In the
SM, this is achieved via the Brout–Englert–Higgs mechanism [4–9], which predicts the exis-
tence of a scalar boson, the Higgs boson. However, the Higgs boson mass in the SM is not
protected against quadratically divergent quantum-loop corrections at high energy, known as
the hierarchy problem. In the model of supersymmetry (SUSY) [10, 11], which postulates a
symmetry between the fundamental bosons and fermions, a cancellation of these divergences
occurs naturally. The Higgs sector of the minimal supersymmetric extension of the standard
model (MSSM) [12, 13] contains two scalar doublets that result in five physical Higgs bosons:
a light and a heavy CP-even Higgs boson h and H, a CP-odd Higgs boson A, and two charged
Higgs bosons H±. At tree level the Higgs sector can be expressed in terms of two parameters
which are usually chosen as the mass of the CP-odd Higgs boson mA and tan b, the ratio of the
two vacuum expectation values of the two Higgs doublets.

The dominant neutral MSSM Higgs boson production mechanism is the gluon fusion process
for small and moderate values of tan b. At large values of tan b b-quark associated production
is the dominant contribution, due to the enhanced Higgs boson Yukawa coupling to b quarks.
Figure 1 shows the leading-order diagrams for the gluon fusion and b-quark associated Higgs
boson production, in the four-flavor and in the five-flavor scheme. In the region of large tan b
the branching fraction to tau leptons is also enhanced, making the search for neutral MSSM
Higgs bosons in the tt final state particularly interesting.

h,H,A
t, t̃

g

g

b, b̃

h,H,A

b

g

g

b

h,H,A

b

b

Figure 1: Leading-order diagrams of the gluon fusion (left) and b-quark associated Higgs boson
production, in the four-flavor (center) and the five-flavor (right) scheme.

This paper reports a search for neutral MSSM Higgs bosons in pp collisions at
p

s = 7 TeV
and 8 TeV in the tt decay channel. The data were recorded with the CMS detector [14] at the
CERN LHC and correspond to an integrated luminosity of 24.6 fb�1, with 4.9 fb�1 at 7 TeV and
19.7 fb�1 at 8 TeV. Five different tt signatures are studied, eth, µth, eµ, µµ, and thth, where
th denotes a hadronically decaying t. These results are an extension of previous searches by
the CMS and ATLAS experiments [15–17], and are complementary to the searches at the Teva-
tron [18–21] and LEP [22].

The results are interpreted in the context of the MSSM with different benchmark scenarios
described in Section 1.1 and also in a model independent way, in terms of upper limits on
the cross section times branching fraction s · B(f ! tt) for gluon fusion (ggf) and b-quark
associated (bbf) neutral Higgs boson production, where f denotes a single resonance with a
narrow width compared to the experimental resolution.
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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.

8



S. Su 15

-

H → ZZ
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Figure 4: The upper limits at 95% CL on the cross section times branching ratio as a function of the heavy
resonance mass <� for (a) the ggF production mode (fggF ⇥ ⌫(� ! //)) and (b) for the VBF production mode
(fVBF ⇥ ⌫(� ! //)) in the case of the NWA. The black line indicates the observed limit. The green and yellow
bands represent the ±1f and ±2f uncertainties in the expected limits. The dashed coloured lines indicate the
expected limits obtained from the individual searches.

to leptons and up- and down-type quarks in several ways. In the Type-I model, �2 couples to all quarks
and leptons, whereas for Type-II, �1 couples to down-type quarks and leptons and �2 couples to up-type
quarks. The ‘lepton-specific’ model is similar to Type-I except for the fact that the leptons couple to �1,
instead of �2; the ‘flipped’ model is similar to Type-II except that the leptons couple to �2, instead of
�1. In all these models, the coupling of the heavier CP-even Higgs boson to vector bosons is proportional
to cos(V � U). In the limit cos(V � U) ! 0, the light CP-even Higgs boson is indistinguishable from
a SM Higgs boson with the same mass. In the context of � ! // decays there is no direct coupling
of the Higgs boson to leptons, so only the Type-I and II interpretations are presented. In addition, our
interpretations assume other Higgs bosons are heavy enough so that the heavy CP-even Higgs boson will
not decay to them.

Figure 6 shows exclusion limits in the tan V versus cos(V � U) plane for Type-I and Type-II 2HDMs,
for a heavy Higgs boson with mass <� = 220 GeV. This <� value is chosen so that the assumption
of a narrow Higgs boson is valid over most of the parameter space, and the experimental sensitivity is
maximal. At this low mass, only the ✓+✓�✓0+✓0� final state contributes to this result. The range of cos(V�U)

and tan V explored is limited to the region where the assumption of a heavy narrow Higgs boson with
negligible interference is valid. When calculating the limits at a given choice of cos(V � U) and tan V,
the relative rates of ggF and VBF production in the fit are set to the prediction of the 2HDM for that
parameter choice. Figure 7 shows exclusion limits as a function of the heavy Higgs boson mass <� and
the parameter tan V for cos(V � U) = �0.1, which is chosen so that the light Higgs boson properties are
still compatible with the recent measurements of the SM Higgs boson properties [99]. The white regions
in the exclusion plots indicate regions of parameter space which are not excluded by the present analysis.
In these regions the cross section predicted by the 2HDM is below the observed cross-section limit. In
comparison with the previous publication, the excluded regions are significantly expanded. For example,
in the tan V versus <� plane for the Type-II 2HDM the excluded region in tan V is more than 60% larger
for 200 < <� < 400 GeV.
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Figure 6: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for <� = 220 GeV shown as a
function of the parameters cos(V�U) and tan V. The green and yellow bands represent the ±1f and ±2f uncertainties
in the expected limits. The hatched area shows the observed exclusion.
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Figure 7: The exclusion contour in the 2HDM (a) Type-I and (b) Type-II models for cos(V � U) = �0.1, shown as a
function of the heavy scalar mass <� and the parameter tan V. The green and yellow bands represent the ±1f and
±2f uncertainties in the expected limits. The hatched area shows the observed exclusion.
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Figure 6: The (a) compatibility of the data, in the model-independent search, in terms of local ?-value (solid line), with
the background-only hypothesis as a function of the assumed signal mass <-. The dotted-dashed lines correspond
to the standard deviation quantification f. The (b) upper limit on the fiducial cross-section times branching ratio
B(- ! WW) as a function of <-, where the solid (dashed) line corresponds to the observed (expected) limit and the
green (yellow) band corresponds to one (two) standard deviation from the expectation.
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Figure 7: The (a) compatibility of the data, in the model-dependent search, in terms of local ?-value (solid line), with
the background-only hypothesis as a function of the assumed signal mass <� . The dotted-dashed lines correspond
to the standard deviation quantification f. The (b) upper limit on the total cross-section times branching ratio
B(� ! WW) as a function of <� , where the solid (dashed) line corresponds to the observed (expected) limit and the
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CMS Highlights: Light Scalar Searches

