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We analyze the excesses at 95 GeV in the light Higgs-boson searches in the diphoton decay channel
reported by CMS and ATLAS, which combined are at the level of three standard deviations and are
compatible with the excess in the bb̄ final state observed at Large Electron-Positron Collider, together with
an excess in the diphoton channel at around 152 GeV reported based on a sideband analysis. We
demonstrate that these excesses can be well described in a minimally extended Georgi-Machacek (meGM)
model. This is enabled by four key features of the meGM model: (1) a natural prediction for scalar boson
masses of≲200 GeV arising from the condition to describe both the Higgs boson signal at 125 GeVand the
excesses at 95 GeV, (2) the prediction for a doubly charged Higgs boson that can potentially enhance the
diphoton decay rates, (3) asymmetric WW and ZZ couplings to neutral scalar bosons that are induced by
mild custodial symmetry breaking, and (4) the approximate preservation of the electroweak ρ parameter to
be 1 at tree level. We show in our numerical analysis that the meGMmodel naturally improves the fit to the
LHC data around 152 GeV when describing the excesses at 95 GeV. At the same time, the model also
predicts additional light CP-odd and charged scalar bosons that can be potentially probed in future
experiments, which motivates dedicated searches in the upcoming LHC runs. We also present the results of
sensitivity studies for the 95 and 125 GeV Higgs-boson couplings at the HL-LHC and future eþe−

colliders, which demonstrate very interesting prospects for probing the meGM model at future colliders.

DOI: 10.1103/xzl4-1fh1

I. INTRODUCTION

In 2012, the ATLAS and CMS collaborations discovered
a Higgs boson with a mass of about 125 GeV [1,2]. Within
the current experimental and theoretical uncertainties, the
properties of this new particle are consistent with the
predictions of the Standard Model (SM) [3,4]. However,
many models of physics beyond the SM (BSM) involve a
SM-like light Higgs boson that is equally well compatible
with the experimental results on the detected state. While

the Higgs-boson sector of the SM contains only one
physical Higgs particle, BSM models often give rise to
an extended Higgs-boson sector containing additional
scalar particles. Correspondingly, one of the prime objec-
tives of the current and future LHC runs is the search for
new BSM Higgs bosons, which is of utmost importance for
exploring the underlying physics of electroweak symmetry
breaking. These additional Higgs bosons can have a mass
above but also below 125 GeV.
CMS has performed searches for scalar diphoton reso-

nances below 125 GeV, where the results based on the 8 TeV
data and the full Run 2 data at 13 TeV showed a local excess
of 2.9σ at 95.4 GeV [5]. Subsequently, ATLAS presented
the result based on their full Run 2 dataset [6] (in the
following, we refer to their analysis with higher discrimi-
nating power, the “model-dependent” analysis). ATLAS
found an excess with a local significance of 1.7σ at precisely
the same mass value as the one previously reported by CMS,
i.e., at 95.4 GeV. These results were combined in Ref. [7],
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neglecting possible correlations. This yields

μexpγγ ¼ 0.24þ0.09
−0.08 ; ð1:1Þ

corresponding to an excess with a local significance of
3.1σ at

mϕ ≡mATLASþCMS
ϕ ¼ 95.4 GeV: ð1:2Þ

About two decades ago, Large Electron-Positron
Collider (LEP) reported a local 2.3σ excess in the eþe− →
Zðϕ → bb̄Þ searches [8]. Taking into account the coarse
mass resolution of the bb̄ final state, the LEP result is
consistent with a Higgs boson with a mass of 95.4 GeVand
a signal strength of [9,10]

μexp
bb̄

¼ 0.117� 0.057: ð1:3Þ

Furthermore, CMS also observed another excess com-
patible with a mass of ∼95 GeV in the search for pp →
ϕ → τþτ− [11]. While this excess is most pronounced at a
mass of 100 GeV with a local significance of 3.1σ, it is also
well compatible with a mass of ∼95 GeV, with a local
significance of ∼2.6σ. At 95 GeV, the signal strength is
determined to be

μexpττ ¼ 1.2� 0.5: ð1:4Þ

ATLAS has not yet published a search in the ditau final state
in the relevant mass range. The signal strength in Eq. (1.4) is
in tension with experimental bounds from recent searches
performed by CMS for the production of a Higgs boson in
association with a top-quark pair or in association with a Z
boson, with subsequent decay into a tau pair [12] (for the
latter channel, this depends on the nature of the potential
signal at ∼95.4 GeV). Furthermore, the searches performed
at LEP for the process eþe− → Zðϕ → τþτ−Þ [8] do not
support the excess in the ττ channel. Consequently, we will
not take into account the results for the ττ channel in our
analysis. Analyses taking into account the combined CMS/
ATLAS result in the γγ channel, together with the LEP
excess in the bb̄ channel can be found in Refs. [7,13–32]
(see also Refs. [33–38] for some early analyses of the
excesses in the γγ and bb̄ channels).
In Ref. [20], we demonstrated that the Georgi-Machacek

(GM)model [39,40] canverywell accommodate the excesses
found at about ∼95.4 GeV (some related works include
Refs. [19,30,31,41,42]). The GMmodel extends the SMwith
Higgs triplet fields, naturally leading to doubly chargedHiggs
bosons, which can potentially have an important impact on
BRðϕ → γγÞ for BSM Higgs bosons. As we will discuss
below, this feature is particularly relevant for the description
of the observed excesses. One prominent feature of the GM
model is that it respects the custodial symmetry and has
ρtree ¼ 1 by construction. This is realized as a consequence of

a global SOð4Þ ≅ SUð2ÞL × SUð2ÞR ≅ SUð2ÞV × SUð2ÞA
symmetry of the extended Higgs potential. After electroweak
symmetry breaking, the custodial SUð2ÞV symmetry is
preserved at the tree level, so contributions to ρ arise only
at loop levels. The GM model has additional interesting
features. It can provide Majorana mass terms to neutrinos
through the lepton-number-violating couplings between the
lepton fields and the complex Higgs triplet. Furthermore, it
predicts the existence of several Higgs multiplets, with the
mass eigenstates of two singlets (H1 and h), one triplet (H3),
and one quintet (H5) under the custodial symmetry. In
particular, in Ref. [20], it was demonstrated that the require-
ment of one lightCP-evenHiggs boson at∼95 GeV together
with a secondCP-even Higgs boson at∼125 GeVwithin the
GM model gives rise to the prediction that all other Higgs
bosons must be lighter than ∼200 GeV, which we will
explain in more detail in Sec. III.
In a series of articles [43–52], possible experimental hints

for a new neutral Higgs boson with a mass around
∼152 GeV were analyzed. Here, it should be noted that
in the papers by ATLAS and CMS where the experimental
results discussed in the above articles were presented no
particular excess near 152 GeV is mentioned. Instead, the
possible experimental hints were claimed based on phe-
nomenological recast studies, using in particular side-band
information. Nevertheless, these studies motivate a further
exploration of the potential hints. The type of model favored
in the above-mentioned analyses is the SM augmented by a
real triplet with hypercharge zero. However, several ad hoc
choices for these model interpretations have to be made,
particularly the choice of a pair of one neutral and one
charged Higgs boson with a mass around ∼152 GeV. On
the other hand, in our GM model interpretation of the
95 GeV excesses, such a configuration is naturally favored.
The question arises as to whether in a GM(-type) model
describing the 95 GeV excesses also naturally yields a
description of the experimental signatures possibly hinting
toward a ∼152 GeV Higgs boson (as analyzed in the above-
mentioned series of articles). In the present article, we focus
on the analysis performed in Ref. [50]. In this work, the
decays of the possible state at∼152 GeV to γγ together with
several accompanying experimental signatures are inves-
tigated. We demonstrate that a simple, well-motivated
extension of the GM model naturally leads to a significant
improvement of the description of the experimental data in
comparison to the SM. As a remark, we note that Ref. [51]
has explored the excesses at 152 GeV in the context of the
extended GM model, while this study goes beyond that by
also considering the excesses at 95 GeV.
The paper is organized as follows. After a brief review of

the extended GM model and its theoretical constraints in
Sec. II, we list all relevant experimental constraints in
Sec. III. In particular, in Sec. III B, we give a description of
the excesses around ∼152 GeV that we take into account.
Our analysis flow is described in Sec. III C. The main
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results of our analysis are presented in Sec. IV, and the
future prospects for probing the considered scenario of an
extended GM model at the HL-LHC or a future eþe−
collider are discussed in Sec. V. Our conclusions can be
found in Sec. VI. Formulas of all the Higgs boson masses
are collected in the Appendix.

