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The recent observation of a diphoton excess around 95 GeV by the CMS and ATLAS Collaborations,
along with the bb excess reported by the LEP Collaboration in the same mass region, has drawn significant
interest in the possibility of new physics beyond the Standard Model (SM). The Georgi-Machacek (GM)
model, which extends the Higgs sector of the SM by introducing additional triplet scalars while preserving
custodial symmetry at tree level, provides a compelling framework to explain both excesses simultaneously
via a light custodial singlet Higgs. In this work, we investigate whether the GM model can still
accommodate these excesses when taking into account newly proposed vacuum stability constraints,
particularly the positive definiteness conditions. Our numerical analysis not only confirms the existence of
a viable parameter space capable of explaining the 95 GeV excesses, but also demonstrates that, compared
to traditional tree-level constraints at the electroweak scale, the positive definiteness conditions further
expand the allowed parameter space, thereby enhancing the viability of the GM model. Furthermore, we
emphasize that future collider experiments will play a crucial role in testing this interpretation by refining

Higgs coupling measurements and searching for additional Higgs bosons.

DOI: 10.1103/w2xw-q49n

I. INTRODUCTION

The discovery of the 125 GeV Higgs boson [1,2], the
last elementary particle predicted by the Standard
Model (SM), represents a significant milestone in particle
physics. Moreover, subsequent electroweak (EW) precision
measurements align quite well with the predictions of
the SM. However, the remaining theoretical and exper-
imental uncertainties mean that the specific process of
electroweak symmetry breaking (EWSB) remains an open
question [3]. Thus, the search for additional scalar fields
beyond the SM is a crucial task at the Large Hadron
Collider (LHC).

Recently, both the CMS and ATLAS Collaborations
reported an intriguing diphoton excess around 95 GeV.
CMS observed a diphoton excess of 95.4 GeV with 2.9¢
local significance based on the full Run-2 data [4,5].

The corresponding signal strength is pSMS = 0.330-1.
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Coincidentally, ATLAS also presented a diphoton excess
with 1.7¢ [6] local significance at the same mass region
with the signal strength pAT-AS = 0.181(-!. When these
results are combined, the local significance rises to 3.10,

with a combined signal strength of [7]

ATLAS+CMS __ 10.09
Hyy =0.24Z5-

(1.1)

Interestingly, search data for a low-mass scalar boson at
the Large Electron-Positron (LEP) collider may suggest a
local excess with a significance of 2.3¢ in the bb channel at
an invariant mass of approximately 98 GeV [8], accom-
panied by a signal strength of

,ull;l-lfp =0.117 £ 0.057. (1.2)
Given the limited mass resolution for the dijets at LEP, it is
plausible that this bb excess and diphoton excess may

indicate the same scalar particle' as reported by CMS
and ATLAS.

1Actually, CMS has also reported ditau excess at 100 GeV
(95 GeV) with local significance of 3.10 (2.60) [9]. While
ATLAS has not yet reported any information in the channel
around 95 GeV, so we will not discuss the ditau excess here.
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Given such interesting coincidental signals, it is mean-
ingful to explore whether the final result corresponds to a
new light scalar particle from the perspective of new
physics. Indeed, many papers have explained these signals
within different new physics models [7,10-76].

Among these models, the GM model can provide a light
custodial singlet scalar as a perfect candidate to interpret
diphoton and bb excess simultaneously [74-76]. There
could even be a twin-peak resonance around 95 GeV [75],
and demonstrates the nature of diphoton, bb, and ditau
excesses with two scalars in the GM model (a light
CP-even scalar and a same-mass CP-odd scalar).

The GM model [74-145] extends the SM by incorporat-
ing a complex SU(2), triplet scalar y with unit hypercharge
and a real SU(2), triplet scalar & with zero hypercharge.
This intricate construction enables the nontrivial preservation
of custodial symmetry at tree level after EWSB, dependent
on the precise alignment of the vacuum expectation values
(VEVs) between these triplet scalars, which ensures that the
triplet state expectation value can reach several tens of GeV,
significantly higher than in new physics models that extend
the SM with a triplet. In addition to the unique additional
scalar sector, the GM model predicts interesting phenom-
enology [100-120], such as enhanced couplings of the SM-
like Higgs boson to W and Z gauge bosons, as well as the
existence of nine more physical scalars, including a doubly
charged scalar particle.

In the GM model related studies, theoretical constraints
from perturbative unitarity, the EW vacuum stability and
conditions to avoid alternative minima vacuum [137-144]
etc should be satisfied other than those exclusion bounds
from new particle searches [136,139] by colliders. In our
previous work [145], we have rediscussed the vacuum
stability bound for the GM model, concentrating specially
on the constraints bounds from nonexistence of a deeper
vacuum at large field values. The numerical results indicate
that quite a lot parameter space satisfied theoretical and
experimental constraints have been excluded by the new
vacuum stability bounds. It is interesting to explore whether
there is still parameter space within the GM model that can
accommodate the 95 GeV excess, considering all the
theoretical and experimental constraints.

This work is organized as follows. In Sec. II, we briefly
review the GM model. A general discussion about diphoton
and bb excess signals at mass of 95 GeV is given in Sec. III.
In Sec. IV, we listed the theoretical and experimental
constraints in realistic research, and reviewed the bounds
of positive definiteness proposed in our previous work. The
numerical results are shown in Sec. V. In Sec. VI we present
our conclusion.

II. A BRIEF REVIEW OF THE GEORGI-
MACHACEK MODEL

The GM model’s Higgs sector encompasses the well-
known SM-like SU(2), complex doublet Higgs field,

labeled as (¢, ¢°), which carries a hypercharge of 1/2.
Furthermore, it incorporates two additional SU(2), triplet
Higgs fields: one complex triplet, identified as (¥,
2+, x°) with a unit hypercharge, and a real triplet possess-
ing a zero hypercharge, denoted as (&+,£%, —£+*). This
extension introduces novel features and complexities in the
Higgs sector compared to the Standard Model. The general
potential” of GM model being invariant under the global
SU(2), x SU(2); symmetry and SM gauge symmetry can
be given as

1 . 1
V(®,A) = 3 mitr[®TD] + 3 mXtr[ATA]

+ 21 (r[®7@])? + A, (tr[ATA])?
+ A3tr[(ATA)?] + A4tr[@TD|tr[ATA|

Q

+ Astr | @ }tr [ATTOAT?)

