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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 bb 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 GeV and 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 p parameter to
be 1 at tree level. We show in our numerical analysis that the meGM model 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 e*e™
colliders, which demonstrate very interesting prospects for probing the meGM model at future colliders.
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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
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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 2.95 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 1.7¢ 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

Hyy = 02405, (1.1)
corresponding to an excess with a local significance of
3.1c at

my = mgTLASJrCMS =954 GeV. (1.2)

About two decades ago, Large Electron-Positron
Collider (LEP) reported a local 2.36 excess in the ete™ —
Z(¢p — bb) searches [8]. Taking into account the coarse
mass resolution of the bb final state, the LEP result is
consistent with a Higgs boson with a mass of 95.4 GeV and
a signal strength of [9,10]

yZ’})p =0.117 £ 0.057. (1.3)

Furthermore, CMS also observed another excess com-
patible with a mass of ~95 GeV in the search for pp —
¢ — 7t~ [11]. While this excess is most pronounced at a
mass of 100 GeV with a local significance of 3.10, it is also
well compatible with a mass of ~95 GeV, with a local
significance of ~2.66. At 95 GeV, the signal strength is
determined to be

un® =12+£0.5. (1.4)
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 eTe™ — Z(¢p — v777) [8] do not
support the excess in the 7z channel. Consequently, we will
not take into account the results for the zz channel in our
analysis. Analyses taking into account the combined CMS/
ATLAS result in the yy channel, together with the LEP
excess in the bb channel can be found in Refs. [7,13-32]
(see also Refs. [33-38] for some early analyses of the
excesses in the yy and bb channels).

In Ref. [20], we demonstrated that the Georgi-Machacek
(GM) model [39,40] can very well accommodate the excesses
found at about ~95.4 GeV (some related works include
Refs. [19,30,31,41,42]). The GM model extends the SM with
Higgs triplet fields, naturally leading to doubly charged Higgs
bosons, which can potentially have an important impact on
BR(¢ — yy) 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
p"® = 1 by construction. This is realized as a consequence of

a global SO(4) = SU(2), x SU(2), = SU(2), x SU(2),
symmetry of the extended Higgs potential. After electroweak
symmetry breaking, the custodial SU(2), symmetry is
preserved at the tree level, so contributions to p 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 (H; and h), one triplet (H3),
and one quintet (Hs) under the custodial symmetry. In
particular, in Ref. [20], it was demonstrated that the require-
ment of one light CP-even Higgs boson at ~95 GeV together
with a second CP-even Higgs boson at ~125 GeV within 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 yy 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. IIL. 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 e*e”
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 ¢ with hypercharge Y = 1/2, a complex triplet y
with Y = 1, and a real triplet £ with Y = 0, which are given
in the SU(2), fundamental and adjoint representations,
respectively, by

¢* i
¢:<¢0)’ %:<x° - )

S

(2.1)

The neutral components are parametrized as

1 1
¢0:7§(U¢+¢r+i¢i)v )(0:”;(4'%()04‘1')&')7

&= vt é, (2.2)
with Vs Uy and Vg 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 G
and the electroweak p-parameter at tree level satisfy

1
v’ =03+ 40+ 02) = ——,
¢ ()( é) \/§GF

2

v
—_—— 2.3
v* 4 4(v: - vé) (2.3)

The current global fit on p is given by the Particle Data
Group as [54]1
p = 1.00031 £ 0.00019, (2.4)

which translates to

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

v} — v} = (4.6969 £2.8779) GeV>.  (2.5)

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

V(. x, &) = my(p'p) +my Tr(y"x) + mZ Tr(&%)
+ HpeTED + 1y Tr(r Ty E) + AT p)?
+ o1 [Te( 01 4 pa Te(e i x) + p3[Te(E2))?
+pa Tr(x ) Tr(&2) + ps Tr(x ') Tr(Ey)
+ o1 Te(r x) " + o0’y ' b
+ 03 Tr(E)p ' + (ugy 2 +Hee)

+ (04926 + Hee), (2.6)

where u,, and 6, are generally complex parameters and
¢ = ir2¢* is the charge conjugation of ¢ with 7% (a = 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 uy, = Im 64 = 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, dV/dX =0 for X = ¢, x,. &,
respectively, lead to the relations

my, = —vid — v, [2Re py, + v, (61 + 03)]

v
+éwﬁﬂ@wﬁﬂ@wﬁwm (2.7)
5 2
v v v
) ¢ ¢
m2 = —411)( Re (24, + \/51)50'4) - 75/1),5 Y (o1 +07)
= 2vy(p1 + p2) = V3P4 (2.8)
1
mi=_—— (2 ’ — 202 —2v%v,Reo.
=g Vau, (vgHpe VeSS oVx 4)
2
v
— 7¢03 - v§p4 — 2v§p3. (2.9)

