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Abstract: In 2022, the collider detector at Fermilab (CDF) collaboration reported the W-boson mass (Mwy =
80.4335+0.0094 GeV), which deviates from the standard model (SM) prediction (M‘S,VM =80.357 +0.006 GeV) by
~7o. In contrast, the CMS collaboration obtained My = 80.3602 +0.0099 GeV, which was very close to the SM
global electroweak fit value of ~ 80.357 GeV. Motivated by this situation, we reassess the #-boson mass within the
lepton-specific two Higgs doublet model (LS-2HDM). To this end, we perform random scans (generated with
SARAH 4.13.0 and evaluated with SPheno 4.0.3) and confront the results with up-to-date theoretical and experi-
mental constraints. The scan enforces vacuum stability, perturbative unitarity, and perturbativity; electroweak preci-
sion observables via the oblique parameters (S,T,U); LEP bounds on H*; rare B-meson decays; lepton flavor uni-
versality (LFU) in Z and 7 decays; and 13 TeV LHC searches for additional Higgs bosons. Viable points are further
tested with HiggsTools (HiggsSignals + HiggsBounds). In the LS-2HDM, if h; is the SM-like Higgs at my, ~ 125
GeV with [cos(B-a)| $0.06, 17 s tanB < 39, 144 < my,, <414 GeV, and 435 < my g+ < 685 GeV, the model repro-
duces the 2024 CMS W-boson mass within 30-. Solutions near the 2022 CDF value (M = 80.4335+0.0094 GeV)
survive; however, after applying all constraints, including HiggsTools, they approach it at best within <20 . Our
findings emphasize that LS-2HDM favors the CMS results consistently with the current experimental results. Al-
though one can theoretically accommodate the CDF results in this model, up-to-date electroweak precision bounds
on oblique parameters (S, T, U) with the SM-like Higgs and LFU constraints exclude these solutions. Our results for

W-boson mass can only be as close as about 20 t0 ¢ CDF results-
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I. INTRODUCTION

The standard model (SM) has withstood rigorous test-
ing and has successfully been used to explain various
phenomena in particle physics. However, recent measure-
ments of the W-boson mass at the collider detector at
Fermilab (CDF) revealed substantial discrepancies
between experimental observations and theoretical pre-
dictions within the SM framework. The CDF reported a
precise measurement of the W-boson mass using the
8.8 fb~! dataset from pp collisions with a center-of-mass
energy of 1.96 TeV as [1]

MSPF = 80.4335 +£0.0094 GeV, )
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which deviates from the SM prediction of MM = 80.357+
0.006 GeV by 70 [2—13]. Such a notable discrepancy
suggests the potential existence of new physics phenom-
ena, thereby necessitating a comprehensive exploration of
physics beyond the standard model (BSM).

The W-boson mass result from the CMS experiment
in 2024, following almost a decade of research, has con-
siderably eased the strain in the literature created by the
CDF measurement. With the value of My =80.3602+
0.0099 GeV, the CMS collaboration obtained a value very
close to the global electroweak fit prediction of the SM of
~80.357 GeV [14]. This new measurement largely re-
solves the long-standing tension displayed by CDF, mod-
erating the anomaly that first put the SM at risk.
However, the values of CDF and CMS disagree with each
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other: their central values differ by ~73 MeV (some 50°).
Therefore, when these two experimental results are con-
sidered together, a more conservative view about the need
for new physics is appropriate.

The inclusion of BSM particles might induce
quantum corrections accountable for the deviation ob-
served in the W-boson mass, and therefore, they have
sparked a growing interest in exploring new physics
BSM, mostly by altering the oblique parameters S, 7, and
U. These approaches include a broad range of theoretical
frameworks, including effective field theory methods
[15-21], supersymmetric (SUSY) models [22-28],
leptoquark models [29—31], gravitational approaches [32,
33], little Higgs models [34], and extensions of the SM
involving additional scalar singlets [35—38] or triplets
[39—41]. In addition, models featuring vector-like leptons
have been explored [42—47] alongside investigations
from the viewpoint of neutrino masses and seesaw mech-
anisms [48, 49], and other therotical approaches [50—62].
Furthermore, the two Higgs doublet models (2HDM)
have been attracting a considerable interest by providing
a simple extension of SM [63—83]. The Higgs bosons in
its spectrum can interfere with the SM particles and yield
some deviations in W—boson mass, lepton flavor univer-
sality (LFU) [84—86], and muon g-2 [87—89] through
their radiative contributions. Among these efforts, certain
studies specifically target the W—boson mass discrep-
ancy while addressing the dark matter problem by em-
ploying an approach that considers both issues within
their framework [34, 35, 42, 45, 53, 55, 59, 63]. This an-
omaly seems to attract considerable attention from sever-
al theoretical approaches, among which 2HDMs are an
important class. Although 2HDMs are widely used in un-
derstanding the W—boson mass anomaly, their parameter
space is limited by experimental data from several experi-
ments [84—86, 90—96]. Therefore, motivated by these the-
oretical and experimental efforts within 2HDM frame-
works, an exploratory investigation aimed at reconciling
the W-boson mass discrepancy by scanning possible
solutions within the 2HDM parameter space is conducted
in this study.