LHC Higgs Workshop – November 2023 – M. d'Alfonso (MIT) & S. Laurila (CERN)

✤ Search for φ→γγ
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✤ Search for φ→eμ 
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✤ Search for γγ resonance in 70–110 GeV mass range 

✤ Intriguing 2.9σ (1.3σ global) excess at 95.4 GeV  

✤ Similar to the previous CMS result at 8+13 TeV, 
with 2.8σ (1.3σ global) at 95.3 GeV (arXiv:1811.08459)  

✤ ATLAS reports 1.7σ at 95 GeV (ATLAS-CONF-2023-035) 

✤ Mild excess seen also in LEP (arXiv:hep-ex/0306033)

✤ Search for lepton-flavor violating decays, forbidden 
in the SM but predicted e.g. in Type III 2HDM 

✤ Analysis covers the 110–160 GeV mass range 

✤ Most stringent limits to date 

✤ 3.8σ (2.8σ global) excess at 146 GeV 

arXiv:2311.00130
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Tania Robens Extended Scalars 20th Higgs WG meeting, 13.11.’23

Light Higgs search

29

n 2HDM and Axion-like particle models predict light Higgs
n Two searches for gg resonance at low mass regions

ATLAS-CONF-2023-035 JHEP 07 (2023) 155

First search for gg resonances in the 
mass range [10 , 70] GeV
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Figure 4. Branching ratios for h3 (top) and h2 (bottom) for
the listed parameters. Gray dashed lines denote mass spectra
in tension with eEDM constraints for chosen set of parame-
ters.

rates for h1h1Z and h1ZZ at the HL-LHC with L=3000
fb�1 are 2⇥ 104 and 2⇥ 105.

Alternatively, h2 could be produced directly through
the gluon fusion mechanism. In this case, simultaneous
observations of h2 ! h1h1 and h2 ! h1Z would be an
unambiguous signal of CP -violation. The events rates for
h1h1 and h1Z are 4⇥ 104 and 9⇥ 105 at the HL-LHC.

These triboson signatures have not been searched for
at the LHC and represent excellent opportunities to pur-

sue CPV in 2HDMs at a high-energy collider. Moreover,
the relatively light mass of h2 and its decays into two
125 GeV Higgs bosons also imply a significant discovery
potential in the near future.

VII. CONCLUSION

Motivated by the SM-like nature of the 125 GeV Higgs
and null searches for new particles at the LHC, we
present a systematic study of Higgs alignment and CPV
in C2HDMs and distinguish two distinct sources of CPV
in the scalar sector. The outcome is the construction of a
new CP violating scenario where additional Higgs bosons
could be light, below 500 GeV, and stringent EDM limits
and current collider searches may still be evaded.
In particular, we propose a smoking gun signal of CPV

in C2HDMs in the h1h2h3 coupling through the Higgs-to-
Higgs decays, (h3 ! h2h1 ! 3h1), without resorting to
the challenging measurements of kinematic distributions.
The existence of this decay in C2HDMs is indicative of
CPV and the final state in three 125 GeV Higgs bosons
is quite distinct, which has not been searched for at the
LHC. A ballpark estimate demonstrates the great poten-
tial for discovery at the high-luminosity LHC.
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Figure 9: Upper bounds at 95% CL on the production cross section times the branching ratio ⌫(� ! /�) ⇥ ⌫(� !
11) in pb for (a, b) gluon–gluon fusion and (c, d) 1-associated production. The expected upper limits are shown in
(a) and (c) and the observed upper limits are shown in (b) and (d).

fixed to <
2
�

tan V/(1 + tan2
V).

The cross sections for � boson production in the 2HDM are calculated using corrections at up to NNLO in
QCD for gluon–gluon fusion and 1-associated production in the five-flavour scheme as implemented in
SusHi [130–133]. For 1-associated production a cross section in the four-flavour scheme is also calculated
as described in Refs. [134, 135] and the results are combined with the five-flavour scheme calculation
following Ref. [136]. The Higgs boson widths and branching ratios are calculated using 2HDMC [137].
The procedure for the calculation of the cross sections and branching ratios, as well as for the choice of
2HDM parameters, follows Ref. [63].

The interpretation of the search in the 2HDM is performed in the (<� ,<�) plane, as shown in Figure 10.
In this plot, colour-shaded areas indicate expected and observed exclusions for various tan V values. There
is one plot for each of the four 2HDM types. For the type-I and lepton-specific 2HDMs, only gluon–gluon
fusion production is relevant. The exclusion region reaches <� . 350 GeV for tan V = 1 and the sensitivity
decreases for larger tan V values. In type-I 2HDM for instance, for tan V = 10 the exclusion reaches
<� . 320 GeV and <� . 500 GeV. The limiting value at <� ' 350 GeV is due to the drop of the � ! 11

21

 [GeV]Hm
200 300 400 500 600 700 800 900 1000

 [G
eV

]
A

m
300

400

500

600

700
ATLAS

-1 = 13 TeV, 139 fbs
2HDM Type I

95% CL exclusion
=1βObs. tan
=1βExp. tan
=5βObs. tan
=5βExp. tan
=5β tanσ 1 ±

=10βObs. tan
=10βExp. tan

(a)

