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Motivated by the possible 95 GeV diphoton excess, we investigate the capability of the Type-I two-Higgs-
doublet model (2HDM-I) to explain this signal under current theoretical and experimental constraints. Using
full Monte Carlo simulations for the process of pp → tð→ WþbÞt̄ð→ W−b̄Þhð→ γγÞ, we evaluate the
discovery potential of a 95 GeV Higgs boson at future colliders. Direct Higgs searches strongly constrain the
parameterα, excluding the regionwith α≲ 0.95.Monte Carlo results indicate that aminimum cross section of
0.3 fb is required to achieve a 5σ signal statistical significance at the high-luminosity LHC (HL-LHC) with
L ¼ 3 ab−1. For the same luminosity, high-energy LHC (HE-LHC) and future circular collider-hadron-
hadron (FCC-hh) require 0.67 fb and 2.36 fb, respectively. At the 14 TeV HL-LHC with an integrated
luminosity of 3 ab−1, parameter regions with sinðβ − αÞ≳ 0.4 and sinðβ − αÞ≳ 0.25 can be probed at the 5σ
and 2σ significance levels, respectively. At the 27TeVHE-LHCwithL ¼ 10 ab−1, the sensitivity improves to
sinðβ − αÞ≳ 0.25 (5σ) and ≳0.15 (2σ). For the 100 TeV FCC-hh with L ¼ 30 ab−1, even regions with
sinðβ − αÞ≳ 0.1 or sinðβ − αÞ≲ −0.05 can be covered at the 5σ level. Parameter regions near sinðβ − αÞ ≈ 0

remain challenging to probe in the diphoton channel, even with increased energy or luminosity.

DOI: 10.1103/2ss7-ygnb

I. INTRODUCTION

The primary goal of the LHC is to search for the Higgs
boson and hypothetical particles beyond the Standard
Model (BSM). After the decisive discovery of the
125 GeV Higgs boson by the compact muon solenoid
(CMS) [1] and a toroidal LHC apparatus (ATLAS) [2]
collaborations in 2012, subsequent measurements have
confirmed its mass, spin, width, and couplings [3,4],
largely confirming the predictions of the Standard Model
(SM). While the SM remains robust under these exper-
imental validations, the absence of new particle discoveries
significantly restricts the parameter space of BSM theories.
Nevertheless, persistent anomalies and excess signals
observed in experiments at LEP, Tevatron, and LHC hint
at the presence of new physics, underscoring the impor-
tance of continued investigations into BSM theories. These
studies are crucial for defining the limits of the SM and
guiding future theoretical and experimental efforts.

As early as 2003, the LEP experiment documented a
2.3σ local excess in the eþe− → Zðh → bb̄Þ channel at
about 98 GeV [5] (here and throughout this paper, h
denotes the hypothetical lighter scalar with a mass of
95 GeV; the observed 125 GeV Higgs boson is denoted by
H). In 2018, the CMS collaboration combined data from
8 TeV (19.7 fb−1) and 13 TeV (35.9 fb−1) runs to report a
h → γγ excess for a mass of 95.3 GeV with the local
(global) significance of 2.8σ (1.3σ), respectively [6]. More
recently, in 2023, ATLAS reported a 1.7σ excess at a mass
of 95.4 GeV in the h → γγ channel [7]. In 2024, CMS
reported a local (global) significance of 2.9σ (1.3σ) for the
same mass hypothesis [8]. At the closely related diphoton
invariant mass points of 95.4 GeV and 95.3 GeV, both
ATLAS and CMS have reported a persistent signal excess.
This excess has shown no sign of diminishing over time,
strongly suggesting the possible existence of a scalar
particle around 95 GeV in the diphoton channel.
The reported 95 GeV excess has attracted considerable

theoretical interest as a possible signal of new physics
[9–17]. Recent investigations have meticulously examined
this phenomenon across various models, focusing on the
presence of a light scalar. These models include the simple
SM extensions [18–20], the minimal dilaton model [21,22],
the two Higgs doublet model (2HDM) with a singlet
extensions [23–27], the next-to-minimal two Higgs doublet
model and its extensions [28–31], the Georgi-Machacek
model [32–34], the next-to-minimal supersymmetric model
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[35–45] and its semiconstrained version [46], etc. For the
model of these studies, the light scalar is usually singlet
dominated, mixing in part with the doublet Higgs. On the
contrary, less attention has been paid to the model with a
doublet-dominated scalar.
In this study, we explore the 2HDM, an additional

SUð2ÞL Higgs doublet extension of the SM that includes
a second Higgs doublet [47–52], to give a correlation
explanation of the doublet-dominated scalar. The primary
rationale for introducing a second Higgs doublet is rooted
in the insufficiency of a single doublet to both endow up-
type and down-type quarks with mass and to eliminate
anomalies inherent in supersymmetry [53]. The theoretical
framework of 2HDM predicts a pseudoscalar Higgs boson,
a pair of charged Higgs bosons, and two neutral scalar
Higgs bosons. The pseudoscalar Higgs or one of the two
neutral scalar Higgs can be a candidate to explain the
95 GeV excess in the experiments. Meanwhile, the inclu-
sion of charged Higgs bosons and pseudoscalar in the
2HDM enriches the phenomenological landscape, offering
diverse decay modes and branching ratios beyond those in
the SM.
However, the 2HDM is particularly affected by exper-

imental constraints due to its potential role in mediating
flavor-changing neutral currents (FCNCs). To mitigate
these effects, several variants of the 2HDM have been
proposed [54,55], including type-I (2HDM-I), type-II
(2HDM-II), lepton-specific (2HDM-LS), a flipped model
(2HDM-Flipped), etc. Specifically, in the 2HDM-I [51,56–
59], a unique characteristic is that only one scalar doublet
Φ2 couple to quarks and leptons. According to its coupling
characteristics, 2HDM-I has some interesting features. For
example, 2HDM-I can predict a light neutral scalar h and a
charged scalar H� under similar theoretical and experi-
mental constraints [60,61]. Meanwhile, the light H� can
give an additional contribution to the process of h → γγ
through the loop effect, thereby increasing the decay of h to
diphoton and suppressing other decays [62]. Consequently,
the light neutral scalar h in 2HDM-I may be an outstanding
candidate to explain the 95 GeV diphoton excess and this
work primarily explores such phenomenology of 2HDM-I.
The top-pair-associated channel can effectively reduce

the SM QCD backgrounds by providing more final state
tags. It is meaningful to study this channel, especially after
the SM-like Higgs is confirmed in this channel [63,64].
Therefore, this work focuses on the top-pair-associated
diphoton channel. In this research, we explore the param-
eter space of the 2HDM-I model, evaluating its viability
under current constraints to accommodate a 95 GeV light
Higgs boson. Following this analysis, we perform
Monte Carlo (MC) simulations to predict the feasibility
of testing this model in future collider experiments, with a
focus on the top-pair-associated diphoton channel.
The organization of this paper is as follows. In Sec. II, we

provide a brief overview of the 2HDM-I model. Section III

shows the region of the parameter space scan and the
discussion of the samples surviving condition and muon
g-2. In Sec. IV, we conduct collider simulations and analyze
the results. In Sec. V, we present our conclusions.