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

++ __ ++ + _ 7+ — +
X = H", H Kk — OGiHmass = OGi UHiHmasw

Howeak = OGOHOmass = OGOOH”H%ass, (210)

where
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¢* Hy Hy

Hviveak = )(i ’ fir%lass = I:Iéc s H%ass = Hzi >
&* G* G*
¢r FIO H()
Xr Hl Hl

H?’Veak = 57‘ ’ H(r)nass = HZ ) H%ass H2 ) (211)
¢l I:I3 H3
Xi GO GO

with
H\Tveak = (erak)*v ilr:mss = (gr-;ass)*’ H;laSS = (Hrtlass)*- (212)

Here, G*(© denote the (would-be) Nambu-Goldstone bosons (NGBs) to be absorbed into the longitudinal components of
W=(Z), and H**, Hf (i=1,2), and H; (j =0, ...,3) denote the physical doubly-charged, singly-charged, and neutral
Higgs bosons, respectively. We identify Hy = 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., my’ > my~ for i > j > 0. The matrices O+, Ogo, and Opo
i J

(U =) 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

[21 .2
_2 7‘5+”z 0 vy 1]3><3 0 0
v v
2v/2
Vg Uy V¢ 20, 0 - {UI 2 :d) 2
- = - 2.8 2 180
OGi = UE'H)% \/v§+L§ v s OGO = \/Ld;+ Yy \/Ld;+ Uy (2.13)

VsV, v 20: 0 Vg 2v2,
e 2 2 2 2
v§+y§ \/1z§+v§ v \/1)¢+8”;( \/1)¢+81’1

On the other hand, the matrices U+ and Oppo 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

Ryi=(0c00p0) i1 R, =(0600)) 41
Ryi= (OG°0H°)4J+V R, ;= (OGOOHO)S,i+l’
R¢ijE (OGiUHi) R)(iiE (OGiUHi)zj,

Re; = (0G°0H0)3.1'+1’

Rgij = (OGiUHi)3j, (214)

1j°

where i(= 0, 1,2, 3) and j(= 1, 2) label the physical neutral
and singly charged Higgs bosons, respectively, with Hy = h.

The most general Yukawa interactions can be divided
into two parts,

Ly =LY+ %, (2.15)
where, in the original scalar field basis,
‘C(I/; = —y,019ug — y40rpdg — y.Lpeg + He.,
Ly = -y, Li(ity)yL, + He., (2.16)

with y, ;.. denoting the Yukawa coupling matrices for the
up-type quarks, down-type quarks, charged leptons, and the
Majorana coupling matrix for the neutrinos, respectively, and
Q1. L, ug, dg, eg 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 LY = —iy,L; is the charge-conjugated lepton
doublet. The Yukawa interactions for ¢, E(/’, take the same
form as that in the SM to provide masses for the quarks and
the charged leptons, while £% provides tiny neutrino mass
via the type-II seesaw mechanism [59-62]. Although the

form of [,‘f? 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

5
M ,
Ly>- Z Zf—f(Rqs,i = 2il 5ysR i) f (Hivass);

T
=
&
BN
Il
LR
S

2
- [ﬁ(VMdePR - MuvudPL)d
Vg
+ 0y (M,PR)¢ ZR(F tass); + Hee, (2.17)

where M ;(=y;v,/V/2) is the mass of the charged fermion f,
I, is the third component of its isospin, ie., 1,(I;.) =
1/2(-1/2), and V,, 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 the CP-even mass eigenstates H; (i = 0, 1, 3),

v
KH,ff = R(/,,,-U—/),
v v v
KHiWW = R(pri?[ﬁ + 2\/§RZ’Z‘ £ + 4R§ri;§’

v
v v
KH,zz = R¢,i 2y 4\/§R;m 7){7

eGM 1/2
o 1—‘H =Y
Kty = FSM ’

H; =YY

(2.18)

where I3 denotes the one-loop diphoton decay width

of H; predicted by the eGM model and I';,  denotes the

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

A. Custodial symmetric limit

In the limit where an additional global SU(2), x
SU(2), symmetry is imposed, one can express the scalar
fields in terms of a bidoublet @ and a bitriplet A as

- PO E
:<—¢- ¢°)’ A=l S x
o= L

(2.19)

Correspondingly, the most general potential that is invariant
under the SU(2), x SU(2) symmetry is given by

I’)’l2 . m2
V(d,A) = 7‘ Tr(®'®) + —zTr(A"'A) + 4 [Tr(®T®))?
+ /IQ[TI' ATA

+ A Tr(®Td

—

)P+ 23 Tr[(ATA)?]
) Tr(ATA)

Tb . b
q>3> Tr(ATT*AT?)