This study focuses on investigating the effect of the
parameter space of 2HDM on the W—-boson mass. Two
crucial considerations are utilized in our analyses: theor-
etical limitations and compatibility with the current ex-
perimental data. Theoretical limitations arise from con-
straints related to the stability of the scalar potential and
perturbativity. The predictions of 2HDMs must also align
with the outcomes of various experiments, including
those involving rare decays of B-meson, Z—boson decay,
tau-lepton decay, and observations from the large hadron
collider (LHC). The HiggsTools framework is utilized to
explore the implications of different types of 2HDMs
within these theoretical and experimental limitations [97].
Among the several types of 2HDMs, some models can

achieve stronger motivations by distinguishing the SM
fermions based on their assigned Z, symmetries. For ex-
ample, the lepton-specific 2HDM (LS-2HDM) assigns a
7, symmetry for the SM fermions such that the quarks in-
teract with one Higgs doublet, whereas the leptons inter-
act with another doublet. Thus, a mass hierarchy can be
imposed between the quarks and leptons. This discrimin-
ation between the quarks and leptons yield different res-
ults in the production of the heavy Higgs bosons in the
collider experiments [96]. Therefore, the current strong
limits from the recent CMS findings on scalar masses of
the 2HDM can be modified considerably. For example,
the production of the extra Higgs bosons in pp collisions
within the LS-2HDM framework is suppressed with the
tanB parameter, and they can escape from the detection
while significantly contributing to the gauge boson
masses and LFU processes at the loop level. Despite its
different behaviours, there are still possible experimental
tests and limits for the models such as those in the LS-
2HDM class [98].

The following steps are implemented in this work.
Scalar sector mass spectra consistent with both theoretic-
al and experimental requirements are obtained. Susb-
sequently, the implications on LFU are explored by con-
sidering the processes involving the tau-lepton and Z—bo-
son. These analyses further constrain the parameter space
of the LS-2HDM. Then, we examine the consistency of
the LS-2HDM with both the CDF and CMS W-boson
mass measurements under all theoretical and experiment-
al constraints. We show that once the electroweak ob-
lique parameter bounds (S,7,U) and SM-like Higgs bo-
son requirement are imposed, all solutions within about
1o deviation of the CDF W-boson mass are excluded. The
closest viable points lie at < 20", whereas the CMS value
is readily accommodated.

In addition, this comprehensive investigation of the
LS-2HDM discusses the implications of both recent
measurements. The motivation of our study is to explain
the potential excess reported by CDF in the W-boson
mass in terms of the LS-2HDM parameter space and to
verify if such solutions are in agreement with the CMS
measurement. To this end, the LS-2HDM parameter
space is scanned systematically, incorporating theoretical
consistency conditions (such as scalar potential stability
and perturbativity) and available experimental con-
straints (such as rare B-meson decays, Z—boson and tau-
lepton data, and LHC searches). Subsequently, parameter
space regions that can explain the CDF and CMS experi-
ment W-mass measurements are evaluated, and the mod-
el consistency with each result is commented on. In the
following sections, the stabilizing effect of the CMS
measurement on LS-2HDM literature is emphasized. Fur-
ther, we will demonstrate that our findings are in agree-
ment with both experimental results.

The remainder of this work is organized as follows:
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Section II summarizes LS-2HDM, focusing on its Higgs
sector and Yukawa interactions. Section III outlines the
theoretical and experimental constraints used in this ana-
lysis, and provides a detailed discussion of their impacts
on the parameter space. Section IV explores the paramet-
er space of the LS-2HDM systematically and provides the
potential solutions. Finally, Section V offers discussions
and concluding remarks.