 [GeV]Hm
200 300 400 500 600 700 800 900 1000

 [G
eV

]
A

m

300

400

500

600

700
ATLAS

-1 = 13 TeV, 139 fbs
2HDM Type II

95% CL exclusion
=1βObs. tan
=1βExp. tan
=5βObs. tan
=5βExp. tan
=5β tanσ 1 ±
=10βObs. tan
=10βExp. tan
=20βObs. tan
=20βExp. tan

(b)

 [GeV]Hm
200 300 400 500 600 700 800 900 1000

 [G
eV

]
A

m

300

400

500

600

700
ATLAS

-1 = 13 TeV, 139 fbs
2HDM lepton specific

95% CL exclusion
=1βObs. tan
=1βExp. tan
=2βObs. tan
=2βExp. tan
=2β tanσ 1 ±

=3βObs. tan
=3βExp. tan

(c)

 [GeV]Hm
200 300 400 500 600 700 800 900 1000

 [G
eV

]
A

m

300

400

500

600

700
ATLAS

-1 = 13 TeV, 139 fbs
2HDM flipped

95% CL exclusion
=1βObs. tan
=1βExp. tan
=5βObs. tan
=5βExp. tan
=5β tanσ 1 ±
=10βObs. tan
=10βExp. tan
=20βObs. tan
=20βExp. tan

(d)

Figure 10: Observed and expected 95% CL exclusion regions for the ✓✓11 channel in the (<� ,<�) plane for various
tan V values for the (a) type-I, (b) type-II, (c) lepton-specific and (d) flipped 2HDM, with cos(V � U) = 0.

branching ratio, which competes with � ! CC̄ at larger <� values. The type-II and flipped 2HDMs are
dominated by � bosons from 1-associated production as tan V increases, although gluon–gluon fusion is
still important for tan V ⇡ 1. Like the type-I and lepton-specific 2HDMs, the type-II and flipped 2HDMs
provide similar constraints because they only di�er in the lepton Yukawa couplings. The contribution from
1-associated signal production increases the sensitivity at large tan V values, excluding <� . 650 GeV
for tan V = 20. The search sensitivity deteriorates at lower tan V values, excluding <� . 350 GeV for
tan V = 1.

8.2 G ! `N ! ◆◆]] results

The <2✓4@ distributions from di�erent <4@ mass windows are scanned for possible excesses using a
procedure similar to the one in the ✓✓11 channel. The scan is performed in steps of 10 GeV for both the <�

range 300–800 GeV and the <� range 200–700 GeV, such that <� � <� � 100 GeV. This gives in total
51 <4@ mass windows and the overall number of (<�, <� ) signal hypotheses that are tested is 1326.

Figure 11 shows the distribution of the � boson candidate mass <4@ before the <4@ window requirement.
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Figure 1: Example lowest-order Feynman diagrams for (a) gluon–gluon fusion production of � bosons decaying
into /� ! ✓✓11, (b) 1-associated production of � bosons decaying into /� ! ✓✓11, and (c) gluon–gluon fusion
production of � boson decaying into /� ! ✓✓,, .

boson decays into weak vector bosons are suppressed. The � ! ,, decay channel is considered in the
case where both , bosons decay hadronically. This heavy Higgs boson decay is dominant in parts of the
2HDM parameter space close to, but not exactly at, the weak decoupling limit [41] and it provides a new
way to look for ✓✓,, resonances in a final state that has been less explored by other LHC searches. Both
final states considered allow full reconstruction of the � boson’s decay kinematics. This search considers
both the gluon–gluon fusion (see Figure 1(a)) and 1-associated production mechanisms (see Figure 1(b))
for the � ! /� ! ✓✓11 channel. The 1-associated production mode of the � ! /� ! ✓✓,, channel
is theoretically allowed, but leads to more complicated jet combinatorics and would necessitate changing
the event reconstruction strategy. For this reason, only the gluon–gluon fusion production mode (see
Figure 1(c)) is considered here.

This article is organised as follows. Section 2 introduces the ATLAS detector. A description of the collision
and simulated data samples used in this article is given in Section 3. The algorithms used to reconstruct
the objects used in this search are described in Section 4. The event selection and background estimates for
the two channels considered and the modelling of the signal are discussed in Sections 5 and 6, respectively.
Section 7 is devoted to the description of the systematic uncertainties. The results are discussed in Section 8
and the conclusions are given in Section 9.
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Figure 1(c)) is considered here.

This article is organised as follows. Section 2 introduces the ATLAS detector. A description of the collision
and simulated data samples used in this article is given in Section 3. The algorithms used to reconstruct
the objects used in this search are described in Section 4. The event selection and background estimates for
the two channels considered and the modelling of the signal are discussed in Sections 5 and 6, respectively.
Section 7 is devoted to the description of the systematic uncertainties. The results are discussed in Section 8
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Figure 8: Upper limits at the 95% CL on the product of the cross section for pp ! /
0 and the branching fraction to

/⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels (a) and on the product of the cross section
for pp !,

0 and the branching fraction to ,⌘ from the combination of the 0-lepton and 1-lepton (1L) channels (b).
For the /

0 and ,
0 search, the branching fraction of ⌘ ! 11̄, 22̄ is assumed to be 0.598.
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Figure 9: Upper limits at the 95% CL on the product of the cross section for (a) 66 ! � and (b) 11̄ ! � and their
respective branching fraction to /⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels. For
the 66 ! � search, the possible signal components of the data are interpreted assuming pure gluon–gluon fusion
production. For both searches, a branching fraction of 0.569 for ⌘ ! 11̄ [124] is assumed.

are used to set 95% CL exclusion contours in the HVT parameter plane {6F, 6H}8 [125]. Exclusion
contours are shown in Figure 10 for resonance masses of 2, 3 and 4 TeV. The constraints on 6F and 6H are
stronger for large coupling parameter values and become weaker as these coupling parameters approach
zero. This is because the resonance couplings to +⌘ vanish as the 6H parameter reaches zero, while for
6F = 0 the /

0 and ,
0 production cross sections in the quark–antiquark annihilation mode become zero.