T Tb -
+H1TI‘<¢’TE®E> (P'AP)ab

+ p, Tr(ATTCAT?)(PTAP) ), (2.20)
where T are the 3 x 3 matrix representations of the SU(2)
generators and P is the similarity transformation relating
the triplet and adjoint representations of the SU(2) gen-
erators given by

-1 i 0
P= \% 0 Q V2 (2.21)
i 0
If the triplet VEVs are aligned as
(A) = diag(v,. v,,v,), (2.22)

the SU(2), x SU(2),~SU(2)y x SU(2), symmetry is
spontaneously broken down to the custodial SU(2), sym-
metry. As has been pointed out in Ref. [56], the condition
{y°) = (£°) is necessary for the case with the SU(2), x
SU(2), symmetry in order to avoid two additional charged
NGB modes associated with the spontaneous breakdown of
SU(2), — U(1),, 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,

my=mi omi=md omi=T2,
Hi Hi
Hoe == Pw =g He = 6v2ur,
A= 4/11, P1 = 412 + 6/13, Pr = —4/13,
p3 =M + 4, P4 =44, ps = 443,
(e} :4/14—/15, () :2/’{5,
63 =2  o4=122s. (2.23)
In Ref. [20], it was shown that the GM model can

accommodate the excess observed at about 95 GeV in the
vy channel by both CMS and ATLAS and by LEP in the bb
final state (see the discussion in Sec. ). 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
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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
to WW than to ZZ, the SU(2),, symmetry of the GM model
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 SU(2),,
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, we propose a minimal extension with 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

Viiin = V(®, A) + Vsor + (04 "xED + Hee),  (2.24)
where the first term is the SU(2), x SU(2)g-invariant
potential given in Eq. (2.20) and the second term, explicitly
given by

Vot = mf{ Tr(y"y) + mfg Tr(&%) + (,u(/wqﬁ*;ﬂ} +Hc)
+ pge S + g Tr( x8), (2.25)

contains all the possible soft-breaking terms for the SU(2), x
SU(2), symmetry. We note here that the last term in Eq. (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 ¢; and y;.
Here, we remark again that we set Im y,, = Im 6, = 0 and
only study the CP-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.,
(m} + m2) Tr(x"y) = m2 Tr(y"y). The minimally extended
model that we will study below, dubbed the “meGM” model in
this paper, is obtained by taking the following relations of the
most general case:

A= 411, P1 = 4/12 + 6/13, Pr = —413,
p3 =24y + 43, pa =4k, ps = 443,
0| = 4),4 — ),5, 0y = 2/15, 03 = 2/14 (226)

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

discussed in Sec. I1. We remark that, since the meGM model 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,

{U)(’ Ve, Ay A3, 64’/'145)(7”(]5.’:7#)(5}’ (2.27)
while vy, 4y, 4, and 45 are fixed by the requirements
that the VEV v ~ 246 GeV, and the Higgs boson masses
are obtained as mj, ~ 125 GeV, my ~95 GeV, and
mpy, ~ 152 GeV. It should be noted that we do not identify
H, with any of the three above-mentioned resonances
because H, is mostly composed of the CP-odd fields ¢;
and y; according to our numerical studies, as is the case for
the original GM model 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 Mpys < My and my, < m, <my, < my,.

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 ¥ = (v, v,, v;) 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 ¥ is indeed the global minimum. All
possible VEVs can be found by solving two cubic equations
of v, simultaneously, which are obtained from Eq. (2.7) with
vy and v, expressed in terms of the other parameters. We
then check whether ¥ 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: 4(p1 + 2l + p3 = ps—1ps)ps > (2p3 = ps — 1ps)*,
A>0, p3 >0, p1+min(p,/2,p,) >0, (2.28) (2.30)
42p5 > 0%,
G(t.C.n) > 0, (2.31)

2
4(py + pat) > <01 + 227 |°'2‘2V 2= 1) . (229)

where

G(1.5.1) = 4(p1 + pal + p3 — pa — nps)t* — (2p5 — pa — nps) 1> + p3)A
/1 — 2
- |:(01 + woy, — 03)I2 - 2|04| Tnt V 1 - [2 + 0'3:| s (232)

with the domains t€ [0, 1], €[1/2,1],7€][0, 1]. We note that the condition in Eq. (2.30) is redundant if