II. EXTENDED GEORGI-MACHACEK MODEL

The Higgs sector of the extended GM model, called the
eGM model in the following, is composed of an isospin
doublet ϕ with hypercharge Y ¼ 1=2, a complex triplet χ
with Y ¼ 1, and a real triplet ξ with Y ¼ 0, which are given
in the SUð2ÞL fundamental and adjoint representations,
respectively, by

ϕ ¼
�
ϕþ

ϕ0

�
; χ ¼

 χþffiffi
2

p −χþþ

χ0 − χþffiffi
2

p

!
;

ξ ¼
 ξ0ffiffi

2
p −ξþ

−ξ− − ξ0ffiffi
2

p

!
: ð2:1Þ

The neutral components are parametrized as

ϕ0 ¼ 1ffiffiffi
2

p ðvϕ þ ϕr þ iϕiÞ; χ0 ¼ vχ þ
1ffiffiffi
2

p ðχr þ iχiÞ;

ξ0 ¼ vξ þ ξr; ð2:2Þ

with vϕ, vχ , and vξ denoting the vacuum expectation values
(VEVs) of the corresponding fields. Without loss of
generality, we can take these VEVs to be real and positive
by rephasing the scalar fields [53]. The Fermi constant GF
and the electroweak ρ-parameter at tree level satisfy

v2 ≡ v2ϕ þ 4ðv2χ þ v2ξÞ ¼
1ffiffiffi
2

p
GF

;

ρ ¼ v2

v2 þ 4ðv2χ − v2ξÞ
: ð2:3Þ

The current global fit on ρ is given by the Particle Data
Group as [54]1

ρ ¼ 1.00031� 0.00019; ð2:4Þ

which translates to

v2χ − v2ξ ¼ ð4.6969� 2.8779Þ GeV2: ð2:5Þ

The most general Higgs potential that is consistent with
the electroweak symmetry is given by [53,57,58]

Vðϕ; χ; ξÞ ¼ m2
ϕðϕ†ϕÞ þm2

χ Trðχ†χÞ þm2
ξ Trðξ2Þ

þ μϕξϕ
†ξϕþ μχξ Trðχ†χξÞ þ λðϕ†ϕÞ2

þ ρ1½Trðχ†χÞ�2 þ ρ2 Trðχ†χχ†χÞ þ ρ3½Trðξ2Þ�2
þ ρ4 Trðχ†χÞTrðξ2Þ þ ρ5 Trðχ†ξÞTrðξχÞ
þ σ1 Trðχ†χÞϕ†ϕþ σ2ϕ

†χχ†ϕ

þ σ3 Trðξ2Þϕ†ϕþ ðμϕχϕ†χϕ̃þH:c:Þ
þ ðσ4ϕ†χξϕ̃þH:c:Þ; ð2:6Þ

where μϕχ and σ4 are generally complex parameters and
ϕ̃ ¼ iτ2ϕ� is the charge conjugation of ϕ with τa (a ¼ 1, 2,
3) being the Pauli matrices. Note that these couplings are
set at the electroweak scale and that we only consider
leading-order contributions throughout the analysis. In this
study, we do not consider possible imaginary parts of the
couplings, i.e., we set Im μϕχ ¼ Im σ4 ¼ 0, and only study
the CP-conserving limit of the eGM model. For a study of
CP violation in this model; see Ref. [53].
The tadpole conditions, ∂V=∂X ¼ 0 for X ¼ ϕr; χr; ξr,

respectively, lead to the relations

m2
ϕ ¼ −v2ϕλ − vχ ½2Re μϕχ þ vχðσ1 þ σ2Þ�

þ vξffiffiffi
2

p ðμϕξ −
ffiffiffi
2

p
vξσ3Þ −

ffiffiffi
2

p
vχvξ Re σ4; ð2:7Þ

m2
χ ¼ −

v2ϕ
4vχ

Reð2μϕχ þ
ffiffiffi
2

p
vξσ4Þ −

vξffiffiffi
2

p μχξ −
v2ϕ
2
ðσ1 þ σ2Þ

− 2v2χðρ1 þ ρ2Þ − v2ξρ4; ð2:8Þ

m2
ξ ¼

1

4
ffiffiffi
2

p
vξ

ðv2ϕμϕξ − 2v2χμχξ − 2v2ϕvχ Re σ4Þ

−
v2ϕ
2
σ3 − v2χρ4 − 2v2ξρ3: ð2:9Þ

Accordingly, we can derive the mass eigenstates of the
scalar fields as

χ�� ¼ H��; Hþ
weak ¼ OG�H̃þ

mass ¼ OG�UH�Hþ
mass;

H0
weak ¼ OG0H̃0

mass ¼ OG0OH0H0
mass; ð2:10Þ

where

1If, instead of the world average for the W-boson mass, the
result reported by the CDF-II Collaboration [55] were used, the
value for ρ would be significantly affected; see, e.g., Ref. [56]. In
the present work, we choose to stick to the global fit value.
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H�
weak ¼

0
B@

ϕ�

χ�

ξ�

1
CA; H̃�

mass ¼

0
B@

H̃�
1

H̃�
2

G�

1
CA; H�

mass ¼

0
B@

H�
1

H�
2

G�

1
CA;

H0
weak ¼

0
BBBBBB@

ϕr

χr

ξr

ϕi

χi

1
CCCCCCA
; H̃0

mass ¼

0
BBBBBB@

H̃0

H̃1

H̃2

H̃3

G0

1
CCCCCCA
; H0

mass ¼

0
BBBBBB@

H0

H1

H2

H3

G0

1
CCCCCCA
; ð2:11Þ

with

H−
weak ¼ ðHþ

weakÞ�; H̃−
mass ¼ ðH̃þ

massÞ�; H−
mass ¼ ðHþ

massÞ�: ð2:12Þ

Here, G�ð0Þ denote the (would-be) Nambu-Goldstone bosons (NGBs) to be absorbed into the longitudinal components of
W�ðZÞ, and H��, H�

i (i ¼ 1, 2), and Hj (j ¼ 0;…; 3) denote the physical doubly-charged, singly-charged, and neutral
Higgs bosons, respectively. We identify H0 ≡ h as the 125 GeV Higgs boson discovered at the LHC and name the

remaining fields in the order of their mass hierarchy, i.e., mð�Þ
Hi

≥ mð�Þ
Hj

for i > j > 0. The matrices OG� , OG0 , and OH0

(UH�) are orthogonal (unitary) matrices, with the former two separating the NGB modes from the physical Higgs bosons
and given simply in terms of the Higgs VEVs as

OG� ¼

0
BBBBBB@

−
2
ffiffiffiffiffiffiffiffiffi
v2ξþv2χ

p
v 0

vϕ
v

vϕvχ

v
ffiffiffiffiffiffiffiffiffi
v2ξþv2χ

p vξffiffiffiffiffiffiffiffiffi
v2ξþv2χ

p 2vχ
v

vξvϕ

v
ffiffiffiffiffiffiffiffiffi
v2ξþv2χ

p − vχffiffiffiffiffiffiffiffiffi
v2ξþv2χ

p 2vξ
v

1
CCCCCCA
; OG0 ¼

0
BBBBBB@

13×3 0 0

0 − 2
ffiffi
2

p
vχffiffiffiffiffiffiffiffiffiffiffi

v2ϕþ8v2χ
p vϕffiffiffiffiffiffiffiffiffiffiffi

v2ϕþ8v2χ
p

0
vϕffiffiffiffiffiffiffiffiffiffiffi
v2ϕþ8v2χ

p 2
ffiffi
2

p
vχffiffiffiffiffiffiffiffiffiffiffi

v2ϕþ8v2χ
p

1
CCCCCCA
: ð2:13Þ

On the other hand, the matrices UH� and OH0 are not determined purely by the VEVs but also depend on the mass matrices
for the physical states. Details of the mass mixing can be found in the Appendix. To simplify the expressions, we rewrite
elements of the mixing matrices defined in Eq. (2.11) as

Rϕri ≡ ðOG0OH0Þ1;iþ1; Rχri ≡ ðOG0OH0Þ2;iþ1; Rξri ≡ ðOG0OH0Þ3;iþ1;

Rϕii ≡ ðOG0OH0Þ4;iþ1; Rχii ≡ ðOG0OH0Þ5;iþ1;

Rϕ�j ≡ ðOG�UH�Þ1j; Rχ�i ≡ ðOG�UH�Þ2j; Rξ�j ≡ ðOG�UH�Þ3j; ð2:14Þ

where ið¼ 0; 1; 2; 3Þ and jð¼ 1; 2Þ label the physical neutral
and singly charged Higgs bosons, respectively, withH0 ≡ h.
The most general Yukawa interactions can be divided

into two parts,

LY ¼ Lϕ
Y þ Lχ

Y; ð2:15Þ

where, in the original scalar field basis,

Lϕ
Y ¼ −yuQ̄Lϕ̃uR − ydQ̄LϕdR − yeL̄LϕeR þ H:c:;

Lχ
Y ¼ −yνLc

Lðiτ2ÞχLL þ H:c:; ð2:16Þ

with yu;d;e;ν denoting the Yukawa coupling matrices for the
up-type quarks, down-type quarks, charged leptons, and the
Majorana couplingmatrix for the neutrinos, respectively, and
QL, LL, uR, dR, eR denoting the left-handed quark doublet,
lepton doublet, right-handed up-type quark singlet, down-
type quark singlet, and charged lepton singlet, respectively.
The field Lc

L ¼ −iγ2L�
L is the charge-conjugated lepton

doublet. The Yukawa interactions for ϕ, Lϕ
Y , take the same

form as that in the SM to provide masses for the quarks and
the charged leptons, while Lχ

