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THE SCALAR SECTOR
IN THE GEORGI-MACHACEK MODEL!

The Georgi-Machacek (GM) model extends the Standard Model (SM) Higgs sector by adding
one complex and one real scalar triplet, while preserving a custodial SU(2)v symmetry. This
setup predicts a rich scalar spectrum including a quintet, a triplet, and two CP-even singlets. In
this article, we review the model structure, its mass spectrum, and the theoretical and exper-
imental constraints from perturbativity, vacuum stability, electroweak precision tests, Higgs
measurements, and direct searches at colliders in both cases where the SM-like Higgs should
be the light or heavy CP-even eigenstate. We also discuss the model’s capability to explain the
95 GeV excess reported in vy, 7T and bb channels, by assuming two degenerate (CP-cven and
CP-odd) resonances. We demonstrate that the nature of the 95 GeV scalar resonance candidate
can be probed via the properties of its di-t decay.
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1. Introduction

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) with a mass of about 125 GeV marked
a major milestone in particle physics, confirming
the mechanism of electroweak symmetry breaking
(EWSB) in the Standard Model (SM) [1, 2]. Never-
theless, several questions remain open, particularly
regarding the nature of the EWSB sector and the
possible existence of additional scalar states. Expe-
rimental searches for new resonances, both lighter and
heavier than the observed Higgs boson, are actively
pursued at the LHC, as they could signal physics be-
yond the SM (BSM) [3, 4].

Interestingly, several excesses in the data have been
reported around 95 GeV in different final states: a
diphoton excess with a local significance of about 3.20
[5,6], an excess in the 77 channel [9], and an excess in
the bb channel from LEP data [10]. These persistent
anomalies, though not yet conclusive, motivate study
of BSM scenarios that can accommodate a light scalar
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resonance while remaining consistent with all existing
theoretical and experimental constraints.

A well-motivated extension of the SM Higgs sector
is the Georgi-Machacek (GM) model [11], which in-
troduces one complex and one real SU(2)y triplet
while preserving a custodial SU(2)y symmetry at
tree level. This structure leads to a rich scalar spec-
trum comprising a quintet, a triplet, and two CP-
even singlets. The model has been extensively studied
in the literature [12-16], and its phenomenology, in-
cluding Higgs couplings, electroweak precision tests,
vacuum stability, and collider signatures, has been
carefully analyzed. In particular, the possibility that
the observed 125 GeV Higgs boson could be either the
lighter or the heavier CP-even eigenstate has been ex-
plored [17,18].

In this work, we review the scalar sector of the
GM model and examine its capability to explain the
95 GeV excesses in the y7, 77, and bb channels. We
consider both the “single peak” scenario, where only
one CP-even scalar 7 is responsible for the signal, and
the “twin peak” scenario, where two nearly degenerate
resonances, the CP-even n and the CP-odd HY, con-
tribute coherently. We show that the latter case can

1 This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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naturally accommodate the observed pattern of sig-
nal strengths, especially in the di-tau channel, which
could serve as a probe of the CP structure of the res-
onance(s). We also discuss how future measurements
of the acoplanarity angle in 777~ decays can discrim-
inate between the two possibilities.

In Section 2, the model is presented where the mass
spectrum is defined and the different constraints are
discussed. The 95 GeV excess is addressed in Sec-
tion 3, where the suggested explanation within the
GM model is discussed, and in Section 4, the numer-
ical results are presented and discussed. Our conclu-
sions are addressed in Section 5.