2p3 —py—np
pL+pl+ps—pi—nps >0 or 2p3—py—nps>0 or 0< L
2(p1 +p2l +p3 = ps—1ps)

<1. (2.33)

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 charge Q 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 x; of the s-wave amplitude matrix:

|Re x;| < 8x. (2.34)
We find the 19 independent eigenvalues [53],

x1 = 2(p1 + p2)s Xy =2p1 —p2, X3 = 2p4 + ps, x4 = 2(py + 2ps), X5 = 01 + 03,

c
X6:0'1—72, x$:p1+4p3i\/(p1—4p3)2+2p§, X§t21+P1+202i\/(/1—.01—2,02)24’0%,
+_01 1 2 2 £ _ ps 1 2 2
Xg =5 toyEs (01 =203)" +4[os|*,  xjg=A+ps- > *5 (24 =2p4 + ps)” + 8|ou”,
3 1
xlil = % + 162 + 03 Zt Z \/(261 + 30'2 - 40'3)2 + 64|G4|2, (235)
|
and xi, (i = 1, 2, 3) are obtained as the eigenvalues of the 20p5 21305 V2(3py + ps)
following matrix:
2305 62 \/§(201 +oy)
’In this study, we only consider the perturbative unitarity \/Z(3ﬂ4 +ps) \/%(20 1 +02) 8p1 + 6py
conditions at tree level. For the conditions at one-loop level, we
refer to Ref. [67]. (2.36)
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TABLE 1. The singlet and symmetric two-body final states
formed from the doublet and triplet fields, grouped by the total
electric charge (|Q]) and the total hypercharge (|Y]). A symmetry
factor of 1/+/2 is included for the states involving identical fields.
Adapted from Ref. [53].

0] 7| Two-body states
0 0 g, %%,y atam A%, ETE, EE V2
1/2 P, xt, PO, T
1 PPV, L, e
3/2 #°1°
2 °2°/V2
1 0 ¢+¢0*, X++)(—’ X+}(0*’ §+§0
1/2 Pyt datL POET, PTE, A0, @O
1 ¢+¢0’){++§—’){+§0’){0§+’ )(O*é:+
3/2 AN
) P
2 0 §+5+/\/§, )(++)(0*
12 POy, prEt
1 ¢+¢+/\/§, )(++§0, )(+§+
3/2 AVAN e
2 0t IV2
3 1 PRy
3/2 e
o) Pt
4 2 e V)

We note that the generally complex parameter ¢4 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 7z 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 bb and yy
excesses in our present analysis and quantify their compat-
ibility with our model using the quantity

exp \ 2
)(2 . Hx,95 — Hx o5
95 — E , AP .
X=yy.bb iuX,95

Here, the experimental central values ,u?& and uncertain-
ties Auy o5 are listed in Sec. I, while py o5 denotes the value
of the signal strength in the channel X as predicted by the

(3.1)

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

BR(H, = yy)

2 1

pr— D — ) 3-2

/’t}’]/,QS KHlf[ BR(HI y}/)SM ( )
BR(H, — bb

S0 =K% ., X A
Hpb.95 H,ZZ BR(Hl N bb)SM

where we assume 100% gluon-fusion production for H; at
the LHC and denote the branching ratio for a SM-like Higgs
boson at 95 GeV to the final state X as BR(H; = X)gy.-

Because H, is CP even, we can identify K%il" =
[Ry,1(v/vy)]? [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 bb, 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 Zy 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 GeV excesses (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 BR(H3 - ZZ) < 0.1 and BR(H; - WW) > 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
vy + X and yy + (¢, 7) channels, respectively, targeting the
production of a SM-like Higgs + X. However, a possi-
ble resonance at 152 GeV in the sideband distributions of

the m,, spectra could manifest itself in several signal
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v
—/
H3 //
/
7/
Wt . Y
\\
+
q H1,2 \\
Y

FIG. 1. A representative Feynman diagram of the charged
Drell-Yan production of the scalar boson pair H; and HY,,
which then decay to yy and XY = WZ, tb, cs, tv,, respectively.
For H3, furthermore, the decay modes into HyZ, H,W*, and
hW#* can occur.