Figure 11 shows the expected and observed two-dimensional likelihood scans of the 1-associated production
cross section times branching fraction ⌫(� ! /⌘) versus the gluon–gluon fusion production cross section

8 The coupling constants 6H and 6F are related to those in Ref. [12] as follows: the Higgs boson coupling is 6H = 6V2H and the
universal fermion coupling is 6F = 6

2
2F/6V, where 6 is the SM SU(2)L gauge coupling.
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(a) 2HDM Type-I (b) 2HDM Type-II

(c) 2HDM Lepton-specific (d) 2HDM Flipped

Figure 12: The interpretation of the cross-section limits in the context of the various 2HDM types as a function of the
parameters tan V and cos(V � U) for <

�
= 700 GeV: (a) Type-I , (b) Type-II, (c) Lepton-specific, and (d) Flipped.

Variations of the natural width up to �
�
/<

�
= 20% have been taken into account. For the interpretation in Type-II

and Flipped 2HDM, the 1-quark associated production is included in addition to the gluon–gluon fusion production.
The exclusion limits are only evaluated for tan V < 50 because larger tan V values are disfavoured by most models
(and cross-section predictions become less reliable).
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(a) 2HDM Type-I (b) 2HDM Type-II

(c) 2HDM Lepton-specific (d) 2HDM Flipped

Figure 13: The interpretation of the cross-section limits in the context of the various 2HDM types as a function of
the parameters tan V and <

�
for cos(V � U) = 0.1: (a) Type-I , (b) Type-II, (c) Lepton-specific, and (d) Flipped.

Variations of the natural width up to �
�
/<

�
= 20% have been taken into account. The exclusion limits are only

evaluated for tan V < 50 because larger tan V values are disfavoured by most models (and cross-section predictions
become less reliable).
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Figure 1: Representative lowest-order Feynman diagrams of the resonant production of a , or / boson and a Higgs
boson via (a) quark–antiquark annihilation, (b) gluon–gluon fusion and (c) 1-associated production. The subsequent
decays into the aā11̄, ✓±a11̄ and ✓

+
✓
�
11̄ final states are also depicted, where ✓ = 4, `, and g.

detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon spectrometer. The inner tracking detector 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
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 both the electromagnetic and hadronic energy measurements up to |[ | = 4.9. The muon spectrometer
surrounds the calorimeters and is based on three large superconducting air-core toroidal 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 muon spectrometer includes a system of precision tracking chambers and fast detectors for
triggering. A two-level trigger system is used to select events. 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. 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 [31] is used in the reconstruction and analysis
of real and simulated data, in detector operations, and in the trigger and data acquisition systems of the
experiment.
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Figure 5: Expected and observed 95% CL upper limits on s B(H ! h(tt)hS(bb)) for all tested
values of mH and mhS

. The limits for each corresponding mass value have been scaled by
orders of ten as indicated in the annotations. Groups of hypothesis tests based on the same
NN trainings for classification are indicated by discontinuities in the limits, which are linearly
connected otherwise to improve the visibility of common trends.
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Figure 6: Summary of the observed limits on s B(H ! h(tt)hS(bb)) for all tested pairs of mH
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where the observed limits fall below the maximally allowed
values on s B(H ! h(tt)hS(bb)) in the context of the NMSSM, as provided by the LHC Higgs
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2

H

h

hS

b

b

⌧

⌧

Figure 1: Feynman diagram of the gg ! H ! h(tt)hS(bb) process.

large values of mH and small values of mhS
. However, for the majority of the mass hypotheses

that are considered, the contribution from boosted-topology events is subdominant.

The paper is organized as follows. A brief introduction of the CMS detector and event re-
construction are given in Sections 2 and 3, respectively. The model used to describe the data
is given in Section 4. The event selection and categorization are described in Section 5, fol-
lowed by a discussion of the systematic uncertainties considered for the analysis of the data
in Section 6. The results of the search are presented in Section 7. The paper is summarized in
Section 8.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

The silicon tracker measures charged particles within the range of |h| < 2.5. During the LHC
data-taking period up to 2017, the silicon tracker consisted of 1440 silicon pixel and 15 148 sil-
icon strip detector modules. From 2017 on, the silicon pixel detector was upgraded to 1856
modules. For nonisolated particles with a transverse momentum of 1 < pT < 10 GeV with
respect to the beam axis and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [26]. From 2017 on, the trans-
verse impact parameter resolution improved to 20–60 µm when restricted to the same h range
as before and 20–75 µm in the increased full h range [27].

The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! ee decays ranges from
1.7 to 4.5%. It is generally better in the barrel region than in the endcaps, and also depends
on the bremsstrahlung energy emitted by the electron traversing the material in front of the
ECAL [28].

Muons are measured in the range of |h| < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive plate chambers. The relative pT
resolution for muons with 20 < pT < 100 GeV is 1.3 to 2.0% in the barrel and better than 6% in
the endcaps. In the barrel the relative pT resolution is better than 10% for muons with pT up to
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Figure 3: The soft-drop mass distributions of the top quark candidate jets in the 2018
jets+lepton category, in the tight ParticleNet region, after the joint fit in the all-jets and
jets+lepton categories. The observed data (black markers) and the post-fit estimate (filled his-
tograms) are shown for the three jet categories. The lower panels show the “Pulls” defined as
(observed events�expected events)/

p
s2

obs + s2
exp, where sobs and sexp are the total uncertain-

ties in the observation and the background estimation, respectively.

in agreement with the observed data. Upper limits on the signal cross section are calculated for
various hypothesized values of MX and MY.

Figure 4: The 95% confidence level expected (left) and observed (right) upper limits on
s(pp ! X ! YH ! bbbb) for different values of MX and MY. The areas within the red
and black contours represent the regions where the cross sections predicted by NMSSM and
TRSM, respectively, are larger than the experimental limits. The areas within the dashed and
dotted contours on the left show the excluded masses at �1 standard deviation from the ex-
pected limits.