2. Model, Mass Spectrum & Constraints

The scalar sector of the GM model consists of a scalar
doublet (¢, ¢°)T with hypercharge Y = 1; and two
triplet representations with hypercharges Y = 2,0,
respectively. These representations can be written as

0 n XO* + X++
++* §+* XO

with ¢~ = ¢T, £~ =¢&H, x77 =x"", x7 =xT. The
neutral components in (1) can be expressed as

1 .
¢° = —=(vg + hy +iag), X" =

V2

= —(vy + hy +iay), (2)
V2

EO = v + hg,

where vy, v, and ve are the VEVs for ¢° x° and
€9, respectively. Here, we have three CP-even scalar
degrees of freedom (dofs) {hg,hy,he}, two CP-odd
dof’s {ay,ay}, six singly charged dof’s {¢*, xT, £}
and two doubly charged dof’s y**. The most general
scalar potential invariant under the global symmetry
SU(2)r, x SU(2)g x U(1)y is given by

m2
V(®,A) = 71Tr[<I>T<I>]+

+ A Tr[@T ) Tr[ATA]H A TE[(AT A2+ A4 (TH[ATA])? —

a b
T [0 207 | Tr[AtTATY] -
2 2

2
X (UAU gy — poTr[ATTC AT (UAUT) s, (3)

a b
—p Ty {@TZ@U} X
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m2
TZTr[ATA]+)\1(Tr[<I>T<I>])2 +

where o123 are the Pauli matrices and the 7123

are the generators of the SU(2) triplet represen-
tation. The matrix U can be found in [11]. The
custodial symmetry condition at tree level m%, =
= mzz cos? Oy implies v, = /2v¢ and Ui + 8’(}? =
= v? = (246.22 GeV)?, where my:, mz and 6y are
the gauge boson masses and the Weinberg mixing
angle. It is useful to introduce the parameter tg =
= tanf = 2\/§vg/v¢ to describe the relations be-
tween the VEVs. By using the tadpole conditions, one
can eliminate the parameters m7 ,. After the EWSB,
the Goldstone bosons are eaten by the massive W and
Z bosons, and we are left with the following mass
eigenstates: three CP-even eigenstates {h,n, HY},
one CP-odd eigenstate HY, two singly charged scalars
{Hy, HE}, and one doubly charged scalar HZ*:

S
h=cohg — j’i(\@hx + he),
N =Sahy + \[(\[h + he),

H5 \[hé \/7 hy,
Hy = _13ﬁ¢i + s \[(X +&5),
7 (X" —¢5),

The mixing angle a of the CP-even sector is defined
by tan2a = 2M%,/(M3, — M%), where M? is the
mass-squared matrix in the basis {h¢, \/g hy + %hg}
that is given in [18]. This allows us to write the SM-
like Higgs boson and the heavy scalar (1)) eigenmasses
as mhn $ M +M3TF/(ME — M3,)? + 4(M7)?).
The other eigenmasses are

= —spag + cgay, (4)

HE = HEE —

It has been shown in [18] that the scalar potential
(3) could acquire some minima that violate CP sym-
metry and/or electric charge, and could be deeper
than the electroweak vacuum {vg,/2ve,ve}. The-
refore, this part of the parameter space is excluded.
Here, we impose the constraints from (1) vacuum sta-
bility, (2) unitarity, (3) electroweak precision tests,
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(4) the diphoton and undetermined Higgs branch-
ing ratios and the total decay width; in addition to
(5) constraints from negative searches for light scalar
resonances at LEP [19]. In this setup, the SM-like
Higgs h (the CP-even scalar with my, = 125.18 GeV)
decays mainly into pairs of fermions (cc, jup, 77, bb)
and gauge bosons WW and ZZ, in addition to a pair
of light scalars nn when kinematically allowed. Since
the Higgs couplings to SM fields are scaled by the
coeflicients

