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Abstract

CMS and ATLAS have reported small excesses in the search for low-mass Higgs bosons in the di-photon

decay channel at exactly the same mass, 95.4GeV. These searches rely on improved analysis techniques,

enhancing in particular the discrimination against the Z → e+e− background. In models beyond the

Standard Model (SM) that extend the Higgs sector with triplets, doubly-charged Higgs bosons are predicted

which can contribute substantially to the di-photon decay rate of a light Higgs boson. The Georgi-Machacek

(GM) Model is of particular interest in this context, since despite containing Higgs triplets it preserves the

electroweak ρ-parameter to be 1 at the tree level. We show that within the GM model, a Higgs boson with

a mass of ∼ 95GeV with a di-photon decay rate as observed by CMS and ATLAS can be well described.

We discuss the di-photon excess in conjunction with an excess in the bb̄ final state observed at LEP and an

excess observed by CMS in the di-tau final state, which have been found at comparable masses with local

significances of about 2σ and 3σ, respectively. The presence of a Higgs boson at about 95GeV within the

GM model would imply good prospects of the searches for additional light Higgs bosons. In particular, the

observed excess in the di-photon channel would be expected to be correlated in the GM model with a light

doubly-charged Higgs boson in the mass range between 100GeV and 200GeV, which motivates dedicated

searches in upcoming LHC Runs.
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I. INTRODUCTION

In the year 2012, the ATLAS and CMS collaborations discovered a new scalar particle [1, 2].

Within the current theoretical and experimental uncertainties, the properties of the new particle

are consistent with the predictions for the Higgs boson of the Standard Model (SM) with a mass

of ∼ 125GeV [3, 4]. However, they are also compatible with many scenarios of physics beyond the

SM (BSM). While the minimal scalar sector of the SM contains only one physical Higgs particle,

BSM scenarios often give rise to an extended Higgs sector containing additional scalar particles.

Accordingly, one of the primary objectives of the current and future LHC runs is the search for

additional Higgs bosons, which is of crucial importance for exploring the underlying physics of

electroweak symmetry breaking. These additional Higgs bosons can have a mass above, but also

below 125GeV.

Searches for Higgs bosons below 125GeV have been performed at the LEP [5–7], the Tevatron [8]

and the LHC [9–15]. Searches for di-photon resonances at the LHC are particularly intriguing and

promising in this context, which is also apparent from the fact that this decay mode, due to its

comparably clean final state, constitutes one of the two discovery channels of the Higgs boson

at 125GeV. CMS had performed searches for scalar di-photon resonances at 8TeV and 13TeV.

Results based on the 8TeV data and the first year of Run 2 data at 13TeV, corresponding to

an integrated luminosity of 19.7 fb−1 and 35.9 fb−1, respectively, showed a local excess of 2.8σ

at 95.3GeV [9, 10]. This excess, being present in both the 8TeV and the 13TeV datasets, soon

received widespread attention, see e.g. Refs. [16–25].

Subsequently, CMS published the result based on their full Run 2 dataset employing substan-

tially refined analysis techniques. The observed excess for a mass of 95.4GeV, expressed in terms

of a signal strength, is given by [15]

µCMS
γγ =

σexp (gg → φ → γγ)

σSM (gg → H → γγ)
= 0.33+0.19

−0.12 . (1)

Here σSM denotes the cross section for a hypothetical SM Higgs boson at the same mass. Analyses

using the result based on the full Run 2 data can be found, e.g., in Refs. [26, 27] (see also Ref. [28]

for a review).

More recently, ATLAS presented the result based on their full Run 2 dataset [29, 30] (in the

following, we refer to their “model-dependent” analysis, which has a higher discriminating power).

The new analysis has a substantially improved sensitivity with respect to their analysis based on

the previously reported result utilizing 80 fb−1 [12]. ATLAS finds an excess with a local significance
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of 1.7σ at precisely the same mass value as the one that was previously reported by CMS, i.e. at

95.4GeV. This “di-photon excess” corresponds to a signal strength of

µATLAS
γγ =

σexp (gg → φ → γγ)

σSM (gg → H → γγ)
= 0.18+0.10

−0.10 , (2)

see Ref. [31] for details. Neglecting possible correlations, a combined signal strength of

µexp
γγ = µATLAS+CMS

γγ = 0.24+0.09
−0.08 (3)

was obtained [31], corresponding to an excess of 3.1σ at

mφ ≡ mATLAS+CMS
φ = 95.4GeV . (4)

The excess in the γγ channel is also of interest in view of the fact that LEP reported a local

2.3σ excess in the e+e− → Zφ(φ → bb̄) searches [6], which is consistent with a Higgs boson with a

mass of 95.4GeV and a signal strength of [16, 32]

µexp
bb = 0.117± 0.057 . (5)