Y provides tiny neutrino mass
via the type-II seesaw mechanism [59–62]. Although the
form of Lϕ

Y is the same as in the SM, the interaction terms
between fermions and the Higgs boson are different from the
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SM ones due to the Higgs field mixing and are given by

Lϕ
Y ⊃ −

X
f¼u;d;l

X5
i¼1

f̄
Mf

vϕ
ðRϕri − 2iIfγ5RϕiiÞfðH0

massÞi

−
ffiffiffi
2

p

vϕ
½ūðVudMdPR −MuVudPLÞd

þ ν̄lðMlPRÞl�
X3
j¼1

Rϕ�jðHþ
massÞj þ H:c:; ð2:17Þ

whereMfð≡yfvϕ=
ffiffiffi
2

p Þ is the mass of the charged fermion f,
If is the third component of its isospin, i.e., IuðId;eÞ ¼
1=2ð−1=2Þ, and Vud is the associated element of the
Cabibbo-Kobayashi-Maskawa matrix. In Eq. (2.17),
the generation indices are not explicitly shown. In the
CP-conserving limit, the scalar bosons couple only through
either the scalar- or pseudoscalar-type interactions.
For later convenience, here we define the coupling

modifiers for theCP-even mass eigenstatesHi (i ¼ 0, 1, 3),

κHiff ¼ Rϕri
v
vϕ

;

κHiWW ¼ Rϕri
vϕ
v
þ 2

ffiffiffi
2

p
Rχri

vχ
v
þ 4Rξri

vξ
v
;

κHiZZ ¼ Rϕri
vϕ
v
þ 4

ffiffiffi
2

p
Rχri

vχ
v
;

κHiγγ ¼
 
ΓeGM
Hi→γγ

ΓSM
Hi→γγ

!
1=2

; ð2:18Þ

where ΓeGM
Hi→γγ denotes the one-loop diphoton decay width

of Hi predicted by the eGM model and ΓSM
Hi→γγ denotes the

decay width of a SM-like Higgs boson with the same mass
as Hi.

A. Custodial symmetric limit

In the limit where an additional global SUð2ÞL ×
SUð2ÞR symmetry is imposed, one can express the scalar
fields in terms of a bidoublet Φ and a bitriplet Δ as

Φ ¼
�

ϕ0� ϕþ

−ϕ− ϕ0

�
; Δ ¼

0
B@

χ0� ξþ χþþ

−χ− ξ0 χþ

χ−− −ξ− χ0

1
CA:

ð2:19Þ

Correspondingly, the most general potential that is invariant
under the SUð2ÞL × SUð2ÞR symmetry is given by

VðΦ;ΔÞ ¼ m2
1

2
TrðΦ†ΦÞ þm2

2

2
TrðΔ†ΔÞ þ λ1½TrðΦ†ΦÞ�2

þ λ2½TrðΔ†ΔÞ�2 þ λ3 Tr½ðΔ†ΔÞ2�
þ λ4 TrðΦ†ΦÞTrðΔ†ΔÞ

þ λ5 Tr

�
Φ† τ

a

2
Φ
τb

2

�
TrðΔ†TaΔTbÞ

þ μ1 Tr

�
Φ† τ

a

2
Φ
τb

2

�
ðP†ΔPÞab

þ μ2 TrðΔ†TaΔTbÞðP†ΔPÞab; ð2:20Þ

where Ta are the 3 × 3 matrix representations of the SUð2Þ
generators and P is the similarity transformation relating
the triplet and adjoint representations of the SUð2Þ gen-
erators given by

P ¼ 1ffiffiffi
2

p

0
B@

−1 i 0

0 0
ffiffiffi
2

p

1 i 0

1
CA: ð2:21Þ

If the triplet VEVs are aligned as

hΔi ¼ diagðvχ ; vχ ; vχÞ; ð2:22Þ

the SUð2ÞL × SUð2ÞR ≃ SUð2ÞV × SUð2ÞA symmetry is
spontaneously broken down to the custodial SUð2ÞV sym-
metry. As has been pointed out in Ref. [56], the condition
hχ0i ¼ hξ0i is necessary for the case with the SUð2ÞL ×
SUð2ÞR symmetry in order to avoid two additional charged
NGB modes associated with the spontaneous breakdown of
SUð2ÞV → Uð1ÞΔ, the latter being an overall phase rotation
symmetry of the triplet VEV. Up to this point, we have
recovered the original GM model [39,40] from the general
eGM model, which is achieved through the following
identifications of the potential parameters,

m2
ϕ ¼ m2

1; m2
χ ¼ m2

2; m2
ξ ¼

m2
2

2
;

μϕξ ¼ −
μ1ffiffiffi
2

p ; μϕχ ¼
μ1
2
; μϕχ ¼ 6

ffiffiffi
2

p
μ2;

λ ¼ 4λ1; ρ1 ¼ 4λ2 þ 6λ3; ρ2 ¼ −4λ3;

ρ3 ¼ λ2 þ λ3; ρ4 ¼ 4λ2; ρ5 ¼ 4λ3;

σ1 ¼ 4λ4 − λ5; σ2 ¼ 2λ5;

σ3 ¼ 2λ4; σ4 ¼
ffiffiffi
2

p
λ5: ð2:23Þ

In Ref. [20], it was shown that the GM model can
accommodate the excess observed at about 95 GeV in the
γγ channel by both CMS and ATLAS and by LEP in the bb̄
final state (see the discussion in Sec. I). However, while the
requirement of one CP-even Higgs boson at ∼95 GeV,
together with a SM-like Higgs boson at ∼125 GeV,
naturally yields the prediction of additional Higgs bosons

INTERPRETATION OF LHC EXCESSES AT 95 GEV AND 152 … PHYS. REV. D 113, 075027 (2026)

075027-5



around ∼150 GeV (and thus a possible explanation for the
excess at about 152 GeV discussed in Refs. [43,46–51]), a
problem for this interpretation occurs: since the data
supporting the excess at about 152 GeV seem to suggest
that a possible 152 GeV state couples much more strongly
toWW than to ZZ, the SUð2ÞV symmetry of the GMmodel
obviously prevents one from incorporating such a 152 GeV
resonance into its scalar spectrum. On the other hand, the
eGM model is not subject to this constraint, as the SUð2ÞV
symmetry is not imposed in the eGM model and thus the
scalar couplings to WW and ZZ can take on more flexible
values in this case. Therefore, we now turn to a minimal
extension of the GM model that is a subclass of the general
eGM model, in which the previous limitation is alleviated.

B. Minimal extension

In this section,wepropose aminimal extensionwith respect
to the original GM model discussed in Sec. II A that breaks
the custodial symmetry and thus allows the scalar bosons to
couple differently to the SM fermions and gauge bosons. The
potential in this minimally extended model is defined as

VMin ¼ VðΦ;ΔÞ þ VSoft þ ðσ4ϕ†χξϕ̃þ H:c:Þ; ð2:24Þ

where the first term is the SUð2ÞL × SUð2ÞR-invariant
potential given in Eq. (2.20) and the second term, explicitly
given by

VSoft ¼ m2
χ Trðχ†χÞ þm2

ξ Trðξ2Þ þ ðμϕχϕ†χϕ̃þ H:c:Þ
þ μϕξϕ

†ξϕþ μχξTrðχ†χξÞ; ð2:25Þ

contains all the possible soft-breaking terms for the SUð2ÞL ×
SUð2ÞR symmetry.Wenote here that the last term inEq. (2.24)
and the third term in Eq. (2.25) were originally introduced in
Ref. [53] to provide one single effective CP-violating (CPV)
degree of freedom since they are related to each other through
the degenerate minimization conditions regarding ϕi and χi.
Here, we remark again that we set Im μϕχ ¼ Im σ4 ¼ 0 and
only study theCP-conserving limit of the model in this work.
As the dimension-2 and -3 terms are equivalent to those in the
most general case defined in Eq. (2.6), we can reparametrize
the coefficients of these vertices as in Eq. (2.6), e.g.,
ðm2

2 þm2
χÞTrðχ†χÞ → m2

χ Trðχ†χÞ. The minimally extended
model thatwewill studybelow, dubbed the “meGM”model in
this paper, is obtained by taking the following relations of the
most general case:

λ ¼ 4λ1; ρ1 ¼ 4λ2 þ 6λ3; ρ2 ¼ −4λ3;

ρ3 ¼ λ2 þ λ3; ρ4 ¼ 4λ2; ρ5 ¼ 4λ3;

σ1 ¼ 4λ4 − λ5; σ2 ¼ 2λ5; σ3 ¼ 2λ4: ð2:26Þ

The mass formulas for the Higgs bosons can be obtained by
substituting the above equations into those for the general case

discussed in Sec. II.We remark that, since themeGMmodel is
obtained by choosing the potential parameters of the eGM
model according to Eq. (2.26) rather than eliminating certain
operators based on additional symmetries, there should be no
concern regarding its renormalizability.
In our global fit and numerical studies, we choose the

following set as free input parameters,

fvχ ; vξ; λ2; λ3; σ4; μϕχ ; μϕξ; μχξg; ð2:27Þ

while vϕ, λ1, λ4, and λ5 are fixed by the requirements
that the VEV v ≃ 246 GeV, and the Higgs boson masses
are obtained as mh ≃ 125 GeV, mH1

≃ 95 GeV, and
mH3

≃ 152 GeV. It should be noted that we do not identify
H2 with any of the three above-mentioned resonances
because H2 is mostly composed of the CP-odd fields ϕi
and χi according to our numerical studies, as is the case for
the original GMmodel as discussed in Ref. [20]. The masses
of the additional Higgs bosons are determined by fixing the
above Lagrangian parameters, where we impose the hier-
archies as mH�

1
≤ mH�

2
and mH1

≤ mh ≤ mH2
≤ mH3

.

