PHYSICAL REVIEW D 110, 015025 (2024)

Scale invariant scotogenic model: CDF-II W-boson mass and the 95 GeV excesses
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The anomalies observed in the W mass measurements at the CDF-II experiments and the excesses seen
around 95 GeV at the Large Hadron Collider (LHC) motivate this work, in which we investigate and
constrain the parameter space of the Scale Invariant Scotogenic Model with a Majorana dark matter
candidate. The scanned parameters are chosen to be consistent with the dark matter relic density and the
observed excesses at ~95 GeV signal strength rates in different channels. We found that significant part of
the viable space addresses the excess in the channel yy, while a tight part can address the excess in both yy
and bb channels. Furthermore, the model’s viable parameters can be probed in both the LHC and future

ete colliders for di-Higgs production.

DOI: 10.1103/PhysRevD.110.015025

I. INTRODUCTION

In the Standard Model (SM), the mass of the W-boson is
a fundamental parameter, and precise measurements of this
mass are crucial for testing the model’s predictions. The
reported measurements at CDF-II [1] have shown a sig-
nificant discrepancy between the measured W-boson mass
(MSPF = 80.4335 £ 0.0094 GeV) and the mass predicted
by the SM my, = 80.357 £ 0.006 GeV [2]. This discrep-
ancy is said to be at the level of seven standard deviations.
The W-boson is a weak interaction carrier; and any
deviation from its SM-predicted properties, including its
mass, has important implications, potentially indicating the
presence of new physics beyond the Standard Model
(BSM). Note that a recent measurement from ATLAS [3]
(M ‘C‘VTLAS = 80.370 £ 0.019 GeV) shows no deviation from
the SM expectation. Excluding the recent measurements
from CDF-II [1], the current world average from
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experiments yields M7y,* = 80.377 +0.012 GeV, based
on measurements at LEP-2 [4], Tevatron [5,6], and the
LHC [7,8].

In search of a light scalar Higgs boson, the CMS
and ATLAS experiments at the Large Hadron Collider
(LHC) reported a local excess of 290 and 1.7¢ at
95.4 GeV in the di-photon (yy) invariant mass spectrum
in Run 2 dataset [9-12], respectively. The Higgs-boson
(H) production in the Higgsstrahlung process e*e™ — ZH
with H — bb an excess of 2.3¢ has been observed in the
mass range 95 GeV < my < 100 GeV at the LEP collider
experiments [13,14]. CMS also reported another local
excess in the light Higgs-boson searches in the t+7~ final
state with a significance of 3.1¢ which is compatible with
the aforementioned excesses [15]. A recent study esti-
mates the global significance of the excesses at 95 GeV to
be 3.8¢ [16].

The notable discovery of the Higgs boson at the
LHC [17,18] marks the completion of the SM’s founda-
tion. Nevertheless, the observed anomalies mentioned
above open new avenues for considering and constraining
BSM physics. Several such studies are being considered in
Refs. [16,19-39].

Despite its success, the SM has left many questions
unanswered, including the hierarchy problem, the nature of
dark matter (DM), and the smallness of neutrino masses.
Among the extensions of the SM that address these three
problems simultaneously is the Scale Invariant Scotogenic
Model (SI-SCM) [40]. In this framework, the SM is
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extended by a real scalar singlet, three Majorana singlet
fermions, and an inert scalar doublet. The real scalar singlet
develops a vacuum expectation value (VEV) to assist in the
radiatively induced electroweak symmetry breaking
(EWSB), a la Coleman [41]. Here, we have two CP-even
scalars whose tree-level eigenmasses are 0 and 125 GeV
which correspond to a dilaton and a SM-like Higgs,
respectively. When considering the radiative corrections
(RCs), two scenarios are possible: (1) the dilaton mass
squared acquires a positive nonzero value, mp < my, and
the Higgs mass remains my = 125 GeV (light dilaton
case); and (2) the zero mass value shifts to 125 GeV due
to the RCs, and the 125 GeV tree-level eigenstate becomes a
heavy scalar, with mg > my, referred as the Pure Radiative
Higgs Mass (PRHM) case [42].