Q[\.)|

+u1tr[ } (PTAP),,

+ ustt[ATTOAT)(PTAP) ., (2.1)

where the ® and A are the matrix form of doublet and
triplets to tell whether the custodial symmetry is preserved
or not more easily. And the specific representation can be
shown as

O + ++

(053 + X 5 X
() () e

&)

The o'(i = 1,2, 3) (the Pauli matrices) in the potential are
the generators of the (2,2) representation of SU(2) group,
and the T'(i = 1,2,3) are the generators for the (3,3)
representation

T = —

1
0 )
V2 1

0

1

0
0
')
Besides, the P is a matrix to rotate the triplet into its
Cartesian basis

S O O O =

1
=10
0

| -1 i 0
P=—1| 0 0 V2 2.4
7 R (2.4)
l

*The last two terms in the scalar potential can be absent if
introducing a Z, symmetry.
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The neutral real scalar field can be parametrized as
50 - v+ hf, and the neutral complex scalar fields are
decomposed into real and imaginary parts as

¢0 e (l}¢ + h¢ + l6l¢)/\/§a

20 = v, + (b, +ia,)/V2. (2.5)
The parameters v, vy and v, are VEVs of corresponding
neutral scalar fields that trigger the breaking of SU(2), x
SU(2), symmetry. Especially, the custodial SU(2),, sym-
metry would be preserved at tree level if we choose
alignment VEVs for triplets v, = v; = v,. In other words,

VEVs of scalar fields take the identity form

va 0 O
<q>>:\%<1’0¢ 0), w=[0 w o]l 6
o 0 0 vy
Henceforth the EWSB condition becomes
v? = vj 4 dvy + 40} = v + 8v}
= \/;GF ~ (246 GeV)?. (2.7)

The tadpole equations can be obtained by minimizing
scalar potential with VEVs

_ 2
2 2 3 2
= —4/111J{/ - 6].4'UA - 3ASUA —Eﬂ]UA,
oV
—=0->m3
aﬂA
ﬂl”?
= _12/12U2A - 4/13’[)2A - 2)“4’055 - 151}425 - 4’UA Hi
—6/121)A. (28)
For 2®2=1®3 and 3®3=103P5, after

SU(2); x SU(2), symmetry breaking down to the custo-
dial SU(2), symmetry, we can have 2CP-even singlets
(H,, H}), 2CP-odd triplets (G3, H3) and 1CP-even quintu-
plet (Hs) by their transformation properties. G5 is the so-
called Goldstone boson, absorbed by W and Z bosons after
EWSB

N N )(i fi

Gy = cosf¢p™ 4 sin0=———,
3 ¢ \/2

G = cos O + sin Oy, (2.9)

where “i”” denotes the imaginary part of the complex scalar

fields. The mixing parameter € can be obtained through the

relation tan @ = 2v/2v,/ vy, allowing for a quantitative
assessment of the respective contributions made by the
doublet and triplets to EWSB.

The presence of the tree-level custodial symmetry
permits the VEVs v, of the triplets to attain values as
substantial as 60 GeV, when solely considering constraints
imposed by perturbativity, vacuum stability, and indirect
limits derived from oblique parameters and Z-pole observ-
ables, among others. However, when incorporating collider
constraints on the scalar states as reported in Ref. [108], the
upper limit on v, undergoes a reduction to 40 GeV,
necessitating that the mixing angle @ associated with the
triplet contribution be confined to a value less than 0.45.

The physical triplet is

£ gt
H¥ = cos 0% e sin ¢,
V2
HY = cos Gy — sin 0", (2.10)
The quintuplet is organized as
é:ﬂ:
Hii _)( Hi
\/ & - \/ 0r, (2.11)

113 ”

where the means the real part of complex scalar field.
The degenerate masses at tree level of triplet and quintuplet
can be given as

M% mq) 2+/1 2

4UA 2
M2 =""202 4 1om +3z + 81 (2.12)
5= 4v, Uy AVA SU,/, %UA, .
The two singlets can be given by
H, = ¢0,r H = \/g 0r 4 \/Igo (2 13)
S SRR

while this two singlets at last will mix into two physical
singlet states

(h )(m% 0 )(h)
' 0 m H
M%l M%Q H,
= (H,.H' . 2.14
(Hy, 1)<M§1 M§2><H’l> (2.14)

The elements of the mass matrix can be shown as
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M%l = 8&11}5),

V3
Mty = Mj, = 7”(/)(4(2/12 +4s)va +p1),
2
v
M2y = 8(As + 444)03 + 6505 — ’Zlv 2 (2.15)
A

The physical singlet masses can be given by calculating
the eigenvalues of this mass matrix

2 Mi + M3, F \/(M%l - M3,)* + 4(M%2)2.

mh,H = 2

(2.16)

The lighter singlet scalar would be a good candidate
to accommodate the 95 GeV excess if the heavier one is
SM-like Higgs with a mass of 125 GeV.