II. LEPTON-SPECIFIC 2HDM

2HDMs are obtained by extending the scalar sector of
the SM with the addition of a second scalar doublet pos-
sessing the same quantum numbers as the SM Higgs
doublet. The gauge group of the 2HDMs is identical to
that of the SM. In 2HDMs, eight scalar fields are intro-
duced, and following a spontaneous symmetry breaking
process similar to that of the SM, three of these fields
confer masses of the gauge bosons while the remaining
five fields undergo mixing, thereby resulting in five dis-
tinct physical scalar bosons. These additional degrees of
freedom present in the 2HDM have far-reaching implica-
tions for the Higgs boson phenomenology. The scalar
doublets of 2HDMs are given as

0, = < ¢1+?¢2 ) and @, = ( ¢5+?¢6 >’ @)
$3 +1d4 ¢7 +igs

where ¢; and ¢; develop non-zero vacuum expectation
values (VEVs) as < ¢35 >=v,/ V2 and < ¢, >=v,/ V2 sat-
istfying vgy = /v +v3. The particle content of 2HDMs
in the scalar sector are two CP-even (h;,), one CP-odd
(4), and two charged (H*) Higgs bosons. For a compre-
hensive review of 2HDMs, please refer to Refs. [99—103]
and the citations therein.

In 2HDMs, the addition of a second scalar doublet in
the Yukawa sector leads to Yukawa couplings that lack
flavor-diagonal properties, which resuts in the emer-
gence of tree-level FCNC processes severely constrained
from the experiments. To resolve this issue, a viable ap-
proach is introducing a discrete symmetry to the scalar
and Yukawa potentials [104]. The application of this
symmetry limits interactions between the additional scal-
ar doublet and fermions, suppresses flavor-changing neut-
ral currents at the tree-level, and establishes the model as
a viable approach to satisfy experimental constraints. One
important example of this discrete symmetry is the Z,
symmetry [104—107], which is described as

O, —» -, and D, > D,,
Dj—)Dj, Uj—)Uj and Ej—>—Ej, (3)

where E; represents right-handed leptons, andU; and D;

represent right-handed up-type and down-type quarks, re-
spectively. 2HDMs with this choice of Z, symmetry are
often referred to as LS-2HDM. Under Z, symmetry, the
tree level potential of the LS-2HDM becomes

Viee = mi|® > + m3| 0, — (m3®]®, +h.c.)
Ay A
+ 2ot + 2
5 @1+ 1P|

. As o .
+ 3| @ | D, + 24| D] D, > + 55 [(@]®,) +hc], (4)

where m;, correspond to the mass terms of the scalar po-
tentials, and A, s refers to the self-couplings. In Eq. (4),
the term involving m3 arises from a combination of scal-
ar doublets and violates the Z, symmetry, thereby result-
ing in soft symmetry breaking. The expressions for the
masses of extra scalar bosons at the tree level are ob-
tained from Eq. (4) as

m;, =l(m2¥—/l Vg )
1= 2 \BsinBeosg > M)
) + Ay cos® Brgy

AzsinfBcosPvdy,  AssinBcosBviy
" +
sin2a

1
2 2
m, ., = -1 (tanﬁ+c0t,8+ sin2

+ Ay sin® Bvdy, F

sin2a

1 1
mi = E <m§m[1ﬁmsﬂ —/13V§M +/l4V§M> .

)

where sina represents the mixing angle of CP-even
Higgs bosons and tanB = v, /v, represents the ratio of the
VEVs of the doublets. In addition to these expressions in
the tree-level, radiative corrections to scalar masses must
also be considered. These corrections can be calculated
through a one-loop improved scalar potential described as
[108, 109]

V= Viee + Vloop7 (6)

where the loop potential is described as

1 4 m2\ 3
Ve = 42 Z”"m“ {log <F) - E} ' )
with
e = (=1 Q,Co(25, + 1), 3

where u represents the renormalization scale, m, repres-
ents the masses of particles contributing at loop-level, s,
represents the spin of the particles, Q, = 1(2) for neutral
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(charged) particles, C, = 3(1) for quarks (leptons), and «
runs over all particles that couple to the scalars at the tree
level. Furthermore, the Yukawa Lagrangian under Z,
symmetry can be written as [109]

Ly=-YILOE;-YIQ0SU; - Y] 0:®,D;+hc., (9)

where Y, Zu,d represent the Yukawa couplings, and L; and
Q; represent the SU(2), doublets for leptons and quarks,
respectively. Similar to the Yukawa couplings in the SM,
the effective Yukawa couplings for the LS-2HDM are ob-
tained as indicated in Table 1. The mass of the top quark
is primarily determined by ®,, and therefore, the value of
tangB is constrained as v, >v;. If v, > v, and tang>1,
the Yukawa coupling of the CP-odd Higgs boson with
quarks becomes negligibly small, while its coupling with
leptons increases.