In this setup, the new Yukawa interactions that couple the
Majorana singlet fermions and the inert scalar doublet to the
lepton doublets induce a neutrino mass at one-loop level
similar to the minimal scotogenic model [43]. The DM
candidate here could be either a scalar (the lightest neutral
inert scalar), resembling the case of the inert Higgs model
extended by a real scalar [44], or the lightest Majorana
singlet fermion [45]. The Majorana DM scenario in this
model differs from the minimal scotogenic model, as DM
annihilation occurs additionally into all SM fermions and
gauge bosons via processes mediated by the Higgs boson
and dilaton. This makes the new Yukawa coupling restricted
only by the requirements of neutrino oscillation data and
lepton flavor constraints. Here, in the setup, we investigate
whether the dilaton scalar field could address the 95 GeV
excess mentioned previously while considering theoretical
and experimental constraints and requirements, including
the DM relic density and direct detection, and the W-boson
mass values measured by CDF-II. In addition, we would
like to investigate the impact of all these assumptions and
constraints on the di-Higgs production at the LHC (and at
future e*e™ colliders) with /s = 14 TeV (500 GeV).

This work is organized as follows: Sec. Il is dedicated to
presenting the SI-SCM model, describing EWSB, and
discussing various theoretical and experimental con-
straints. Next, in Sec. III, we delve into the discussion
and formulation of W mass corrections and the 95 GeV
signal strength modifiers in the SI-SCM model. The di-
Higgs production mechanism is detailed in Sec. IV, and
our numerical results are presented and discussed in
Sec. V. We conclude our work in Sec. VI.

II. MODEL AND FRAMEWORK

In the SI-SCM, the SM is extended by one inert doublet
scalar, S, three singlet Majorana fermions N; (i = 1, 2, 3),
and one real singlet scalar ¢ to assist the radiative EWSB, as
shown in Table I. The model is assigned by a global Z, to
make the lightest Z,-odd field stable, which plays the DM
candidate role. The Lagrangian contains the following terms

TABLE L. The field charges under the symmetry Z,, where Xqy
denotes all SM fields.
Gauge group S N; ¢ Xsm
SU(2), 2 1 1
U(l), -1 0 0
Z -1 -1 1 1
e ot 1 NC
[, B} _{gi,aNiS Lﬂ—"HC}—EquﬁNlNl, (1)

where g; , and y; are new Yukawa couplings; L, are (£4g)
the left-handed lepton doublet (right-handed leptons); the
Greek letters label the SM flavors, a, f € {e, u, 7}; and the
SM Higgs and the inert scalar doublets are parametrized as:
H' = (", (h+ig%)/V2) and S" = (8%, (8% +iA")/V/2),
respectively (where y* and y° are Goldstone bosons). The
most general SI scalar potential that obeys the Z, symmetry
is given by

1 Ap A
V(H.S.d) = gdu(HPP + 3554 + 5 IS)
+ S IHPG + 522 + Ao HPIS P
A
+ A4|HTS|> + {25 (H'S)? + Hc} (2)

The first term in Eq. (1) and the last term in Eq. (2) are
responsible for generating neutrino mass via the one-loop
diagrams as illustrated in Fig. 1.

The neutrino mass matrix element [46] can be written as
mfl’}; =i 9ia9ipNi = (g" - A- 9)qp» Which permits us to
estimate the new Yukawa couplings using the Casas—Ibarra
parametrization [47], where lepton flavor violating (LFV)
bounds on the branching ratios of £, - £py and 7, —
3¢ 3¢ 3 should be fulfilled.

Here, the EWSB is triggered by the RCs where the
counterterm 64y, 644, Sw, corresponding to terms in
Eq. (2), are chosen to fulfill the tadpole conditions and
one of the CP-even eigenmasses matches the 125 SM-like
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FIG. 1. The neutrino mass is generated in the SI-scotogenic
model at one-loop level.
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Higgs and the other corresponds to light Higgs (PRHM
case) or a heavy Higgs (light dilaton case). After the EWSB
((h) = v, (¢p) = x), we obtain two CP-even eigenstates as
H = cyh —s,¢ and D = s, h + c,¢, where H denotes the
125 GeV Higgs, D is the dilaton scalar whose mass should
be around mp =954 GeV in this setup, and a is the
Higgs-dilaton mixing angle. Here, the RCs in both PRHM
and light dilaton cases ensure the mixing angle a to be in
the experimental range dictated by the Higgs gauge
couplings measurements. Detailed discussions on these
conditions can be found in [42].