C. Theoretical constraints

The potential parameters given in Eq. (2.6) can be further
constrained by the following conditions: vacuum stability,
boundedness from below, and perturbative unitarity. The
first and third conditions for the most general eGM
potential were first studied in Ref. [53], in which details
of the derivations are also provided, while the second
condition has been studied in Ref. [63]. Here, we only
summarize the results.

1. Vacuum stability

In general, it is possible that the desired electroweak
vacuum v⃗ ¼ ðvϕ; vχ ; vξÞ satisfying Eq. (2.3) is not the global
minimum of the Higgs potential and that there exist some
other deeper minima.While metastable configurations where
the tunneling rates into all deeper minima are so low that the
lifetime of the metastable electroweak vacuum is longer than
the age of the Universe are phenomenologically viable, see,
e.g., Refs. [64–66], for simplicity we apply here the stricter
criterion that the electroweak vacuum is required to be the
global minimum. This can be ensured by solving for all
possible VEVs that satisfy the tadpole conditions and
checking whether v⃗ is indeed the global minimum. All
possible VEVs can be found by solving two cubic equations
of vχ simultaneously, which are obtained from Eq. (2.7) with
vϕ and vξ expressed in terms of the other parameters. We
then check whether v⃗ is the global minimum of the scalar
potential by comparing it with all the other solutions.

2. Boundedness from below

The Higgs potential has to be bounded from below in
any direction of the field space for large field values. Such
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stability of the potential is ensured by the following
conditions:

λ > 0; ρ3 > 0; ρ1 þminðρ2=2; ρ2Þ > 0; ð2:28Þ

4λρ3 > σ23;

4λðρ1 þ ρ2ζÞ >
 
σ1 þ

σ2 − jσ2j
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ζ − 1

p
2

!
2

; ð2:29Þ

4ðρ1 þ ρ2ζ þ ρ3 − ρ4 − ηρ5Þρ3 > ð2ρ3 − ρ4 − ηρ5Þ2;
ð2:30Þ

Gðt; ζ; ηÞ > 0; ð2:31Þ

where

Gðt; ζ; ηÞ≡ 4½ðρ1 þ ρ2ζ þ ρ3 − ρ4 − ηρ5Þt4 − ð2ρ3 − ρ4 − ηρ5Þt2 þ ρ3�λ

−
�
ðσ1 þ ωσ2 − σ3Þt2 − 2jσ4j

ffiffiffiffiffiffiffiffiffiffiffi
1 − η

2

r
t
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − t2

p
þ σ3

�2
; ð2:32Þ

with the domains t∈ ½0; 1�; ζ∈ ½1=2; 1�; η∈ ½0; 1�. We note that the condition in Eq. (2.30) is redundant if

ρ1 þ ρ2ζ þ ρ3 − ρ4 − ηρ5 > 0 or 2ρ3 − ρ4 − ηρ5 > 0 or 0 ≤
2ρ3 − ρ4 − ηρ5

2ðρ1 þ ρ2ζ þ ρ3 − ρ4 − ηρ5Þ
≤ 1: ð2:33Þ

3. Perturbative unitarity

We now consider the perturbative unitarity conditions from all the high-energy 2 → 2 bosonic scattering processes.2 The
longitudinal modes of the weak vector bosons are taken into account as the NGB modes by using the equivalence theorem
[68]. In Table I, we list all 2 → 2 scattering states considered, classified according to the total electric chargeQ and the total
hypercharge Y. We note that scatterings between states with different hypercharges (not only the electric charge) do not
occur because the hypercharge should be conserved in the high-energy limit. We impose the following criterion for each
eigenvalue xi of the s-wave amplitude matrix:

jRe xij < 8π: ð2:34Þ

We find the 19 independent eigenvalues [53],

x1 ¼ 2ðρ1 þ ρ2Þ; x2 ¼ 2ρ1 − ρ2; x3 ¼ 2ρ4 þ ρ5; x4 ¼ 2ðρ4 þ 2ρ5Þ; x5 ¼ σ1 þ σ2;

x6 ¼ σ1 −
σ2
2
; x�7 ¼ ρ1 þ 4ρ3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρ1 − 4ρ3Þ2 þ 2ρ25

q
; x�8 ¼ λþ ρ1 þ 2ρ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ − ρ1 − 2ρ2Þ2 þ σ22

q
;

x�9 ¼ σ1
2
þ σ3 �

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ1 − 2σ3Þ2 þ 4jσ4j2

q
; x�10 ¼ λþ ρ4 −

ρ5
2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2λ − 2ρ4 þ ρ5Þ2 þ 8jσ4j2

q
;

x�11 ¼
σ1
2
þ 3

4
σ2 þ σ3 �

1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2σ1 þ 3σ2 − 4σ3Þ2 þ 64jσ4j2

q
; ð2:35Þ

and xi12 (i ¼ 1, 2, 3) are obtained as the eigenvalues of the
following matrix:

0
BBB@

20ρ3 2
ffiffiffi
3

p
σ3

ffiffiffi
2

p ð3ρ4 þ ρ5Þ
2
ffiffiffi
3

p
σ3 6λ

ffiffi
3
2

q
ð2σ1 þ σ2Þ

ffiffiffi
2

p ð3ρ4 þ ρ5Þ
ffiffi
3
2

q
ð2σ1 þ σ2Þ 8ρ1 þ 6ρ2

1
CCCA:

ð2:36Þ

2In this study, we only consider the perturbative unitarity
conditions at tree level. For the conditions at one-loop level, we
refer to Ref. [67].
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We note that the generally complex parameter σ4 appears in
the form of its absolute value in the above eigenvalues. This
is because the scattering amplitudes are evaluated in the
high-energy limit, where only the quartic couplings in the
potential are relevant, and the CPV phase can be removed
by rephasing the scalar fields.

III. NUMERICAL ANALYSIS SETUP

A. Experimental results for the 95 GeV excess

As discussed in Sec. I (see also Ref. [20]), the inter-
pretation of the excess reported by CMS in the ττ channel at
95 GeV is complicated by the fact that this excess is in
some tension with other searches involving the ditau final
state. Therefore, we only take into account the bb̄ and γγ
excesses in our present analysis and quantify their compat-
ibility with our model using the quantity

χ295 ¼
X

X¼γγ;bb̄

 
μX;95 − μexpX;95

ΔμexpX;95

!
2

: ð3:1Þ

Here, the experimental central values μexpX;95 and uncertain-
ties ΔμexpX;95 are listed in Sec. I, while μX;95 denotes the value
of the signal strength in the channel X as predicted by the

meGM model that we consider here. Using the framework
of coupling modifiers, we can define

μγγ;95 ¼ κ2H1tt
×

BRðH1 → γγÞ
BRðH1 → γγÞSM

; ð3:2Þ

μbb̄;95 ¼ κ2H1ZZ
×

BRðH1 → bb̄Þ
BRðH1 → bb̄ÞSM

; ð3:3Þ

where we assume 100% gluon-fusion production for H1 at
the LHC and denote the branching ratio for a SM-like Higgs
boson at 95 GeV to the final state X as BRðH1 → XÞSM.
Because H1 is CP even, we can identify κ2H1tt

¼
½Rϕr1

ðv=vϕÞ�2 [see Eq. (2.18)].

B. Possible hints for an excess at 152 GeV

After reviewing the experimental situation, Ref. [50]
came to the conclusion that “statistically significant devia-
tions from the SM predictions in final states with multiple
leptons, missing energy and possibly (b-)jets [44,45,69–74]”
are compatible with the production of a ≈270 GeV Higgs
boson decaying into a pair of lighter Higgs bosons, which
then dominantly decay to WW and bb̄, respectively. The
former of these had been studied in Ref. [70] and found to
be consistent with a mass of 150� 5 GeV. Later on,
Refs. [43,46] analyzed the sidebands of the SM Higgs
boson searches conducted in Refs. [75–82] and suggested
the presence of a new narrow resonance in the diphoton
and Zγ spectra with a mass of around 152 GeV. Finally,
Refs. [47,48,50,83] analyzed the associated productions of
the SM Higgs boson in various diphoton channels studied
in Refs. [84,85] and performed a fit to the data with a
≈152 GeV real Higgs triplet. As mentioned above, the
possible experimental hints for a new particle at about
152 GeV are based on phenomenological recast studies
rather than on the original analyses of ATLAS and CMS.
Given that the eGM model also accommodates a Higgs

boson that couples asymmetrically to WW and ZZ, in the
following we analyze the question whether the meGM
model introduced above, which naturally predicts a spectrum
of light scalar bosons if it contains a state that is compatible
with the 95 GeVexcesses (see Sec. IV), could also provide a
possible explanation for the 152 GeV excesses.
We incorporate the experimental results reported on the

152 GeV excesses in the following way. Because of the
absence of an associated excess in the ZZ final states, we first
require BRðH3 → ZZÞ < 0.1 and BRðH3 → WWÞ > 0.1.
Then, we follow Ref. [50] to perform a proof-of-concept
sideband analysis on the results reported in Refs. [84,85] by
the ATLAS Collaboration. These two studies analyze the
γγ þ X and γγ þ ðl; τÞ channels, respectively, targeting the
production of a SM-like Higgsþ X. However, a possi-
ble resonance at 152 GeV in the sideband distributions of
the mγγ spectra could manifest itself in several signal

TABLE I. The singlet and symmetric two-body final states
formed from the doublet and triplet fields, grouped by the total
electric charge (jQj) and the total hypercharge (jYj). A symmetry
factor of 1=

ffiffiffi
2

p
is included for the states involving identical fields.