Table 1. Effective Yukawa couplings for LS-2HDM.
Yf‘,YZ‘,YIh‘ cosa/sinf cosa/sinf —sina/cosf
Y,fz, YZZ, Ylh2 sina/sinf sina/sinf cosa/cosf

v ya vy cot —cotf tan8

OI. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

The theoretical and experimental constraints on the
parameter space of the LS-2HDM are investigated to de-
termine the allowed parameter regions for our analysis.
First, theroretical limitations on the scalar potential of the
LS-2HDM are considered. The scalar potential given in
Eq. (4) and (7) should adhere to the vacuum stability and
perturbativity conditions; this limits the self couplings as
[110]

A<4n(i=1,...,5). (10)

In order to provide unitarity at tree level, self couplings
must satisfy the relations [110] given by

3(A +A2) £ /9 — )2 + 4245 + A4])? < 16,
/11 +/12 + 4/ ().1 —/12)2+4|/15|2 < 167’[,
/11 +/12 + 4/ (/11 —/12)2+4|/15|2 < 1671',

A3 +2/l4i3|/15| < 8,
/13 iﬂ4 < 87'[,

A3+ |As] < 8. (11)

Furthermore, to ensure that the scalar potential of the LS-

2HDM is finite, free of flat directions, and stable at large
field values, the following conditions are imposed:

/l]yz > 0,
/13 > = V/ll/lz,
A3+ —|As| > = VA, Ay, (12)

Besides the aforementioned theoretical constraints,
LS-2HDM is subject to stringent experimental con-
straints as well. It is evident that the predictions of LS-
2HDM should align with a wide range of experimental
observations, including precision measurements of the
electroweak sector and collider searches for new particles
and phenomena. First, the constraint on the charged scal-
ar boson mass is determined from the large electron-
positron collider (LEP) data as my- >80 GeV [111]. As
discussed in the previous section, due to the significant
influence of m;, on m,, h; is identified as the SM-like
Higgs boson, and its mass is fixed at my, ~125+2 GeV
[112, 113] because the theoretical calculations of the
Higgs boson mass involve about 2 GeV uncertainty [114,
115]. Moreover, experimental data from electroweak pre-
cision measurements to the W—boson mass in BSM mod-
els are used to determine the oblique parameters S, 7, and
U, and they are constrained as [116]

S =-0.04+0.10,
T=0.01+0.12,
U =-0.01+0.09, (13)

The expressions of these parameters are presented in Sec-
tion IV.D.

In addition, limitations from rare B-meson decays
such as B; — u*u~ and B; — X,y should be considered
because they are sensitive probes for extra scalars of
BSM. In the LS-2HDM framework, these decay pro-
cesses receive contributions from scalar states via loops,
limiting the model parameter space. Therefore, the fol-
lowing bounds on the rare B-meson decay branching ra-
tios are applied to the parameter space [91, 117, 118].

1.95x 10~ <BR(B; = u*u") <3.43x107° 20)
2.99%x10™* <BR(B, — X,y) <3.87x107* 20) (14)

Finally, the parameters of LS-2ZHDM that estimate my
within the 3¢ vicinity of the CDF result given in Eq. (1)
are considered in this study.

Following these considerations, the constraints on the
parameters of LS-2HDM can be summarized into the fol-
lowing four groups.
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G1 Theoretical constraints:
* The self couplings should satisfy the ranges given in
Egs. (10), (11), and (12).

G2 Experimental constraints:

* My = 80 GeV,

«—0.14< 5 <0.06, -0.11 < T <0.13, —0.1 < U < 0.08,
(lo),

*1.95%107° < BR(B, — u*u") <3.43x107°Q20),

©2.99% 10 < BR(B, — X.y) < 3.87 x 10~*(20).

G3 By is chosen to be an SM-like Higgs boson with
o my, =125.0+2 GeV.

G4 Constraint on W—boson mass reads
* 80.4053 < MEP~2HPM < 80.4617 GeV (30 CDF).

G5 Constraint on W—boson mass reads
+ 80.3305 < MLES-2HDM < 80 3899 GeV (30 CMS).

The constraints are labeled for brevity in further discus-
sions. The constraint on the Higgs boson in G3 is applied
only on its mass in the first step of our analyses. We em-
ploy these constraints only to explore the regions where
the deviation in My can be realized within the allowed
ranges reported by the CDF and CMS collaborations.
However, in the second step, we perform further ana-
lyses and employ HiggsTools (HiggsSignals and Higgs-
Bounds) [97] to ensure the consistency of the Higgs bo-
son solutions beyond its mass.