The vacuum stability must be ensured by imposing the
coefficients of the term ¢*log¢ to be positive, which
represents the leading term in the scalar; instead the term
¢*, where ¢ refers to any direction in the & — ¢ plane. Since
all field dependent squared masses can be written as
m?(h,¢) =1 (a;h* + Bi¢?), the vacuum stability condi-
tions can be written as >, n;a? > 0 and Y, n;f? > 0, with
n; to be the multiplicity of the ﬁeld “i.” In addition to these
cond1t10ns the quartic couplings in Eq (2) must fulfill the
perturbative unitarity conditions [42].

In this model, the DM candidate could be fermionic (the
lightest Majorana fermion, N;) or a scalar (the lightest
among S° and A®). In the case of a scalar DM, the situation
matches the singlet extended inert doublet model case [44],
where the coannihilation effect should be considered in
order to have viable parameters space. In the minimal
scotogenic model with Majorana DM, the DM annihilation
occurs via t-channel diagrams mediated by the inert fields,
which makes the Yukawa couplings g; , values constrained
by the relic density, and therefore the neutrino mass
smallness can be achieved only in extreme S — A® mass
degeneracy, i.e., imposing a very small value for A5~
(9(10"0) [48]. However, in the scale-invariant version,
new s-channels mediated by the Higgs boson or dilaton
exist, which allows all the perturbative range for the g, ,
Yukawa couplings. Also, it is worth noting that, in contrast
to many Majorana dark matter models, in this model, the
dark matter couples to quarks at the tree level. This feature
underscores the significance of direct detection constraints
on the parameter space [45].

III. My, MEASUREMENTS & 95 GeV EXCESSES

The mass of the W-boson can be calculated as a function
of the oblique parameters AS, AT, and AU, and is given by:

a
W Sw

« (=rast e ars Bt g (3)
—_—— c s
2 v 4s3,
where ¢y = cos @y and sy = sin @y, with 6y, being the
weak mixing angle. The oblique parameters in SI-SCM
model are given by [49]

1
as -5 {(23@ 126G (m2. mi2 m2)

m2,m>
+ G(mso,mio,m%) +log< :24 AO)

2
T2 [1og "D _ Gy m3) + Glmd, m%>] } )
my

1
AT = ———— {F(m2,, m>
167rs%vm%[,{ (g, mr0)

+F( Mo, io) _F(mémmzo)
+ 353 [F (miy, myy) — F(mz, my;) —

+ F(mZ.mp)]}. (5)

F(vamD)

AU = {G(msi, mgo, my) + G(mg.,m3,, mi,)

[ZSW— I]ZG(mSi, G m m%) — (mso,mAO,mZ)
+ 532G (mpy, my) = G(mp, m%) = G(my, miy)

+G(my. m3)]}, (6)

where the one-loop functions G, F, and G can be found
in [49]." The oblique parameter AT quantifies the con-
tribution of new physics at low energies and AS at different
energy scales.

In order to analyze whether the SI-SCM model can yield
a shift in the prediction for My, that is compatible with the
measurements at experiments and simultaneously provides
a possible explanation of the observed excesses, namely:
(1) yy & bb or (2) yy, bb & t+7~, we perform a y? analysis.
This analysis quantifies the agreement between the theo-
retically predicted signal rates uy 5 [Where X = y, b for case
(1) and X =y, b, 7 for case (2)] and the experimentally
observed values u3y. Experimentally, it was determined
that the excesses at ~95 GeV were best described assuming
signal rates of a scalar resonance as [10,14,15]:

i = 02783
pyf =0.117£0.057, o, (7)
Us? =12+£0.5

where the signal strengths are defined as the cross section
times the branching ratios divided by the corresponding
predictions for the hypothetical SM Higgs boson at the
same mass and the experimental uncertainties are given as
1o uncertainties.