In addition to the di-photon excess, CMS also observed another excess compatible with a mass of

95.4GeV in the search for pp → φ → τ+τ− [13]. While this excess is most pronounced at a mass

of 100GeV with a local significance of 3.1σ, it is also well compatible with a mass of 95.4GeV,

with a local significance of 2.6σ. At 95GeV, the signal strength is determined to be

µexp
ττ = 1.2± 0.5 . (6)

ATLAS has not yet published a search in the di-tau final state covering the mass range around

95 GeV. Concerning the CMS excess in the di-tau channel it should be noted that such a large

signal strength is in some tension (depending on the model realization) 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 tau pairs [33], as well

as with the searches performed at LEP for the process e+e− → Zφ(φ → τ+τ−) [6].

Given that all the excesses discussed above occur at a similar mass, the interesting question

arises whether they could all be caused by the production of a single new particle – which, if

confirmed by future experiments, would be a first unambiguous sign of BSM physics in the Higgs

sector. This triggered activities in the literature regarding possible model interpretations that

could account for the various excesses, see, besides the studies mentioned above, e.g., Refs. [34–47].

Many model interpretations discussed in the literature employed extensions of the Two Higgs

Doublet Model (2HDM). The main reason was to allow for a suppression of the φbb̄ coupling,
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enhancing in this way the BR(φ → γγ), in order to provide an adequate description of the CMS

and ATLAS excesses in this channel. However, there is a second possibility to enhance the di-

photon decay rate. Additional charged particles in the loop-mediated decay H1 → γγ can yield a

positive contribution to the decay rate and in this way result in a sufficiently strong rate. However,

as was found in Ref. [24], a second Higgs doublet, providing an additional singly-charged scalar, is

not sufficient to yield a relevant effect on BR(φ → γγ).

The above-mentioned situation could be different in models with multiply-charged scalars. For

example, doubly-charged Higgs bosons exist in models with Higgs triplet fields and can potentially

enhance BR(φ → γγ). In view of the constraint arising from the electroweak ρ-parameter, one is

led to the Georgi-Machacek (GM) model [48, 49], which has ρtree = 1 by construction. This is

realized by imposing a global SO(4) ∼= SU(2)L × SU(2)R ∼= SU(2)V × SU(2)A symmetry to the

extended Higgs potential. After electroweak symmetry breaking, the custodial SU(2)V symmetry

is preserved at tree level, and thus contributions to ρ will only arise at loop levels. The model also

has the capability of providing Majorana mass to neutrinos through the lepton number-violating

couplings between the complex Higgs triplet and lepton fields. Moreover, it predicts the existence

of several Higgs multiplets, whose mass eigenstates form one quintet (H5), one triplet (H3), and

two singlets (H1 and h) under the custodial symmetry.

In this paper, we analyze the GM model with respect to the various excesses found around

∼ 95GeV. Previous studies focused on extensions of the GM model [44, 46]. Most recently, while

finalizing this manuscript, Ref. [50] appeared, investigating the excesses at ∼ 95GeV in the GM

model. In that work, contrary to our analysis (see the detailed discussion below), several Higgs

bosons of the GM model are assumed to have masses around ∼ 95GeV, resulting in overlapping

signals and leading potentially to somewhat larger rates in the di-tau channel. On the other hand,

as will be explained below, our treatment of the various Higgs-boson exclusion bounds and LHC rate

measurements includes all relevant data, in particular also from Simplified Template Cross Sections

(STXS) measurements. The incorporation of the latest results regarding the measured properties of

the detected Higgs boson at ∼ 125GeV as well as of a comprehensive set of the existing limits from

additional Higgs searches at the LHC and previous colliders can be particularly relevant for the

case of several light Higgs bosons. Furthermore, we include here an analysis of future explorations

of the GM interpretation of the ∼ 95GeV excesses.

As will be illustrated below, we identify h with the discovered Higgs boson at about 125 GeV,

and H1 with the putative Higgs boson state at 95 GeV. Because of mixing among the Higgs doublet

and triplet fields, the GM model presents a richer Higgs phenomenology through the couplings of
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the SM fermions and gauge bosons with the various Higgs boson states. We will furthermore

demonstrate that, as a consequence of the fact that the scale of all the exotic scalar masses (i.e.,

the masses of all the additional Higgs bosons besides the one at about 125GeV) are determined

by the triplet mass parameter m2
2 (see Eq. (8) below) and taking into account the theoretical

and currently available experimental constraints, the existence of the state H1 at about 95 GeV

implies that all the exotic Higgs bosons have masses at the electroweak scale. We will show that

this gives rise to very good prospects for probing this scenario with future results from the LHC

experiments1.

The paper is organized as follows. After a brief review of the model in Sec. II we list all relevant

theoretical and experimental constraints in Sec. III and describe our corresponding analysis flow.