IV. EXPLORING THE PARAMETER SPACE

The parameter space of the LS-2HDM is explored by
performing a random scan of potential parameters using
SPheno 4.0.3, generated via SARAH 4.13.0 [119, 120].
In these scans, solutions satisfying the electroweak sym-
metry breaking condition (v} +v3 ~v},,) are accepted. To
ensure that the results of our random parameter scans are
consistent with current measurements of the W-boson
mass, the range of the self couplings are chosen as

0<A,<m,

0< A3 <4n,

27 < 45 <0,
—5<m; <5TeV?,

1.2 <tanf < 40.0. (15)

For determining the ranges of the parameters, we stay
in the intervals allowed by perturbativity. The constraints
from perturbativity are applied in a staightforward man-
ner to the couplings by following the condition given in

Eq. (10). However, this is not straightforward for the tang
parameter. To adjust the range for this parameter, we con-
sider the couplings of the Higgs bosons to the SM fermi-
ons. To maintain the top quark Yukawa coupling perturb-
ative at all energy levels from M7 to some high energies,
tanB should be bounded from below at about 0.3 [121]. In
our scans, we lift this lower bound to 1.2 to ensure the
fields in @, form the SM-like Higgs boson. Similarly,
one can also place an upper bound by following the per-
turbativity of the gauge couplings as well as the Yukawa
couplings, which disfavors the solutions with tang > 30
[122, 123]. These bounds have been obtained in a gener-
al manner. As mentioned before, the behaviour of the
Higgs bosons may differ in LS-2HDM from the other
types of 2HDMs, and therefore, we place an upper limit
on tangB at 40. Besides these constraints, we restrict the
parameters further for practical reasons to optimize our
scans to explore CDF and CMS compatible My solu-
tions. After successively applying the constraints listed in
the previous section, the solutions and their respective
color coding in plots will be used throughout the rest of
this work.

A. Mass spectrum of LS-2HDM

The mass spectrum of the LS-2HDM is analyzed by
imposing the aforementioned groups of constraints from
theoretical and experimental considerations. The correla-
tion between the masses of the LS-2HDM scalars and
tang are illustrated in Fig. 1. As shown in Fig. 1 (top-
left), solutions satisfying the theoretical constraints spe-
cified by G1 do not introduce further limitations on my, .
The green points in this plot represent solutions that meet
both theoretical and experimental constraints specified in
groups G1 and G2 within the ranges of 1.6 < tang < 40.0
and 70 < my, <600 GeV, respectively. It is evident that
the application of G2 does not result in a significant re-
duction of the parameter space. The yellow points indic-
ate solutions that additionally fulfill the condition
my, =125+2 GeV (G1, G2, and G3). Although the ap-
plication of G3 does not restrict the range of tang, it does
reduce the number of solutions in the parameter space
and imposes the condition my, > 126 GeV. The solutions
indicated by the blue points in Fig. 1 (top-left) depict the
parameter space that fulfills all four constraints outlined
by groups G1, G2, G3, and G4, i.e., it additionally satis-
fies restrictions from M§P", which limits the mass of the
CP-even scalar boson as 150 < my, <430 GeV. The solu-
tions indicated by the red points depict the parameter
space that fulfills G1, G2, G3, and G5. The condition G5
does not restrict the range of the parameter space. The re-
gion between the vertical dashed lines in Fig. 1 (top-left)
corresponds to the case where h, is the SM-like Higgs
boson, which does not satisfy G4, i.e., the W—boson mass
condition. Therefore, the selection of i, as the SM-like
Higgs boson, as specified in constraint G3, is clarified.
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(color online) Relationship between tang and the mass of the LS-2HDM scalars for my, (top-left), my (top-right), my= (bot-

tom-left), and mj, (bottom-right). Color coding of solutions are described in detail in the previous text: Green points satisfy conditions
G1 and G2; yellow points satisfy conditions G1, G2, and G3; blue points satisfy conditions G1, G2, G3, and G4; and red points satisfy
conditions G1, G2, G3, and G5. Solid black lines indicate ATLAS 13 TeV analysis observation limits and gray shaded areas are ex-
cluded by these analysis [92, 93]. In thetang vs. m;, plot (bottom-right), condition G3 is not applied. Dashed vertical lines represent the

SM-like Higgs mass.

There are a few solutions satisfying the G5 condition. It is
possible to find solutions compatible with the W—boson
mass measured by CMS (represented by red points) in al-
most every region of the parameter space, and therefore,
the G5 condition is not emphasized in the following sec-
tions.