GM
Inff _ Ca
KE = —sm = v
s (©)
I 8
Ry = S}\//Iv = CaCp — gSaSﬁ,
Invv

that are directly constrained by the Higgs partial
strength modifiers [18], by using the recent mea-
surements [20]. Besides the above-mentioned con-
straints, the negative searches for doubly charged
Higgs bosons in the VBF channel HSt — W+W+
and from Drell-Yan production of a neutral Higgs
boson pp — HY(yy)HS give strong bounds on the
parameter space [16]. It has been shown in [16] that
the search for the doubly charged Higgs boson in
the VBF channel leads to a constraint from CMS on
53 x B(HF " — WTWT) [21]. Meanwhile, the rele-
vant quantity for the constraints on HY — v is the
fiducial cross section multiplied by the branching ra-
tio opq = ((THQH; X €4+ Ogop X e_)B(H? = ),
which is constrained by ATLAS at 8 TeV [22] and
at 13 TeV [23]. Here, we used the decay rate formu-
las, as well as the cross section and efficiency values
from [16], to include these constraints in our numeri-
cal analysis.

The extra CP-even eigenstate 7 couples to the
SM fermions and gauge bosons via the SM couplings
scaled by the modifiers

IV 8
Gy = gM = Sacs + \/;ca85,

g
RVV (7)
GM
InFF _ Sa
(F="5r =
9hrr  CB

which can be constrained by all negative searches for
light scalars. Here, we consider two types of searches
for the light scalar 7 [17]: (1) direct production via
e~et, pp — n+X, where the scalar could be identified
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via one of its SM-like decays n — ~v, uu, 77, cc, bb;
and (2) indirect production via the Higgs decay pp —
— h — nm — XXYY, where the light scalar is
identified via its SM decays X,Y = ~,u,7,¢,b. We
consider the constraints from negative searches for
pp — 1 — vy at CMS at 8+ 13 TeV Ref. [6], and
at ATLAS at 13 TeV with integrated luminosities
80 b~ Ref. [7] and at 138 fb™" Ref. [§].

Another search for a light SM-like scalar in the di-
photon channel with masses in the range 70—110 GeV
has been performed by CMS at 8 TeV and 13 TeV
Ref. [6], where upper bounds are established on the
production cross section o(pp — 1) x B(n — vv)
scaled by its SM value, ie., the factor (%#¢2, with
Cx defined in Ref. [17]. Regarding the CMS bounds
Ref. [6] on the production cross section of the CP-odd
scalar o(pp — HY) x B(H{ — ~7), the bounds are
automatically fulfilled since [Jpd,| < [(r(y| for all
the viable parameter space. Since the charged triplet
H 3i is partially composed of the SM doublet as shown
in (4), it couples to up- and down-type quarks simi-
larly to the W gauge boson. These interactions lead
to flavor-violating processes such as b — s transi-
tions, which depend only on the charged triplet mass
mg and the mixing angle 8. The current experimen-
tal value of the b — sv branching ratio, for a pho-
ton energy E, > 1.6 GeV, is B(B = Xs7V)exp =
= (3.55+£0.24 +0.09) x 10~%, while the two SM pre-
dictions are B(B — X,y)sm = (3.15 £0.23) x 1074
Ref. [24] and B(B — X y)sm = (2.98 +£0.26) x 1074
Ref. [25]. In our numerical scan, we consider the most
stringent bounds on the m3 —wv, plane shown in Fig. 1
of Ref. [14].

3. The Excess in the yv, 77 and bb Channels

Since the Higgs boson discovery with a mass around
125 GeV, see Ref. [1], the question about how elec-
troweak symmetry breaking (EWSB) proceeded, re-
mains open. It is not clear yet whether the EWSB
proceed via a single Higgs as in the standard model
(SM) or via many scalars as in many SM exten-
sions. Therefore, the LHC physics program devotes
many searches and analyses to the search for a di-
Higgs signal and the search for additional scalar res-
onances, whether they are heavier or lighter than the
125 GeV Higgs, for example see Refs. [3,4].
Although many searches for light scalar (n) have
been performed at LEP and the LHC (8 and 13 TeV),
where an excess around 95 GeV has been reported in
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these channels, see Refs. [9,26-28§]

P (g9 = n— 1Y) 0.10

exp __ =0.2719%
Hyy' = sm (99 — h — v7) —0.097

ep _ 0PG99 =N = TT) o g
Hrr = oSM (g9 — h — 77) . - ®)

o XP ( = Z?’] — Zbl;)

exp _ — 0.117 + 0.057,

Fop™ = “sm (€+e — Zh — Zbb)

with local significance values of 3.2¢0 [5], 2.2 o [9],
and 2.3 o [10], respectively.