The results are presented in Sec. IV, and the future expectations of how such a scenario can be

further analyzed at the HL-LHC or a future e+e− collider are discussed in Sec. V. Our conclusions

are given in Sec. VI.

II. THE GEORGI-MACHACEK MODEL

In this section, we give a brief overview of the GM model and introduce our notation. The

scalar sector of the GM model comprises one isospin doublet field (φ) with hypercharge Y = 1/2,

one isospin triplet field (χ) with Y = 1, and one isospin triplet field (ξ) with Y = 0. Under the

global SU(2)L × SU(2)R symmetry that is realized in the GM model, they can be arranged into

the following covariant forms

Φ =





(φ0)∗ φ+

−φ− φ0



 , ∆ =











(χ0)∗ ξ+ χ++

−χ− ξ0 χ+

χ−− −ξ− χ0











, (7)

where the phase conventions of the charged fields are chosen to be (φ+)∗ = φ−, (χ+)∗ = χ−,

(χ++)∗ = χ−−, and (ξ+)∗ = ξ−.

The most general scalar potential consistent with the SM gauge symmetry and the global

1 A Z2-symmetric version of the GM model has been studied in Ref. [51], which may be compatible with H1 around
95 GeV as well as H3 and H5 at the electroweak scale.
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SU(2)L × SU(2)R symmetry is given by

V (Φ,∆) =
m2

1

2
Tr

[

Φ†Φ
]

+
m2

2

2
Tr

[

∆†∆
]

+ λ1

(

Tr
[

Φ†Φ
])2

+ λ2

(

Tr
[

∆†∆
])2

+ λ3Tr

[

(

∆†∆
)2

]

+ λ4Tr
[

Φ†Φ
]

Tr
[

∆†∆
]

+ λ5Tr

[

Φ†σ
a

2
Φ
σb

2

]

Tr
[

∆†T a∆T b
]

+ µ1Tr

[

Φ†σ
a

2
Φ
σb

2

]

(

P †∆P
)

ab
+ µ2Tr

[

∆†T a∆T b
] (

P †∆P
)

ab
,

(8)

where σa and T a are the 2× 2 and 3× 3 representations of the SU(2) generators, respectively, and

the matrix relating ∆ to its Cartesian form is given by

P =
1√
2











−1 i 0

0 0
√
2

1 i 0











. (9)

The neutral fields are parametrized as φ0 = (vΦ + hφ + iaφ)/
√
2, χ0 = (v∆ + hχ + iaχ)/

√
2,

and ξ0 = v∆ + hξ, where vΦ and v∆ denote their vacuum expectation values (VEVs). Note

that here 〈ξ0〉 =
√
2〈χ0〉 is required by the imposed global symmetry. The SU(2)L × SU(2)R ∼=

SU(2)V × SU(2)A symmetry will be broken spontaneously by the VEVs down to the custodial

SU(2)V symmetry, with v =
√

v2Φ + 8v2∆ ≃ 246 GeV. The two linearly independent minimum

conditions are given by

m2
1 = −4λ1v

2
Φ − 6λ4v

2
∆ − 3λ5v

2
∆ − 3

2
µ1v∆ ,

m2
2 = −12λ2v

2
∆ − 4λ3v

2
∆ − 2λ4v

2
Φ − λ5v

2
Φ − µ1

v2Φ
4v∆

− 6µ2v∆ .

(10)

The scalar fields can be classified according to the isospin values of the custodial SU(2)V

symmetry into four multiplets:

5 : H++
5 = χ++ , H+

5 =
1√
2

(

χ+ − ξ+
)

, H5 =

√

1

3
hχ −

√

2

3
hξ ,

3 : H+
3 = − cosβ φ+ +

sinβ√
2
(χ+ + ξ+) , H3 = cosβ aφ + sinβ aχ ,

1 : H1 = sinα hφ +
cosα√

3
(
√
2hχ + hξ) ,

1 : h = cosα hφ − sinα√
3
(
√
2hχ + hξ) ,

(11)

where the mixing angle β is defined through tanβ = vφ/(2
√
2v∆), and the other mixing angle α

through

tan 2α =
2(M2)12

(M2)22 − (M2)11
, α ∈

(

−π

2
,
π

2

)

, (12)
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with

(M2)11 = 8λ1v
2 sin2 β ,

(M2)22 = (3λ2 + λ3)v
2 cos2 β +M2

1 sin
2 β − 1

2
M2

2 ,

(M2)12 =

√

3

2
sinβ cosβ

[

(2λ4 + λ5)v
2 −M2

1

]

,

(13)

and

M2
1 = − v2

4v∆
µ1, M2

2 = −12v∆µ2 . (14)

The tree-level masses of the scalars are then given by

m2
H5

= m2
H±

5

= m2
H±±

5

= M2
1

v2Φ
v2

− 3

2
λ5v

2
Φ + 8λ3v

2
∆ +M2

2 ,

m2
H3

= m2
H±

3

= M2
1 − 1

2
λ5v

2 ,

m2
H1

= (M2)11 sin
2 α+ (M2)22 cos

2 α+ 2(M2)12 sinα cosα ,

m2
h = (M2)11 cos

2 α+ (M2)22 sin
2 α− 2(M2)12 sinα cosα .

