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BSM Higgs searches (Neutral Higgs, Charge Higgs) 

– Conventional Channels 

– Exotic channels 

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

Current results are already very useful — complementarity 

– Indirect vs. direct searches 

– Conventional channels and exotic channels 

Would be nice to have … 

Outline
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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 …

๏ 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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  Higgs Couplings 
-

Two non-SM like Higgses have unsuppressed couplings to gauge boson.

๏ h/H VV coupling

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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chosen as four Higgs masses (mh, mH0 , mA, mH±), the mixing angle ↵ between the two CP-even

Higgses, and the ratio of the two vacuum expectation values, tan � = v2/v1. In the case in which

a soft breaking of the Z2 symmetry is allowed, there is an additional parameter m2
12.

The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs A and a
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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 H0
V V and h

0
V V couplings are [34]:
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with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming momen-

tum of the corresponding particle. Note that A and H
± always couple to the non-SM-like Higgs

more strongly, while the H
±
AW

⌥ coupling is independent of the mixing parameters.

1 For more details about the 2HDM, see Ref. [10].
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Alignment limit: h 125 GeV, cos(β-α)~0

LEP limit: no e+e-→Z*→ZH, H could still be light.

LEP limit: e+e-→Z*→AH, mH+mA>Ecm
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ɸ1 ɸ2

Type I u,d,l

Type II d,l u

Type L l u,d

Type F d u,l

  Higgs Couplings 

Alignment limit: hff, hVV coupling ⇒ SM   

๏ Yukawa couplings

๏ tri-Higgs couplings

Alignment limit: no H→AA, H→hh
unsuppressed: h→AA
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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 Neutral Higgs Searches:  

Conventional Modes

γγ, ZZ, WW, ττ, bb, µµ,
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BSM Neutral Higgs Searches:  

Conventional Modes

γγ, ZZ, WW, ττ, bb, µµ, tt

small Br absent or  
suppressed

small Br or  
large BG

challenge
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Searching for Other Higgses

๏ A/H decay
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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.
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Type-II
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H → ZZ

ATLAS,  EPJC 81 (2021) 332

500 1000 1500 2000
 [GeV]Hm

3−10

2−10

1−10

1

10

) [
pb

]
 Z

Z
→

H(
B × 

gg
F

σ
95

%
 C

L 
lim

its
 o

n 

 limitsObserved CL
 limitsExpected CL
σ 1 ±Expected 
σ 2 ±Expected 

)-l'+l'-l+l limit (sExpected CL
)νν-l+l limit (sExpected CL

ATLAS
-1 = 13 TeV, 139 fbs

νν
-l+ + l-l'+l'-l+ l→ ZZ →H 

, ggF productionNWA

(a)

500 1000 1500 2000
 [GeV]Hm

3−10

2−10

1−10

1

10

) [
pb

]
 Z

Z
→

H(
B × 

VB
F

σ
95

%
 C

L 
lim

its
 o

n 

 limitsObserved CL
 limitsExpected CL
σ 1 ±Expected 
σ 2 ±Expected 

)-l'+l'-l+l limit (sExpected CL
)νν-l+l limit (sExpected CL

ATLAS
-1 = 13 TeV, 139 fbs

νν
-l+ + l-l'+l'-l+ l→ ZZ →H 

, VBF productionNWA

(b)

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.

28

Constrain regions away from alignment limit.
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BSM Higgs Searches:  

Exotic Modes
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Exotic Decay

neutral 
Higgs

HH type (bb/ττ/WW/ZZ/ɣɣ)(bb/ττ/WW/
ZZ/ɣɣ)

hSM ➞ AA,  
H ➞ hSM hSM,  
H ➞ AA, 

H+H- type (τν/tb)(τν/tb) H ➞ H+H- 

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

ZH type (ll/qq/νν)(tt/bb/ττ/WW/ZZ/ɣɣ) H ➞ ZA,  
A➞ ZH, Zh

charge 
Higgs

WH type (lν/qq’)(bb/ττ) tH± production, 
H±➞ WH 
H±➞ WA

New channels open up for non-SM Higgs decay

Need hierarchical mass spectrum for BSM Higgses!
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ATLAS,  EPJC 81 (2021) 396.
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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
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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.

22

g

g

b̄

�+

A
H

Z

b

��

(a)

g

g

b̄

�+

b̄

b

A
H

Z

b

��

(b)

g

g

q̄

q̄

�+

A
H

Z

W+ q

W�
q

��

(c)

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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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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ATLAS, JHEP 06 (2023) 016
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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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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.