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 gq' — W* — H3H7,
qq' > W* —> H;W*, and qq — q'q¢W*WF > ¢'q'H,
where we identify the H; boson with a neutral Higgs
boson with a mass of ~152 GeV and Hi with the two singly
charged eigenstates H 1i,2- For simplicity, we only consider the
scenario with my: ~ 100 GeV and my: ~ 156 GeV, which

are the masses with the highest statistical weights in our
general numerical simulations (see Sec. IV and Fig. 3 below).
For the decay of the neutral H; boson to yy, we find
BR(H; — yy) ~ O(1073) (see Fig. 5 below). On the other
hand, we consider four possible decay modes of H fz into SM
particles: W*Z, tb, cs, and 7¥v,. In addition to those four
modes, we find in our simulation that H5 can also decay to
HiZ, H W%, 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@NLO03.5.7 [86,87] using the NNPDF40_nlo_as_01180 parton
distribution function set, followed by the parton shower/
hadronization simulation with Pythia 8311 [88] and the
detector simulation with Delphes 3.5.0 [89]. Jet reconstruction
is performed using the anti-k; algorithm [90] with Fastet 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 Hy (Hi,, W=, qq").
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

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

Object Requirements

Photon pr>22GeV, |y <25
Electron pr>10GeV, || <2.5

Muon pr > 10 GeV, || < 2.7

Jet pr > 25 GeV, |n| < 4.4

b-jet pr > 25GeV,|n| < 2.5
7-lepton pr >20GeV,|n| <2.5

Event preselection

P > 35 GeV, p? > 25 GeV, p! /m,, > 0.35, pi? /m,, > 0.25

all 20 SRs. Specifically, we obtain a y> 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 m,, € [150, 155] GeV,
including explicitly those that are not expected to have an
excess at 152 GeV for the case of the meGM model.’
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

exp,SR,m,,, SR,m,,\ 2

2 NyyA,ISZ _Ny7.152

152 ANexp,SR,mﬂ
SR,m,, 77,152

exp,SR,m,,,

exp,SR,m,,,
where N 7152

and AN 5,
experimental central value and uncertainty of the event
number in the signal region SR at the diphoton invariant
mass m,, = 151,154 GeV. Furthermore,

denote, respectively, the

SR,m,, o SR,m,, SR,m,, . XY
NW-152 - NJ’%SM + k§ :NW,ISZ ’
XY
SR,mﬂ,XY o SR,mW
N, 55" =og "X L, (3.3)

where fo sy is the SM background event number taken
from the ATLAS simulation, Xk = 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], o-fsil;’m” is the
sum of the fiducial cross sections of the gq' - W* —
H3HE, qq' — W* - HW*, and gqq — ¢'¢ WEWT —
q'q'H; processes contributing to the signal region SR at
m,,, and we have taken the integrated luminosity to be
L = 139 fb~! [84,85]. Although we have listed all possible
channels above, we find from our numerical simulations

’On the contrary, Ref. [50] only accounts for the SRs in which
the model considered there makes explicit contributions.
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TABLE III. The relevant signal regions for the

qq¢ = W* = H3H}, qq' - W* — H;W*, and qq —

q' ¢ WEWT — ¢'q'H; processes, which are listed in Ref. [50] and were originally defined in Refs. [84,85]. It

should be noted that n;., counts both light and b-jets.

Signal regions

Selection criteria

4j
‘b
Tiep
2¢
1z

1714
EFs > 100 GeV
EFs > 200 GeV

iy 2 4, e < 2.5
Mgy 2 1o 2 1
Np—ey = 1, Rigg = Np_joy = 1
ee, up, or ey

Np—ey = Ling, = 0,1, 4 =0, EPs >35GeVif £ =e
=1,np_jo = 0, EP' > 35 GeV
EFs > 100 GeV
EFs > 200 GeV

Np=ep = 0, Ny

that most of the contributions come from the three channels
Hy - WZ, Hy — Hi(cs)Z, and H5y — Hi (tv,)Z, 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) x%,5(meGM): The »? value associated with the rate

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

*The 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].

(i) y35(meGM): The x?> value associated with the
95 GeV excesses in the yy,bb channels for the
individual data points; see Sec. L.

(iii) y3s,(meGM): The x? value associated with the
152 GeV excesses in the yy channel for the indi-
vidual data points, evaluated with Eq. (3.4).

(iv) x3,5(SM): The y? value associated with the rate
measurements of the 125 GeV Higgs boson for the
case of the SM prediction, evaluated by HiggsSignals.
We find y3,s(SM) ~ 152.5.