The upper limits are computed with a modified frequentist approach, using the CLs crite-
rion [79, 80] with the profile likelihood ratio used as the test-statistic and with the asymptotic
approximation [81]. As the signal distributions only assume that they originate from spin-0
particle decays, the limits are model-independent. The expected and observed limits at 95%
CL as a function of MX and MY are shown in Fig. 4, and range from 0.1 fb to 150 fb.

CMS-B2G-21-003 CMS-HIG-21-011. 2310.01643
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is s(pp ! X ! HY ! ggbb) = (0.35 ± 0.17
0.13) fb. Taking into account the “Look elsewhere

effect” [91] for mX within the range 300–1000 GeV and mY within the range 90–150 GeV, the
global significance reduces to 2.8 s, with a corresponding p-value of 0.0027.

While the single H background contributions for mX > 550 GeV are not considered in the
results (see Section 4.4), since they contribute less than 5% on the limits, the impact of these
backgrounds for the observed excess is checked. They change the observed (expected) limits
of the reported excess by 3 (5)% while the significance and the best-fit value of the cross section
get down by 8 and 6%, respectively.

Figure 8 shows the expected and observed upper limits at 95% CL on the product of the signal
production cross section and the branching fraction pp ! X ! HY ! ggbb, and compares
them with the maximally allowed cross sections from the NMSSM model. For this model, the
expected and observed limits exclude masses between 400–650 GeV in mX and 90–300 GeV in
mY.

400 500 600 700 1000
 [GeV]Xm

100

200

300

400
500
600
700
800

 [G
eV

]
Ym

2−10

1−10

1

Ex
pe

cte
d 

ex
clu

sio
n 

lim
its

 a
t 9

5%
 C

L (13 TeV)-1138 fb

CMS

Limits below theoretical cross section

NMSSM

) [
fb

]
bbγγ 

→
 H

Y 
→

 X
 

→
 (p

p 
σ

on
 

CMS

400 500 600 700 1000
 [GeV]Xm

100

200

300

400
500
600
700
800

 [G
eV

]
Ym

2−10

1−10

1

Ob
se

rv
ed

 e
xc

lus
ion

 lim
its

 a
t 9

5%
 C

L (13 TeV)-1138 fbCMS
Limits below theoretical cross section

NMSSM

) [
fb

]
bbγγ 

→
 H

Y 
→

 X
 

→
 (p

p 
σ

on
 

Figure 8: Comparison of the expected (left) and observed (right) limits at 95% CL with the
maximally allowed cross sections from the NMSSM model where the area within the red con-
tours indicate the excluded mass regions. The limits are displayed as two-dimensional binned
distributions.

7 Summary

A search for a new resonance X, decaying either to a pair of Higgs bosons HH or to an H and a
new spin-0 boson Y, is presented. The search uses data from proton-proton collisions collected
by the CMS experiment at the Large Hadron Collider in 2016–2018 at a center-of-mass energy of
13 TeV, corresponding to 138 fb�1 of integrated luminosity. The search targets beyond standard
model particles as predicted by several models of new physics. For X decaying to HH, an mX
range of 260–1000 GeV is covered, while for X decaying to HY, the search range is 300–1000 GeV
in mX and 90–800 GeV in mY. Results are presented as the upper limits at 95% confidence level
on the product of the production cross section of X and its branching fraction to the ggbb final
state, through either HH or HY decays. Depending upon the mass range, the observed limits
for a spin-0 resonance X decaying to HH range from 0.82–0.07 fb, while the expected limits are
0.74–0.08 fb. For X decaying to HY, the observed limits are 0.90–0.04 fb, while the expected
limits lie in the range 0.79–0.05 fb, depending on the masses mX and mY. The data are found
to be compatible with the standard model predictions over most of the searched domains. The
largest deviation from the background-only hypothesis with a local (global) significance of 3.8
(2.8) standard deviations is observed for mX = 650 GeV and mY = 90 GeV. The HY search is
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1 Introduction

The discovery of the Higgs boson (�) in 2012 [1, 2] by the ATLAS [3] and CMS [4] collaborations at
the Large Hadron Collider (LHC) has led to a comprehensive programme of measurements and searches
using proton–proton (??) collision data. All measurements to date are consistent with the prediction of the
Standard Model (SM) [5–8].

Many beyond-the-SM (BSM) theories predict the existence of a heavy scalar boson decaying into two
Higgs bosons or additional scalars in an extended Higgs sector. Searches [9–12] for these scalars have been
published by the ATLAS and CMS collaborations. The BSM scenarios tested include the two-Higgs-doublet
model (2HDM) [13], the Minimal Supersymmetric Standard Model (MSSM) [14], and the extensions of
the 2HDM model with a new singlet scalar (2HDM+() [15, 16]. In the simplest extension of the MSSM,
the Next-to-Minimal Supersymmetric Standard Model (NMSSM), an additional gauge singlet is introduced
to generate the `-term coupling to the superpotential dynamically and this leads to an enriched Higgs
sector with two additional neutral Higgs bosons [17, 18]. The BSM models hypothesize the existence of a
new scalar singlet, (, in the processes - ! (�, (( where - is a heavy CP-even scalar boson produced
predominantly through the gluon–gluon fusion process (ggF) [19]. The decay of the singlet scalar ( is
assumed to have the same relative couplings as a SM-Higgs boson of the specified mass. It can be produced
via decay mode - ! (� as shown in Figure 1.

Figure 1: Representative diagram that contributes to - ! (� production via the gluon fusion process.

This study focuses on the decay - ! (�, assuming - masses range from 500 to 1500 GeV, while (

is assumed to have a mass range from 200 to 500 GeV and decays predominantly into ,
±
,

⌥ and //

with the SM-Higgs boson-like decay branching ratios [20]. The search is performed by selecting events
containing two hadronically decaying g-lepton candidates (ghad) from � ! g

+
g
� decays and one or two

light leptons (✓ = 4, `) from ( ! ,, , // decays. This signature-based search is the first of its kind and
is competitive with other searches using the final states ++11, ++WW, 11gg [7], and 1111 [8] in the high
mass regions. A direct comparison between them is not possible due to the unknown branching fractions for
( decays, but each provides independent constraints on the BSM models. To improve background rejection,
a multivariate technique based on boosted decision trees (BDTs) is used to discriminate between signal and
background based on their different kinematic distributions. Upper limits are set at the 95% confidence
level (CL) on the model-dependent cross section f(?? ! - ! (�) and on the model-independent
f(?? ! - ! (� ! ,,gg) and f(?? ! - ! (� ! //gg) cross sections.