'Note: Subsequent to the CDF-II results, several research groups
have adjusted their fits for the oblique parameters AS, AT, and AU
in the context of electroweak precision measurements [50-52],
examining their potential effects on BSM physics.
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The theoretically predicted values for pyg can be
expressed as
~_ o(gg— D) -B(D - XX)
T Mgy — H) - BN(H — XX)
= px(1 = B(D = Xgsm)). (8)

where py is defined for X =y, b, 7 as:

AJ’J’( m, ) 2
-1 v Apsegr 0 \dnmg,
pr=t 2 m. A (7 a4 (mp\|’
s© A @) T332 \am
Pb = Pr = srzn (9)

with Xgsm = N;Ny, S°8°, A°A°, Here, (g9 — D) and
B(D — XX) represent the ggF dilaton production and
the final state XX branching ratio, respectively. The scalar
triple coupling of the dilaton with charged scalars, Apq: g+,
is given by Apg= = = 5,430 + c.kx, and the loop functions
Af\ 1), are provided in [53]. Additionally, we have
D =s22M L (D - Xggu), and 65M(gg — H) and
BM(H — XX) are the corresponding SM quantities evalu-
ated at the Higgs-boson mass m;, — mp [54].

To assess the combined description of the three excesses,
we define a total )(%N) (N =2, 3) function as

— 2 2
2) =Xy T Xpp 10
— .2 2 2 ’ ( )
)((3) _Zyy +)(b5 +)(Trv

and

expy 2
2 (Hi— K
Xi= (W) ) (11)

1

where i = yy, bb, or 7r. These functions are useful for
checking whether the excess can be addressed simulta-
neously in the channels: (i) yy, bb and (ii) yy, bb, 7z.

In the parameter space region corresponding to a small
charged scalar effect on the effective coupling Dyy (i.e.,
p, ~ 1), as indicated by the experimental values in Eq. (7),

we found the following results for y% < lo:
1 )(22)|min =2262: s2=0.11, and B(D — Xgsy) =
76.15%.
(ii) )(23)|min =7.708: 52 =0.11, and B(D — Xggy) =
65.7%.
This scenario becomes plausible only if the channel
D — inv is accessible. Here, “inv.” denotes invisible
channels such as N;N;, H'H? A°A°. Given that the inert
neutral masses are expected to be large, the Majorana
singlet fermions should be light, i.e., mpy = M| < mp/2,
as will be confirmed later. In the subsequent numerical
analysis (Sec. V), we will consider parameter points to

provide a good description of the excesses if they account
for the combined effect of the excess in the channels yy and
bb at the lo level, since the 7z channel appears to be
hopeless.

IV. THE DI-HIGGS PRODUCTION

In the SM, the measurement of di-Higgs (HH) produc-
tion is intriguing not only because it enables the determi-
nation of Higgs-boson self-interaction but also because it
contributes to understanding EWSB. In cases where EWSB
proceeds via a single scalar (the SM Higgs boson), the di-
Higgs signal occurs through two Feynman diagrams: box
and triangle diagrams. The triangle diagram involves a triple
Higgs-boson vertex that could be modified by new physics

effects, represented as Ay, = /1515}%[)(1 + Appn)- Therefore,
the di-Higgs measurement can precisely determine the new
physics effect by measuring A,;,,. However, when EWSB
involves more than one scalar, as in the model considered in
this study, the di-Higgs signal occurs through a box and two
(or more) triangle diagrams that involve additional triple
couplings A5 (with S = h, D) and new CP scalar (dilaton
in our case). Consequently, the determination of 4, is not
straightforward since ¢(HH) depends on several model
parameters. Nonetheless, the experimental bounds on
o(HH) through different channels, either via resonant or
nonresonant production, are very useful for constraining
the scalar sector, especially if o(HH) exhibits values
greater than the SM predictions. Nonresonant HH pro-
duction at the LHC occurs primarily through the dominant
gluon fusion (ggF) mode and the subdominant vector-
boson fusion (VBF) mode. The cross section for HH
production at next-to-next-to-leading order, including
finite top-quark-mass effects in the ggF mode, is ogyr =
31.05‘_}2"21 fb [55-62]. However, in the VBF mode, at next-
to-next-to-next-to-leading order, the cross section is
ovpe = 1.73 £0.04 fb [63-67] for m; = 125 GeV at
\/s = 13 TeV. The smallness of the HH production cross
section in ggF mode at leading order (LO) results from the
negative interference between the box and triangle
Feynman diagrams, determined by three contributing
factors [42,68,69]:

oSM(HH) = 65 + o7 + 057, (12)

where oz = 70.1 fb represents the box contribution,
or = 9.66 fb corresponds to the triangle contribution,
and opy = —49.9 fb accounts for their interference [70].