Adapted from Ref. [53].

jQj jYj Two-body states

0 0 ϕþϕ−, ϕ0ϕ0�, χþþχ−−, χþχ−, χ0χ0�, ξþξ−, ξ0ξ0=
ffiffiffi
2

p
1=2 ϕ0�χ0, ϕ−χþ, ϕ0ξ0, ϕ−ξþ
1 ϕ0ϕ0=

ffiffiffi
2

p
, χ0ξ0, χþξ−

3=2 ϕ0χ0

2 χ0χ0=
ffiffiffi
2

p

1 0 ϕþϕ0�, χþþχ−, χþχ0�, ξþξ0
1=2 ϕ0�χþ, ϕ−χþþ, ϕ0ξþ, ϕþξ0, ϕ−χ0, ϕ0ξ−

1 ϕþϕ0, χþþξ−, χþξ0, χ0ξþ, χ0�ξþ
3=2 ϕ0χþ, ϕþχ0
2 χþχ0

2 0 ξþξþ=
ffiffiffi
2

p
, χþþχ0�

1=2 ϕ0�χþþ, ϕþξþ
1 ϕþϕþ=

ffiffiffi
2

p
, χþþξ0, χþξþ

3=2 ϕþχþ, ϕ0χþþ
2 χþþχ0, χþχþ=

ffiffiffi
2

p

3 1 χþþξþ
3=2 ϕþχþþ
2 χþþχþ

4 2 χþþχþþ=
ffiffiffi
2

p
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regions. Although this is yet to be confirmed by a dedicated
experimental search, the goal of our analysis is to demon-
strate that if the hints for a 152 GeV resonance are further
substantiated the meGM model considered here can nat-
urally accommodate both the 95 GeV and the 152 GeV
resonances.
The processes we study are qq0 → W� → H3H�

i ,
qq0 → W� → H3W�, and qq → q0q0W�W∓ → q0q0H3,
where we identify the H3 boson with a neutral Higgs
boson with a mass of ∼152 GeV andH�

i with the two singly
charged eigenstatesH�

1;2. For simplicity, we only consider the
scenario with mH�

1
≈ 100 GeV and mH�

2
≈ 156 GeV, which

are the masses with the highest statistical weights in our
general numerical simulations (see Sec. IVand Fig. 3 below).
For the decay of the neutral H3 boson to γγ, we find
BRðH3 → γγÞ ∼Oð10−3Þ (see Fig. 5 below). On the other
hand, we consider four possible decaymodes ofH�

1;2 into SM
particles: W�Z, tb, cs, and τ�ντ. In addition to those four
modes, we find in our simulation that H�

2 can also decay to
H�

1 Z, H1W�, and hW�. A representative Feynman diagram
of the charged Drell-Yan process is shown in Fig. 1.
We perform the generator-level simulation with MadGraph5_

aMC@NLO3.5.7 [86,87] using the NNPDF40_nlo_as_01180 parton
distribution function set, followed by the parton shower/
hadronization simulation with Pythia 8.311 [88] and the
detector simulation with Delphes 3.5.0 [89]. Jet reconstruction
is performed using the anti-kT algorithm [90] with FastJet 3.4.2

[91]. We follow the object and event preselection criteria of
Ref. [84], which we summarize in Table II. The signal
regions (SRs) are chosen to capture the possible decays of
the particle(s) produced together with H3 (H�

1;2, W
�, qq0).

Concerning the “relevant” SRs, we follow Ref. [50] and
study the eight regions listed in Table III but for simplicity
ignore the correlations. On the other hand, we note that in 12
other potential SRs the meGM model does not yield the
lowest-order contributions. In our analysis, we incorporate

all 20 SRs. Specifically, we obtain a χ2 value for the
comparison between the predictions and the data that takes
into account all SRs considered by the experimental studies
in which data are available between mγγ ∈ ½150; 155� GeV,
including explicitly those that are not expected to have an
excess at 152 GeV for the case of the meGM model.3

Overall, the considered 20 SRs at 151 and 154 GeV result
in a total of 37 bins (some signal regions have only one bin
with data).
To quantify the compatibility of the meGM model with

the diphoton excess at ∼152 GeV, we define

χ2152 ¼
X
SR;mγγ

 
N

exp;SR;mγγ

γγ;152 − N
SR;mγγ

γγ;152

ΔNexp;SR;mγγ

γγ;152

!
2

; ð3:4Þ

where N
exp;SR;mγγ

γγ;152 and ΔNexp;SR;mγγ

γγ;152 denote, respectively, the
experimental central value and uncertainty of the event
number in the signal region SR at the diphoton invariant
mass mγγ ¼ 151; 154 GeV. Furthermore,

N
SR;mγγ

γγ;152 ¼ N
SR;mγγ

γγ;SM þ k
X
XY

N
SR;mγγ ;XY
γγ;152 ;

N
SR;mγγ ;XY
γγ;152 ¼ σ

SR;mγγ

fid × L; ð3:5Þ

where N
SR;mγγ

γγ;SM is the SM background event number taken
from the ATLAS simulation, k ¼ 1.15 is the k-factor used
to account for the next-to-leading-order and next-to-next-

to-leading-logrithmic QCD corrections [50], σ
SR;mγγ

fid is the
sum of the fiducial cross sections of the qq0 → W� →
H3H�

i , qq0 → W� → H3W�, and qq → q0q0W�W∓ →
q0q0H3 processes contributing to the signal region SR at
mγγ , and we have taken the integrated luminosity to be
L ¼ 139 fb−1 [84,85]. Although we have listed all possible
channels above, we find from our numerical simulations

FIG. 1. A representative Feynman diagram of the charged
Drell-Yan production of the scalar boson pair H3 and H�

1;2,
which then decay to γγ and XY ¼ WZ; tb; cs; τντ, respectively.
For H�

2 , furthermore, the decay modes into H�
1 Z, H1W�, and

hW� can occur.

TABLE II. The object and event preselection criteria used in
Ref. [84].

Object Requirements

Photon pT > 22 GeV; jηj < 2.5
Electron pT > 10 GeV; jηj < 2.5
Muon pT > 10 GeV; jηj < 2.7
Jet pT > 25 GeV; jηj < 4.4
b-jet pT > 25 GeV; jηj < 2.5
τ-lepton pT > 20 GeV; jηj < 2.5

Event preselection

pγ1
T > 35 GeV; pγ2

T > 25 GeV; pγ1
T =mγγ > 0.35; pγ2

T =mγγ > 0.25

3On the contrary, Ref. [50] only accounts for the SRs in which
the model considered there makes explicit contributions.
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that most of the contributions come from the three channels
H�

2 → WZ, H�
2 → H�

1 ðcsÞZ, and H�
2 → H�

1 ðτντÞZ, while
the other channels only contribute marginally.

C. Parameter scan and point selection

We follow the same two-stage analysis framework as in
Ref. [20] and choose the parameters listed in Eq. (2.27) as
the input parameters. The first stage is to use the Bayesian-
based Markov-chain Monte Carlo simulation package HEPfit

[92] to generate a collection of samples that are “shaped” by
the applied theoretical and experimental constraints, for the
latter of which we only consider the 125 GeV Higgs rate
measurements from LHC Run-1 for reasons discussed in
Ref. [20].4 The second stage is to further constrain the
allowed parameter space by applying the package HiggsTools

[93] in order to ensure that the allowed parameter regions are
in accordance with the measured properties of the detected
Higgs boson at 125 GeV (subpackage HiggsSignals [93–96],
dataset V1.1) and with the limits from searches for additional
Higgs bosons at the LHC and at LEP (subpackage
HiggsBounds [93,97–100], dataset V1.2). The employed ver-
sions of HiggsSignals and HiggsBounds include essentially all
relevant datasets from the LHC Run 2 that have been made
public up to now.
After applying the bounds, we then calculate the follow-

ing quantities for the meGM model and the SM:
(i) χ2125ðmeGMÞ: The χ2 value associated with the rate

measurements of the 125 GeV Higgs boson for the
individual data points, evaluated by HiggsSignals.