3

g

g H

H

X

Figure 3: Gluon–gluon fusion production of a heavy resonance decaying into a Higgs boson pair.

This paper presents a search for di-Higgs production in the 11̄WW final state, including dedicated assessments
of nonresonant and resonant contributions. The analysis considers the full Run 2 data set of 139 fb�1 at
13 TeV. For both the nonresonant and resonant �� searches, the analysis employs a multivariate method
designed to reject background processes, and the statistical results are obtained from a fit of the diphoton
invariant mass, <WW . For the nonresonant search, data are divided into di�erent categories based on the
four-body invariant mass to target di�erent ^_ ranges. The resonant search focuses on probing the existence
of a narrow-width scalar particle - in the mass range 251 < <- < 1000 GeV decaying into a pair of Higgs
bosons. The selection criteria depend on the mass of the probed scalar particle. The main background
processes are diphoton-plus-jets production and processes where a Higgs boson is produced and decays
into a pair of photons. In the context of the resonant search, nonresonant �� production is considered as a
background.

Previous results from the ATLAS Collaboration were obtained in this channel with an integrated luminosity
of 36 fb�1 of data at 13 TeV collected during Run 2, and they were found to be consistent with SM
expectations within uncertainties [28]. The search for nonresonant enhancements of Higgs boson pair
production set an observed (expected) 95% confidence level (CL) upper limit on the �� cross section
of 0.73 (0.93) pb, corresponding to 22 (28) times the SM prediction. The Higgs trilinear coupling
was constrained to the range �8.2 < ^_ < 13.2 at 95% CL (�8.3 < ^_ < 13.2 expected). A previous
combination of searches for �� pair production performed by the ATLAS Collaboration with up to 36 fb�1

of 13 TeV data provided constraints of �5.0 < ^_ < 12.0 at 95% CL [29]. A search for enhancements due
to the decay of a narrow-width scalar particle was performed in this channel as well, and results were given
as a function of the resonance mass, <- . The observed (expected) limits were between 1.1 pb and 0.12 pb
over the range 260 < <- < 1000 GeV. A combination of searches by the ATLAS Collaboration with up
to 36 fb�1 of 13 TeV data for a narrow-width scalar resonance decaying into a �� pair was performed and
provided upper limits between 851 fb and 4.6 fb over the range 260 < <- < 3000 GeV [29]. The CMS
Collaboration also set observed (expected) upper limits of 7.7 (5.2) times the SM prediction at 95% CL on
nonresonant enhancements of Higgs boson pair production in the 11̄WW final state with 137 fb�1 of 13 TeV
data [30]. In the same final state, the CMS Collaboration set 95% CL upper limits on the production cross
section of a narrow-width scalar particle between 4.2 pb and 0.23 pb over the range 260 < <- < 900 GeV
with 35.9 fb�1 of 13 TeV data [31].
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Figure 4: Observed and expected 95% CL upper limits are shown for (a) f(?? ! - ! (�) obtained from
three channels and their combination; (b) f(?? ! - ! (� ! ,,g

+
g
�) obtained from the combination of

,,1✓2ghad and ,,2✓2ghad channels; (c) f(?? ! - ! (� ! //g
+
g
�) obtained from //2✓2ghad channel, as a

function of combined <( and <- masses (<(+<-/25) in GeV. The NMSSM scans of the allowed cross sections for
f(?? ! - ! (� ! ,,g

+
g
�) and f(?? ! - ! (� ! //g

+
g
�) are also shown.
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Figure 14: Data are compared with the background-only fit for the resonant search for the (a) <- = 300 GeV and (b)
<- = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from SM �� production, is considered. The data points in the Figure are the same as shown in
Figure 10.
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๏ Charged Higgs is challenge for discovery

mH± < mt:  
ttbar production with  
t➞ bH±, H± ➞ τν or cs

mH± > mt: tbH± production (small)  
- H± ➞ tb, large BG 
- H± ➞ τν or cs, suppressed Br.

and above for both large and small tan �, but reaches a minimum at tan � =
p

mt/mb ⇠ 8.
The branching ratio decreases rapidly when the charged Higgs mass becomes close to the
top mass.
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BR It Æ H± b M

Figure 1. Branching fractions of BR(t ! H
±

b) in the mH± � tan � plane.

Conventionally, a light charged Higgs is assumed to either decay into ⌧⌫ or cs, with
the corresponding couplings being

gH±⌧⌫ =
g

2
p

2mW

m⌧ tan �(1 ± �5), (2.5)

gH±cs =
g

2
p

2mW

[(ms tan � + mc cot �) ± (ms tan � � mc cot �)�5] . (2.6)

If there is an additional light neutral Higgs boson h
0 or A, additional decay channels into

h
0
W/AW open up. The couplings are determined by the gauge coupling structure, as well

as the mixing angles [32]:

gH±h0W⌥ =
g cos(� � ↵)

2
(ph0 � pH±)µ, (2.7)

gH±AW⌥ =
g

2
(pA � pH±)µ, (2.8)

with pµ being the incoming momentum for the corresponding particle.
The H

± ! h
0
W channel for a light charged Higgs is open only if we demand the

heavy CP-even neutral Higgs H
0 to be the observed 126 GeV SM-like Higgs. In this case

| cos(� � ↵)| ⇠ 1 is preferred by experiments and the H
±
h
0
W

± coupling is unsuppressed.
The H

±
AW

± coupling is independent of sin(� � ↵) and always unsuppressed. There is no
H

± ! H
0
W since it is kinematically forbidden given mH± < mt and mH0 � 126 GeV.