In the SI-SCM framework, nonresonant HH production
through ggF mode includes an additional triangle Feynman
diagram mediated through the dilaton field D. The pro-
duction cross section of di-Higgs production either at the
LHC or at e"e™ colliders has three distinct contributions
that come from: (1) the Feynman diagrams involving only
the triple scalar couplings that have one scalar propagator,

015025-4



SCALE INVARIANT SCOTOGENIC MODEL: CDF-1I W- ...

PHYS. REV. D 110, 015025 (2024)

(2) the diagrams with only pure gauge couplings; and (3) the
interference contribution [42,69]. Therefore, the di-Higgs
production cross section can be expressed as follows:

o(HH) = {05 + {207 + {3057, (13)
where the coefficients {; in this model are modified with
respect to the SM as [69]

Clzci»

= |c

5.
Aynn 48 Aupp =My Timuly
Ca iSM a AE\I"{H s—szwLimDFD

. (14)

_ /I Appp S—me+imyT,
where 43N, is the Higgs triple coupling in the SM; and /s
is the center-of-mass collision energy, which we will
consider to be /s = 14 TeV at LHC. The expression for
the one-loop triple Higgs coupling in the SM is [71]:

3m? m}
SM H 4
e R (D

with m, as the top quark mass.

Interestingly, a direct measurement of the triple
Higgs-boson self-coupling is achievable through reso-
nant HH production at a future e*e™ collider. This
involves double Higgsstrahlung processes with W or
Z bosons, as well as through WW or ZZ fusion. In
the case of double Higgsstrahlung (ete™ - HHZ)
production at /s = 500 GeV, the production cross sec-
tion can be expressed as Eq. (13) using the same
coefficients in Eq. (14) and the cross-section contributions
given as o = 0.0837 fb, o7 = 0.01565 fb, and oy =
0.05685 tb [42].

V. NUMERICAL RESULTS AND DISCUSSION

In this section, our attention is directed towards the
parameter space corresponding to the dilaton mass window
of 94 GeV < mp < 97 GeV. We systematically consider
various theoretical and experimental constraints, including
perturbativity, perturbative unitarity, Higgs-boson di-photon
and invisible decays, LEP negative searches, and the
electroweak precision tests. In addition, we require the
DM relic density to match the observed values, and the DM
direct detection constraints to be satisfied [45]. In our
analysis, instead of relying on the bounds on the total
Higgs strength modifier (u, = C;‘ X (1 = Biyy) > 0.89 at
95% confidence level (CL) [72]),” we perform a detailed
analysis by considering the bounds on the Higgs total decay

*Here, the Higgs invisible branching ratio is constrained
by ATLAS to be B;,, = B(H - N;N;) <0.11 [73].

width (I', = 4.63‘56 MeV); and the partial Higgs strength
signal modifiers p!y for X = p, 7z, b,y, W, Z [2]. For this
reason, we define the SM y3,, function

A== %0 ) 09

(@]

with the observables O denotes the Higgs total decay width
(T';) and the Higgs signal strength modifiers (u%y). In our
analysis, we consider only benchmark points (BPs) with a
precision of 95% CL, i.e., y2y < 11.07.

Additionally, we ensure that the considered values for
the model’s free parameters, including the inert masses
(mgo, myo, mg:), Majorana masses (M), scalar coupling 13,
and the singlet VEV x, correspond to values of the new
Yukawa couplings g;, that satisfy the neutrino oscillation
data and LFV constraints.