III. 95 GeV EXCESS AT THE GM MODEL

A. Brief review of the 95 GeV excess

The CMS and ATLAS Collaborations have thoroughly
investigated low mass scalar resonance in the diphoton final
state which has played a key role in the discovery of the
SM-like Higgs boson. Recently, CMS reported a resonance
at 95.4 GeV with a local significance of 2.9¢ based on the
Run-2 full dataset collected at 13 TeV (an integrated
luminosity of 132.2 fb=!) [4], the signal strength being

CMS — o™P(g9 = ¢ — y7)

_ 10.19
Hyy M(gg > h— 7)) 0.33Z515-

(3.1)
The ¢**P denotes cross section obtained by experiment at
the diphoton resonance mass, and 5™ denotes the cross
section for Higgs boson of the SM at 95 GeV. Thanks to the
new analysis strategy, the signal strength of this new result
showed a significant reduction compared to their previous

results with O3 .y = 0.6 0.2 based on the dataset

from Run 1 at 8 TeV and the part Run 2 data at 13 TeV
(an integrated luminosity of 19.7 fb~! and 35.9 fb~!) [5].
In the same mass region, ATLAS Collaboration detected
a diphoton resonance signal with a local significance of
1.70 based on the full dataset from Run 2 at 13 TeV [6], and
the slightly smaller signal strength is given by ATLAS

JATLAS — (g9 = ¢ = vy)
7 oM(gg = h =)

=0.18701. (3.2)

By combining their results, the local significance can reach
3.16 [7], and the signal strength is adjusted to

ATLAS+CMS — (g9 = ¢ = yr) _ 0.24+0.09
144 - — VL7008

oM(gg > h — yy) (33

u

Coincidentally, the results of LEP Collaboration showed
a mild excess with local significance of 2.3¢ in the
bb channel around 98 GeV [8], and signal strength being

/,ﬂl;gp =0.117 £ 0.057. (3.4)
In view of the limitation of dijet mass resolution in the LEP,
the hadronic bb excess may suggest the possibility of a
scalar particle at 95 GeV, which is in line with the observed
diphoton excess reported by CMS and ATLAS.

B. The 95 GeV excess at the GM model

The simultaneous detection of a diphoton excess at
ATLAS and CMS is quite intriguing, particularly as it
both occurs in the vicinity of 95 GeV. The coincidental
observation of a bb excess in the same mass window, as
noted in LEP experiments, adds an additional layer of
fascination. Consequently, it becomes crucial to investigate
these excesses using new physics models. Assuming the
existence of a new scalar particle, the signal strength can be
redefined as

o(Dos Gev) X BR(Dos ey — 7}’/17[7) _
osm(Pos Gev) X BRgm(Pos gev — 77/bb)
(3.5)

U(Pos Gev) =

The GM model predicts two light custodial singlet scalar
fields. The masses of them can be accurately estimated by
the Eq. (2.16) at the lowest order. The lighter field, referred
to as “H,” is obviously a natural candidate to explain the
observed signals if its mass is approximately 95 GeV, while
the heavier field “A” should correspond to the SM-like
Higgs boson with a mass around 125 GeV. In the narrow
width approximation, the diphoton and bb excess signal
strengths can be given

oam(99 =~ H) x BR(H — yy)

H) =
ﬂw( ) osm(99 = hsm) X BR(hgy = 7y)
_ 2 BR(H — yy)
i BR(hSM - 77) ’
ocm(ete” = ZH) x BR(H — bb

~ oem(eTe™ > Zhgy) x BR(hgy — bb)
BR(H — bb)

= Ky x o 2T (3.6)
where the k; parameters are the effective Higgs coupling,
defined as the square of the ratio of the couplings of the
Higgs bosons to fermions (for i = Hf f) or vector bosons
(for i = HVV) in new physics models, such as the GM
model, relative to their values in the SM. For the lighter
scalar H, the k; parameters can be denoted as

(3.7)

KHfr = gHGMff/ghSMff’ Kpyy = QHGMvv/ghSMvv~
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In the investigation of resonances around 95 GeV, the
choice for ff should be t7, and for V'V, it should be ZZ
(these choices are due to the requirements of the corre-
sponding resonance production modes at both LHC and
LEP). For the GM model, the effective Higgs couplings to
ft and ZZ in the lowest order can be shown as

sina cos o

Kuri Knit

cos@’ cos@’

. 8 .
Kgzz = cos@sina + \/;smﬁcos a,

Knzz = cos@cosa — \/gsinesin a, (3.8)

where a is the mixing angle of the two singlets H and H,,
denoted as

2M3,

el PR (3.9)
M3, — M7,

tan 2a =

It is easy to see that the effective Higgs coupling of the SM-
like Higgs k7,77 will approach 1 if the values of @ and v,
are very small, as anticipated. Sufficient mixing between

the singlets is crucial for addressing the bb excess.
|

Additionally, charged Higgs bosons (H; and HZ) and
the doubly charged Higgs boson (HZ™) play a significant
role in the loop-induced diphoton decay model, contribut-
ing positively to the interpretation of the diphoton excess
signal, beyond the contributions from the W boson and top
quark. Both the effective Higgs coupling and the branching
ratios at the loop level can be calculated using spectrum
generator package.

IV. CONSTRAINTS ON THE GM MODEL

A. The usual constraints

In practical research, the input parameters for a realistic
GM model must satisfy not only the complex constraints
imposed by current experimental data but also adhere to
fundamental theoretical requirements. Here are the usual
constraints that have to be met.

(i) The perturbative unitarity bounds: The quartic cou-
pling parameters within the scalar potential must
conform to the perturbative unitarity bounds derived
from the S-wave amplitudes for elastic scattering of
two scalar bosons, as detailed in Refs. [137,138,143].
These bounds are specified by the following

V(631 = Tdy — 11442 + 3673 + (6, + Ty + 1144] < 4,

V@A 2y = 2042 + 224 2y — 15 + 204 < 4,

(ii) The vacuum stability constraints: Current vacuum
stability constraints are simply based on the require-
ment that the tree-level scalar potential must be
bounded from below [138]. The quadratic and cubic
terms in the potential (2.1) can be safely disregarded
because the quartic terms will dominate the tree-
level scalar potential at large field values. Thus the
custodial scalar potential (2.1) can thus be reformu-
lated as

V® (rtany, ¢, @) = [A; + (A, — @ls)tan’y
4
(1-+tan%y)*”
(4.2)

+ (23 + Ay )tan*y]

with the following definitions

|2/13 =+ /14| <,
|ﬂz—/15| < 2r. (41)
r=\/Tr(@'®) + Tr(A'A),
r’cos’y = Tr(®'®),
rlsin’y = Tr(ATA),
_ Tr(ATAATA)
~ [Tr(ATA)?
Tr <d>T ) f;—b) Tr(ATT*AT?)
®= (4.3)

Tr(dT®)Tr(ATA)