(V) x3s(SM): The x? value associated with the 95 GeV
excesses in the yy, bb channels for the case of the
SM; see Sec. I. We find y3;(SM) ~ 13.2.

(vi) x%s,(SM): The y? value associated with the 152 GeV
excesses in the yy channel for the case of the SM,
evaluated with Eq. (3.4). We find y2.,(SM) ~ 43.1
for the total of the contributing 37 bins, indicating
the level of tension between the experimental data
and the SM prediction.

(vii) Ay3,: The difference in the y? values associated
with the rate measurements of the M GeV Higgs
boson between the meGM model and the SM,
with M = 95, 125, 152, which is given by A;(ﬁz
234(meGM) — 173 (SM).

(Viil) Axgs. o5t Arssiias = Mgs + M.

(ix) Ay? Ay? = Ap2y = Ayds + Apdys + Axls,.

After the numerical y> evaluation, we first select the subset
of samples that satisfy Ay3s, ,s < 0and Ay?)s < 6.18. For
these points, the combined )(2 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 20) C.L. relative to
the SM case for a two-dimensional parameter distribution.
Next, we evaluate the subset with m HE = 100 £ 1 GeV and
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mys = 156 =1 GeV, selecting the data points with
2

Ay% = Ay? < 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 boson H* was presented
in Ref. [50], which claimed to exclude charged Higgs-boson
masses of 100 GeV < my+ < 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 mi:, 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
my+ < 110 GeV as concluded in Ref. [S0].

IV. RESULTS

We first present in Fig. 2 the sample distributions in the
v,~vg (left) and p,, 95—, o5 (right) planes. The blue points
fulfill Ayds s <0, Ayf,s < 6.18 (the first subsample
defined above). The red points fulfill Aﬂ(gs,lzs,lsz <0,
Aytys < 6.18 as well as my: ~100 GeV and my: ~
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
(v, = ve). In the right plot, we further show the (black
dashed) 1o ellipse of the respective 95 GeV excesses. In
the left plot, one can see that for most parameter points in
the two samples v; 2 v, is preferred, as expected from the

requirement of BR(H; — ZZ) < BR(H; > WW) [see
Egs. (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 p-parameter [see
Eq. (2.5)]. At the same time, most of the points are well
within the 1o 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
my,—mpg+ (left) and Mgt —My (right) planes, with the
same color coding as in Fig. 2. One can observe that all
scalar masses are ~O(100) GeV, where the sharp cuts
on the red-point distributions are caused by the require-
ment of my: €[99,101] GeV and my;: €[155,157] GeV.

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

my, = 95 GeV < mpy:
<my, =125 GeV < my,

< mg, = 152 GeV < mHzi < Mpy+=. (41)
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

—m? (4.2)

2 ~ 2
2mH].GM ~ 3mH3.GM Hsom?

where m Hiom for i = 1, 3, 5 are the exotic singlet, triplet, and
quintet scalar masses. Once we fix the value of two of the

10
0200 D35 4125 <0, Axdys <6187 Tl
gl 01751 ° AX§||<.01 Dxps <6.18 \\\
*  Best-fit \
—_
> 6
Q
O
SN
w44
>
’ 2 2
21 S AX§s+125 <0, Axips<6.18
4
// s Ax3<0, Ax3,5<6.18
y *  Best-fit
%2 a6 8 10 OO0 o 050 628 050 0.
0.00 0.05 0.10 0.15 0.20 0.25 030 0.35 0.40
vy (GeV Hyy, 95

FIG. 2. Left: sample distributions in the v,~v; plane, where the dashed line indicates the custodial-symmetric limit, i.e., v, = v,.
Right: sample distributions in the y,, 95—}, o5 plane. The elliptic contour denotes the 1o bounds of the corresponding 95 GeV excess

measurements. For the color coding, see the main text.
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FIG. 3. Sample distributions in the (left) my,—my-+ and (right) m HEM planes. The color coding is the same as in Fig. 2.

masses (€.g., my, ., = 95 GeV and My o = 152 GeV),
the remaining mass will then also be of roughly the same
scale. Since the meGM model 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 my, = 95 GeV
and my, = 152 GeV.

In Fig. 4, we compare the results for 47 — yy and
H| — yy, including (left plot) or excluding (right plot)
the contribution of the H** loop. From the distribution in
the «;,,~xp,,, plane shown in the left panel, one can see
that the obtained xj,, 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
Kp1, 7y is roughly [0.2, 0.7]. While as defined above T3
entering kp ,, contains all contributing particles in the loop,
for illustrating the effects of the H**-loop contributions,
we furthermore define

DX35.4125 <0, Dxfps <6.18
A% <0, Axd,s<6.18
*  Best-fit

1.00 1.05

Khyy

0.95 1.10

FIG. 4. Sample distributions in the (left) x;,,—«p
as in Fig. 2.