Through a random numerical scan adhering to the
aforementioned constraints and conditions, we consider
15,000 BPs that satisfy the 95 GeV excess in the yy channel

7’ = 0.277019). The viable parameter space fulfilling the
various conditions and constraints is illustrated in Fig. 2.

Figure 2(a) reveals that the assumptions of mp =
95 GeV and yy," = 0.2779,2 lead to inert masses exceed-
ing 300 GeV. Additionally, the new Yukawa couplings are
an order of magnitude smaller than the perturbative limit,
contrasting with general cases in the SI-SCM [40,45]. From
Fig. 2(a), one can observe that the couplings g;, have
values ranging from 0.001 to 0.4 for inert masses across
different ranges. These values are dictated by the require-
ments for DM relic density [45,48,76], where the DM
annihilation channels N\N| — ¢,£, 1,05 play a key role
in the majority of the viable parameter space.

In Fig. 2(b), we show the singlet scalar VEV x as a
function of the DM mass mpy; and the freeze-out param-
eter x;. It is noteworthy that mpy must be smaller than
mp/2 to ensure the branching ratio 5(D — inv) lies

between 50% and 85%, satisfying the assumption uj," =

0.27’_“868 [Fig. 2(b)]. It’s important to mention that the
values of the DM freeze-out observable (the annihilation
cross section and freeze-out parameter x; = mpy/7T,
where Ty is the freeze-out temperature) exhibit typical
values for a Weakly Interacting Massive Particle DM
candidate. One notices that the singlet scalar VEV, x, has
lower bounds arising from various constraints. Perturb-
ativity and unitarity together require x > 57 GeV, which
is the dominant constraint for M; =mpy <1 GeV.
For M| = mpy; > 1 GeV, the dominant constraint comes
from the Higgs-dilaton mixing, which is equivalent to
3y < 11.07. Despite the tight range of the dilaton mass,
94 GeV < mp < 97 GeV, the singlet scalar VEV spans a
broad interval, x € [57 GeV, 100 TeV]. This can be under-
stood by considering that the dilaton mass is a one-loop
effect sensitive to multiple parameters, including x, the
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FIG. 2.

(a) Maximum Yukawa couplings max(|g; .|) plotted against the masses of the charged inert doublet, mg+, and the neutral

scalar, mgo. (b) The singlet scalar VEV xas a function of mpy; and the freeze-out parameter, x;. () My, prediction in the SI-SCM model

shown with respect to the scalar mixing angle, s2, and mg:. The horizontal color bands represent M, measurements at a 2¢ level from
various experiments: green for PDG [74], blue for LEP [75], red for CDF [1], gray for ATLAS [3], cyan for the world average [38], and

yellow for the SM value.

multiplicity (n;), and the couplings of the new fields to the
Higgs doublet (¢;) and the singlet scalar (3;). Thus, any
value for the dilaton mass can be achieved by selecting
appropriate values for the couplings (¢;, f;), making the
range of x indistinguishable for cases of restricted and
nonrestricted dilaton mass [40,42,45].

In Fig. 2(c), we depict the My, prediction within the
framework of the SI-SCM model as a function of the scalar
mixing angle s2 and mg-. Additionally, we compare these
predictions with various measurements at their respective
20 limits. Importantly, in this model, the correction Amyy is
strictly positive, driven by the fact that AT is always
positive and dominates over the values of AS and AU. For
instance, without considering the My, bounds, the relative
mass difference between CP-even and CP-odd scalars
could reach 20%, whereas incorporating the My, measure-
ments reduces this difference to below 5%.

In Fig. 3, we present the signal strength modifiers and
the relevant observable for the 95 GeV scalar candidate.