In addition, the relationship between m, and tang is
depicted in Fig. 1 (top-right) with the experimental con-
straints from the ATLAS 13 TeV results [92], where my
spans the full 80 <my <700 GeV range. It is observed
that the application of constraints G1 and G2 imposes
limitations as 80 <my < 600+4.1tan8 GeV. Moreover,
adding the condition outlined as G3 reduces the number
of solutions within the aforementioned regions. However,
imposing the W-mass constraints described as G4 require
270 smy <610 GeV. The black line indicates the upper

exclusion limit from the ATLAS 13 TeV analysis [92],
and it eliminates the majority of the solutions in the para-
meter space. Consequently, using solutions satisfying all
constraints outlined as G1, G2, G3, and G4 and imposing
limits from the ATLAS 13 TeV model independent scal-
ar mass analysis, the mass of the CP-odd scalar boson and
tanB are restricted as 340 GeV <my <630GeV and
tanB < 8.0, respectively. However, these experimental
analyses are performed for cases in which the heavy
Higgs bosons considerably interact with the quarks and
leptons at any value of tanf. The models in the LS-
2HDM class may not exhibit such a feature because inter-
actions between the quarks and these heavy Higgs bo-
sons are suppressed by a large tang. In this context, even
though the ATLAS analyses result in an exclusion, the
solutions accumulate in the faded region in the top-left
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plot of Fig. 1 can still be consistent with the experiments.
For the charged scalars of LS-2HDM, the variation of
my= on the tanB—my= plane is given in Fig. 1 (bottom-
left). After applying constraints G1 and G2, the remain-
ing solutions are bounded as 110 GeV <my= < 605+
3.8tanB GeV. However, after applying G3, the lower
bound on my: increases to 150 GeV. After adding cuts
from G4, the acceptable solutions satisfy 320 < my: < 630
GeV, and number of valid solutions are reduced. The ex-
culusion limits from ATLAS 13 TeV [93] requires
tang 2 2.0.

Thus far, the CP-even scalar boson /4, has been iden-
tified as the SM-like Higgs boson, and this requirement
was described as condition G3. To explore the behavior
of my,,, we remove condition G3, allowing m;, to vary
without this constraint. In this case, the relationship
between tanB and my,, is presented in Fig. 1 (bottom-
right). It is observed that m, exhibits a distinct behavior
in two specific regions of tanB. For tanB <5, my;, shows

10°

= Observed ATLAS 13 TeV'

10!

_
= -
‘ S

o(gg — hy — 77)(pb)

—
=)
1

103

0 100 200 300 400 500 600
i (GeV)

10°

an inverse proportionality to tanB, ranging from
50 < my, <288 GeV, where upper limit arises from condi-
tion G4. Conversely, for tang > 5, m;,, demonstrates a dir-
ect proportionality to tang, with values in the range of
50 < my, <450 GeV. This contrasting behavior in the low
and high tanp regions is evident from Eq. (5).

Moreover, an analysis conducted by ATLAS at 13
TeV established an upper limit on m;,, through various
channels, including the decay modes of &, into two tau-
leptons, two W—Dbosons, or two Z—bosons [92, 94, 95].
To investigate these limitations, the variation of the cross-
sections o(gg — hy — 171), 0(gg = ho > WW), and o(gg —
h, — ZZ) with respect to my,, are depicted in Fig. 2. As
shown in Fig. 2 (top-left), as m,, increases, the produc-
tion cross-section in channel o(gg — h, — 77) decreases
exponentially. According to the restrictions outlined in
Ref. [92], nearly half of the solutions that satisfy criteria
G4 are excluded, and the allowed parameter range neces-
sitates my, 2200 GeV, along with o(gg — h — 77) <

10°

s Observed ATLAS 13 TeV'

10!

1=} =
| S
L 2

o(gg — hg — WW)(GeV)

100 200 300 400 500
my,(GeV)

10

_
=3

a(gg — ha = ZZ)(pb)

103

200

m— Observed ATLAS 13 TeV

300 400

my,(GeV)

Fig. 2.

(color online) Variation of the cross-sections o(gg — h, — 77) (top-left), o(gg — ha »> WW) (top-right), and o(gg — hy — ZZ)

(bottom) with respect to my,. The color scheme is the same as that in Fig. 1, and the black shaded areas are excluded by Refs. [92, 94,

95]
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2x 107" pb. Fig. 2 (top-right) clearly indicates that the
o(gg — hy > WW) value decreases with an increase in
my, , as expected. The solutions that satisfy G4 remain un-
affected by the constraint reported in Ref. [94]. For
my, 2450 GeV, solutions with o(gg — hy) ~1.0 pb and
BR(h, » WW) ~ 1.0 can be obtained. A similar behavior
can be seen in Fig. 2 (bottom), where the dependence of
o(gg = h, > WW) on my, is plotted, and the production
cross-section decreases with an increase in m,. No solu-
tion satisfying the G4 condition is excluded by the con-
straints outlined in Ref. [95]. For m;, below 300 GeV, the
cross-section for the decay channel o(gg — hy — ZZ) re-
mains above 1 pb. After considering these findings from
Fig. 2, the mass of the heavier CP-even scalar boson is re-
stricted as 150 < my, <400 GeV.