4

Constrain regions away from alignment limit.
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Constraints

๏ 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 
๏ LEP searches: e+e-→Z→HA, e+e-→Z→ZH 
๏  SM non-resonant processes: ttZ, tttt

Neutral scalars
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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

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

๏ Type I: ɸ1, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

๏ Type II   ɸ1,u; ɸ2,d/l   
  BSM H/A,u ~ 1/tan β; d/l ~ tan β

large tanβ, strong constraints 

S. Su 17

Tree-level 2HDM fit
-

2HDM, LHC/FCC fit

-0.1 0 0.1 0.2 0.3 0.4 0.5
0.1

0.2

0.5

1

2

5

10

20
30

50

cos(β-α)

ta
nβ

2HDM TYPE-II

95%CL LHC Run-I

95%CL LHC 300 fb-1
95%CL LHC 3000 fb-1
95%CL FCC 10 fb-1

tanβ=2/cos(β-α)

Figure 1.

– 6 –



21

-
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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
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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� .
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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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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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F. Kling, S. Su, W. Su, 2004.04172
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
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(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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Non-Degenerate Case: Type II

๏ Non-degenerate:  A→ZH, H→ZA

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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Non-Degenerate Case: Type II

๏ Non-degenerate:  A→ZH, H→ZA

Figure 2. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA vs. mH

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search in the alignment
limit, c��↵ = 0, for t� = 1.5 (blue), 7 (red) and 30 (green). Bottom: Constraints at 95% C.L. for
c��↵ = 0 and t� = 1.5 from LHC searches for A/H ! HZ/AZ (blue), A/H ! ⌧⌧ (dotted orange),
A/H ! �� (dashed brown), h ! AA/HH (dotted cyan) and ttZ production (green) as well as LEP
searches (purple) and the Higgs width measurement �h 2 (0.08, 9.16) MeV (grey).

⌧) Yukawa couplings. At t� = 30 (green) the A/H ! HZ/AZ search channel constrains the

kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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Charged Higgs: challenge! 
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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   
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Conclusion

๏ We can already do a lot with existing data.  THANK YOU!  

๏ Would be nice to have updated results with more data available. 

๏ Would be nice to add more channels 

➡ H ➞ H+H-,  H/A➞ WH± 

could be new channels for charged Higgs production/discovery 

๏ Would be nice to map all mass region instead of a few benchmarks. 
➡ mH± vs mA/H  

๏ Continuum search could also be useful for BSM Higgs with large width 
➡ ttZ, tttt, ttbb 

An exciting journey ahead of us!
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Charged Higgs Challenge

๏ 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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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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Charged Higgs

๏ EW precision constraints 
   mHpm ~ mH, mA, mh 
๏ direct searches 
   H±→cs, cb, τν, tb 
๏ flavor constraints
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H± → 𝝉𝝂

ATLAS, 2412.17584
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Light H± → cs, cb

ATLAS,  2302.11739, JHEP 09 (2023) 004
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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
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Heavy H± → tb
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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.

2
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Charged Higgs Challenge
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๏ New decay mode for H±:  H± ➞ AW/HW
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Light H± → AW/HW

CMS, 1905.07453, PRL 123, 131802 (2019)

ATLAS,  ATLAS-CONF-2021-047
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Heavy H± → AW/HW

ATLAS: 2411.03969

CMS: 2207.01046  
JHEP 09 (2023) 032
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Channels

๏ theoretical constraints 
   vacuum stability/Unitarity/perturbativity/… m122 = mH2 sinβ cosβ
๏ Hpm width measurements (ΓHpm) 
๏ Conventional channels: τν, cs, cb, tb 
๏ Exotic decay of BSM sector: H±➞ AW/HW/hW 
๏ LEP searches: e+e-→Z→H+H- 
๏ SM non-resonant processes: ttbb, constrain tbH±(>tb)

๏ Flavor

Charged scalars

involve fiducial phase space with nontrivial cuts.  
Need detail collide analyses to reinterpret
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Degenerate Case: Type I

๏ degenerate: mH± = mH = mA 
       no BSM sector exotic decay 
๏ Type I: ɸ2, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

J. Li, H. Song, SS, W. Su, 2412.04573

H± to AW/HW not open

large tanβ,  
weak constraints 
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weak constraints 
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Non-Degenerate Case: Type II