(ii) χ295ðmeGMÞ: The χ2 value associated with the
95 GeV excesses in the γγ; bb̄ channels for the
individual data points; see Sec. I.

(iii) χ2152ðmeGMÞ: The χ2 value associated with the
152 GeV excesses in the γγ channel for the indi-
vidual data points, evaluated with Eq. (3.4).

(iv) χ2125ðSMÞ: The χ2 value associated with the rate
measurements of the 125 GeV Higgs boson for the
case of the SM prediction, evaluated by HiggsSignals.
We find χ2125ðSMÞ ≈ 152.5.

(v) χ295ðSMÞ: The χ2 value associated with the 95 GeV
excesses in the γγ; bb̄ channels for the case of the
SM; see Sec. I. We find χ295ðSMÞ ≈ 13.2.

(vi) χ2152ðSMÞ: The χ2 value associated with the 152 GeV
excesses in the γγ channel for the case of the SM,
evaluated with Eq. (3.4). We find χ2152ðSMÞ ≈ 43.1
for the total of the contributing 37 bins, indicating
the level of tension between the experimental data
and the SM prediction.

(vii) Δχ2M: The difference in the χ2 values associated
with the rate measurements of the M GeV Higgs
boson between the meGM model and the SM,
with M ¼ 95, 125, 152, which is given by Δχ2M≡
χ2MðmeGMÞ − χ2MðSMÞ.

(viii) Δχ295þ125: Δχ295þ125 ≡ Δχ295 þ Δχ2125.
(ix) Δχ2: Δχ2 ≡ Δχ2all ≡ Δχ295 þ Δχ2125 þ Δχ2152.

After the numerical χ2 evaluation, we first select the subset
of samples that satisfy Δχ295þ125 < 0 and Δχ2125 < 6.18. For
these points, the combined χ2 value arising from the
excesses at 95 GeV and the measurements of the Higgs
boson at 125 GeV is lower than that of the SM, while the
second condition ensures the compatibility with the
125 GeV Higgs measurements by requiring that the pre-
dictions for those parameter points for the 125 GeV Higgs
measurements are within the 95.4% (or 2σ) C.L. relative to
the SM case for a two-dimensional parameter distribution.
Next, we evaluate the subset withmH�

1
¼ 100� 1 GeV and

TABLE III. The relevant signal regions for the qq0 → W� → H3H�
i , qq0 → W� → H3W�, and qq →

q0q0W�W∓ → q0q0H3 processes, which are listed in Ref. [50] and were originally defined in Refs. [84,85]. It
should be noted that njet counts both light and b-jets.

Signal regions Selection criteria

4j njet ≥ 4; jηjetj < 2.5

lb nl¼e;μ ≥ 1; nb−jet ≥ 1

tlep nl¼e;μ ¼ 1; njet ¼ nb−jet ¼ 1

2l ee; μμ, or eμ

1l nl¼e;μ ¼ 1; nτhad ¼ 0; nb−jet ¼ 0; Emiss
T > 35 GeV if l ¼ e

1τhad nl¼e;μ ¼ 0; nτhad ¼ 1; nb−jet ¼ 0; Emiss
T > 35 GeV

Emiss
T > 100 GeV Emiss

T > 100 GeV

Emiss
T > 200 GeV Emiss

T > 200 GeV

4The reason for not including the LHC Run-2 data is that some
Run-2 measurements are reported in two different statistical
frameworks: the signal strength measurements and the Simplified
Template Cross Section measurements. While HEPfit adopts the
former, HiggsTools adopts the latter, and thus, for technical
convenience, we only use the Run-1 data in HEPfit, as discussed
in Ref. [20].
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mH�
2
¼ 156� 1 GeV, selecting the data points with

Δχ2all ≡ Δχ2 < 0. Finally, we identify the best-fit point
from the latter subset.
Before closing this section, we note that a recast con-

straint on the singly charged Higgs bosonH� was presented
in Ref. [50], which claimed to exclude charged Higgs-boson
masses of 100 GeV≲mH� ≲ 110 GeV. However, we do
not consider this constraint for two reasons. First, our
analysis tool for exclusion limits for BSM Higgs bosons,
HiggsBounds, is designed to only use the bounds reported by
experimental collaborations for consistency. Second, more
fundamentally, in Fig. 11 of Ref. [50], which is supposed to
provide the exclusion limits on mH� , the observed limit is
above the model prediction for the entire mass range
between 100 and 200 GeV, while only the expected limit
does intersect with the model prediction at ∼110 GeV.
Consequently, that figure does not support the exclusion of
mH� ≲ 110 GeV as concluded in Ref. [50].

IV. RESULTS

We first present in Fig. 2 the sample distributions in the
vχ–vξ (left) and μγγ;95–μbb̄;95 (right) planes. The blue points
fulfill Δχ295;125 < 0, Δχ2125 < 6.18 (the first subsample
defined above). The red points fulfill Δχ295;125;152 < 0,
Δχ2125 < 6.18 as well as mH�

1
≈ 100 GeV and mH�

2
≈

156 GeV, (i.e., a subset of the first subsample, correspond-
ing to the second subsample defined above). The green star
denotes the best-fit point of the latter subsample. In the left
plot, the dashed line indicates the custodial-symmetric limit
(vχ ¼ vξ). In the right plot, we further show the (black
dashed) 1σ ellipse of the respective 95 GeV excesses. In
the left plot, one can see that for most parameter points in
the two samples vξ ≳ vχ is preferred, as expected from the

requirement of BRðH3 → ZZÞ ≪ BRðH3 → WWÞ [see
Eqs. (2.4) and (2.18)], while the distribution of points is
still close to the custodial-symmetric limit, as required
by the constraint on the electroweak ρ-parameter [see
Eq. (2.5)]. At the same time, most of the points are well
within the 1σ contour of the two 95 GeV excesses,
confirming that the meGM model is capable of describing
the 95 GeV resonance, as expected from a generalization of
the GM model [20].
In Fig. 3, we show the sample distributions in the

mH2
–mH�� (left) and mH�

1
–mH�

2
(right) planes, with the

same color coding as in Fig. 2. One can observe that all
scalar masses are ∼Oð100Þ GeV, where the sharp cuts
on the red-point distributions are caused by the require-
ment of mH�

1
∈ ½99; 101� GeV and mH�

2
∈ ½155; 157� GeV.

Consequently, the mass hierarchy of the meGM model
preferred by the considered constraints is

mH1
¼ 95 GeV < mH�

1

< mh ¼ 125 GeV < mH2

< mH3
¼ 152 GeV < mH�

2
< mH�� : ð4:1Þ

The reason giving rise to the light scalar masses in the
meGM model presented here is similar to that explained
in Ref. [20] for the GM model. In the GM model, if the
SM-like Higgs boson is approximately decoupled from
the other scalar fields, the other scalar masses will follow
the approximate relation

2m2
H1;GM

≈ 3m2
H3;GM

−m2
H5;GM

; ð4:2Þ

wheremHi;GM
for i ¼ 1, 3, 5 are the exotic singlet, triplet, and

quintet scalar masses. Once we fix the value of two of the

FIG. 2. Left: sample distributions in the vχ–vξ plane, where the dashed line indicates the custodial-symmetric limit, i.e., vχ ¼ vξ.
Right: sample distributions in the μγγ;95–μbb̄;95 plane. The elliptic contour denotes the 1σ bounds of the corresponding 95 GeV excess
measurements. For the color coding, see the main text.
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masses (e.g., mH1;GM
¼ 95 GeV and mH5;GM

¼ 152 GeV),
the remaining mass will then also be of roughly the same
scale. Since the meGMmodel is constructed in a way that it
only violates the custodial symmetry mildly and that the
125 GeV scalar is found to be SM like according to the
LHC measurements (and imposed through HiggsSignals in
our numerical analysis), we find the same outcome of
similarly scaled scalar masses once we fix mH1

¼ 95 GeV
and mH5

¼ 152 GeV.
In Fig. 4, we compare the results for h → γγ and

H1 → γγ, including (left plot) or excluding (right plot)
the contribution of the H�� loop. From the distribution in
the κhγγ–κH1γγ plane shown in the left panel, one can see
that the obtained κhγγ values lie in the interval [0.95, 1.12],
which is consistent with the SM predictions as reflected by
the Higgs measurements to date, and the preferred range for
κH1γγ is roughly [0.2, 0.7]. While as defined above ΓeGM

Hi→γγ

entering κHiγγ contains all contributing particles in the loop,
for illustrating the effects of the H��-loop contributions,
we furthermore define

κ̃Hiγγ ¼
 
Γ̃eGM
Hi→γγ

ΓSM
Hi→γγ

!
1=2

: ð4:3Þ

Here, Γ̃eGM
Hi→γγ denotes the one-loop diphoton decay width of

Hi where the H��-loop contribution predicted by the eGM
model is left out. By comparing the two panels, one can see
that the H�� contribution plays a major role in enhancing
the diphoton couplings of H1 except for some of the blue
points, clearly demonstrating the significance of this feature
of the (e)GM-type models. The diphoton coupling of the
Higgs boson at 125 GeV, on the other hand, is less affected
by the H��-loop contribution and remains in the exper-
imentally preferred range for both displayed cases.
Next, we show in Fig. 5 the sample distributions in

the BRðH3 → WWÞ–BRðH3 → ZZÞ (left) and BRðH3 →
γγÞ–Δχ2152 (right) planes. It should be noted that we do not
perform the 152 GeV excess analysis on the blue points,
and hence we do not show them in the right plot. One can
see that BRðH3 → WWÞ is for most points more than an
order of magnitude larger than BRðH3 → ZZÞ, which is

FIG. 3. Sample distributions in the (left) mH2
–mH�� and (right) mH�

1
–mH�

2
planes. The color coding is the same as in Fig. 2.