B. Lepton flavor universality in Z boson decay

Another set of constraints on the solutions arises from
decay proceeses involving Z—boson and 7—lepton. Al-
though such processes can yield LFU in SM because of
the mass hierarchy among fermion families, the experi-
mental measurements reveal results beyond the SM pre-
dictions. In this context, new contributions to LFU can be
utilized through processes involving the extra Higgs bo-
sons. Their contributions are displayed in Fig. 3. The
couplings of Z—boson with fermions and extra Higgs bo-
sons can be given as [85]

__8
cos By

+((T3(f)Q(fe) sinby) +6gr)Pr) f

. 1 . o L —
+1 —§+s1n9W H"0,H +A6#H}. (16)

zF {f Yul(T5(f0) = Q(fi) sin)Sg1) Py

where contributions from the new physics can be seen
through 6gg ., which can be calculated as

1 1
5giHDM — k{— EBZ(VA)_ 5BZ (th) -2C; (rA,rhz)

+sin® Oy (BZ (ra)+ By (rhz) +Cyr(ra) + CZ(rhz)) >
§gaoM — k{ZCZ (rA,rhz) —2C;(rys,ru=) + Co(rus)
L~ 2Cu)
2 z\I'A 2 VA r/’lz )
+sin2 HW (BZ (FA)+BZ (rhz) +2BZ(rH1)

+CZ(rA)+CZ(VHi’rH1))} s
(17)

with k = m}tan>8/167°v*, where m; represents fermion
masses, A represents the cut-off scale, x4 represents the

renormalization scale, and ry = m3/m} (¢ = A, h,, H*). The
loop functions employed in Eq. (17) are calculated as

1 11
By(r)= -3 (InA* +log(4m)) — 1+ loer,

N 1 1

Cr(r) = - 3 (InA* +log(4m)) — 3T (1+1ogr)

+72 (log rlog(1+ rH- dilog(—r‘l))
_z (l —2r+2r210g (1 + r’l)) s

2

m2 m
¢ ¢ 2 2 2
Cy(ri,r)=Cy, ( L, 22> = Coo(0,0,mz,my ,mj),

2
z z

1 2 my

Co = — | InA” +log(4r) —In(—)
4 u?

rilnr r3lnr,

T X -D(n-r)  Ar-Dn—r)’
(18

L3
8
)

The deviation from LFU in the models can be para-
metrised with gz, as

_ deLRe(ég]ZS_ZHDM) + 2g;Re(6g],;S‘2HDM

O
RN
81" +8k

; (19)

where = p,7. Throughout this analysis, the lepton uni-
versality in the Z—boson decay are investigated through
the partial decay width of the Z-boson into leptons,
which can be summarized with the relevant experimental
measurements [84, 85] as

|
—Z2H — 1.0009 +0.0028,
rZ—w*‘e‘ =
r —Ttr
z =1.0019+0.0032.
Z—ete
|
O = 2 — 1= (9£28)x 1074,
II:Z—>e+e‘ (20)
Ser= =TT _1=(19£32)x 107,

rZHe*e’

where 6, and &.. represent parameters defined to meas-
ure the deviation from LFU.

To understand the impact of LS-2HDM on lepton uni-
versality, such as the loop-induced contributions to the
Z-boson decay widths, it is essential to explore the pre-
cise measurements of lepton universality ratios provided
in Eq. (20) within the framework of LS-2HDM. To this
end, the distribution of solutions that satisfy constraints
outlined as G1, G2, G3 and G4 are plotted on §; and tanf
plane in left for 6,, and in right for §.., in Fig. 4.

Figure 4 shows that the dependence of §, on tang is
quadratic as indicated in Eq. (17) in both positive or neg-
ative directions depending on the scalar masses of the LS-
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\/\/\/VV\/\/‘%
z N ¥ z

Z,(W¥) ¢

hy, (H*) ?

Fig. 3. Diagrams illustrating the contributions to LFU from the new Higgs bosons through decays of Z-boson.

2

10 20 30
tan 3

Fig. 4.

0y % 10%
-

200

100

—100

10 20
tan 3

(color online) Variation of 6,, with respect to tang (left) and 6., with respect to tang (right). Color coding of the plots is the

same as Fig. 1. The solid, dashed, and dash dotted lines indicate deviations from the current limits by Eq. (20) within 1o, 20, and 30,

respectively. For 6, (left), all solutions lie within 1o vicinity.

2HDM. Further, Fig. 4 (left) demonstrates that the devi-
ation of ¢,, from the LFU lies within 1o level and in-
creases with tanB. The value of 6, must be negative to
satisfy the boson mass constraint given by G4. In addi-
tion, Fig. 4 (right) demonstrates that §,, displays a great-
er sensitivity to tang because of the contribution of m?.
The contribution can be either positive or negative;
however, if the parameter space is restricted by G4, §,, is
negative with a few exceptions. The majority of solu-
tions satisfying all constraints (G1, G2, G3, and G4) are
observed to fall within a 30 deviation from the observed

Table 2.

value of §,, = 1.0019.