II. THE TWO-HIGGS-DOUBLET MODEL

The 2HDM is a widely accepted and straightforward
extension of the SM. The most general scalar potential in
this model includes 14 additional parameters. Assuming
CP conservation in the Higgs sector, it involves two
complex doublets, Φ1 and Φ2, each with a hypercharge
Y ¼ þ1. The scalar potential is given by [47–49]

VðΦ1;Φ2Þ ¼ m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 −m2

12ðΦ†
1Φ2 þH:c:Þ

þ λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2 þ λ3Φ
†
1Φ1Φ

†
2Φ2

þ λ4Φ
†
1Φ2Φ

†
2Φ1 þ

λ5
2
½ðΦ†

1Φ2Þ2 þH:c:�; ð1Þ

where m2
11, m

2
12, m

2
22, and λiði ¼ 1; 2…5Þ are real param-

eters. The model contains two complex scalar SU(2)
doublets, which are defined as

Φi ¼
 

ϕþ
i

ðvi þ ϕi þ iηiÞ=
ffiffiffi
2

p
!
; i ¼ 1; 2; ð2Þ

where vi is the vacuum expectation values (VEVs) of Φi,
with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p ≡ v ≈ 246 GeV.
The free parameters can then be traded for a more

physically meaningful set: mh, mH, mA, mH� , m2
12, α, and

tan β. Here, mh and mH denote the masses of two neutral
scalar Higgs bosons, mA represents the pseudoscalar Higgs
mass, and mH� is the mass of the charged Higgs boson. In
addition, α denotes the mixing angle of two neutral Higgs,
while tan β is defined as the ratio of the VEVs of Φ2 and
Φ1, expressed as tan β≡ v2=v1. The lighter h and heavier
H are orthogonal combinations of ϕ1 and ϕ2 and can be
given by,

h ¼ ϕ1 sinα− ϕ2 cosα; H ¼ ϕ1 cosαþ ϕ2 sinα: ð3Þ

The masses mH� and mA are specified as follows [48]:

mH� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

12 − ðλ4 þ λ5Þv1v2
v1v2

ðv21 þ v22Þ
s

; ð4Þ

mA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

12 − 2λ5v1v2
v1v2

ðv21 þ v22Þ
s

: ð5Þ

It follows that, under the assumption mH� ¼ mA, the
parameters λ4 and λ5 are equal.
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In the 2HDM-I, the Yukawa couplings of the up-type quarks uiR, the down-type quarks diR, and the leptons eiR are all
assumed to couple exclusively toΦ2, effectively eliminating all tree-level FCNCs [54,55]. Consequently, the Yukawa terms
for the 2HDM-I Lagrangian based on the mass-eigenstate can be expressed as [65]

LYukawa ¼ −
X

f¼u;d;l

mf

v
ðξfhf̄fhþ ξfHf̄fH − iξfAf̄γ5fAÞ

−
� ffiffiffi

2
p

Vud

v
ūðmuξ

u
APL þmdξ

d
APRÞdHþ þ

ffiffiffi
2

p
mlξ

l
A

v
ν̄LlRHþ þ H:c:

�
; ð6Þ

where PR;L ¼ ð1� γ5Þ=2, ξu;d;lh ¼ cos α= sin β, ξu;d;lH ¼ sin α= sin β, ξuA ¼ cot β and ξd;lh ¼ − cot β. The couplings of Higgs
to fermions and bosons in 2HDM-I are similar to those in SM, except for extra coefficients [66]. Combined with Eq. (6), the
couplings of the light and heavy neutral Higgs bosons (h and H) to the vector bosons VV (VV ¼ WW;ZZ) in 2HDM-I,
ChVV and CHVV , can be derived as follows:

ChVV ¼ CSM
hVV × sinðβ − αÞ;

CHVV ¼ CSM
HVV × cosðβ − αÞ: ð7Þ

The couplings of h and H to fermions in 2HDM-I, Chff and CHff, can be derived as follows:

Chff ¼ CSM
hff × cos α=sin β;

CHff ¼ CSM
Hff × sin α=sin β: ð8Þ

The decay width of the light Higgs to γγ, denoted as Γðh → γγÞ, is given as [62,67]

Γðh → γγÞ ¼ GFα
2m3

h

128
ffiffiffi
2

p
π3

���� X
f∈ ft;bg

CfQ2
fNcA1=2ðτfÞ þ CWA1ðτWÞ þ CH�A0ðτH�Þ

����2: ð9Þ

Here,CW ¼ ChWW=CSM
hWW represents the ratio of Higgs toW

boson coupling in the 2HDM relative to that of the SM,
and Cf ¼ Chff=CSM

hff signifies the corresponding ratio for
fermion couplings. Furthermore, CH� ¼ −mW=gm2

H�×
ChHþH− , where ChHþH− is the coupling between h and
H�, the detailed information can be obtained from
Ref. [68].With τi ¼ m2

h=ð4m2
i Þ (for i ¼ f;W;H�) denoting

the normalized mass terms, the functions A0; A1=2; A1 are
defined as follows:

A0ðτH�Þ ¼ −½τH� − fðτH�Þ�τ−2H� ;

A1=2ðτfÞ ¼ 2½τf þ ðτf − 1ÞfðτfÞ�τ−2f ;

A1ðτWÞ ¼ −½2τ2W þ 3τW þ 3ð2τW − 1ÞfðτWÞ�τ−2W ; ð10Þ

where

fðτÞ ¼
8<
:

arcsin2
ffiffiffi
τ

p
; τ ≤ 1

− 1
4

h
log 1þ

ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p − iπ
i
2

; τ > 1
: ð11Þ

III. PARAMETERS SPACE SCAN AND
DISCUSSION

A. Parameters space scan and constraints

We use the Mathematica package SARAH-4.15.2 [69–72]
to generate the model file and then use the package SPheno-

4.0.5 [73,74] to calculate the particle spectrum. The seven
input parameters are mh, mH, mA, mH� , m2

12, α, and tan β.
Since one of the CP-even Higgs bosons should be the
SM-like, we denote H as the SM-like Higgs with
mH ¼ 125 GeV. The mass of h is set to 95 GeV. The
other parameters are explored within the following ranges:

α∈ ½−π=2; π=2�;
tan β∈ ½0; 20�;
m12 ∈ ½−10 TeV; 10 TeV�;

mH� ¼ mA ∈ ½150 GeV; 1000 GeV�: ð12Þ

For the experimental constraints, we consider the
following:

(i) Constraints from B physics, Bd→ μþμ−, Bs→μþμ−,
and B → Xsγ [75–79] at the 2σ level.
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BRðBd → μþμ−Þ < 2.1 × 10−10;

BRðBs → μþμ−Þ ¼ ð3.34� 0.58Þ × 10−9;

BRðB → XsγÞ ¼ ð3.32� 0.3Þ × 10−4: ð13Þ

The package SUPERISO-v4.1 [80,81] is used to cal-
culate the branching ratios related to B physics.

(ii) Constraints from direct Higgs searches in the di-
photon channel, such as eþe− → ZHð→ γγÞ at LEP
[82] and pp → h → γγ at the LHC [6,8,83,84], are
taken into account. Additional constraints from other
search channels are evaluated at the 95% confidence
level using the HiggsBounds-5.10.0 package [85].

(iii) Constraints from 125 GeV SM-like Higgs data. We
use the HiggsSignal-2.6.0 package [86] to calculate a χ2

to evaluate the compatibility of the 125 GeV Higgs
with the Standard Model Higgs. For 107 degrees of
freedom, a χ2 value less than 124.3 is required at the

95% confidence level value using the peak-centered
χ2 method.