(15)

In the following, we will identify h with the detected Higgs boson at about 125 GeV, and H1 with

the possible Higgs boson state at 95 GeV. Accordingly, we set mh = 125 GeV and mH1
= 95 GeV

in the following. In our numerical analysis, the parameter space preferred by the theoretical and

experimental constraints that will be discussed below tends to have relatively small α and v∆

values (see Sec. III). In the limit where α, v∆ → 0, known as the decoupling limit, the exotic

scalar masses satisfy a decoupling mass relation, and their scale is driven to values far above the

electroweak scale [52]. Nevertheless, for the data points passing the applied constraints in our scan,

this limit is not exactly realized. Instead, we find that the mass relation mentioned above holds

only approximately,

2m2
H1

≈ 3m2
H3

−m2
H5

, (16)

and that their values can be comparable to the electroweak scale. Since the scale of all the exotic

scalar masses is mainly set by the parameter m2
2 (see Eq. (8)), we expect from both this fact and

from the approximate decoupling mass relation of Eq. (16) that the masses mH3
and mH5

should

also be close to the electroweak scale, which points to the possibility of rich phenomenology with

light BSM Higgs bosons. This has also been studied in Ref. [53].

We define the couplings of the SM weak gauge bosons (denoted by V ) and charged fermions

(denoted by f) to h and H1 in terms of κ factors that modify the couplings as

g(h,H1)(V V,ff) = κ(h,H1)(V V,ff) × gSMh(V V,ff) , (17)
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where in the lowest order

κhV V = sinβ cosα−
√

8

3
cosβ sinα , κhff =

cosα

sinβ
,

κH1V V = sinβ sinα+

√

8

3
cosβ cosα , κH1ff =

sinα

sinβ
.

(18)

We also define for the CP-odd state H3 and the CP-even state H5 their respective pseudoscalar

and scalar couplings as

gH3ff = sgn(f) i cotβ gSMhff , gH5V V = −cosβ√
3

gSMhV V , (19)

where sgn(f = up-type quarks) = +1 and sgn(f = down-type quarks, charged leptons) = −1. We

note that the 3 multiplet is gauge-phobic, whereas the 5 multiplet is quark-phobic but can couple

to leptons if lepton number-violating (|∆L| = 2) Yukawa couplings are introduced. Also, in the

region of relatively small α and v∆ as described above, we find κh(V V,ff) ∼ 1, as we will show in

the numerical analysis in Sec. III, while κh(V V,ff) = 1 holds in the exact decoupling limit.

In our study, we require the scalar potential to satisfy the following three sets of theoretical

constraints at tree level:

• Boundedness-from-below: The boundedness-from-below constraint can be satisfied as long as

the quartic terms of the scalar potential remain positive for all possible field configurations.

The sufficient and necessary conditions were first derived in Ref. [54].

• Perturbative Unitarity: The perturbative unitarity constraint requires that the zeroth partial-

wave mode of all 2 → 2 scattering channels should be smaller than 1/2 at high energies.

This was first studied and summarized in Ref. [55].

• Unique Vacuum: The unique vacuum constraint requires that the custodially symmetric vac-

uum should be the unique global minimum in the scalar potential2. This can be checked

through numerically scanning different combinations of the triplet VEVs 〈hχ〉 and 〈hξ〉 [54].

We remark that the assumption of misaligned triplet VEVs would break the custodial SU(2)V

symmetry down to a U(1) symmetry, resulting in undesired Goldstone bosons and tachyonic

states [58]. A more general scalar potential without the global SU(2)L×SU(2)R symmetry is

required in order to consistently consider the scenario of having misaligned triplet VEVs [59–

61].

2 We leave an investigation of the possibility that the custodially symmetric vacuum could be only long-lived rather
than being the global minimum within the context of the GM model for future work (see e.g. Refs. [56, 57] for
such investigations in the MSSM and the N2HDM).
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These constraints are applied to the potential parameters during the sampling process described

in Sec. III. For details of the implementation of these theoretical constraints, we refer to Ref. [62].