In the generic 2HDM, there are no mass relations between the charged scalars, the
scalar and pseudoscalar states. Therefore both the decays H

± ! h
0
W and H

± ! AW can
be accessible or even be dominant in certain regions of the parameter space. It was shown
in Ref. [33] that in the Type II 2HDM with Z2 symmetry, imposing all experimental and
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Figure 14. Production cross section for H, A and H
+ at the 14 TeV LHC. The contour lines

indicate the cross section of 1, 10, 102, 103, 104, 105 and 106 fb.
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๏ EW precision constraints 
   mHpm ~ mH, mA, mh 
๏ direct searches 
   H±→cs, τν, tb 
๏ flavor constraints
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compared to the expected limit assuming only standard model processes (dashed line) for the
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mark scenario (right). The green (yellow) bands represent one (two) standard deviations from
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125 ± 3 GeV, where the uncertainty is the theoretical uncertainty in the mass calculation.
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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

Figure 1: Illustrative leading-order Feynman diagrams for the signal considered. Charge-conjugated Feynman
diagrams are also assumed.

2 ATLAS detector

The ATLAS experiment [26] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.2 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector 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 both the EM and
hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal 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 muon spectrometer includes
a system of precision tracking chambers and fast detectors for triggering. A two-level trigger system is
used to select events. 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. 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 [27] is used for real and simulated data reconstruction and analysis, for operation and in the
trigger and data acquisition systems of the experiment.

2 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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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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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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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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set of nuisance parameters is introduced to describe Poisson fluctuations in the background yields estimated
from simulation.

(a) (b)

(c) (d)

Figure 5: (a) Expected and observed 95% confidence level (CL) upper limits on the signal cross section shown as a
function of <0 for CC̄0 production, and a comparison with the cross section predicted by the model described in the text.
In (b), (c) and (d), expected and observed 95% CL upper limits on the branching ratio B(C ! 1�

+
,�

+
! ,

+
0, 0 !

``) are shown as a function of <0 for �+
! ,

+
0, assuming a top-pair cross section of f(?? ! CC̄) = 833 pb [43–

49], for three values of the charged Higgs boson’s mass: <�
+ = 120 GeV, <�

+ = 140 GeV, and <�
+ = 160 GeV,

respectively.