(iv) Constraints from electroweak precision observables
[87,88] requiring that the oblique parameters S, T,
and U match the global fit results as detailed in [79],

S ¼ −0.04� 0.10;

T ¼ 0.01� 0.12;

U ¼ −0.01� 0.09; ð14Þ

where the correlation coefficients are given as
ρST ¼ 0.92, ρSU ¼ −0.80, and ρTU ¼ −0.93.

For theoretical constraints, we account for the following:
(i) Constraints from unitarity on scalar parameters re-

quiring the scalar couplings λi (where i ¼ 1; 2;…; 5)
to satisfy specific conditions [89–91],

����2λ3 þ λ5
2

���� ≤ 8π;

����2λ3 � λ4 −
λ5
2

���� ≤ 8π;

����2λ3 þ λ4 −
λ5
2

���� ≤ 8π;����2λ3 − λ4 −
5λ5
2

���� ≤ 8π;

����2λ3 þ 2λ4 −
λ5
2

���� ≤ 8π;

����λ1 þ λ2 þ 2λ3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ

1

4
λ25

r ���� ≤ 8π;

����λ1 þ λ2 þ 2λ3 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ

1

4
ð−2λ4 þ λ5Þ2

r ���� ≤ 8π;

����3ðλ1 þ λ2 þ 2λ3Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ

�
4λ3 þ λ4 þ

1

2
λ5

�
2

s ���� ≤ 8π: ð15Þ

(ii) Constraints from vacuum stability, as outlined in
[92]

λ1; λ2 > 0; λ3 > −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
;

λ3 þmin½0; λ4 − jλ5j� > −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
: ð16Þ

(iii) Constraints from perturbativity, as outlined in [48],
requiring that the absolute values of the scalar
couplings λi (for i ¼ 1; 2;…; 5) be less than 8π,
specifically, jλij < 8π.

B. Surviving condition and discussion

In Fig. 1, the surviving samples are shown in the tan β
versus α (left) andm12 versusmA planes (right), with colors
indicating the branching ratio of B → Xsγ and the gray
samples are excluded by Higgs direct search constraints.
The results of the parameter space scan indicate that direct
searches for BSM Higgs bosons impose strong constraints

on α, excluding all samples with α ≲ 0.9. In addition, one
can observe that the branching ratio BrðB → XsγÞ strongly
depends on tan β. The surviving samples are required to
satisfy tan β ≳ 2.6 to be consistent with experimental
constraints. Moreover, smaller values of mA and jm12j
tend to enhance BrðB → XsγÞ at fixed tan β. To achieve a
larger BrðB → XsγÞ generally requires a larger tan β and a
smaller jm12j.
In Fig. 2, the surviving samples are shown in the tan β

versus α (upper three, lower left, and lower middle) and μγγ
versus α (lower right) planes. The color coding indicates
the following observables: the cross section σðgg → hÞ
(upper left), the branching ratio Brðh → γγÞ (upper
middle), the cross section σðgg → h → γγÞ (upper right
and lower right, with CMS and ATLAS measurements
marked), the squared reduced top-Higgs coupling
ðCtth=CSM

tth Þ2 normalized to its SM value in the 2HDM-I
(lower left), and the diphoton signal strength μγγ (lower
middle). The measured signal strength and associated
uncertainties for the 95 GeV diphoton excess observed
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by CMS and ATLAS are also indicated in the lower right
panel of Fig. 2. The signal strength μγγ is a well-known
observable for probing BSM phenomenology in the dipho-
ton channel. It can be parametrized as

μγγðhÞ ¼
σBSMðgg → hÞ × BrBSMðh → γγÞ
σSMðgg → h95Þ × BrSMðh95 → γγÞ ; ð17Þ

where h (h95) is the 95 GeV Higgs in BSM (SM),
σBSMðgg → hÞ (σSMðgg → h95Þ) denotes the production
cross section of the light Higgs in the BSM (SM), and
BrBSMðh → γγÞ (BrSMðh95 → γγÞ) is the corresponding
diphoton branching ratio. In the SM, the cross section for
gg → h95 at the 14 TeV LHC is 79.83 pb [93], and the
branching ratio for h95 → γγ is 1.39 × 10−3 [94]. The
measured diphoton signal strengths are μATLASγγ ¼ 0.18þ0.1

−0.1

FIG. 2. Surviving samples in the tan β versus α (upper three, lower left, and lower middle) and μγγ versus α (lower right) planes. Colors
indicate the following observables: the cross section σðgg → hÞ (upper left), the branching ratio Brðh → γγÞ (upper middle), the cross
section σðgg → h → γγÞ (upper right and lower right), the reduced top-Higgs coupling ðCtth=CSM

tth Þ2 normalized to the SM value in the
2HDM-I (lower left), and the diphoton signal strength μγγ (lower middle). In the lower right panel, markers represent the measured signal
strengths and uncertainties for the 95 GeV diphoton excess reported by CMS [8] and ATLAS [7].

FIG. 1. Surviving samples in the tan β versus α (left) and m12 versus mA planes (right) with colors indicating the branching ratio of
B → Xsγ and the gray samples are excluded by Higgs direct search constraints.
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from ATLAS [7] and μCMS
γγ ¼ 0.33þ0.19

−0.12 from CMS [8].
Several conclusions can be drawn from Fig. 2:

(i) From the upper left and lower left panels of Fig. 2, one
can observe that both the cross section σðgg → hÞ and
the reduced top-Higgs coupling ðCtth=CSM

tth Þ2 exhibit
similar trends with respect to α and tan β. They are
approximately proportional to cos2 α and inversely
proportional to sin2 β. This behavior of the reduced
top-Higgs coupling is consistent with Eq. (8). In the
2HDM-I, the cross sectionσðgg → hÞ can be obtained
by rescaling the SM prediction by a factor of
cos2 α=sin2 β, as the loop contribution is dominated
by the top quark, which is typically the case.

(ii) From the upper middle panel of Fig. 2, it is evident
that the branching ratio of the lighter Higgs boson
decaying into diphoton, Brðh → γγÞ, primarily de-
pends on the parameters α and tan β. The branching
ratio reaches its minimum value of about 10−6 when
sinðβ − αÞ ≈ 0. This behavior can be understood
from the partial decay width Γðh → γγÞ, which is
described by Eq. (9), where the loop functions take
typical values A0ðτH�Þ ≈ 0.34, A1=2ðτfÞ ≈ 1.4, and
A1ðτWÞ ≈ −7.6 in our parameter scan. The dominant
contribution to Γðh → γγÞ arises from the W boson
loop. When sinðβ − αÞ approaches zero, the cou-
pling of h to the W boson becomes suppressed [see
Eq. (7)], leading to a negligibleW contribution to the
diphoton decay width. One can also note that
Brðh → γγÞ approaches 1 when cos α ≈ 0. In this
region, the decay of h to fermions is highly sup-
pressed, consistent with Eq. (8), which shows that
the h-fermion coupling approaches 0.

(iii) From the upper right and lower middle panels of
Fig. 2, it can be seen that the cross section σðgg →
h → γγÞ reaches up to 0.065 pb around α ≈ 1.5 and
tan β ≈ 5, corresponding to a diphoton signal
strength of μγγ ≈ 0.59. The 95 GeV diphoton excess
observed by CMS and ATLAS can be accommo-
dated within the 1σ range for a wide range with
0.95≲ α≲ 1.55, as shown in the lower middle and
right panels of Fig. 2.