Here, we estimate the excess observed by both LEP
and LHC around the 95.4 GeV mass value in the chan-
nels vy, 77, bb, where the signal resonance is assumed
to be a CP-even scalar for 93 < m,, < 97 GeV, or a
superposition of two resonances if 93 < m,, m HY <
< 97 GeV. Then, the 95 GeV signal strength modi-
fiers can be written in the narrow width approxima-
tion (NWA) as

—1
(95) (71) _ CFC2( n/ryS]M) +

Hyy ' = Hyy +
1
+ 9292 (rHo /rsig) :
1
%) = ) ) ( n/FSM) + (9)

~1
+ 0% (FH” /Fifl\é[) ;

-1
95
piy) = iy = G (C,/r3)

with 92 = gHou/gh” for i = V, F,~. Note that u(%)

does not include a contribution from HY since the
CP-odd scalar does not couple to the Z gauge bo-
son. Clearly, the CP-even scalar HY cannot play a
similar role as HY since it does not couple to quarks
and therefore cannot be produced via gluon fusion
at the LHC, nor does it decay into SM fermions if
produced at LEP.

In order ‘80 estlmate the relative contributions
[ ﬂw TT/;LW 7- in (9), it is important to note
that the HY total decay width is much smaller than its
corresponding SM value, so the factor (I‘ HY / F?}é{)fl

may lead to a significant enhancement of u,(ﬁi)w.

In addition, the effective coupling modifier 9, is
highly suppressed due to the absence of gauge and
scalar loop contributions. This makes the ratio p,, =

= MTT H) /,u(%) comparable to unity, whereas p,, =
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= Hw H3) / Hw) is strongly suppressed, as will be shown
below.

If the 95 GeV excess is confirmed in the di-7 chan-
nel when new ATLAS results are reported with more
data and/or similar results are released by CMS, this
channel could be very useful for confirming whether
the 95 GeV excess is a mixture of CP-even and CP-
odd resonances. At the detector level, the 7 lepton
cannot be measured directly but is reconstructed
from its decay products, especially the hadronic fi-
nal states with B(7 — hadrons) = 64.79% [20]. The
two most important decay channels are 7+ — pitu,
and 7 — ptv, — 770, with branching ratios of
10.82% and 25.49%, respectively. The decay n(HY) —
— 7777 — 7t r v, v, is particularly useful for iden-
tifying the scalar CP properties via the so-called
acoplanarity angle, defined as ¢* = arccos(ny -n_),
where ni are unit vectors normal to the decay planes
of the charged pions. The ¢* distribution is generally
used to probe the Higgs CP phase Acp of the tau
Yukawa interaction. The normalized acoplanarity an-
gle distributions for pure CP-even and CP-odd cases

are given by

.. 1dN 1 )
Reven,odd(¢ ) Nd¢* - 27T[1 :FQCOS(¢ )]7 (10)

. 22 (mZ—2m? 2
with @ = E for 7 = wv, and Q = E(W)

for 7 — pv;, respectively [29]. For a degenerate
CP-even/CP-odd resonance, or twin peak resonance
(TPR) scenario, the distribution is

RTPR(¢*) = (1 - pTT)Reven(¢*) + pTTRodd(¢*)a (11)

where p,, = ug;m / [t (95) is defined above.