III. NUMERICAL ANALYSIS SETUP

A. Experimental results for the 95-GeV excess

We quantify the compatibility of the model with the observed excesses at about 95 GeV using

χ2
γγ,bb,ττ =

(µγγ,bb,ττ − µexp
γγ,bb,ττ )

2

(∆µexp
γγ,bb,ττ )

2
, (20)

where the experimental central values and the uncertainties for the observed excesses in the γγ,

bb and ττ channels are stated in Sec. I, and µγγ,bb,ττ are the theoretically predicted values for the

signal strengths in the different channels. Using the framework of coupling modifiers as defined in

Eq. (17), the theoretical predictions are given by

µγγ ≡ µH1

γγ,LHC ≡ κ2H1ff
× BR(H1 → γγ)

BR(H1 → γγ)SM
, (21)

µbb ≡ µH1

bb,LEP ≡ κ2H1V V × BR(H1 → bb)

BR(H1 → bb)SM
, (22)

µττ ≡ µH1

ττ,LHC ≡ κ2H1ff
× BR(H1 → ττ)

BR(H1 → ττ)SM
, (23)

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 BR(H1 → X)SM. The lowest-order

predictions for the coupling modifiers κH1ff and κH1V V are given in Eq. (18).

As mentioned in Sec. I, the di-tau excess observed by CMS at about 95GeV is in some tension

with other searches involving the di-tau final state. On the other hand, the di-photon excess

observed by CMS and ATLAS appears to give rise to a more coherent picture. As a consequence,

we have chosen to analyze the experimental results at three different levels: 1) γγ, 2) γγ + bb, and

3) γγ + bb + ττ . Thus, we only consider the di-photon excess in the first stage of our two-stage

analysis framework (see below), while the question of whether a simultaneous description of the

excesses in the bb and ττ channels is also possible is investigated in a separate step.

B. Parameter scan and point selection

The scalar potential of the GMmodel contains nine parameters: m2
1,2, λ1,2,3,4,5, µ1,2 (see Eq. (8)).

After fixing three of them via the constraints mh = 125 GeV, mH1
= 95 GeV, and v ≃ 246 GeV,
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and trading one more of them with v∆ through one of the minimum conditions (see Eq. (10)), we

are left with six independent degrees of freedom. For the numerical analysis, we choose the input

parameters to be

{v∆, λ2, λ3, λ5, µ1, µ2} ,

and scan them uniformly within the range v∆ ∈ [0, 50] GeV, λ2,3,5 ∈ [−4π, 4π], µ1 ∈ [−500, 0] GeV,

and µ2 ∈ [−500, 500] GeV. We perform our numerical analysis in a two-stage framework. The first

stage is to use the Bayesian-based Markov-Chain Monte Carlo simulation package HEPfit [63]

to generate a collection of samples that are “shaped” by the applied theoretical and experimen-

tal constraints. The second stage is to further constrain the allowed parameter space by apply-

ing the package HiggsTools [64] in order to ensure that the allowed parameter regions are in

accordance with the measured properties of the detected Higgs boson at 125 GeV (sub-package

HiggsSignals [64–67], data set v1.1) and with the limits from searches for additional Higgs bosons

at the LHC and at LEP (sub-package HiggsBounds [64, 68–71], data set v1.2). The employed

versions of HiggsSignals and HiggsBounds include essentially all relevant datasets from the LHC

Run 2.

In the first stage, after generating each sample from the previously defined scanning ranges,

we calculate the quantities needed to test the theoretical constraints summarized in Sec. II as

well as the total likelihood associated with all of the experimental measurements that we take

into account at this stage, which include the 95-GeV di-photon excess, the 125-GeV Higgs rate

measurements from LHC Run-1, and the BR(b → sγ) measurement [72] (following the method-

ology of GMCALC [73]). All of the samples are then required to satisfy the theoretical constraints

and to fall within the 95% Bayesian confidence interval 3. The reason that we only consider the

125-GeV Higgs rate measurements from LHC Run-1 at this stage is as follows. In both HEPfit

and HiggsTools, the Run-1 measurements are all implemented in terms of signal strengths, i.e.

as combinations of production and decay channels. Starting from Run-2, some of the measure-

ments have been presented in terms of the STXS framework, which HiggsTools adopts (where

HiggsSignals ensures that no double counting of measurements occurs4), while HEPfit still uses

3 The X% (Bayesian) confidence interval is defined as follows. For a collection of samples that are individually
assigned with a posterior probability, we sum up all these probabilities and sort the samples in the order of
descending probability. Then, starting from the first sample, the serial sub-collection of samples whose probability
sum corresponds to X% of the overall probability sum is considered to be within the “X% confidence interval”.

4 The code HiggsSignals makes use of the LHC measurements for the 125-GeV Higgs boson in the detected final
states. These include the combined Run 1 rate [74] measurements, the Run 2 measurements in the following final
states, WW [75–77], ZZ [78, 79], bb̄ [80–83], cc̄ [84, 85], τ+τ− [86–89], µ+µ− [90, 91], γγ [92–94], as well as those
measured in the tt̄H production channel [95–97]. Out of these the τ+τ− and γγ final states are incorporated via
their respective STXS measurements, while for the others the measured signal strengths are implemented.
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the same framework as in Run-1. In order to apply the measurements consistently and since an

exclusion of certain regions of the parameter space is only carried out in the second stage, we do

not consider the Run-2 measurements at the first stage. This is also why we do not apply the

limits from searches for additional Higgs bosons at this stage, which is to be considered in the next

stage.