C. The discussion on muon g-2

Recently, the Fermi National Accelerator Laboratory
released its latest measurement of the muon magnetic
moment, which is more precise and remains consistent
with its previous measurements as well as those from the
Brookhaven National Laboratory [95–98]. The latest exper-
imental result for the muon magnetic moment (aexpμ ) is

aexpμ ¼ 1165920715ð145Þ × 10−12: ð18Þ

On the theory side, the Standard Model (SM) prediction
for the muon magnetic moment has also been recently

updated. Due to differences in calculation approaches,
particularly in the evaluation of the leading-order (LO)
hadronic vacuum polarization (HVP) contribution, the
predicted value has shifted significantly. In the white paper
2020 (WP20), the LO HVP contribution was estimated
using a data-driven dispersive method, resulting in [99]

aSM−WP20
μ ¼ 116591810ð43Þ × 10−11; ð19Þ

which leads to a discrepancy with the experimental
measurement exceeding 5σ. In contrast, the white paper
2025 (WP25) adopted a lattice-QCD-based approach to
evaluate the LO HVP contribution. The updated SM
prediction reads [100]

aSM−WP25
μ ¼ 116592033ð62Þ × 10−11; ð20Þ

which is in agreement with the experimental result
within 1σ.
Figure 3 displays the surviving samples in the tan β

versus α (left panel) andm12 versusmA (right panel) planes.
The color map in the upper panels represents the anomalous
muon magnetic moment Δaμ, computed at the two-loop
level using the GM2Calc-2.2.0 package [101,102]. In the lower
panels, blue crosses (þ), orange crosses (×), and red stars
(*) denote the samples that satisfy the WP25 result, the
WP20 result, and both, respectively, at the 2σ level. Gray
points do not satisfy either constraint.
From the upper two panels of Fig. 3, it is evident that a

larger jm12j tends to predict a larger Δaμ, whereas a heavier
mA leads to a smaller Δaμ. In general, samples satisfying
jm12j ≲ 13mA þ 500 GeV can yield a Δaμ value consistent
with experimental observations. In addition, Δaμ is also
influenced by tan β and has its maximum value when
tan β ≈ 3. This effect arises from additional corrections of
the pseudoscalar A induced by one-loop diagrams
[103–106], which are expressed as

Δa1Lμ ¼ mμmτρ
2

8π2

�ðlog m2
H

m2
τ
− 3

2
Þ

m2
H

−
logðm2

A
m2

τ
− 3

2
Þ

m2
A

	
; ð21Þ

where ρ is the coupling parameter for μ and τ toH and A. It
can be seen that Δaμ gets a positive contribution at the one-
loop level only ifmA is greater thanmH. In our calculations,
mA is not significantly larger than mH, so the term inside
the square brackets is about 10−4, and the term before the
square brackets is about 10−8. Consequently, the net
contribution from one-loop processes is about 10−12.
The two-loop contributions to Δaμ are divided into bosonic
(aBμ ) and fermionic (aFμ ) parts, as detailed in [107–109],
which are given by

Δa2Lμ ¼ aBμ þ aFμ: ð22Þ
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The pseudoscalar A and charged Higgs boson H� also
contribute to aFμ and aBμ via loop effects, with contributions
decreasing as their masses increase [107]. The dominant
contribution to Δaμ comes from aBμ , which consists of three
parts and has

aBμ ¼ aEWμ þ aYukμ þ anon−Yukμ : ð23Þ

The component aEWμ corresponds to contributions from the
SM-like Higgs, anon−Yukμ represents QCD contributions
without new Yukawa couplings, and aYukμ accounts for
QCD contributions with new Yukawa couplings. The latter
has the form

aYukμ ¼ α2emm2
μ

574π2c4Ws
4
Wm

4
Z

�
a00;0 þ a05;0Λ5 þ

�
a10;0

tan2β − 1

tan β
þ a15;0

tan2β − 1

tan β
Λ5

�
cosðβ − αÞ

	
; ð24Þ

where Λ5 is defined as 2m2
12=v

2 sin β cos β, and the coef-
ficients a00;0, a

1
0;0, a

0
5;0, and a

1
5;0 are given in the Appendix of

Ref. [107]. In our analysis, m2
12 is significantly larger than

both tan β and v2, causing aYukμ to be nearly proportional to
m2

12. Consequently, Δaμ increases with increasing m2
12.

From the lower panels of Fig. 3, one can observe that the
WP25 result can be satisfied across the entire tan β range,
whereas the WP20 result prefers smaller values, typically
tan β ≲ 5. In the m12 versus mA plane, most samples with
−3 TeV≲m12 ≲ 3 TeV are consistent with the WP25
result. Additionally, a few rare samples in the region

FIG. 3. Surviving samples in the tan β versus α (left) and m12 versus mA (right) planes. The color gradient in the upper panels
represents the muon anomalous magnetic moment Δaμ, evaluated at the two-loop level. In the lower panels, blue plus signs (+), orange
crosses (×), and red stars (*) denote samples consistent with the WP25 results, the WP20 results, and both, respectively, within the 2σ
range. Gray points correspond to samples that are incompatible with either result.
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18mA − 400 GeV≲ jm12j≲ 18mA þ 600 GeV also satisfy
the WP25 constraint.

IV. FUTURE COLLIDER SIMULATIONS AND
DISCUSSION

A. MC simulations

In this study, we focus on the process pp → t
ð→ WþbÞt̄ð→ W−b̄Þhð→ γγÞ, where the Higgs boson h
is produced in association with a top-quark pair and
subsequently decays into two photons. Each top quark
decays into a W boson and a b quark. The LO Feynman
diagrams for the process pp → tt̄hð→ γγÞ in the 2HDM-I
are shown in Fig. 4. The decay of h into a diphoton
proceeds only via loop processes, which significantly
suppresses the corresponding cross section. Nevertheless,
the diphoton final state offers a relatively clean exper-
imental signature at hadron colliders. In particular, the
invariant mass of the diphoton system gives rise to a narrow
resonance peak around the mass of h, making the signal
easier to isolate. Moreover, the presence of the associated
top-quark pair further suppresses SM backgrounds, as the
top quark decays into a W boson and a b quark, leaving
additional detectable jets in the final state. In addition, the

W boson can decay leptonically, producing a charged
lepton and a neutrino; the latter escapes detection and
contributes to missing transverse momentum, while the
charged lepton provides a useful trigger for event selection.
In Fig. 5, the surviving samples are presented in the tan β

versus α plane, with color indicating the cross section
σðpp → tt̄h → γγÞ at the 14 TeV High-Luminosity LHC
(HL-LHC) (left), the 27 TeV High-Energy LHC (HE-LHC)
(middle), and the 100 TeV Future Circular Collider (FCC-
hh) (right). The cross section σðpp → tt̄h → γγÞ at the
HL-LHC is calculated as

σðpp → tt̄ðh → γγÞÞ ¼ jσðpp → tt̄HÞjSMmh¼95 GeV

× ðCtt̄h=CSM
tt̄h Þ2 × Brðh → γγÞ;

ð25Þ

where jσðpp → tt̄HÞjSMmh¼95 GeV is the SM cross section for
the process pp → tt̄H with a Higgs mass of 95 GeV. The
value at next-to-leading order is reported to be 1268 fb, as
given in Ref. [93]. The cross sections at the HE-LHC and
FCC-hh are calculated using the following rescaling for-
mula,

FIG. 5. Surviving samples on the tan β versus α plane, with colors indicating the cross section σðpp → tt̄hð→ γγÞÞ at 14 TeV HL-LHC
(left), 27 TeV HE-LHC (middle), and 100 TeV FCC-hh (right).