17y

ﬁ;{GM 1/2
- =7y
KHyy = (FSM ) . (4.3)

H;—yy

Here, f‘}"}?%w denotes the one-loop diphoton decay width of
H; 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 H 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 BR(H; - WW)-BR(H; — ZZ) (left) and BR(H; —
v¥)-Ax3s, (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 BR(H; — WW) is for most points more than an
order of magnitude larger than BR(H3; — ZZ), which is

0.7 © DXsi125<0, Oxfps <6.18
AxZ, <0, Axis <6.18
0.6 *  Bestfit

0
0.90

0.95 1.00 1.05

thv

1.10 1.15

and (right) K;,,,—Kp,,, planes (see the text for details). The color coding is the same
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FIG. 5. Sample distributions in the (left) BR(H3 - WW)-BR(H3 — ZZ) and (right) BR(H3 — yy)-Ax3s, 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.

caused by both the breaking of the custodial symmetry (and
thus the deviation from the originally fixed ratio between
the H;WW and H3ZZ couplings in the GM model) and the
different kinematic suppression associated with the 2W and
27 mass thresholds. On the other hand, BR(H3 — yy) is
almost linearly proportional to Ay3, with a negative slope,
and values of Ay?s, < —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 BR(H3 — yy).
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

the m,,—N :;plgf M plane for m,, = 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 ., 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 1Z SR at
both bins, 2¢ SR at 151 GeV, and the E‘}‘isg > 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 Ay> = —19.2 corresponds to a
better description of the data than for the SM, which also

21 .
iy , 1Thad 4]
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314 =3 3 3%
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b tiep EMiss > 100 GeV EMiss > 200 GeV
%
12 r
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FIG. 6. Sample distributions in the eight relevant SRs listed in Table Il in the m,,—N 5,

exp,SR,m,, plane form,, = 151, 154 GeV. The color

v

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

Best-fit point properties

v, = 4.60 GeV, v; = 5.01 GeV, my, = 147 GeV
mHIi =100 GeV, mHQi =156 GeV, Mpy+s = 163 GeV
Kpww = 0.940, K77 = 0.969, Krp = 0.957
K ww = 0.299, Ky, 77 = 0.239, kyy, 7y = 0.208
BR(H; — 77) = 0.004, Ay? = —19.2, Ay, = —11.0, Ay2, = —8.72

bb Yy
os,
XX 0.058 0.265
bb ct 7 99 %4 Zy 77z wWw
BR(h — XX) 0.578 0.029 0.062 0.081 0.0026 0.002 0.027 0.207
bb cc 7T qg vy Zy zZ ww
BR(H, — XX) 0.822 0.041 0.084 0.034 0.008 0.000 0.001 0.010
bb cc T 99 Zy zZZ WwW HiW
BR(H; — XX) 0.171 0.008 0.019 0.023 0.003 0.028 0.710 0.033
bb cc T 99 vy hZ H,Z HiW
BR(H; — XX) 0.066 0.003 0.007 0.022 0.000 0.002 0.772 0.127
cs v,
BR(H?E - XX) 0.612 0.379
. cs w, b A HZ hW HW HyW
BR(H; — XX) 0.006 0.004 0.023 0.111 0.764 0.029 0.060 0.003
wWwW HEW
BR(H** — XX) 5 297

holds individually for the excesses at 95 GeV, A)(%S =
—11.0, and 152 GeV, A)(%sz = —8.72. Next, one can see that
the mass spectrum does not show degeneracy, which is
consistent with the custodial-symmetry-violating hierarchy
of BR(H3; —» WW) > BR(H; — ZZ). Moreover, in accor-
dance with the general numerical simulations presented
earlier, the dominant decay channel of the heavier H% is
to H{Z with a BR of 0.764, followed by the WZ mode with
a BR of 0.111. Also, the neutral state H, decays predomi-
nantly to other light scalars, with BR(H, — H,Z) = 0.772
and BR(H, — HfW¥) = 0.127, while H** also decays to
H{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
my, ~ 152 GeV. The SM has y75,(SM) ~ 43.1 for 37 bins,
reflecting the (small) tension of the experimental data with
the SM prediction. The meGM model can improve this to
X152.min(MeGM) ~ 33 for the same number of bins. While
this improvement appears to be moderate, it reduces the
X315, 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 GeV and 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 the mj; ~6(WZ — Hy — WZ) (left) and

mysi—6(WW — H*: — WW) (right) planes at the 14 TeV
High-Luminosity Large Hadron Collider (HL-LHC).
Compared to the similar WZ — H: - WZ and WW —
H$* — 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 ete™ 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
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FIG. 7. Sample distributions in the (left) mj; —6(WZ — Hy — WZ) and (right) my-—o(WW — H** — WW) planes at the 14 TeV