And the ranges of these parameters are [138]

e |0, N (S
re|0, o) Y 5

o,f},

(e

1
§’1] and wé€e

R
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(iii)

(iv)

Thus, the requirement of the bounded-from-below conditions of the tree-level scalar potential in this form
establishes the necessary and sufficient conditions that the quartic couplings have to obey

—12 for 43 >0,
/14 >
-1z for 13 <0,

125 =244 (343 + A4)

for s >0 and 43 >0,

/12 > a)+(C)/15 - 2\/ j.] (Cﬂ@ +ﬂ4) for ﬂs Z 0 and l3 < 0,
Cl)_(z_,l)ls — 24/ /11 (4/13 + /14) for /15 <0,

A >0,

where the value of w.(¢) for any ¢ can be calculated with

(e hE)

wi@)—é(l—,/% (c—é)) £ Y2

Relevant constraints about Higgs: The mass of the
light singlet scalar H is anticipated to be around
95.4 GeV to explain the observed diphoton and bb
excesses, with a theoretical and experimental un-
certainty of 1 GeV, setting the mass range from 94.4
to 96.4 GeV. The properties of the heavier singlet
scalar h, corresponding to the SM-like Higgs boson
found at the LHC, should match ATLAS and CMS
measurements at the 95% confidence level, requiring
p-value greater than 0.05 and A =yg . — 3y
smaller than 6.18, as verified by the package of
HiggsSignal-2.6.2 [146—149]. Moreover, the signal rates
for extra Higgs bosons must be consistent with
cross-section limits from collider data (including
LHC, LEP, etc), which can be checked by the
package of HiggsBounds-5.10 [149-153].

Electroweak precision measurements: The latest
global fit results for the Peskin-oblique parameters,
based on the precision electroweak data, can be
presented as [154]

§=002+010, T =0.03+0.12,
U =0.01+0.11, (4.7)

and the correspond electroweak p parameter
should be

p = 1.00038 £ 0.00020. (4.8)
This so tiny uncertainty is an interesting sign to the

GM model as candidate of new physics for its
preservation of the custodial symmetry at tree level.

015019-6

(4.5)

As noted in Eq. (3.7), the couplings of SM-like
Higgs h to the SM fermions and weak gauge bosons
V = W, Z are modified in GM-type models, and the
deviations from the SM predictions can be para-
metrized by the so-called “effective Higgs
coupling”k¢s and kyy. The most strict constraints
are given by ATLAS and CMS Collaborations
[154-156]

K, =094 +0.11,
k.. = 0.93 £ 0.07,

Kpp = 0.89 £+ 0]],

K, =1.06303,  Kkww = 1.05£0.06,
kzz = 0.99 £0.06, (ATLAS), (4.9)
and

Kk, = 1.01 £0.11,
k., = 0.92 & 0.08,
Ky = 11242021, xyy = 1.02 4 0.08,
kzz = 1.04 +£0.07, (CMS).

Ky, = 0.99 & 0.16,

(4.10)

Thus, we would like our parameter space to range
within

0.83 <k, < 1.10,
0.86 < k., < 1.00,
0.76 <k, < 1.33,

=

0.93 S Kzz S 1.11.

0.78 <k, < 1.15,

0.94 < kyw < 1.11,
(4.11)
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(v) B-physics observables: The rare decays of B-mesons
are highly sensitive probes for new physics because
these decay processes are typically very suppressed
in the SM. Consequently, the observables from
B-meson rare decays often serve as crucial tools
for detecting new physics. Here are some common
constraints on B-meson rare decays in our realistic
research [157]

1.7x 107 < BR(BY - ppu~) <4.5x 1072,
0.85 x 10~ < BR(B — 7v/) < 2.89 x 107*,
2.99 x 107* < BR(B — X,y) < 3.87 x 1074,
(4.12)

B. Positive definiteness constraints

The existing constraints on bounded-from-below are
derived with the scalar potential at the tree level. It is
recognized that quantum corrections have the potential to
alter the scalar potential’s shape, which might result in the
violation of these positive definiteness conditions. This
could lead to new deeper vacua at large field values or new
vacua that are even not bounded from below, which means
that the electroweak vacuum that preserves custodial
symmetry might not be the true vacuum similar to the
metastable vacuum for a 125 GeV Higgs boson in the SM.

In light of these considerations, we have introduced the
so-called “positive definiteness constraints” within the GM
model to ensure the stability of the custodial vacuum [145].
Here we briefly review the positive definiteness constraints
on the GM model.

(1) Effective potential in the GM model

For the Higgs sector of the GM model, the full
effective potential is constituted by the summation of
the classical potential and the quantum loop correc-
tions. The effective scalar potential can be very well
approximated by the renormalization group improved
(RG-improved) tree-level expression in the large field
value regions with (A > v, @ > v,) after removing
the Goldstone combinations of scalars

V(®,A) = A (u) (tr[@T®])? + 4, () (tr[ATA])?
+ A3 (u)tr[(ATA)?]
+ A4 (u)tr[ @ DJtr[AT A
+ As(u)tr [qﬂ Gzacb”;] tr[ATTAT?)

+ Vs, (4.13)
where the energy scale u is at the order of
O(hy0. 1o heos - - +). Ve, represents the cumulative
effect of terms arising from quantum effects that break

the custodial symmetry. Especially, in the direction of
A (or @) taking large field values with not very large
@ (or A), it is reasonable to take the form (4.13) with
the corresponding @ (or A) terms neglected.

In the GM model, the quartic coupling coefficients
may change signs at large field values, analogous to
what occurs when the quartic coupling A turns
negative around 10'' GeV in the SM, potentially
leading to the emergence of new, deeper vacua at
large field values. These effects may pose a threat to
the positive definiteness of the effective scalar poten-
tial. Therefore, it is necessary and sufficient to use the
RG-improved tree-level scalar potential to determine
whether deeper vacua appear in various regions of
large field values.