๏ Type II   ɸ1,u; ɸ2,d/l   
  BSM u ~ 1/tan β; d/l ~ tan β
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Heavy H± 
only for mA=200 GeV
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Exotic Decay

neutral 
Higgs

HH type (bb/ττ/WW/ZZ/ɣɣ)(bb/ττ/WW/
ZZ/ɣɣ)

hSM ➞ AA,  
H ➞ hSM hSM,  
H ➞ AA, 

H+H- type (τν/tb)(τν/tb) H ➞ H+H- 

WH± type (lν/qq’) (τν/tb) H/A➞ WH±

ZH type (ll/qq/νν)(tt/bb/ττ/WW/ZZ/ɣɣ) H ➞ ZA,  
A➞ ZH, Zh

charge 
Higgs
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New channels open up for non-SM Higgs decay

Need hierarchical mass spectrum for BSM Higgses!
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100 TeV pp Reach
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Figure 7. Reach for the exotic Higgs decay channels at the LHC, HL-LHC and 100 pp TeV collider
for BP-A (left) with the mass hierarchy mH = mH± < mA and BP-B (right) with the mass
hierarchy mH < mH± = mA. The results are presented in the mA vs. mA �mH plane for a fixed
value of t� = 1.5. We show the projected sensitivity of the A ! ⌧⌧`` channel (blue/cyan/green) as
discussed in Sec. 3.2.2, the A ! tt`` channel (magenta) as discussed in Sec. 3.2.3, the A ! H±W⌥

(orange) as discussed in Sec. 4.2 and the H± ! HW± channel (yellow) as discussed in Sec. 5.2. The
exclusion and discovery reaches for each channel are shown as solid and dashed lines respectively.
The hatched regions are excluded by unitarity constraints and the thick black lines indicate the
branching fraction for exotic Higgs decays of the heavy pseudoscalar A.

contours correspond to exclusion (the discovery regions are always subsets of the exclusion

regions).

The highest sensitivity at low values of mH is provided by the A ! HZ ! ⌧⌧``

channel. At both the LHC (blue) and HL-LHC (cyan), the reach extends up to mH = 2mt,

resulting in almost straight lines for the sensitivity contours. This can be understood

from the fact that the H ! tt channel quickly becomes dominant once it is kinematically

accessible in the low t� regions, with a branching fraction close to 100%. Therefore, in

this channel, the HL-LHC will not be able to improve the expected reach for hierarchical

2HDMs compared to the LHC. In contrast, a future 100 TeV collider (green) will be able

to provide a su�cient event rate for the A ! HZ ! ⌧⌧`` channel to significantly extend

the reach towards higher masses mH > 2mt, despite the suppressed branching fraction

for H ! ⌧⌧ . Comparing both benchmark planes, the reach for BP-A is slightly reduced

compared to BP-B due to the suppressed branching fraction for the A ! HZ in the

presence of the additional decay channel A ! H±W . The A ! HZ ! bb`` channel

is limited by systematic errors, resulting in a significantly weakened sensitivity, and is

therefore not shown in Fig. 7. Scenarios with larger Higgs masses mH can be probed with

the decay channel A ! HZ ! tt``. We focus on the case of hadronically decaying top

quarks, which can be identified using top tagging techniques, and present the reach at a 100

– 20 –

BP-A (mA>mH±=mH)  

A→HZ, H±W∓

Almost entire parameter space of hierarchical 2HDM can be covered.
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Figure 7. Reach for the exotic Higgs decay channels at the LHC, HL-LHC and 100 pp TeV collider
for BP-A (left) with the mass hierarchy mH = mH± < mA and BP-B (right) with the mass
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discussed in Sec. 3.2.2, the A ! tt`` channel (magenta) as discussed in Sec. 3.2.3, the A ! H±W⌥

(orange) as discussed in Sec. 4.2 and the H± ! HW± channel (yellow) as discussed in Sec. 5.2. The
exclusion and discovery reaches for each channel are shown as solid and dashed lines respectively.
The hatched regions are excluded by unitarity constraints and the thick black lines indicate the
branching fraction for exotic Higgs decays of the heavy pseudoscalar A.
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quarks, which can be identified using top tagging techniques, and present the reach at a 100

– 20 –

BP-A (mA>mH±=mH)  

A→HZ, H±W∓

Almost entire parameter space of hierarchical 2HDM can be covered.
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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   
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Conclusion

๏ We can already do a lot with existing data.  THANK YOU!  

๏ Would be nice to have updated results with more data available. 

๏ Would be nice to add more channels 

➡ H ➞ H+H-,  H/A➞ WH± 

could be new channels for charged Higgs production/discovery 

๏ Would be nice to map all mass region instead of a few benchmarks. 
➡ mH± vs mA/H  

๏ Continuum search could also be useful for BSM Higgs with large width 
➡ ttZ, tttt, ttbb 

An exciting journey ahead of us!