In the second stage, we further analyze the samples obtained in the previous stage, including the

steps of: 1) rejecting samples that violate the 95% confidence level (CL) limits from experimental

searches for additional Higgs bosons using HiggsBounds [64, 68–71], and 2) calculating the total

χ2 of the LHC rate measurements of the observed Higgs boson at 125 GeV, which we denote as

χ2
125(GM), for the remaining samples using HiggsSignals [64–67]. To evaluate the samples in

more detail, we further calculate some additional quantities that are used in the later analysis.

Including χ2
125(GM), they are:

• χ2
125(GM): The χ2 value associated with the rate measurements of the 125-GeV Higgs boson for

the individual data points.

• χ2
X(GM): The χ2 value associated with the 95-GeV excesses in the X = γγ, γγ+bb, γγ+bb+ττ

channel(s) for the individual data points. For the details, please see the discussion in Secs. I

and IIIA.

• χ2
125(SM): The χ2 value associated with the rate measurements of the 125-GeV Higgs boson for

the case of the SM prediction. We find χ2
125(SM) ≈ 152.5.

• χ2
X(SM): The χ2 value associated with the 95-GeV excesses in the X = γγ, γγ + bb, γγ + bb +

ττ channel(s) for the case of the SM. We find χ2
γγ(SM) ≈ 9.0, χ2

γγ+bb(SM) ≈ 13.2, and

χ2
γγ+bb+ττ (SM) ≈ 19.0.

• ∆χ2
125: The difference in the χ2 values associated with the rate measurements of the 125-GeV

Higgs boson between the GM model and the SM, given by ∆χ2
125 ≡ χ2

125(GM)− χ2
125(SM).

• ∆χ2
X : ∆χ2

X ≡ ∆χ2
125 + χ2

X(GM)− χ2
X(SM).

For each choice of X, we first select the subset of samples that satisfy ∆χ2
X < 0. For such samples,

the combined χ2 arising from the excess at 95 GeV and the measurements of the Higgs boson

at 125 GeV is lower than for the SM. We then further pick from this subset the samples with

∆χ2
125 < 6.18. Such samples fall within the 95.4% (or 2-sigma) CL of the SM prediction for the

11



125-GeV Higgs measurements for a two-dimensional parameter distribution. Finally, we identify

the best-fit points from the latter subsets.

IV. NUMERICAL ANALYSIS OF THE 95 GEV HIGGS BOSON

We first present in FIG. 1 the sample distributions in the µγγ
H1

–µbb
H1

(left column) and µγγ
H1

–µττ
H1

planes (right column) for three cases: (i) X = γγ (upper row), (ii) γγ + bb (middle row) and (iii)

γγ+ bb+ ττ (lower row). In all plots, we show the (black dashed) 1-sigma ellipses of the respective

95-GeV excesses. The red points fulfill ∆χ2
X < 0 and ∆χ2

125 < 6.18. They are a subset of the blue

points that fulfill ∆χ2
X < 0. The best-fit sample is marked by a green star. One can see that in all

three cases, the GM model cannot accommodate the ττ excess. However, a large set of samples

can be found within the 1-sigma contour of the µγγ
H1

–µbb
H1

plane. It can also be seen that the bb

excess constraint restricts the data to about the left half of the γγ interval while still covering the

central value.

We also point out that for the first case, the best-fit point is located well inside the 1-σ contour,

while for cases (ii) and (iii) it is located right at the boundary and, in particular, at lower µγγ

values. In view of the fact that the experimental situation regarding the ττ excess is somewhat

unclear (see the discussion in Secs. I and IIIA), we will present only the results based upon the

samples of case (i) in our further study.

A summary of the physical properties of the best-fit point for X = γγ is given in TABLE. I.

While this is only an example of one benchmark point, it gives an idea about phenomenologically

preferred parameters and decay channels around that region of the parameter space. One can

observe that α = 0.224 and v∆ = 5.24 GeV (thus cosβ ≈ 0.06), while the values mH3
= 105 GeV

and mH5
= 121 GeV show that the mass spectrum of the scalar states lies far below the TeV scale

and that the approximate decoupling mass relation 3m2
H3

− m2
H5

≈ 2 (95 GeV)2 (see Eq. (16))

is satisfied. These characteristics demonstrate that the preferred parameter space tends to yield

κh(V V,ff) ≈ 1, which for the best-fit point have the values κhV V = 0.952, κhff = 0.977. Given the

masses of the exotic scalars, the decay of H3 is dominated by the bb channel and that of H±
3 by the

τντ channel. Though the H5 boson primarily decays into the WW final state, the branching ratios

of the γγ and ZZ channels are also of the same order. As we will show later, the preferred mass

range of H5 in our samples actually covers the three regimes of mH5
. 2mW , 2mW . mH5

. 2mZ ,

and 2mZ . mH5
, thus resulting in a diverse combination of γγ,WW,ZZ channel preferences.