FIG. 4. Main Feynman diagrams for the process pp → tt̄hð→ γγÞ at LO in 2HDM-I.
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σHE−LHCðFCC−hhÞ ¼ σP1HE−LHCðFCC−hhÞ

×
C2
tt̄h × Brðh → γγÞ

ðCP1
tt̄hÞ2 × BrP1ðh → γγÞ ; ð26Þ

where σP1HE−LHC and σP1FCC−hh are cross sections for the
Benchmark Point P1 at the 27 TeV HE-LHC and 100 TeV
FCC-hh, calculated using MadGraph5_aMC@NLO_v3.4.2

[110,111], and they correspond to 0.64 fb and 7.75 fb,
respectively. Additionally, CP1

tt̄h and BrP1ðh → γγÞ denote
the reduced coupling and the branching ratio for this
benchmark point. For the surviving samples, the maximum
cross sections of the process pp → tt̄ðh → γγÞ can reach
0.44 fb at the HL-LHC, 1.42 fb at the HE-LHC, and
17.21 fb at the FCC-hh. The minimum value of the cross
section occurs near sinðβ − αÞ ≈ 0 because Brðh → γγÞ is
particularly small there. Detailed information on five
representative benchmark points selected from the surviv-
ing samples is provided in Table I.
There is an important background of Z → eþe− that

should be considered, as it can have a relatively large cross
section and the two electrons may be misidentified as
photons. However, when associated with top-quark pair
production, the cross section of pp → tt̄Zð→ eþe−Þ is
significantly reduced, reaching a level comparable to that of
the signal. Moreover, the probability of an electron being
misidentified as a photon is typically below 0.1 [112],
indicating that this background is negligible in the present
analysis. Similarly, jets can also be misidentified as

photons, but the corresponding misidentification rate is
usually very low, ranging from 10−3 to 10−5 [113].
Therefore, these reducible backgrounds are not discussed
further in this study.
The other SM backgrounds can be categorized into two

types: resonant and nonresonant. For the resonant back-
grounds, we consider the processes tt̄H and tjH, where H
denotes the 125 GeV SM-like Higgs boson. These corre-
spond to the following decay chains:

pp → tð→ WþbÞt̄ð→ W−b̄ÞHð→ γγÞ;
pp → tð→ WþbÞjHð→ γγÞ; ð27Þ

respectively. For the nonresonant backgrounds, we
include the processes tt̄γγ, bb̄γγ, tjγγ, tt̄γ, and Wjjγγ,
corresponding to,

pp → tð→ WþbÞt̄ð→ W−b̄Þγγ;
pp → bb̄γγ;

pp → tð→ WþbÞjγγ;
pp → tð→ WþbÞt̄ð→ W−b̄Þγ;
pp → Wð→ lνÞjjγγ: ð28Þ

Monte Carlo simulations for both signal and background
processes are performed using the MadGraph5_aMC@NLO_v3.4.2

package [110,111]. In the collider simulation, parton dis-
tribution functions are set to NNPDF23LO1 via LHAPDF6

[114,115]. Particle decays, parton showering, and hadroni-
zation are handled by PYTHIA_v8.2 [116], interfaced through
the MG5aMC_PYTHIA_8interface. Jet clustering is performed
using the ANTI-kT algorithm [117]. Detector effects are
simulated with Delphes-3.5.0, using the official CMS card
provided with the package [118,119]. The final analysis
of the simulated events is carried out using MadAnalysis5

v1.9.60 [120].
Monte Carlo simulations are performed at the 14 TeV

HL-LHC, the 27 TeV HE-LHC [121], and the 100 TeV
FCC-hh [122], which are designed to deliver integrated
luminosities of 3 ab−1, 10 ab−1, and 30 ab−1, respectively.
In Fig. 6, the normalized distributions of several kinematic
observables for the signal and SM backgrounds at the
14 TeV HL-LHC are shown, including: ΔR½j1; j2� (upper
left), the jet multiplicity N[j] (upper middle), the transverse
momenta of the leading jet pj1

T (upper right), the leading
lepton pl1

T (middle left), the leading and subleading
photons pγ1

T (middle middle) and pγ2
T (middle right), the

transverse mass MT ½γ1γ2� (lower left), the invariant mass
M½γ1γ2� (lower middle), andM½γ1γ2b� (lower right). In each
case, γ1 denotes the photon with the highest energy, γ2 the
next highest, and similarly for j1 and j2. Here, the invariant
mass M½γ1γ2� is defined as

TABLE I. Detailed information of five benchmark points for
surviving samples.

P1 P2 P3 P4 P5

α 1.08 0.95 1.34 0.96 1.01
tan β 7.19 4.28 2.90 3.61 4.33
mH�ðmAÞ (GeV) 178 210 211 223 184
m12 (GeV) −955 −2099 −1809 990 347
λ1 1.58 0.36 0.32 1.71 2.02
λ2 0.12 0.11 0.14 0.12 0.12
λ3 1.27 1.53 1.44 1.91 1.37
λ4 −0.41 −0.57 −0.64 −0.89 −0.59
λ5 −0.41 −0.57 −0.64 −0.89 −0.59
T ½×10−2� −1.5 −1.5 −1.7 −1.5 −1.5
S ½×10−3� 9.2 6.7 0.9 6.6 8.9
U ½×10−4� −4.4 −5.1 −6.4 −5.7 −4.7
Br(h → γγ) ½×10−3� 0.69 0.44 1.09 0.33 0.45
σðgg → hÞ [pb] 40.6 50.8 19.8 50.5 46.3
σðgg → hð→ γγÞÞ [fb] 28.0 22.2 21.6 17.0 20.8
μγγ 0.25 0.20 0.19 0.15 0.19
ðChtt=CSM

htt Þ2 0.23 0.36 0.06 0.36 0.30
σðpp → tt̄hð→ γγÞÞ [fb] 0.20 0.20 0.08 0.15 0.17
Br(B → Xsγ)½×10−4� 3.15 3.11 3.03 3.09 3.11
Br(Bd → μþμ−)½×10−10� 0.96 0.97 1.00 0.98 0.97
Br(Bs → μþμ−)½×10−9� 2.99 3.04 3.14 3.07 3.14
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M½γ1γ2�≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγ1 þ Eγ2Þ2 − ðpγ1

1 þ pγ2
1 Þ2 − ðpγ1

2 þ pγ2
2 Þ2 − ðpγ1

3 þ pγ2
3 Þ2

q
; ð29Þ

and the transverse masses MT ½γ1γ2� is defined as

MT ½γ1γ2�≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEγ1 þ Eγ2Þ2 − ðpγ1

1 þ pγ2
1 Þ2 − ðpγ1

2 þ pγ2
2 Þ2

q
: ð30Þ

The definition of the invariant mass M½γ1γ2b� follows the
same form as that ofM½γ1γ2�, with the inclusion of the four-
momentum of the b jet. From this figure, one can notice the
following details:

(i) From the upper left panel of Fig. 6, one can see that
the backgrounds of tjH and tjγγ have more events
clustered at larger ΔR½j1; j2� values compared to the

signal. Thus, choosing an appropriate ΔR½j1; j2� can
effectively reduce these backgrounds.