It is well known that the custodial symmetry
preserved by the GM scalar potential will be violated
by quantum corrections, for example, loops involving
U(1), gauge boson. Therefore, it is insufficient to
adopt the Lagrangian with custodial symmetry pre-
serving scalar potential for a proper renormalization
group evolution (RGE) description, as new custodial
symmetry breaking terms will be generated so that
divergent loop corrections related to such terms cannot
be redefined properly. Therefore, one should begin
with the most general SU(3). x SU(2), x U(1)y
gauge invariant scalar potential [124,125], which
includes explicitly all possible custodial symmetry
violation terms that can be consistent with the gauge
symmetry.

The custodial symmetry preserved by the GM
scalar potential can be broken by quantum corrections,
such as those from loops involving the U(1), gauge
boson, new terms that break custodial symmetry
generated during the process of RGE, can lead to
divergent loop corrections. Consequently, it is imper-
ative to start with the most general SU(3). x
SU(2); x U(1)y gauge invariant scalar potential that
includes all possible terms that violate custodial
symmetry while remaining consistent with the gauge
symmetry [124,125], which can be written as’

Vg, x. &)
= mi(p'p) + mytr(y'y) + mitr(&?)
+ U PTED + [P (ima)y T + Hoe ] + pite(y 2 &)
+ 2@ D) + pile e )P + pate G ax ' x)
+ patr(E) + patr(rTp)te(8?) + pstr(r ' E)tr(Ex)
+ o1ty ) b + o2 P + 030 (E) TP
+ 04(¢p yé(ity) " + Hoel), (4.14)

*We are making the assumption that both y, and 64 are real
numbers in this context.
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where

N
%

S

.
0=() -

N
(=)

0
—ytt % —&t
P (4.15)
~ 7

The scalar potential that preserves the custodial symmetry of the original GM model, as shown in Eq. (2.1), can be

derived by identifying specific conditions

u
my, = 2mg, m; = 2m3, mz = mj, wy = —7%,

=-S5 h=6Van,  A=dh. p =4k +6h,

Py = —443, p3 = 2(A +43), P4 = 44y, ps = 44s,

0| = 4/14 —/15, 0y = 2/15, 03 — 214, Oy = \/5/15 (416)

The deviations in each equation of (4.16) during the RGE
reflects the generation of custodial symmetry breaking
terms in the effective scalar potential from loops involving
U(1), gauge interactions.

A comprehensive analysis of the effects of custodial
symmetry breaking in the GM model at higher energies can
be found in Ref. [124], assuming that no custodial
symmetry-violating terms are present at the EW scale.
The study demonstrates that, within certain parameter
regions, the influence of custodial symmetry breaking
can be adequately controlled up to the grand unified theory
(GUT) scale. Alternatively, if custodial symmetry is pre-
served at high-energy scales within a UV completion of the
GM model, the measured value of the electroweak p
parameter, along with the condition of perturbative unitar-
ity, places stringent limits on the scale of this ultraviolet
completion across almost the entire parameter space [125].

Despite their different approaches, the two methods used
to explore the custodial symmetry breaking effects induced
by RGE between various energy scales yield equivalent
consequences in the frame of the GM model. And one-loop
renormalization group equations (RGEs) for scalar quartic
couplings 4, py 2345, 01234, the gauge couplings g; (i = 1,
2, 3), and the Yukawa couplings Y,, ., etc. have been
provided in [124,125], with two-loop RGEs also available
in [143], which can be used to conduct the RGE analysis. In
practical numerical analyses, the Mathematica package
SARAH [158-162] not only facilitates the generation of
source codes for the spectrum-generator package SPheno
[163,164] but also can be utilized for RGE numerical studies.

(i1) Positive definiteness of the renormalization group

improved tree-level scalar potential

We utilize the one-loop RG-improved tree-level
scalar potential to numerically analyze the vacuum
structure and the constraints of positive definiteness
in the GM model, which ensures that no deeper

[

vacuum states can emerge across various large field
value regions. To confirm the positive definiteness of
the effective scalar potential within the GM model,
or to rule out the existence of alternative minima in
the large field value regions (where the EWSB and
custodial preserving minimum is indeed the true
global minimum), it suffices to verify that the
positive definite bounds for the scalar potential
are maintained. This can be achieved by substituting
all corresponding fields with their VEVs and incor-
porating the relevant minimization conditions.

The invariance of the SU(2), gauge symmetry
allows us to rotate away three redundant VEVs of the
four components of weak isospin components, leav-
ing only vy Furthermore, the invariance of the
SU(2)y custodial symmetry can be used to render
three of the VEVs within the triplets redundant, so we
can choose to eliminate the VEVs for y ™. Besides,
considering any attempt of spontaneous CP breaking
would lead to the breaking of the custodial symmetry
at EW scale [140], we can assume CP conservation
(v}, = v},5 = 0) in this work. We are left with the
following form of the VEVs after denoting vf , =
v and vf; = v, for simplicity

0 w0
V2

H= () W= .

V2 Vo T4

Veo

V2 U+
(&) = veo (4.17)

“Ver T4

Therefore the RG-improved scalar potential (4.14)
at the tree level can be given approximately as
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A 1 1
V(vg, v, 0e) = o5+ p1(vg4 + 070)> + 2 ( Vgt + Vo + 3v§;+v§;0> +2p3 <4 vio +vh, + véové+>