However, the production cross sections for H5 obtained from our samples are all . O(1 fb), which
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Best-fit Point Properties

α = 0.224, v∆ = 5.24 GeV, mH3
= 105 GeV, mH5

= 121 GeV

κhV V = 0.952, κhff = 0.977, κH1V V = 0.317, κH1ff = 0.222

µH1

XX

γγ, LHC 0.202

bb, LEP 0.103

ττ , LHC 0.050

BR(h → XX)

bb 0.581

cc 0.029

ττ 0.062

gg 0.094

γγ 0.002

Zγ 0.002

ZZ 0.025

WW 0.204

BR(H1 → XX)

bb 0.823

cc 0.041

ττ 0.084

gg 0.034

γγ 0.006

ZZ 0.001

WW 0.010

BR(H3 → XX)

bb 0.781

cc 0.039

ττ 0.081

gg 0.098

BR(H5 → XX)

WW 0.546

ZZ 0.208

γγ 0.225

Zγ 0.021

BR(H±

3 → τντ ) 1.0
Off-shell scalar final states

are neglected.BR(H±

5 → WZ) 1.0

BR(H±±

5 → WW ) 1.0

TABLE I. Summary of the physical properties of the best-fit point in the X = γγ selection.
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limits the prospects for probing this state at the LHC in the near future. Finally, though we do

not consider their off-shell decays to other scalar states, H±
5 and H±±

5 primarily decay into WZ

and same-sign WW final states, respectively, which are the striking signatures of these GM scalar

states.

In FIG. 2 we present the sample distributions in the α–v∆ and mH3
–mH5

planes. In FIG. 2(a),

we also plot the contours of κ(h,H1)(V V,ff): the solid (dashed) lines denote the κXV V (κXff ) contours

for X = h and X = H1 in black and purple, respectively. In FIG. 2(b), we also indicate the

contour of the approximate decoupling mass relation given by Eq. (16) using a black dashed curve.

In contrast to the case of mH1
> mh, where one finds α < 0 (see, e.g., Ref. [62]), in our analysis

with 95GeV = mH1
< mh = 125GeV, all the data points are found to have α > 0. Furthermore,

one can see that α . 0.35 and v∆ . 6 GeV, and thus the magnitudes of the κ values manifest the

following features of the small α and v∆ limit: the κh(V V,ff) values are close to the SM predictions

while κH1(V V,ff) . 0.4. These are further confirmed by plot (b), where all points are found to be

very close to the contour indicating the decoupling mass relation given by Eq. (16) in the exact

limit. The feature that the preferred parameter region yields κh(V V,ff) values that are close to

the SM predictions can be understood from the fact that all the current measurements of the

properties of the Higgs boson at 125 GeV are very consistent with the SM predictions, thus leaving

little space for the model parameters to deviate from this limit. Nevertheless, in the GM model

the additional triplet gauge couplings provide more flexibility (parametrized by β) in comparison

to the case of just a singlet scalar mixing (parametrized by α) to account for both the 125- and

95-GeV Higgs measurements, while also allowing rich phenomenology in the other sectors of the

model. Moreover, the smallness of mH3
and mH5

(. 160 and 230 GeV, respectively), which is

expected from the approximate decoupling mass relation of Eq. (16) and the general scale set by

m2
2 as discussed in Sec. II, suggests that in the GM model the confirmation of the observed excess

at about 95 GeV would give rise to exciting prospects regarding possible discoveries of further

sub-TeV Higgs bosons at the (HL-)LHC (see the discussion below). As alluded to before, the

preferred mH5
range of [90, 230] GeV covers both the 2mW and 2mZ thresholds and thus gives rise

to various H5 decay patterns, but the smallness of its production cross section renders it difficult

to be probed in the near future experiments.