(ii) The upper middle panel of Fig. 6 shows that
the bb̄γγ background typically has fewer jets
than others. By choosing a higher jet count thresh-
old, N½j�, one can significantly reduce this back-
ground.

FIG. 6. Normalized distributions ofΔR½j1; j2� (upper left), N[j] (upper middle), pj1
T (upper right), pl1

T (upper middle), pγ1
T (middle), pγ2

T
(middle right), MT ½γ1γ2� (lower left),M½γ1γ2� (lower middle), andM½γ1γ2b� (lower right) for the signal and SM backgrounds at 14 TeV
HL-LHC.
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(iii) The upper right, middle, and middle right panels of
Fig. 6 show that the nonresonant backgrounds,
especially bb̄γγ, typically have lower transverse
momenta for j1, γ1, and γ2. Consequently, choosing
higher transverse momentum thresholds for these
particles can effectively suppress the nonresonant
background.

(iv) From the lower left panel of Fig. 6, one can observe
that the transverse mass MT ½γ1γ2� for nonresonant
backgrounds tends to be distributed at lower values.
In contrast, the distributions for the signal and
resonant backgrounds peak at higher values and
exhibit sharp cutoffs near their respective resonance
masses, i.e., 95 GeV for the signal and 125 GeV for
the SM-like Higgs.

(v) From the lower middle panel of Fig. 6, one can
observe that both the resonant background and the
signal show a preference for a larger invariant mass
of γ1, γ2, and b. Consequently, choosing a higher
M½γ1γ2b� can effectively reduce the nonresonant
background.

(vi) From the lower middle panel of Fig. 6, one can
observe that the invariant massM½γ1γ2� distributions
for the signal and resonant backgrounds exhibit
narrow peaks centered around their respective res-
onance masses, i.e., 95 GeV for the signal and
125 GeV for the SM-like Higgs. In contrast, the
nonresonant backgrounds show broader distribu-
tions with lower invariant mass values and lack
any distinct peak structure.

B. Events select and cut flow

The events selected for analysis are required to satisfy
the following basic kinematic criteria for leptons, jets, and
photons,

pj=b
T > 20 GeV; pl=γ

T > 10 GeV; jηij < 5;

ΔR½i; j� > 0.4:ði; j ¼ j; b;l; γÞ: ð31Þ

In addition, at least one W boson from the top quark
decays is required to decay leptonically (i.e., into a lepton
and a neutrino), which helps suppress the bb̄γγ back-
ground. Furthermore, two isolated photons are required in
the final state to allow for invariant mass reconstruction.
Based on the distributions shown in Fig. 6, the following
selection cuts are applied in the Monte Carlo simulations
for the HL-LHC:

(i) Basic cut: We select events containing at least one
lepton (NðlÞ ≥ 1), two photons (NðγÞ ≥ 2), two jets
(NðjÞ ≥ 2), and at least one b jet (NðbÞ ≥ 1). For the
transverse momentum (pT) of jets and photons, the
following requirements apply:

pT ½γ1� > 30 GeV; pT ½j1� > 40 GeV;

pT ½j2� < 220 GeV: ð32Þ

The spatial separation between jets and photons
should satisfy the following criteria:

ΔR½j1; j2� < 4; ΔR½γ1; γ2� < 3.6: ð33Þ

To further suppress the background from tt̄γ, we
require that the phase angle of the b jet (θb1), the
pseudorapidity of the jet and lepton (ηj1 and ηl1

),
and the Lorentz factor of the jet (γj1) meet the
following conditions:

0.2 < θb1 < 3; ηj1 > −2.6;

ηl1
> −2.5; γj1 < 50: ð34Þ

(ii) Mass cut: For the invariant masses of the diphoton
pair (M½γ1γ2�) and the photon with jet (M½γ2j1�), we
choose,

92 GeV < M½γ1γ2� < 98 GeV;

M½γ2j1� < 390 GeV: ð35Þ

For the transverse masses of the photon, diphoton,
and diphoton with a b jet (MT ½γ1�, MT ½γ1γ2�, and
MT ½γ1γ2b1�), we select,

MT ½γ1� < 300 GeV; MT ½γ1γ2� < 96 GeV;

MT ½γ1γ2b1� < 440 GeV: ð36Þ

(iii) Energy cut: The transverse energy (ET), transverse
hadronic energy (HT), missing transverse energy
(ET), and missing transverse hadronic energy (HT)
should meet the following criteria:

ET > 200 GeV; HT < 900 GeV;

10 GeV < ET < 190 GeV; HT > 30 GeV:

ð37Þ

These cuts are performed on both our reference points
and background events to calculate the signal significance.
The results of these sequential cuts are detailed in Table II,
where the integrated luminosity is set to 300 fb−1. The
dominant backgrounds, Wjjγγ, bb̄γγ, and tt̄γ, are signifi-
cantly reduced by more than two to three orders of
magnitude after the base cut, while the signal reduction
is limited to one order of magnitude. Subsequent cuts at the
invariant mass and transverse mass effectively preserved
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the signal while further reducing the background. After
these cuts, tt̄γ, tt̄γγ, tjγγ, and Wjjγγ showed reductions of
more than an order of magnitude, while tt̄H, tjH, and bb̄γγ
were nearly eliminated. The final cut on transverse energy
and transverse hadronic energy additionally minimized the
tt̄γ background to negligible levels. In the end, only
minimal instances of tt̄H, tt̄γγ, tjγγ, and Wjjγγ remained.
The distributions of various kinematic variables for the

signal and SM backgrounds at the 27 TeV HE-LHC and the
100 TeV FCC-hh have been examined and found to be
similar to those at the HL-LHC, as shown in Fig. 6. In
contrast to the Monte Carlo simulations for the HL-LHC,
the following selection cuts are applied in the simulations
for the HE-LHC:

(i) Basic cut: We select events that include at least one
lepton (NðlÞ ≥ 1), two photons (NðγÞ ≥ 2), two jets
(NðjÞ ≥ 2), and at least one b jet (NðbÞ ≥ 1). For the
transverse momentum (pT) of jets, leptons, and
photons, the following cuts are applied:

pT ½j1� > 30 GeV; pT ½l1� > 20 GeV;

pT ½γ1� > 30 GeV: ð38Þ

The spatial separation between jets and photons
should meet the following criteria:

ΔR½j1; j2� < 4; ΔR½γ1; γ2� < 3.4: ð39Þ

To further reduce the background from tt̄γ, the
pseudorapidity of the jet and lepton (ηj1 and ηl1)

should meet the following criteria:

ηj1 > −3.4; ηl1 < 3.5: ð40Þ

(ii) Mass cut: For the invariant masses of the diphoton
pair (M½γ1γ2�) and the diphoton with a b jet
(M½γ1γ2b1�), we require,

93 GeV < M½γ1γ2� < 97 GeV;

M½γ1γ2b1� > 120 GeV: ð41Þ

For the transverse masses of the lepton, photon,
diphoton, and diphoton with a b jet (MT ½l1�,MT ½γ1�,
MT ½γ1γ2b�, and MT ½γ1γ2b1�), we require,

MT ½l1� < 40 GeV; MT ½γ1� < 380 GeV;

MT ½γ1γ2b� > 6 GeV; MT ½γ1γ2b1� < 500 GeV:

ð42Þ

(iii) Energy cut: The missing transverse energy (E=T) is
used to reduce the background of Wjjγγ, which
requires

ET > 15 GeV: ð43Þ

The cut flow for signal and background at the HE-LHC
with an integrated luminosity of L ¼ 300 fb−1 is shown in
Table III. The backgrounds of tt̄γ, bb̄γγ, and Wjjγγ still
play an important role. After the basic cut, the backgrounds

TABLE III. Cut flow of the cross sections at 27 TeV HE-LHC for benchmark point P1 with an integrated
luminosity of L ¼ 300 fb−1, as detailed in Table I.