4. Numerical Results

By considering all the constraints discussed in the
previous section, we perform a numerical scan where
the masses lie in the ranges 93 < m,, ms < 97 GeV
and 78 < ms < 2 TeV, where ms 5 are the triplet
and quintuplet masses, respectively. Concerning the
95 GeV signal excess (8), we define the function

iy o
i — ngp 2
X%g) = X?Y’Y + X%g + X~2rﬂ Xzz = (ZAM@:[))a (12)

which is useful to check whether the excess can be ad-
dressed simultaneously in the channels v+, 77, bb. In
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Fig. 1. The masses of the triplet, quintuplet, and singlet n for the case of a light (a) and a heavy (b) SM-like Higgs, considering
all theoretical and experimental constraints. The values of the coupling modifiers kp, for the light (¢) and heavy (d) SM-like
Higgs cases. The mixing angles for the light (e) and heavy (f) SM-like Higgs cases

our analysis, we consider only the benchmark points
(BPs) that address the three channels simultaneously
within 20, i.e., X%3) < 8.02.

In the following figures, we show the viable pa-
rameter space of the model for both the light and
heavy SM-like Higgs scenarios, along with several
constraints.
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The parameter space is well constrained and split
into three isolated regions, as shown in Fig. 1, a.
For instance, the three islands correspond to {1.5 <
tg < 2.16, 0.82 < s, < 0.93}, {055 < tg <
< 0.655, —0.38 < 54 < —0.22} and {0.55 < tg <
< 0.64, —0.65 < s, < —0.53}, respectively. Accor-
ding to Fig. 1, ¢, the x values for the three islands
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Fig. 2. The signal strength values in Eq. (9) for 20 viable BPs with xé) < 8.02 in the TPR case, considering all constraints (a,

b). The black point represents the best-fit BP corresponding to x??,) = 1.796. The palette shows the ratio pt~~ in the panel a and

the X%s) function given in Eq. (12) in the panel b. The ratios prr

(H?')/u(%) <H§)/H<95>

= lrr a7 and i~y 4~ » Where the palette represents

the X?s) function, are shown in panel (c). The ratio pr- indicates the relative contribution of the CP-odd resonance to the excess

are {0.95 < Ky < 1.09, 0.86 < kp < 1.13}, {1.018 <
< ky < 1114, 1.06 < kp < 1.08} and {1.162 <
< ky < 1.221, 0.903 < kp < 0.963}, respectively.

For the heavy SM-like Higgs scenario, the param-
eter space in the {ms,ms} plane is different from
the case with a light scalar 7, while the {¢g, s} and
{kF, kv } planes are similar. The Higgs coupling mod-
ifier ky is tightly constrained and can have either
sign, while kg can deviate from the SM value by up
to 13% for both the heavy and light SM-like Higgs
cases. These deviations of Ky from the SM are pos-
sible due to the strength of bounds from experimental
constraints such as the Higgs diphoton decay, the to-
tal Higgs decay width, and the Higgs signal strength
modifiers.

In Fig. 2, we show the signal strength modifier val-
ues (9) and the X%3) function for the considered 5k
BPs in the TPR scenario.

According to Fig. 2, the HY contribution to the sig-
nal strengths is crucial for addressing the di-7 excess
in the TPR case. Here, the X23 values become signif-
icantly smaller than in the SPR case, where the 95
GeV excess is addressed only via the CP-even reso-
nance. In the TPR case, about 27.5% of the BPs lie
within 1o, meaning that the excess in all three chan-
nels (8) is addressed simultaneously. In contrast, in
the SPR case, the x%, function values are larger than
1o for all BPs considered in Fig. 2, with a minimal

value of X?ér)nm = 3.487.

5. Conclusion

In this work, we have revisited the scalar sector of the
Georgi—-Machacek model in light of the reported ex-
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cesses around 95 GeV in the diphoton, di-tau, and
bb channels. After imposing theoretical constraints
(vacuum stability, unitarity, and custodial symmetry)
and experimental limits (electroweak precision tests,
Higgs signal strengths, direct searches for new scalars
and doubly charged Higgs bosons), we performed a
numerical scan over the model parameters, consider-
ing both the light and heavy SM-like Higgs scenarios.