4 2

2 2 2 2 2 .2 2 .2
+p4(v)(;+ + U;(;U)(ng;-s- + Ug;o) + PS(U(:;OU)(H— T Ve Vo — 27}5;07};(;+U§;+Ux;0)
O1 2/ 2 02 2 2 03,2 2 y,2 %4 o
+ vy (Vg +v50) 2 Vbl T (vzo + 20z, vy + 2—\/511(15(11)(;+115;+ + Vy00e0)- (4.18)
It should be noted that the couplings, such as 4, p;, o;, etc., % 2"1%
must be replaced with their values in regions of large field A>0, det >0,
201+00  2p14p
values evolved by RGEs. These evolved values can be 2
utilized to determine the vacuum structure of the GM :TI 20, ;62 a
model. We disregard the dimensional parameters, which
.. .. L det 20140y  2pi1tpy 3py >0
can be eliminated through the minimization conditions for 8 2 2 ’
the VEVs and play a negligible role in deriving the positive o 3 1+ po
definiteness constraints in regions of large field values for N 2
. . A 20,+0, g 03
the effective scalar potential. i 5 7 5
It is evident that the VEVs of the custodial-preserving 26,40, 2p1+ps 3p p
EWSB vacuum are significantly smaller than those of det 32 2 MBS 0,
potential new vacua which may emerge in regions of large % % P1+ P2 Pa
field values. As a consequence, the magnitude of the o3 4 4 203
potential energy density for the -custodial-preserving 4
EWSB vacuum is considerably lower than that of the i oo a 2 =2
deeper. vacua whic.h aﬁse at large.field values, with the 2140r 2py+ps 3, oy 8
exception of certain highly exceptional cases. To ensure 8 2 2 4 2
vacuum stability, it is imperative that no lower-lying vacua,  det a 3% pr+p ps B> 0. (4.20)
other than the conventional custodial-preserving vacuum, o >
develop in regions of large field values. In other words, the 4 P4 P P3 Ps
scalar potential V (v, v,, ;) must remain positive definite 3 5 5 py 5

across all field-space asymptotes, analogous to the setting
of ordinary vacuum stability bounds in the Standard Model.

The scalar potential V(v¢, Dyt Vys0s Veips veo) can be
reduced to a matrix of quadratic form when the parameters
ps, o4 are sufficiently small, which takes the following form

— (12 2 2 2 2
V= (Uzl)’ Yyt Vy00 Vet Dsf;())

I AN

ZméHfz 2/)1% 3/% Da %4 ”;2(;+

<[ e % pidp p 2| e

2 P4 P4 2p3 p3 Vi

2 5 5 py 5 v
(4.19)

A quadratic form is said to be positive definite if all of its
eigenvalues are positive. According to Sylvester’s criterion,
this condition is equivalent to the requirement that all
leading principal minors of the associated matrix are
positive. To elaborate, this necessitates that

It should be noted that, while we have utilized the one-
loop RG-improved tree-level scalar potential to numerically
analyze the vacuum structure and the constraints of positive
definiteness in the GM model, we have not considered the
possibility that high-energy new physics could potentially
destabilize the vacuum, leading to rapid vacuum decay
with a tunneling time shorter than the age of the Universe
[165-169]. Moreover, the inclusion of gravitational effects
at high energies could also significantly impact the decay
rate of the false vacuum [169—-171]. These aspects will be
thoroughly investigated in our future works.

V. NUMERICAL RESULTS

We would like to identify the parameters that can yield a
light CP-even Higgs at 95 GeV to account for the excess
signals reported by the ATLAS, CMS, and LEP Colla-
borations. Realistic particle spectra, branching ratios, total
widths of the scalars, and current experimental constraints,
such as the mass of the SM-like Higgs, the couplings of the
Higgs to vector bosons and fermions (cited in [154—156]),
and B-meson rare decays sensitive to new physics (cited in
[157]), can be calculated using the GMCALC package [172]
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(specifically designed for the Georgi-Machacek model) or
the Spheno package [163,164] (which, when combined with
SARAH [158-162], can compute the spectrum of general new
physics models). Given the rich phenomenology associated
with additional Higgs bosons in the Georgi-Machacek
model, we utilize the HiggsBounds-5.10.0 package [149-153]
to ensure that our parameter choices comply with the bounds
on additional Higgs bosons at colliders. Furthermore, we
employ the HiggsSignals-2.6.2 package [146—149] to verify that
the next-to-lightest CP-even Higgs boson mimics the
behavior of the SM-like Higgs.

Generally speaking, the input parameters include quad-
ratic couplings A;,345, cubic coupling parameters with
mass dimension y, , and the mixing angle sin 8. Specifically,
the input parameters y; , can be alternatively expressed in
terms of the singlet masses m; and mjy to more easily
facilitate the matching with their masses, as detailed in
Eq. (2.16). Besides In order to better control the degree of
mixing between the two singlets, we can replace A; with the
mixing angle of two singlets « as elucidated by Eqgs. (2.15)
and (3.9). The range of these free input parameters is
chosen as

-V 47[ < /12’3’4‘5 <V 47[,
50 GeV < my, y < 200 GeV,

0 <sind < 045,

0<a<n. (5.1)

Since our primary task is to investigate the specific
impacts of the positive definiteness constraints on inter-
preting the 95 GeV excesses, we employ the numerical
method provided in our recent work [145] to check whether
the parameter space that can explain these excess signals
well fulfills the positive definiteness constraints or not. The
gauge coupling values at the EW scale used in this work are
taken from Ref. [173]. The boundary conditions for the
scalar quartic couplings at the EW scale, used in the process
of RGE, are chosen according to Eq. (4.16) to ensure that
the vacuum preserves custodial symmetry. To determine the
scale dependence of the quartic couplings in the one-loop
renormalization group-improved tree-level scalar potential,
it is necessary to evolve the input parameters to an arbitrary
u scale, particularly in regions of large field values, with the
appropriate beta functions. In realistic numerical analyses,
to establish positive definiteness constraints, we evolve the
relevant quartic couplings and mass dimension parameters
from the EW scale (M; =91.2 GeV) up to the Planck
scale (Mpjyne = 1.12 x 10! GeV) or to the lowest Landau
pole scale for the quartic couplings where any of them
diverge.

We conduct a numerical scan and present our results in
Fig. 1. Each set of input parameters must provide a next-to-
lightest CP-even Higgs boson with a mass of 125 GeV,
which serves as the SM-like Higgs boson, and a lightest
CP-even Higgs boson to successfully explain the excess
signals. We require that the points shown in Fig. 1 must
survive the theoretical perturbative unitarity bounds at the EW

scale. Since the number of points obtained by the Markov
chain Monte Carlo (MCMC) method during the numerical
scan is excessively large, we only display the points that can
offer a quite good interpretation of the 95 GeVexcess signals a
95% confidence interval (corresponding to 20).