Cuts

Signalðσ × LÞ Backgroundðσ × LÞ
tt̄h tt̄γ tt̄H tjH bb̄γγ tt̄γγ tjγγ Wjjγγ

Initial 192 3168000 927 115 3408000 14178 19920 206009
Basic cut 13.92 6874.6 80.06 3.23 1192.8 776.6 358.5 995.0
Mass cut 9.14 0.0 0.111 0.002 68.16 17.22 5.13 12.36
Energy cut 8.59 0.0 0.111 0.002 0.0 16.27 3.21 10.3

TABLE II. Cut flow of cross sections at the 14 TeV HL-LHC for benchmark point P1 with an integrated
luminosity of L ¼ 300 fb−1, as detailed in Table I.

Cuts

Signalðσ × LÞ Backgroundðσ × LÞ
tt̄h tt̄γ tt̄H tjH bb̄γγ tt̄γγ tjγγ Wjjγγ

Initial 60 1536000 168 23 2293800 3354 5253 65400
Basic cut 5.27 4577.3 17.25 0.712 848.7 200.0 89.61 268.1
Mass cut 4.13 46.08 0.029 0.0 0.0 6.47 2.67 4.58
Energy cut 3.76 0.0 0.029 0.0 0.0 5.8 1.91 3.27
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of tt̄γ and bb̄γγ are reduced by over two and three orders of
magnitude, respectively. These backgrounds are further
suppressed by subsequent cuts at the invariant mass and
transverse mass. The tt̄γ background is nearly eliminated
and no longer dominant. The tt̄H and tjH backgrounds
become nearly negligible. Finally, the missing transverse
energy cut effectively eliminates the bb̄γγ background.
However, the tt̄γγ, tjγγ, and Wjjγγ backgrounds are
difficult to remove and ultimately persist.
The following selection cuts are applied in the FCC-hh

simulations:
(i) Basic cut: We select events containing at least one

lepton (NðlÞ ≥ 1), two photons (NðγÞ ≥ 2), two jets
(NðjÞ ≥ 2), and at least one b jet (NðbÞ ≥ 1). For the
transverse momentum (pT) of the jets and photons,
we have the following requirements

pT ½γ1� > 35 GeV; pT ½j2� < 220 GeV;

pT ½b1� > 25 GeV: ð44Þ

The spatial separation between jets and photons
should meet the following criteria:

ΔR½j1; j2� < 4; ΔR½γ1; γ2� < 3.4: ð45Þ

To further reduce the background from tt̄γ, we
require that the phase angle of the lepton (θl1)
and the pseudorapidity of the jet (ηj1) meet the
following criteria:

θl1 > 0.1; ηj1 > −3.8: ð46Þ

(ii) Mass cut: For the invariant mass of the diphoton pair
M½γ1γ2�, we choose the following criteria:

93 GeV < M½γ1γ2� < 97 GeV: ð47Þ

For the transverse mass of the photon and lepton, we
apply the following criteria:

MT ½γ1�< 330 GeV; MT ½l1�< 295 GeV: ð48Þ

(iii) Energy cut: The transverse hadronic energy (HT)
and the missing transverse energy (ET) should meet
the following criteria:

150 GeV < HT < 900 GeV; ET > 10 GeV:

ð49Þ

The cut flow of the cross sections for signal and
background at the FCC-hh with an integrated luminosity
of L ¼ 300 fb−1 is shown in Table IV. As the collision
energy increases from 27 to 100 TeV, the cross sections for
all signals and backgrounds, except for the bb̄γγ back-
ground, increase about ten times. The primary backgrounds
are tt̄γ, bb̄γγ, and Wjjγγ. The basic cut significantly
reduces these backgrounds to a rare occurrence. After
the basic cut, the backgrounds bb̄γγ, tt̄γγ, tjγγ, and
Wjjγγ become equally significant, each retaining a few
thousand events. The resonance background tjH is almost
eliminated by the diphoton invariant mass cut, and tt̄H is
significantly reduced by the same cut. After the energy cut,
both tt̄γ and bb̄γγ are nearly eliminated. Finally, the
remaining backgrounds include tt̄γγ, tjγγ, Wjjγγ, and a
small amount of tt̄H.

C. The discussion on future colliders

In the analysis of the Monte Carlo simulation results, the
statistical significance is evaluated using the Poisson
formula [123],

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2L½ðSþ BÞ lnð1þ S=BÞ − S�

p
; ð50Þ

where S and B are cross sections of signal and background,
respectively, while L represents the integrated luminosity.
With an integrated luminosity of L ¼ 300 fb−1, the stat-
istical significance of the benchmark point P1 from Table I
can reach 1.1σ at the HL-LHC, 1.5σ at the HE-LHC, and
5.0σ at the FCC-hh, respectively. It is evident that, for the
same integrated luminosity, a higher collider energy leads
to a greater statistical significance.
In Fig. 7, the signal statistical significance of the

surviving samples is shown in the tan β versus α plane
for the 14 TeV HL-LHC with an integrated luminosity of

TABLE IV. Cut flow of the cross sections at 100 TeV FCC-hh for benchmark point P1 with an integrated
luminosity of L ¼ 300 fb−1, as detailed in Table I.

Cuts

Signalðσ × LÞ Backgroundðσ × LÞ
tt̄h tt̄γ tt̄H tjH bb̄γγ tt̄γγ tjγγ Wjjγγ

Initial 2325 33120000 11724 1005 14856000 141570 138120 1255800
Basic cut 101.42 53985 621 17.1 6388.1 4764.2 1446.7 4897.6
Mass cut 64.94 662.4 1.06 0.0 148.6 91.0 24.82 37.67
Energy cut 59.75 0.0 0.821 0.0 0.0 78.86 21.28 25.12
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L ¼ 3 ab−1 (left), the 27 TeV HE-LHC with L ¼ 10 ab−1