(HL-)LHC. The color coding is the same as in Fig. 2.

probe the considered meGM scenarios. We first present
in Fig. 8 the two samples in the k,,,—k;,, 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 1o contours in the plot are centered around the
SM prediction of k., = k;zz = 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

1.021
1.00 I
"y

N 0.98
N
<
X

0.96 {

u . AXazll <0, AX%ZS <6.18
0.941 *  Best-fit
A SM Background
HL-LHC
0.921 —— HL-LHC+ILC250/LCF250
0.92 0.94 0.96 0.98 1.00 1.02
Kntt

FIG. 8. Sample distribution in the k;,,,—k;z plane in compari-

son to the prospective precision at the 1o 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.

outside the 16 HL-LHC ellipse, and the best-fit point shows
a ~3¢ 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 5o.

Finally, we analyze the capability of the ILC to produce
the new Higgs boson at ~95 GeV, i.e., H, and to measure
its couplings. In Fig. 9, we show the mpy —«ky, 7z ¥
BR(H, — bb) plane. In the plot, the cyan (magenta) curve
indicates the observed (expected) exclusion obtained by
LEP [8], where the ~2¢ 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~! 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
meGM 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). These prospects are similar
to the ones found in the GM analysis in Ref. [20].

In Fig. 10, we analyze the prospects of H; 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 H, to bb, tt7~, g5, WW,
and ZZ. While the first four rely on the decays of the Higgs
boson to the respective final states, the H,;ZZ coupling is
obtained from the production of H, 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 z-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
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FIG.9. Sample distribution in the my, &7, ,, x BR(H| — bb)
plane in comparison to the 95% CL LEP observed exclusion
bound [8] (cyan), the 95% CL LEP expected exclusion bound [8]
(magenta), and a projection for the 95% CL ILC250 expected
exclusion bound [105] (orange). The other color coding is the
same as in Fig. 2.

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 of H5 at 152 GeV. However, due to the fact that it
is close to the kinematic limit of the ILC250 machine
(my, + Mz~ 243 GeV = 250 GeV) and to the reduced
coupling of the H; 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 /s = 500 GeV
(ILC500) or LCF with 550 GeV. We leave an analysis of the
properties of H; at 152 GeV, corresponding to Figs. 9
and 10, for future work.

30

© DX3si125<0, Dxfps<6.18
D)3, <0, Axirs <6.18

N
(6]

N
o

DK xx/Kryxx (%)
5 5

v
«

ww zZ

bb T 99

FIG. 10. Sample distributions of Akpy xx/kp xx.XX =
bb,z, g9, WW,ZZ, expected from ILC250. The color coding
is the same as in Fig. 2.

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 BR(¢ — yy) rates through
the H** loop, the asymmetric pWW and ¢ZZ couplings
through custodial symmetry breaking, and the approximate
preservation of p = 1 at tree level by minimally extending
the GM model configuration. As a result, the meGM model
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 GeV and 152 GeV as
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 additional CP-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 Hy 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 e"e™ 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 y** is given by

v2 R
o <2M+ﬁRea4ﬁ>. (A1)
v

4 v, 'y

Denoted by M3 and M3, respectively, the Hermitian mass-squared matrices for the singly charged and neutral Higgs bosons in
the basis of (A}, A3) and (h, H,, H,, H5) [see Eq. (2.10) for the definition of these fields] have the matrix elements given by

2

v
(M3, = —m (0203 + V2Re 04v,v: = V2ugev; + 2Re pg v, ),
%
_vity v3 Re 2 92
(MZ) ¢ <2p5—\/§%>—2—¢{v§<02+2 MW) —\/ivf@+\/§Rea4vgvx<2+—§+2—g>},
2 v 4(1;5 +12) v, Ve vy U
Uy Re gy Hope Ux

M%)y = ———5—50,0s |07 +2——% +V22E V2 X Rea]+l Im oy, A2
( :I:)12 4(11§+1;) .»:[2 v, v: 4 2\/5 4 ( )
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(M(z))n = 20%7

iy v 1Reu
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