The Fig. 1 shows the sample distributions of signal
strength for diphoton and bb excesses at 95 GeV provided
by our work. And the different colors indicate the values of
maximum scale that each input parameter point can reach
via RGE. The two panels at the top in Fig. 1 (actually for all
the upper panels on different plots in this work) show points
that fulfill the positive definiteness constraints at large field
value regions, but do not meet the tree-level bounded-from-
below bounds at the EW scale. The points in the middle two
panels are completely opposite to those on the top. The
panels on the bottom, however, show points that satisfy
both the tree-level bounded-from-below bounds at the EW
scale and the positive definiteness constraints at large field
value regions. We observe that many parameter points,
previously excluded by tree-level bounded-from-below
constraints, can actually satisfy the positive definiteness
constraints for the scalar potential when considering the
one-loop RG-improved scalar potential at large field values
regions. Conversely, a portion of the parameter space that
meets the tree-level bounded-from-below constraints (using
EW scale coupling inputs) should, in fact, be ruled out by
the positive definiteness constraints of the effective poten-
tial at large field values. Indeed, this situation between the
positive definiteness constraints at large field value regions
and the tree-level bounded-from-below constraints is com-
pletely consistent with the conclusion of [145].

The sample points shown in the left three panels of Fig. 1
can successfully provide a 125 GeV SM-like Higgs boson
and satisfy the bounds of theoretical perturbative unitarity,
B-meson rare decay and the oblique parameters “TSU” at
the EW scale, regardless of simultaneously explaining the
95 GeV excesses in 20. It is evident that these two 95 GeV
excesses can be well explained in the GM model, especially
when considering the positive definiteness constraints in
large field value regions and relaxing the tree-level
bounded-from-below constraints. Due to the severe sup-
pression of the interaction between the quark-phobic
SU(2), quintuple scalar and quarks, and the weak inter-
action between the gauge-phobic SU(2),, triplet scalar and
fermions in the so-called ‘“alignment limit” of the GM
model, the constraints of B-meson rare decay are not very
strict. Moreover, considering the invariance of custodial
symmetry at the tree level in the GM model, the constraints
of the oblique parameters “TSU” are also quite weak,
which is also the benchmark feature of the GM model.
Additionally, the right three panels are the result of
considering the constraints of extra Higgs bosons searching
from collider data checked by the package of HiggsBounds-

5.10 and the bounds of the specific properties of the SM-like
Higgs boson, which is the heavier singlet scalar % in this
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The signal strength of diphoton and bb excesses at 95 GeV. The different colors indicate the maximum values that each input

parameter point can reach via RGE. All points in the top panels fulfill the positive definiteness constraints at large field value regions but
do not meet the tree-level bounded-from-below bounds at the EW scale. The points in the middle two panels are completely opposite to
those in the top. However, the panels in lower panels show points that satisfy both the tree-level bounded-from-below bounds at the EW
scale and the positive definiteness constraints at large field value regions. All points in the left panels can successfully provide a 125 GeV
SM-like Higgs boson and satisfy constraints of the theoretical perturbative unitarity bounds at the EW scale, B-meson rare decay and the
oblique parameters TSU. Additionally, the right three figures are the result of considering the constraints related to the Higgs boson, as

compared to the left panels.

work, verified by the package of HiggsBignal-2.6.2. By
comparing set of left panels, it becomes evident that the
Higgs-related constraint has the most significant impact on
the parameter space, particularly for parameter points that
solely satisfy the tree-level vacuum stability constraint at
the EW scale. Although many parameter points that satisfy
positive definiteness bounds in the large field value regions
have been excluded, the remaining points can still ade-
quately explain the 95 GeV excess signals.

After previous discussions, we can reach the important
conclusion that the bounds of positive definiteness at large

field value regions should be taken into account in the first
place, rather than the constraints of bounded-from-below at
the EW scale. To tell that more easily, we will conduct a
specific analysis of the parameter space that satisfies the
stringent theoretical and experimental constraints and can
provide a very good explanation for the 95 GeV excess
signals in the following part. Hence, all points in Figs. 2
and 3 not only successfully account for a 125 GeV SM-like
Higgs boson but also satisfy several critical constraints:
the theoretical bounds of perturbative unitarity at EW scale,
the constraints related to B-meson rare decays, and the
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FIG. 2. The left three panels of the figure illustrate the mass distribution of the light Higgs boson and its corresponding signal strength.
The right three panels depict the mass ranges for both the SM-like Higgs boson and the doubly charged Higgs boson, with different

colors indicating the VEVs of the triplet fields.

requirements imposed by the oblique parameters “TSU” as
well as those associated with the Higgs boson itself. More
precisely, the points presented in Figs. 2 and 3 are detailed
in the lower three panels of Fig. 1. Similar to Fig. 1, the
points in the upper panels of Figs. 2 and 3 fulfill the bounds
of positive definiteness at large field value regions but
cannot satisfy the constraints of bounded-from-below at the
EW scale, those in the middle panels are the opposite, and
points in the lower panels can meet these two constraints.

The left three panels of Fig. 2 illustrate the mass
distribution of the light Higgs boson with 95 GeV mass
and its corresponding signal strength of y,, and p,;. It is
easy to see that the parameter points which can provide a
95 GeV mass CP-even Higgs can offer good explana-
tions for both diphoton and bb excesses. Of course, the

parameter space which only satisfies the constraints of the
positive definiteness at large field value regions is larger
than those that only satisfies the bounds of bounded-from-
below at EW scale as shown in the Fig. 1. What makes
things particularly interesting is that the signal strength
U5, in the lower left panel, indicated by the points that can
simultaneously satisfy both constraints, is quite large.
Although these points can still explain the two excess
signals within the 26 confidence region, the reason that the
points with smaller signal strengths y,;, have been excluded
is due to bounds on extra Higgs bosons searches at colliders
and the specific properties of the SM-like Higgs.