As shown in Figure 3, good agreement is observed between data and the expected background, suggesting
the absence of a signal. A hypothetical CC̄0 signal with a cross section of 4 fb at <0 = 35 GeV is also
depicted in Figure 3, showing the typical concentrated excess that would have been expected from a signal.
No significant excess is observed, and the smallest local ?-value is 0.008 at <0 = 27 GeV, corresponding
to a local significance of about 2.4f. The slight excess at <0 = 27 GeV is observed in both the 4`` and
``` channels. Upper limits on the signal cross section are determined using the CLs prescription [72,
74] and are shown in Figure 5(a) together with a comparison with a prediction from a theoretical model
for the CC̄0 analysis. The model assumes a single coupling �8HC6C0(C̄W5C)/

p
2, where HC is the top-quark
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 2.6 sigma local excess at 27 GeV. 

1 Introduction

This paper describes a search for the production of a new light pseudoscalar particle decaying into a pair of
muons in events with a top-quark pair. Such new particles are well motivated phenomenologically and
have been proposed as an explanation for the excess of W-ray emissions from the center of our galaxy [1–4]
in the context of Coy Dark Matter models [5–7]. They can be colorless solutions of the naturalness
problem [8–11]. A light scalar can also render the electroweak phase transition strong first-order, which is
one of the ingredients for electroweak baryogenesis [12–14]. These new particles are present in several
extensions of the Standard Model (SM), where new light pseudoscalars mix with fields in an extended Higgs
sector, which may include additional heavy neutral and charged scalars, inheriting the Yukawa couplings to
fermions. In this case, the large coupling to top quarks suggests a search for this new light pseudoscalar
produced in events with a top-quark pair [15]. Two scenarios are considered: one where the new light
particle 0 is produced in association with a top-quark pair (CC̄0, 0 ! ``) and another where a top quark
decays into a new charged Higgs boson that subsequently decays into a new light particle and a , boson
(C ! �

+
1, �+

! ,
+
0, 0 ! ``). The search focuses on the mass ranges 15 GeV < <0 < 72 GeV and

120 GeV  <�
±  160 GeV. The high mass resolution achievable for muon pairs provides a distinctive

signature to search for and excellent discrimination against most of the background sources. The search
targets final states with three leptons, including an electron or muon from a top-quark decay in addition to
the two muons from the light pseudoscalar decay. Figure 1 shows representative Feynman diagrams for the
signal processes targeted by this search.
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Figure 1: Feynman diagrams for the leading contributions to the (a) CC̄0 process and to the (b) ?? ! CC̄ process with
C ! �

+
1, �+

! ,
+
0.

This analysis uses data from proton–proton (??) collisions at a center-of-mass energy of
p
B = 13 TeV

collected by the ATLAS experiment during Run 2 (2015 to 2018) of the Large Hadron Collider (LHC),
corresponding to an integrated luminosity of 139 fb�1. Previous results include those from a more general
search for multilepton signatures by the CMS Collaboration that sets upper limits of 1–10 fb on the
production cross section for CC̄0, 0 ! `` at 95% confidence level in the mass ranges <0 = 15–75 GeV and
108–340 GeV [16]. The CMS Collaboration also performed a search for �±

! ,
+
0, 0 ! `` in C ! �

±
1

decays targeting the mass ranges <�
± = 120–160 GeV and <0 = 15–75 GeV, and set upper limits of

(1.9�8.6) ⇥ 10�6 on the branching ratio B(C ! 1�
+
,�

+
! ,

+
0, 0 ! ``) at 95% confidence level [17].

Previously, the CDF Collaboration searched for �±
! ,0, 0 ! gg in C ! �

±
1 decays, targeting the

mass ranges <�
± = 90–160 GeV and <0 = 4–9 GeV [18].
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49], for three values of the charged Higgs boson’s mass: <�
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+ = 160 GeV,

respectively.

As shown in Figure 3, good agreement is observed between data and the expected background, suggesting
the absence of a signal. A hypothetical CC̄0 signal with a cross section of 4 fb at <0 = 35 GeV is also
depicted in Figure 3, showing the typical concentrated excess that would have been expected from a signal.
No significant excess is observed, and the smallest local ?-value is 0.008 at <0 = 27 GeV, corresponding
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signature to search for and excellent discrimination against most of the background sources. The search
targets final states with three leptons, including an electron or muon from a top-quark decay in addition to
the two muons from the light pseudoscalar decay. Figure 1 shows representative Feynman diagrams for the
signal processes targeted by this search.
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ATLAS, ATL-PHYS-PUB-2022-043

• “Combined measurements of Higgs boson production and decay using up to 80 fb�1 of proton-proton
collision data at

p
B = 13 TeV collected with the ATLAS experiment” [14] (36.1–79.8 fb�1).

• “Search for CC̄�/� ! CC̄CC̄ production in the multilepton final state in proton-proton collisions atp
B = 13 TeV with the ATLAS detector” [15] (139 fb�1).

For the search for Higgs boson pairs, the experimental analysis of Ref. [13] considers the combination of
three channels: 1111, 11gg, and 11WW. In the mass range shown here, the 11WW resolution is such that
the experimental limit applies for width of � boson up to about 2%. The combination of all three channels
is used when this constraint is valid. For larger width the two channel (1111 and 11gg) combination is
used.
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Figure 1: Regions of the [<�, tan V] plane excluded in the hMSSM via direct searches for heavy Higgs bosons and
fits to the measured rates of observed Higgs boson production and decays. Limits are quoted at 95% CL and are
indicated for the data (solid lines) and the expectation for the SM Higgs sector (dashed lines). The light shaded or
hatched regions indicate the observed exclusions. Unless otherwise specified, only gluon–gluon fusion is considered
for the production mode. The cross-sections for the Higgs boson production in the hMSSM [2–4] are calculated using
up to NNLO QCD corrections for gluon–gluon fusion and 1-associated production in the five-flavour scheme as
implemented in Sushi [16–19]. For 1-associated production a cross-section in the four-flavour scheme is calculated
as described in Refs. [20, 21] and the results are combined with the five-flavour scheme calculation following
Ref. [22]. The Higgs boson widths and branching ratios have been calculated using HDECAY [23]. The procedure for
the calculation of the cross-sections and the branching ratios follows Ref. [24]. Discussion of the application of the
hMSSM can be found in Ref. [5].
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Intro WG3 meeting Experimental results 13.6 TeV xs updates Joint w WG2 Open topics and summary

CMS Highlights: Summary Plots

LHC Higgs Workshop – November 2023 – M. d'Alfonso (MIT) & S. Laurila (CERN)

✤ MSSM ✤ 2HDM+S 

✤ These are just a couple of examples; all the latest summary plots are available at: 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG 
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๏ theoretical constraints 
   vacuum stability/Unitarity/perturbativity/… m122 = mH2 sinβ cosβ
๏ Precision Higgs measurements (μ, Γh) 
๏ Conventional channels: γγ, ZZ, WW, ττ, µµ, bb, tt 
๏ Exotic decay into h: A→hZ, H→hh 
๏ Exotic decay of hSM: h→AA, h→HH 
๏ Exotic decay of BSM sector: A→HZ, H→AZ 
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Neutral scalars
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four
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region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.
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t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

A to HZ not open
๏ degenerate: mHpm = mH = mA 
       no BSM sector exotic decay 
   allow A→Zh, H→hh, H→VV
     (away from alignment) 
๏ Type I: ɸ2, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

large tanβ, weak constraints 

F. Kling, S. Su, W. Su, 2004.04172



36

-

Degenerate Case: Type I

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs
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coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four
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vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four
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region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 4. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA � t�

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search formH = 200 GeV
and c��↵ = 0 (red), 0.1 (blue) and 0.2 (green) in the left panel and c��↵ = 0 (red) and 0.05 (blue)
in the right panel. Bottom: Constraints at 95% C.L. for mH = 200 GeV and c��↵ = 0.1 from
LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! AA (dashed cyan), H/A ! ⌧⌧

(dotted orange), H/A ! �� (dashed brown) and 4t production (dashed magenta) as well as the global
fit of SM-like Higgs couplings strength µh (grey hatched region) and the Higgs width measurement
�h /2 (0.08, 9.16) MeV (grey).

Type-II 2HDM with c��↵ = 0.05, the small t� . 1 region is covered mostly by the H/A ! ��,

the 4t, and the A ! HZ and hZ channels, while large t� region is covered by H/A ! ⌧⌧ and
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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mA vs. tanβ 
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2HDM Neutral Scalars @ LHC

F. Kling, S. Su, W. Su, 2004.04172
Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t� � c��↵

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search for mA = 400 GeV
and mH = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of SM-like
Higgs couplings strength µh (grey). Bottom: Constraints at 95% C.L. for mA = 400 GeV and
mH = 150 GeV from LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! ⌧⌧

(dotted orange), H ! �� (dashed brown), A ! tt (dot-dashed magenta) and 4t production (dashed
purple) as well as the global fit of SM-like Higgs couplings strength µh (grey hatched region).

almost t�-independent, ghff ⇠ s��↵, resulting in weaker constraints of |c��↵| < 0.35, mainly

from the measurement of the vector boson couplings ghZZ .

For the Type-II 2HDM, both the small and large t� region are tightly constrained by
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h coupling:  sensitive to non-alignment region

A to hZ: sensitive to non-alignment region 
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- Direct and indirect 
- various search channels



S. Su 39

-

Conclusion

๏ BSM with extended Higgs sector: BSM Higgses 

๏ Current search for BSM neutral Higgses: conventional channel 

๏ Current search for charged Higgs: challenge 

๏ Exotic Higgs decay modes open:  

   dominant, relax existing limits, new discovery channel 

➡ Higgs ➞ light Higgs + gauge boson  

➡ Higgs ➞ two light Higgses   

๏ Exotic decay complementary to 
➡ Higgs precision: insensitive to alignment limit 
➡ conventional channels 
➡ A→Zh, H→hh, H→VV: vanish under the alignment limit   

An exciting journey ahead of us!