(middle), and the 100TeVFCC-hhwithL ¼ 30 ab−1 (right).
According to the MC simulation results, the minimum

scattering cross section required to achieve a signal
significance of 5σ at the HL-LHC with L ¼ 3 ab−1 is
0.3 fb of the process pp → tt̄ðh → γγÞ. In contrast, to
achieve the same significance with same L at HE-LHC and
FCC-hh, the required cross sections are 0.67 fb and 2.36 fb,
respectively. Meanwhile, in our parameter scan, the maxi-
mum cross section obtained for the surviving samples at the
HL-LHC is approximately 0.44 fb and it requires L ¼
240 fb−1 to be covered at the 2σ level and L ¼ 1.4 ab−1

to be covered at the 5σ level. For this sample, to
reach a 2σ (5σ) signal significance at the HE-LHC and
the FCC-hh requires L ¼ 120 fb−1ð750 fb−1Þ and L ¼
12 fb−1ð71 fb−1Þ, respectively.
With increasing collision energy and integrated lumi-

nosity, most of the surviving samples can be probed at the
2σ or even 5σ level at the 100 TeV FCC-hh with an
integrated luminosity of L ¼ 30 ab−1. At the 14 TeV HL-
LHC with an integrated luminosity of 3 ab−1, parameter
regions with sinðβ − αÞ ≳ 0.4 and sinðβ − αÞ≳ 0.25 can be
probed at the 5σ and 2σ significance levels, respectively. At
the 27 TeV HE-LHC with L ¼ 10 ab−1, the sensitivity
improves to sinðβ − αÞ≳ 0.25 (5σ) and≳0.15 (2σ). For the
100 TeV FCC-hh with L ¼ 30 ab−1, even regions with
sinðβ − αÞ≳ 0.1 or sinðβ − αÞ≲ −0.05 can be covered at
the 5σ level.
However, there remain some surviving samples with the

alignment condition sinðβ − αÞ ≈ 0 that are difficult to
probe even at the 2σ level in the diphoton channel, even
further increases in energy and luminosity. This is because
these samples exhibit highly suppressed diphoton decay
rates, making them challenging to detect in this channel. As
a result, alternative search channels or complementary

methods are required to test these scenarios. In this region,
the decays h → bb̄ or h → τþτ− may become dominant.
These channels could potentially complement the param-
eter space coverage unattainable through the diphoton
channel, although they pose greater challenges due to their
more complex backgrounds. The relevant study will be
conducted in detail in our future work.
It is worth noting that if one focuses solely on the diphoton

excess, the pseudoscalar particle A could also serve as a
viable candidate to explain this excess. In the 2HDM-I, the
coupling of A to the top quark is proportional to cot β, so the
cross section of pp → tt̄A95 is strongly suppressed for large
tan β [48]. Furthermore, the decay A → γγ, which lacks the
W-boson loop contribution, may further suppress the pp →
tt̄A95 → tt̄γγ rate. Consequently, this channel may display
interesting phenomenology for small tan β, while the large
tan β region warrants further study. In addition, the tt̄γγ
channel can also be used to probe other models beyond the
2HDM-I that feature new scalars coupling to top quarks and
decaying into diphotons. If the scalar–top–top coupling is
sufficiently strong and the branching ratio for the scalar
decay into diphotons is not too small, this channel may offer
promising sensitivity.

V. CONCLUSIONS

In this study, we investigated the potential of the Type-I
2HDM to account for the 95 GeV diphoton excess
observed at the LHC, under current theoretical and exper-
imental constraints. The impacts of various experimental
data on the model parameters were analyzed in detail. Our
parameter space scan shows that the 2HDM-I can success-
fully accommodate the observed excess. Monte Carlo
simulations were then performed to assess the discovery
potential of a 95 GeV Higgs boson at future hadron
colliders. Particular attention was given to the process

FIG. 7. Signal statistical significance of surviving samples in the tan β versus α planes at the 14 TeV HL-LHC for integrated
luminosities of L ¼ 3 ab−1 (left), the 27 TeV HE-LHC for integrated luminosities of L ¼ 10 ab−1 (middle), and the 100 TeV FCC-hh
for L ¼ 30 ab−1 (right).

YABO DONG, KUN WANG, and JINGYA ZHU PHYS. REV. D 112, 055013 (2025)

055013-14



pp → tð→ WþbÞt̄ð→ W−b̄Þhð→ γγÞ, where the Higgs
boson is produced in association with a top-quark pair
and decays into diphotons. The simulation results indicate
that a large portion of the viable parameter space can be
effectively probed at future colliders via the top-associated
diphoton channel.
Based on our analysis, the following conclusions are

drawn about the 95 GeV Higgs boson in the 2HDM-I:
(i) The analysis reveals that direct Higgs search data

impose strong constraints on the model parameter α,
excluding samples with α≲ 0.95.Constraints from B
physics, particularly the branching ratio of B → Xsγ,
require tan β ≳ 2.6.

(ii) The branching ratio of the lighter Higgs boson
decaying into diphotons, Brðh → γγÞ, primarily
depends on the parameters α and tan β. It reaches
a maximum of approximately 10−1 with α ≈ 1.55,
and a minimum of about 10−6 around the alignment
limit sinðβ − αÞ ≈ 0. Meanwhile, both the produc-
tion cross section σðgg → hÞ and the reduced top-
Higgs coupling ðCtth=CSM

tth Þ2 exhibit similar depend-
ence on α and tan β, being approximately propor-
tional to cos2 α and inversely proportional to sin2 β.
The 95 GeV diphoton excess observed by CMS and
ATLAS can be explained within 1σ for a wide
parameter range with 0.95≲ α≲ 1.55.

(iii) For the surviving samples, the maximum cross
sections of the process pp → tt̄ðh → γγÞ at the
HL-LHC, HE-LHC, and FCC-hh can reach
0.44 fb, 1.42 fb, and 17.21 fb, respectively. The
dominant SM backgrounds for this channel arise
from the processes tt̄γ, bb̄γγ, and Wjjγγ.

(iv) TheMonteCarlo simulation results indicate that, for a
fixed integrated luminosity, a higher collider energy
leads to a greater statistical significance. According to
the MC simulation results, the minimum scattering
cross section required to achieve a signal significance
of 5σ at the HL-LHC with L ¼ 3ab−1 is 0.3 fb of the
process pp → tt̄ðh → γγÞ. In contrast, to achieve the
same significance with the same L at HE-LHC and
FCC-hh, the required cross sections are 0.67 fb and
2.36 fb, respectively. The required cross sections for

these processes are easily satisfied by the surviving
samples. For these surviving samples, an integrated
luminosity of at least 240 fb−1 (1.4ab−1) is required to
achieve a significance of 2σ (5σ) at the HL-LHC. In
contrast, at the HE-LHC and FCC-hh, the required
integrated luminosities are 120 fb−1 (750 fb−1) for
the HE-LHC and 12 fb−1 (71 fb−1) for the FCC-hh,
respectively.

(v) At the 14 TeV HL-LHC with an integrated lumi-
nosity of 3 ab−1, parameter regions with sinðβ − αÞ
≳ 0.4 and sinðβ − αÞ≳ 0.25 can be probed at the 5σ
and 2σ significance levels, respectively. At the
27 TeV HE-LHC with L ¼ 10ab−1, the sensitivity
improves to sinðβ − αÞ ≳ 0.25 (5σ) and ≳0.15 (2σ).
For the 100 TeV FCC-hh with L ¼ 30 ab−1, even
regions with sinðβ − αÞ≳ 0.1 or sinðβ − αÞ≲ −0.05
can be covered at the 5σ level. Samples located in
the region sinðβ − αÞ ≈ 0 are difficult to probe even
at the 2σ level, despite further increases in collision
energy and integrated luminosity. This is due to the
suppression of the coupling ChWW in this region,
which significantly reduces the diphoton decay rate
of the light Higgs boson. Such scenarios may
therefore need to be tested through alternative
production or decay channels.
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