FIG. 4. Sample distributions in the (left) κhγγ–κH1γγ and (right) κ̃hγγ–κ̃H1γγ planes (see the text for details). The color coding is the same
as in Fig. 2.
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caused by both the breaking of the custodial symmetry (and
thus the deviation from the originally fixed ratio between
the H3WW and H3ZZ couplings in the GM model) and the
different kinematic suppression associated with the 2W and
2Z mass thresholds. On the other hand, BRðH3 → γγÞ is
almost linearly proportional to Δχ2152 with a negative slope,
and values of Δχ2152 ≤ −10 can be reached. Thus, a good
description of the data on the excess at about 152 GeV is
correlated with relatively large values of BRðH3 → γγÞ.
To investigate the compatibility of the meGM predic-

tions with the data in the individual SRs, we show in Fig. 6
the red points of Figs. 2–5 in the SRs listed in Table III in

themγγ–N
exp;SR;mγγ

γγ;152 plane formγγ ¼ 151; 154 GeV. We also
show the best-fit point (green star) and the SM background
(blue triangle) fitted by ATLAS (see Refs. [84,85]).
It should be noted that in certain panels where the red

dots seem invisible they are in fact covered by the green star
and the blue triangle. We furthermore note that there is no
measurement at 154 GeV in the tlep SR (second-to-the-left
plot in the bottom row in Fig. 6). One can see that the
meGM model can describe the excesses in the 1l SR at
both bins, 2l SR at 151 GeV, and the Emiss

T > 100,
200 GeV SRs at 154 GeV much better than the SM. On
the other hand, the meGM model adds only marginally
more flexibility for describing the other bins (or even leads
to slightly worse fits there than the SM).
The physical properties predicted for the best-fit point

are summarized in Table IV, which indicates the phenom-
enologically preferred parameters and decay channels in
that region of the parameter space around the best-fit point.
We first note that the overall Δχ2 ¼ −19.2 corresponds to a
better description of the data than for the SM, which also

FIG. 5. Sample distributions in the (left) BRðH3 → WWÞ–BRðH3 → ZZÞ and (right) BRðH3 → γγÞ–Δχ2152 planes. The color coding
is the same as in Fig. 2. It should be noted that we did not include the blue points in the right plot since we do not perform the 152 GeV
excess analysis on them.

FIG. 6. Sample distributions in the eight relevant SRs listed in Table III in themγγ–N
exp;SR;mγγ

γγ;152 plane formγγ ¼ 151, 154 GeV. The color
coding in each panel is the same as in Fig. 2. The data from Refs. [84,85] are shown in terms of the black dots and error bars. The best-fit
point is indicated by a green star, while the SM background fitted by ATLAS [84,85] is shown as a blue triangle. We note that in certain
panels where the red dots seem invisible they are in fact covered by the green star and the blue triangle.

INTERPRETATION OF LHC EXCESSES AT 95 GEV AND 152 … PHYS. REV. D 113, 075027 (2026)

075027-13



holds individually for the excesses at 95 GeV, Δχ295 ¼
−11.0, and 152 GeV, Δχ2152 ¼ −8.72. Next, one can see that
the mass spectrum does not show degeneracy, which is
consistent with the custodial-symmetry-violating hierarchy
of BRðH3 → WWÞ ≫ BRðH3 → ZZÞ. Moreover, in accor-
dance with the general numerical simulations presented
earlier, the dominant decay channel of the heavier H�

2 is
to H�

1 Z with a BR of 0.764, followed by theWZ mode with
a BR of 0.111. Also, the neutral state H2 decays predomi-
nantly to other light scalars, with BRðH2 → H1ZÞ ¼ 0.772
and BRðH2 → H�

1 W
∓Þ ¼ 0.127, while H�� also decays to

H�
1 W

� with a relatively large BR of 0.297. Accordingly, the
description of the 95 GeV and 152 GeV excesses in the
meGM model implies a rich phenomenology among the
different scalar bosons which can be probed in future
experiments.
Finally, we comment on the comparison of the SM

and the meGM model with respect to the region of
mH3

≈ 152 GeV. The SM has χ2152ðSMÞ ≈ 43.1 for 37 bins,
reflecting the (small) tension of the experimental data with
the SM prediction. The meGM model can improve this to
χ2152;minðmeGMÞ ≈ 33 for the same number of bins. While
this improvement appears to be moderate, it reduces the
χ2152 value by about 23% and relaxes the tension in
comparison to the SM. Future experimental data will be

decisive to either marginalize or substantiate this (small)
tension in the SM and the possible improvement within the
meGM model.

V. FUTURE PROSPECTS

We finish our analysis by investigating the prospects for
testing the meGM scenarios by providing simultaneously a
description of the excess at 95 GeV together with the signal
at 125 GeVand an interpretation of a possible excess around
152 GeV. We start with an analysis of the most promising
search channels at the HL-LHC in Fig. 7, in which we show
the two samples in them�

H2
–σðWZ → H�

2 → WZÞ (left) and
mH��–σðWW → H�� → WWÞ (right) planes at the 14 TeV
High-Luminosity Large Hadron Collider (HL-LHC).
Compared to the similar WZ → H�

5 → WZ and WW →
H��

5 → WW channels in the GM model as analyzed in
Ref. [20], the cross sections predicted by the meGM model
presented here both tend to be somewhat enhanced, making
these channels more promising to probe the scenario at the
(HL-)LHC.
Next, we analyze the potential of future eþe− colliders

[such as Linear Collider Facility (LCF), International
Linear Collider (ILC), Compact Linear Collider (CLIC),
Future Circular Electron-Positron Collider (FCC-ee), and
Circular Electron Positron Collider (CEPC)] to further

TABLE IV. Summary of the physical properties predicted for the best-fit point.

Best-fit point properties

vχ ¼ 4.60 GeV, vξ ¼ 5.01 GeV, mH2
¼ 147 GeV

mH�
1
¼ 100 GeV, mH�

2
¼ 156 GeV, mH�� ¼ 163 GeV

κhWW ¼ 0.940, κhZZ ¼ 0.969, κhff ¼ 0.957
κH1WW ¼ 0.299, κH1ZZ ¼ 0.239, κH1ff ¼ 0.208

BRðH3 → γγÞ ¼ 0.004, Δχ2 ¼ −19.2, Δχ295 ¼ −11.0, Δχ2152 ¼ −8.72

μ95;XX
bb̄ γγ

0.058 0.265

BRðh → XXÞ bb̄ cc̄ ττ gg γγ Zγ ZZ WW
0.578 0.029 0.062 0.081 0.0026 0.002 0.027 0.207

BRðH1 → XXÞ bb̄ cc̄ ττ gg γγ Zγ ZZ WW
0.822 0.041 0.084 0.034 0.008 0.000 0.001 0.010

BRðH3 → XXÞ bb̄ cc̄ ττ gg Zγ ZZ WW H�
1 W

0.171 0.008 0.019 0.023 0.003 0.028 0.710 0.033

BRðH2 → XXÞ bb̄ cc̄ ττ gg γγ hZ H1Z H�
1 W

0.066 0.003 0.007 0.022 0.000 0.002 0.772 0.127

BRðH�
1 → XXÞ

cs τντ

0.612 0.379

BRðH�
2 → XXÞ cs τντ tb WZ H�

1 Z hW H1W H2W
0.006 0.004 0.023 0.111 0.764 0.029 0.060 0.003

BRðH�� → XXÞ
WW H�

1 W

0.702 0.297
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probe the considered meGM scenarios. We first present
in Fig. 8 the two samples in the κhττ–κhZZ plane (i.e., the
coupling modifiers of the 125 GeV Higgs boson with
respect to the SM prediction) overlaid with the anticipated
precisions for the coupling measurements at the HL-LHC
(cyan dashed) [101,102] and combined with (hypothetical
future) ILC250/LCF250 measurement accuracies (magenta
dot-dashed) [101,103,104] (denoted as “LCF250” in the
plot). The 1σ contours in the plot are centered around the
SM prediction of κhττ ¼ κhZZ ¼ 1. The deviations pre-
dicted in the couplings of the Higgs boson at 125 GeV with
respect to the SM predictions are seen to be substantial in
comparison to the projected accuracies, while, as explained
above, they are compatible with the present signal rate
measurements at the LHC (as tested with HiggsSignals). In
comparison to the coupling values predicted by the SM,
nearly all of the blue and all of the red sample points are

outside the 1σ HL-LHC ellipse, and the best-fit point shows
a ∼3σ deviation. The sensitivity is substantially improved
for the case where the prospective ILC250/LCF250 mea-
surements are included. All points in the preferred sample
(red) would yield a deviation of more than 5σ.
Finally, we analyze the capability of the ILC to produce

the new Higgs boson at ∼95 GeV, i.e., H1, and to measure
its couplings. In Fig. 9, we show the mH1