Notably, the excesses u,,,; can be simultaneously
addressed, whereas the excess pu,, shows suppressed
values. As illustrated in the u,, — u,; panels in Fig. 3,

the excesses in the channels (yy, bb) can be accommo-
dated simultaneously at the 1o level for a very
small region of the parameter space (the BPs point inside
the 1o contour in Figs. 3(a)-3(c) with ;(%2) < 2.53); and
at the 20 level for a significant region of the parameter
space. However, the zz channel can only be accommo-
dated at the 99% CL, ie., 8.02 <;(%3) < 11.34. The
preference for maximal values in both scalar mixing,
s2~0.11, and B(D — inv) ~70%, becomes evident
when matching the excess in channels other than yy as
shown in Fig. 3(d). If the di-tau excess is analyzed by
ATLAS and/or reanalyzed by CMS with additional data,
and the measured u5," is relaxed to around 0.6-0.7, then
addressing the three excesses within this model becomes
feasible.
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(a) The plot illustrates the signal strengths for the three excesses: yy, 77, and bb. (b) This plot presents the signal strengths of yy

and bb as functions of the total )(%2>. (c) Signal strengths of yy and bb are plotted against the total )(%3). (d) This plot shows the dilaton’s

invisible branching ratio versus the scalar mixing angle, s2, presented alongside the total )((22). In panels (a)—(c), all the benchmark points

(BPs) fall within the 26 contour, though it is visible only in a restricted region due to the chosen u,, values.

In Fig. 4, we present the di-Higgs production cross section
for both (a) the LHC with /s = 14 TeV and (b) future e"e*
colliders with /s = 500 GeV plotted against the scalar
mixing angle s2. As shown in Fig. 4(a), di-Higgs production
at the LHC exhibits no enhancement; however, a reduction
of 73% 1is possible for benchmark points with a smaller
singlet VEV x and nonsuppressed scalar mixing. In contrast,
at et e~ colliders, the double Higgsstrahlung cross section
ranges from a reduction of 24% to an enhancement of 46%
compared to the SM cross section, as illustrated in Fig. 4b.

Current constraints from the LHC [77-86], particularly
those from the HH — yybb and other di-Higgs decay
channels, place stringent limits on the di-Higgs production
cross section and the Higgs cubic self-coupling. Our model,
which predicts a nonzero branching ratio to invisible
particles, must be evaluated in light of these constraints.
The di-Higgs cross section predicted by our model is
smaller than the SM values, inherently satisfying all the

bounds from negative searches at the LHC. Given the
smaller cross section, the predicted rates for HH — yybb
and other di-Higgs decay channels remain below the upper
limits set by the LHC. This implies that the model does not
predict an excess of di-Higgs events that would have
already been excluded by current experimental data.
While our results suggest that the SI-SCM model is
consistent with current studies on collider anomalies,
including the CDF-II W-mass anomaly and the 95 GeV
excess [34,35], it is important to note that the muon’s
magnetic moment, (g — 2),, anomaly cannot be addressed
in this model. This limitation arises from its single negative
contribution, which is insufficient to match the measured
value. To reconcile this discrepancy in (g —2),, an exten-
sion of the SI-SCM by incorporating additional scalar
components may be required. Such an extension could
potentially enable the model to successfully account for the
experimental values associated with (g —2),.
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FIG. 4. The di-Higgs production cross-sections: (a) through ggF mode at the LHC with /s = 14 TeV and (b) at future e~e™ colliders
with /s = 500 GeV, plotted against the scalar mixing angle s2. The color palette represents the singlet VEV xin GeV. The black dashed

lines indicate the SM predictions.

VI. CONCLUSION

In response to anomalies observed in the measurement of
the W-mass at CDF-II and an excess around ~95 GeV
reported by LEP, CMS, and ATLAS, we conducted a study
within the framework of the SI-SCM model to address
these issues. This model, characterized by radiatively
induced EWSB, not only accommodates light neutrino
masses but also proposes a Majorana dark matter candidate.
Its predictions are well within the reach of collider experi-
ments. We identified a viable parameter space where inert
scalar masses can explain the W-mass anomaly, and the
light dilaton with mp ~ 95 GeV aligns with the observa-
tions in that region. Under these assumptions, the dilaton
might need to decay into invisible Majorana singlet
fermions to address the excess (7) in the channels
yy & bb. For this reason, the excesses considered in this

study can be accommodated simultaneously at the 1o level
within a very small region of the parameter space, and at the
20 level within a significant region. Within this parameter
space, di-Higgs production at the LHC shows no enhance-
ment compared to the SM. However, at e*e™ colliders, the
double Higgsstrahlung cross section varies from a reduc-
tion of 24% to an enhancement of 46% compared to the SM
cross section.
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