The right three panels of Fig. 2 depict the mass ranges for
both the SM-like Higgs boson and the doubly charged
Higgs boson, with different colors indicating the VEVs of
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The left panels display the specific values of the branching ratios for the common B-meson rare decays in the B — zv channel,

the B — X,y channel, and the BY — p*u~ channel. The values of the effective coupling for the interactions between the SM-like Higgs
boson and third-generation quarks, as well as the Z vector boson are presented in the right panels.

the triplet fields. For points fulfilling the constraints of
positive definiteness in large field value regions (shown in
the upper right and the lower right panels), the mass of the
doubly charged Higgs boson varies from 200 to 340 GeV,
whereas for those satisfying the bounded-from-below
conditions at the EW scale (shown in the middle right
panel), it ranges only from 220 to 250 GeV; the narrow
mass region is consistent with the tendency of Hs provided
by [47]. The mass of the doubly charged Higgs slowly
increases with that of the SM-like Higgs and shows a
significant positive correlation with the VEVs of the triplets
which varies from 3 to 30 GeV.

All the points in Fig. 3 have taken into account the
constraints from B-meson rare decays, oblique parameters
“TSU” and the effective couplings of the SM-like Higgs
boson. So it is clear that all the parameter space shown in

Fig. 3 can survive well under the experimental constraints
from the common B-meson rare decays (in the B — tv
channel, the B — X,y channel, and the BY — u*u~ chan-
nel) and the effective coupling of the SM-like Higgs boson
(the interactions between the SM-like Higgs boson and the
top quark x,, bottom quark «,, and the Z vector boson k).

Thanks to the suppressed interaction of the quark-phobic
SU(2), quintuplet scalar with quarks and the weakly
coupled nature of the gauge-phobic SU(2), triplet scalar
with fermions in the “alignment limit” of the GM model,
constraints from B-meson rare decays are relatively weak
even when we apply the newest data [174], as demonstrated
in the left three panels of Fig. 3. Consequently, most of the
parameter space can survive the incoming collider experi-
ments, such as the High-Luminosity LHC (HL-LHC)
[175,176].
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TABLE L.

Two benchmark points. The first subtable shows the input parameters in (2.1) and the values of corresponding parameter in

the scalar potential (4.14) at the EW scale. We also present some low energy experimental observables in the second and the third
subtables. All dimensional parameters listed in the table are given in units of GeV.

EW scale
A 0.0335 0.0320 A 0.1340 0.1278 o4 0.7862 0.0417
A —0.9263 —0.2818 1 0.3734 -3.1750 7 443818 30.3390
A3 0.6798 —0.3413 P2 -2.7191 1.3651 wh 31.3827 21.4529
As 0.2608 0.2597 03 —0.4931 —1.2463 uh —3937.8724 —1210.3213
As —0.5559 —0.0295 P4 —1.8526 —0.5637 my, 58.8545 83.2217
my, 126.8221 128.2429 Ps 2.7191 —1.3651 me 343.1990 113.1068
my 121.9700 120.6273 oy 0.4871 1.0092 m, 355.0436 111.2011
sin(6y) 0.5069 0.2067 0y 1.1112 0.0589 N 15.1016 17.9776
a 0.1736 1.9891 03 0.5215 0.5193 vy 243.3934 242.1265
Observables
my, (my) 95.5927 96.1130 K%_Iff 0.3846 0.1947 K} 0.9398 1.0034
my, (my,) 125.5482 125.3452 BR(H - yy) 0.0009 0.0017 K, 0.9398 1.0034
m, 368.3684 253.7774 BR(H — bb) 0.8004 0.7980 Ky 1.0185 1.0247
myg, 310.0807 185.8671 BR(H - 77) 0.0887 0.0885 K., 1.0193 1.0249
My 237.4317 186.1513 Hyy 0.2490 0.2381 S 0.0330 —0.0795
My 323.3204 251.3946 i 0.1115 0.1436 T —0.1027 —0.0164
mH;i 324.9837 252.1293 Hez 0.1190 0.1533 U —0.0200 0.0005
Ky 0.1116 0.1441 K, 0.9398 1.0034 P-value 0.8125 0.8100
Observables
M cq1e 3.1623 x 106 6.3096 x 10!° Higgs signals v v
Br(B, — X,y) 3.1086 x 10~ 3.0901 x 10~ Unitarity v v
Br(BY — utu™) 2.8925 x 107° 2.7844 x 107° VS at EW X X
Br(B — ) 1.1725 x 104 1.1431 x 104 VS at High scale v v
HiggsBounds v v Positive definiteness v v

On the contrary, constraints from the precision measure-
ments of Higgs coupling are very stringent for the GM
model, which extends the SM with triplet scalar fields.
Although the points in the right three panels of Fig. 3
currently meet all bounds, the parameter space will shrink
significantly once future collider experiments are consid-
ered. In particular, applying the predicted bounds from the
Circular Electron-Positron Collider (CEPC) [177-179]
(with 0.01 accuracy for top and bottom quarks and
0.001 accuracy for Z bosons), both the lower middle
and right panels would be entirely excluded, while only
a minimal portion of the parameter space would remain
viable for the upper right panel.

We present two benchmark points, which can satisfy
both current experimental and theoretical constraints except
the bounded-from-below constraints adopted in previous
studies while fulfill the positive definiteness constraints in
the large field value regions, in Table I that can address
these two excesses of diphoton and bb.

VI. CONCLUSIONS

In this work, we investigated whether the GM model can
accommodate the 95 GeV excesses observed in the dipho-
ton and bb channels while satisfying theoretical and
experimental constraints. By incorporating the newly
proposed positive definiteness conditions, we performed
a detailed numerical analysis and found that the GM model
remains a viable explanation for these excesses. More
importantly, our results reveal that these stronger vacuum
stability constraints, specifically the bounds of positive
definiteness at large value field regions, not only allow for
parameter space where a 95 GeV custodial singlet Higgs
can explain the observed excesses, but also expand the
allowed parameter regions compared to the traditional tree-
level bounded-from-below conditions at the EW scale. This
enhancement significantly improves the model’s viability.

Furthermore, we emphasize the crucial role of future
collider experiments, such as HL-LHC and CEPC, in
rigorously testing this interpretation. These experiments
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will refine Higgs coupling measurements, probe additional
Higgs bosons, and directly test key predictions of the GM
model. The increased precision and discovery potential of
these facilities will be essential in determining whether the
GM model can truly explain the 95 GeV excesses or if
alternative scenarios should be considered.
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