–κH1ZZ ×
BRðH1 → bb̄Þ plane. In the plot, the cyan (magenta) curve
indicates the observed (expected) exclusion obtained by
LEP [8], where the ∼2σ excess around 95–98 GeV can be
seen. The dashed orange line indicates the improvements
that can be expected at the ILC250 with an integrated
luminosity of 2 ab−1 according to the projection of
Ref. [105] (see also Refs. [106–108]). The blue and red
points as well as the green star are as in the previous figures.
It can be clearly observed that all parameter points within
the preferred parameter region are well within the projected
ILC250 sensitivity. Consequently, it is expected within the
meGMmodel that the new Higgs boson at ∼95 GeV can be
produced abundantly at the ILC250 (or other eþe− colliders
operating at

ffiffiffi
s

p ¼ 250 GeV). These prospects are similar
to the ones found in the GM analysis in Ref. [20].
In Fig. 10, we analyze the prospects of H1 coupling

measurements at the ILC250. The evaluation of the
anticipated precision of the coupling measurements is
based on Ref. [109]. The evaluation has been performed
for the (effective) couplings of H1 to bb̄, τþτ−, gg, WW,
and ZZ. While the first four rely on the decays of the Higgs
boson to the respective final states, the H1ZZ coupling is
obtained from the production of H1 as radiated from a Z
boson. The latter channel yields the highest precision
between 1% and 4%. A high accuracy is also expected
for the coupling to τ-leptons, ranging from 3% and 7%. The
other three couplings are expected to be determined with an
accuracy between ∼7% and ∼22%. Coupling measure-
ments at this level of precision will help to distinguish the
meGM interpretation of the 95 GeV excesses from other

FIG. 7. Sample distributions in the (left) m�
H2
–σðWZ → H�

2 → WZÞ and (right) mH��–σðWW → H�� → WWÞ planes at the 14 TeV
(HL-)LHC. The color coding is the same as in Fig. 2.

FIG. 8. Sample distribution in the κhττ–κhZZ plane in compari-
son to the prospective precision at the 1σ level (indicated for the
SM value) at the HL-LHC (cyan) [101,102] and the HL-LHC
+ILC250/LCF250 (magenta) [101,103,104]. The other color
coding is the same as in Fig. 2.
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model interpretations (see, e.g., Refs. [37,109], where
prospective coupling precisions for the N2HDM and
S2HDM have been evaluated).
A similar analysis could in principle be performed for the

properties ofH3 at 152 GeV. However, due to the fact that it
is close to the kinematic limit of the ILC250 machine
(mH3

þMZ ≈ 243 GeV ≈ 250 GeV) and to the reduced
coupling of theH3 to Z bosons, only a marginal production
cross section can be expected at this energy stage of the
collider. Consequently, a higher center-of-mass energy
would be necessary, e.g., the ILC with

ffiffiffi
s

p ¼ 500 GeV
(ILC500) or LCF with 550 GeV.We leave an analysis of the
properties of H3 at 152 GeV, corresponding to Figs. 9
and 10, for future work.

VI. CONCLUSIONS

If both excesses in the LHC Higgs-boson searches at 95
and 152 GeV are confirmed by future data, the intriguing
light scalar spectrum (including the 125 GeV Higgs boson)
will immediately call for a natural interpretation within a
well-defined model that is theoretically well motivated. We
have demonstrated in the present paper that the meGM
model is capable of offering a framework that describes
well the excesses at 95 and 152 GeV, owing to the
following features: the predictive spectrum of light scalar
bosons, the enhancement in the BRðϕ → γγÞ rates through
the H�� loop, the asymmetric ϕWW and ϕZZ couplings
through custodial symmetry breaking, and the approximate
preservation of ρ ¼ 1 at tree level by minimally extending
the GMmodel configuration. As a result, the meGMmodel
qualifies as a promising model for a further investigation on
these topics.
As demonstrated in our numerical analysis, the meGM

model yields a good fit to both the 95 and 152 GeV
excesses: the fit to the data at about 95 GeVand 152 GeVas
well as the overall fit is substantially improved in the
meGM model compared to the case of the SM. At the same
time, the meGM model in this scenario makes a clear
prediction for a spectrum of additionalCP-odd and charged
scalars with masses below ∼170 GeV. In particular, the
presence of the light doubly charged Higgs boson H�� is
crucial for bringing the predicted diphoton rates into the
observed ranges. While the treatment of the experimental
situation regarding the excess at about 152 GeV has been
done in a simplified way in this paper, dedicated exper-
imental analyses in the future have potential for substantial
improvements.
In addition to further tests of the light neutral excesses

via direct searches, we have also pointed out the potential
of searches for additional charged scalars predicted by the
meGM model in future runs of the LHC for probing this
very predictive scenario. As a result of the mild custodial
symmetry breaking in the meGM model, the predicted
production cross sections of H�

2 and H�� are both
increased compared to their counterpart processes in the
GM model, thus providing a better chance of discovery.
Finally, we have demonstrated that precision coupling
measurements of the Higgs bosons at 95 and 125 GeV
at the HL-LHC or a future eþe− collider (where we have
used the ILC250/LCF250 as a concrete example) can yield
important information to further scrutinize the meGM
interpretation of the observed excesses.
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APPENDIX: MASS FORMULAS

We provide here the explicit formulas for masses or mass
matrices of the physical Higgs bosons based on the general
Higgs potential given in Eq. (2.6) without imposing any
assumptions.
First, the squared mass of the doubly charged Higgs

bosons χ�� is given by

m2
χ�� ¼ −2ρ2v2χ −

σ2
2
v2ϕ −

ffiffiffi
2

p
μχξvξ −

v2ϕ
4

�
2
Re μϕχ
vχ

þ
ffiffiffi
2

p
Re σ4

vξ
vχ

�
: ðA1Þ

Denoted byM2
� andM2

0, respectively, theHermitianmass-squaredmatrices for the singly charged and neutral Higgs bosons in
the basis of ðH̃�

1 ; H̃
�
2 Þ and ðh̃; H̃1; H̃2; H̃3Þ [see Eq. (2.10) for the definition of these fields] have the matrix elements given by

ðM2
�Þ11 ¼ −

v2

4ðv2ξ þ v2χÞ
½σ2v2χ þ

ffiffiffi
2

p
Re σ4vχvξ −

ffiffiffi
2

p
μϕξvξ þ 2Re μϕχvχ �;

ðM2
�Þ22 ¼

v2ξ þ v2χ
2

�
2ρ5 −

ffiffiffi
2

p μχξ
vξ

�
−

v2ϕ
4ðv2ξ þ v2χÞ

�
v2ξ

�
σ2 þ 2

Re μϕχ
vχ

�
−

ffiffiffi
2

p
v2χ

μϕξ
vξ

þ
ffiffiffi
2

p
Re σ4vξvχ

�
2þ v2ξ

v2χ
þ 2

v2χ
v2ξ

��
;

ðM2
�Þ12 ¼ −

vϕv

4ðv2ξ þ v2χÞ
vχvξ

�
σ2 þ 2

Re μϕχ
vχ

þ
ffiffiffi
2

p μϕξ
vξ

−
ffiffiffi
2

p vχ
vξ

Re σ4

�
þ i

vϕv

2
ffiffiffi
2

p Im σ4; ðA2Þ

and

ðM2
0Þ11 ¼ 2v2ϕλ;

ðM2
0Þ22 ¼ 4v2χðρ1 þ ρ2Þ −

v2ϕ
4

� ffiffiffi
2

p vξ
vχ

Re σ4 þ
1

2

Re μϕχ
vχ

�
;

ðM2
0Þ33 ¼ 8v2ξρ3 −

v2χ
2
ffiffiffi
2

p μχξ
vξ

− v2ϕ
vχffiffiffi
2

p
vξ

Re σ4 þ
v2ϕ
2
ffiffiffi
2

p μϕξ
vξ

;

ðM2
0Þ44 ¼ −

v2ϕ þ 8v2χ
4

�
2
Re μϕχ
vχ

þ
ffiffiffi
2

p
vξ

vχ
Re σ4

�
;

ðM2
0Þ12 ¼

ffiffiffi
2

p
vϕvχðσ1 þ σ2Þ þ vϕvξ Re σ4 þ

ffiffiffi
2

p
vϕ Re μϕχ ;

ðM2
0Þ13 ¼ 2vϕvξσ3 þ

ffiffiffi
2

p
vϕvχ Re σ4 −

vϕμϕξffiffiffi
2

p ;

ðM2
0Þ14 ¼ 0;

ðM2
0Þ23 ¼ 2

ffiffiffi
2

p
vχvξρ4 þ

v2ϕ
2

Re σ4 þ vχμχξ;

ðM2
0Þ24 ¼ 0;

ðM2
0Þ34 ¼ −

vϕ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕ þ 8v2χ

q
Im σ4: ðA3Þ
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