In the final step of our analysis of the present experimental situation, we investigate the origin

of the relatively large BR(H1 → γγ), as required to fit the CMS and ATLAS excesses. Here

the H±±
5 -loop diagram contribution to the effective H1γγ coupling plays an important role. To

study this, we define µ̃H1
γγ to be the 95-GeV di-photon signal strength predicted by the GM model
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where the red points furthermore fulfill ∆χ2
125 < 6.18. It can clearly be observed that all parameter

points within the preferred region are well within the projected ILC250 sensitivity. Consequently,

it is expected within the GM model that the new Higgs boson at ∼ 95 GeV can be produced

abundantly at the ILC250 (or other e+e− colliders operating at
√
s = 250 GeV). In FIG. 7 we ana-

lyze the prospects of H1 coupling measurements at the ILC250. The evaluation of the anticipated

precision of the coupling measurements is based on Ref. [40]. The evaluation has been performed

for the (effective) couplings of the H1 to bb̄, τ+τ−, gg, WW and ZZ. While the first four rely on

the decay of the Higgs boson to the respective final state, the H1ZZ coupling is obtained from the

production of the H1 as radiated from a Z boson. The latter channel yields the highest precision

between 1 − 5%. A high accuracy is also expected for the coupling to τ -leptons, ranging from

2−10%. The other three couplings are expected to be determined with an accuracy between ∼ 6%

and ∼ 30%. Coupling measurements at this level of precision will help to distinguish the GM

interpretation of the 95 GeV excesses from other model interpretations, see, e.g., Refs. [40, 41],

where prospective coupling precisions for the N2HDM, 2HDMS and S2HDM have been evaluated.

VI. CONCLUSIONS

If confirmed by further data, the excesses reported by CMS and ATLAS in the searches for low-

mass Higgs bosons in the di-photon decay channel at a mass value of about 95GeV could constitute

a direct manifestation of an extended Higgs sector via the production of a new Higgs boson. In

many previous model interpretations of the observed excesses in terms of a state φ, extensions of

the 2HDM were employed. This was mainly due to the possibility of a suppressed φbb̄ coupling,

thereby enhancing BR(φ → γγ) in such a way that the CMS and ATLAS excesses in this channel

can be properly described. In the present paper, we have investigated a different possibility for

enhancing the di-photon decay rate. Additional charged particles in the loop-mediated decay of

a ∼ 95GeV Higgs boson to two photons can yield a positive contribution to the decay rate and

in this way result in a sufficiently strong rate. However, it was demonstrated in Ref. [24] that

a second Higgs doublet, providing an additional singly-charged scalar, is not sufficient to yield a

relevant effect on BR(φ → γγ).

The situation is different in BSM models that extend the Higgs sector with triplets. Such models

predict the existence of doubly-charged Higgs bosons, which can substantially contribute to the

di-photon decay rate of a new light, neutral Higgs boson that is also allowed to exist in the model.

The GM model is of particular interest in this context, since despite containing Higgs triplets, it
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preserves the electroweak ρ-parameter to be 1 at the tree level. We analyzed the di-photon excess

within the GM model in conjunction with an excess in the bb̄ final state observed at LEP and an

excess observed by CMS in the di-tau final state, which were found at comparable masses with

local significances of about 2σ and 3σ, respectively. We demonstrated that within the GM model,

a ∼ 95GeV Higgs boson with a di-photon decay rate as observed by CMS and ATLAS can be

well described. Simultaneously, the GM model can also accommodate the bb̄ excess at LEP, but

not the di-tau excess. In this context, it is important to note that the signal strength observed by

CMS in the gg → φ → τ+τ− search is in some tension (depending on the model realization) 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

tau pairs, as well as with the searches performed at LEP for the process e+e− → Zφ(φ → τ+τ−).

We have demonstrated in our analysis that the loop contribution of the doubly-charged Higgs

boson indeed gives rise to an important upward shift in the di-photon rate of the Higgs boson at

∼ 95GeV which is instrumental for bringing the predicted rate in agreement with the observed

excesses. In the preferred parameter region, the doubly-charged Higgs boson is predicted to be

rather light, with a mass in the range between 100GeV and 200GeV. While the LEP searches

excluded doubly-charged Higgs bosons below ∼ 100GeV using the di-tau final state, which is

irrelevant to the preferred parameter space of this study, the searches that were conducted at the

LHC so far only cover the mass region above ∼ 200GeV.

Since also the other Higgs bosons of the GM model are predicted to be light in the considered

scenario, a realization of the observed excesses at ∼ 95GeV within the GM model would give rise

to the exciting possibility that experimental confirmation of the excesses at ∼ 95GeV could be

accompanied by discoveries of further states of the extended Higgs sector. We have studied the

prospects for probing the GM interpretation with results from future Runs of the LHC and from

a future e+e− collider. While dedicated searches for low-mass doubly-charged Higgs bosons at the

LHC could probe the preferred mass region, we find that the predicted rates for the production of

Higgs bosons decaying to tau-pairs remain below the anticipated reach of the HL-LHC. A future

e+e− collider would have good prospects for probing the GM interpretation of the observed excesses

at ∼ 95GeV via precision measurements of the couplings of the detected Higgs boson at about

125GeV, via the direct search for the state at ∼ 95GeV and via searches for the pair production

of the doubly-charged Higgs boson of the GM model.
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