We find that the GM model can successfully accom-
modate the 95 GeV excesses, especially in the “twin
peak resonance” (TPR) scenario where the CP-even
scalar ) and the CP-odd scalar HY are nearly degener-
ate in mass. In this case, the contributions from both
states allow a simultaneous fit to the v+, 77, and bb
signal strengths within 20, with a significant fraction
of benchmark points even lying within lo. By con-
trast, the “single peak” scenario (with only 7) yields
a poorer fit, particularly for the di-tau excess.

A key signature of the TPR scenario is the modified
acoplanarity distribution in the 777~ decay, which
reflects the superposition of CP-even and CP-odd
contributions. Future high-statistics measurements of
this distribution at the LHC or at a future ete™
collider could therefore distinguish between a pure
CP-even resonance and a mixed CP-even/CP-odd
system.

Our analysis also shows that the coupling modifiers
kv and kp of the 125 GeV Higgs boson can deviate
from their SM values by up to ~10% in viable re-
gions of the parameter space, which may be probed
with improved precision in future Higgs coupling mea-
surements. Moreover, the allowed mass ranges for the
triplet (Hs) and quintuplet (Hs) states are tightly

143



A. Ahriche

constrained, with the quintuplet mass typically lying
above a few hundred GeV.

In summary, the GM model offers a theoretically
consistent and phenomenologically viable framework
that can explain the 95 GeV excesses while predicting
distinctive collider signatures. Further data from the
LHC and future colliders will be crucial to test this
scenario and to unravel the possible extended nature
of the Higgs sector.

This work is supported by Sharjoh university via
the HEP research operational grant.
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A. Azpiw
CKAJISIPHU CEKTOP
Y MOJIEJII JI2KOPIDKI-MAYAUYEKA

Mopens Txxopmki-Mavageka (GM) posmmpioe cektop Xirr-
ca Crangapraol mozeni (CM), momarouu OfMH KOMIJIEKCHUIA
Ta OJMH AIfiCHUI CKaJSIPHUH TpUILIEeT, 36epirarodu pu IbOMY
cumerpito SU(2)y . Leit niaxin nepenbavae Garatwii ckassip-
HUI CIIEKTD, SIKMii BKJIIOYa€ KBiHTET, TpuilieT Ta g8a CP-napsi

CIIEKTp MacC, a TaKOxK TeOpeTI/I‘{Hi Ta eKCHepI/IMeHTaJIbHi obme-
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JKEeHHsI, IIOB’si3aHi 3 nepTypOaTHBHICTIO, BAKYYMHOIO CTabl/ib-
HICTIO, €JIEKTPOCTAOKUMH NIPEeNU3iiHUMHA TeCTaMi, BHMIipIOBa-
HasMu 0030Ha Xirrca Ta IPsSMHUM IOIIYKOM Ha KOJIaiifjlepax B
o6ox Bunagkax, Koaum CM-nonibumit 6030u Xirrca mae 6yTn
nerkuM abo BaxkkuMm CP-maprmm BracHuM cramoMm. Mu Takoxx
0BroBOPIOEMO 3JATHICTH MOJIesi mosichuTu Hajuiok 95 ['eB,
SAKHUIl MPUCYTHIA B 7y, 77 Ta bb KaHamax y MPHITYIIEHHI IBOX
Bupomxkennx (CP-maproro ta CP-menapuoro) pesonancis. Mu
[IOKa3y€eEMO, IO IPUPOLY KaHAUJATa Ha CKAJISIPHUI PE30HAHC
3 eneprieo 95 ['eB MmoxkHa mociiguTu 3a IOIIOMOIOI0 aHAIZY
BJIACTHBOCTEH HOro pO3majly Ha Iapy T-JEHTOHIB.

Kawvwosi caosa: Mogens GM, 6030 Xirrca, HaJJIUIIOK
95 I'eB, momudikaropu KOHCTAHT 3B A3KY.
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