To exemplify the behaviour of 6., we listed three
benchmark points in Table 2. These points are selected to
be consistent all constraints applied so far, and they yield
possible minimum values for cos(8— ) for each vicinity
of the experimental measurements on LFU. The last two
rows in the table show the accommodation of the W-bo-
son mass in terms of the differences and uncertainty with
respect to CDF and CMS results, respectively. These
solutions indicate that heavy Higgs bosons should weigh
in the mass range from 250 GeV to ~500 GeV. These

Properties of solutions selected from Fig. 4 (right). All masses are given in the GeV unit. 10,2030 are the deviations from

value of 6,, (1.0019). All points are selected to yield the possible minimum values for cos(3—a).

Ore —~12.9518%x 107* (< lo) —34.1836x 107 (< 207) —63.6799x 107 (< 307)

tan 12.774 13.45 29.332

My 126.901 125.808 126.263

Miy 261.613 234.808 364.553

ma 350.786 558.726 451.389

My 393.202 578.161 500.79

m3 —4327.4 —4004.4 -4518.6

[cos(B—a) 0.0497 0.0455 0.0591

MES-2HDM _ g CDF —0.0309 (3.280°) —0.0241 (2.5607) —0.0227 (2.410)
MES-ZHDM _ prCMS 0.0424 (4.610) 0.0492 (5.350) 0.0506 (5.5007)
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solutions with the blue points in the left panel of Fig. 4
reveal that the CDF compatible solutions yield large devi-
ations in LFU processes, and one can accommodate CDF
results only up to about 20~ consistently.

C. Lepton flavor universality in tau decay

The deviations from LFU can be tested in decays of
7—lepton. The recent analyses [91] consider pure lepton-
ic and semi-hadronic decay processes. The QCD sector
remains intact in LS-2HDM, and the new Higgs bosons
interfere these processes through the electroweak and
Yukawa interactions. Therefore, we consider only the
pure leptonic decays to calculate the deviations from
LFU. The relevant diagrams are displayed in Fig. 5 The
deviation in 7 decays can be analysed by considering the
ratio of the gauge couplings of different lepton families as

(&> = 1+(5100p, <&> = 1+6tree +6loops
8u 8e

(gi) =1+ Oirees (21)
8e

where 6y, and dy. represent the contributions to SM
value from the loop and tree level processes. In LS-
2HDM, these contributions are calculated as [85, 86, 90]

2.2 2 27,2
s - m;m, “ m, 2 g(mﬂ/mr)
tree — - 5

8mj,. A M. ﬁf(mﬁ/m%)

2
1 m: »

1
6100}7 FTII; |:1+Z (H(mi/m%p)

+ 55 H(my [my.) + 5 JH (m, [my.) } . (22)

where

s o, (H)

T
\r\ hy, by, A y
T \\\\>

B

7,(v2) % S (v)

R '

hy, A, (H)

f(x)=1-8x+8x* —x* - 12x*In(x),
g(x) = 14+9x—-9x% — x* + 6x(1 + x) In(x),
H(x)=In(x)(1+x)/(1-x), (23)

and 1z =tanf, sz, =sin(B—a), and cs_, =cos(B—a) are
defined for brevity. Using pure Ileptonic processes,
HFLAYV collaboration obtained the values of ratios given
in Eq. (22) as [91]

(&) = 1.0009 £ 0.0014, (g’) = 1.0027 £0.0014,
8u 8e
<g—“> = 1.0019 £ 0.0014.
g
(24

These averages define ranges for the loop and tree-level
contributions as

S1oop = 0.0009£0.0014 and Sy = 0.00190.0014,
(25)

and these limits will be considered for further analysis.
To examine the relationship between solutions satis-
fying all four constraints, they are plotted in the d),,, and
Owee Versus tanf planes in Fig. 6 (left and right), respect-
ively. Fig. 6 shows that applying constraints reduces the
number of solutions and restricts them in the negative
plane. In addition, all solutions shown in red in Fig. 6
(left) lie within 20 vicinity of the HFVAL average value
of 6100p given in Eq. (25). Remarkably, for solutions with
tanB < 20, this proximity is confined within the 1o range.
For 6., solutions meeting all constraints are clustered
just below zero, when confined within a 1o~ to 20~ win-
dow of the average value, as observed in Fig. 6 (right).
Finally, it is apparent from Fig. 6 that with increasing

Ve

Ny

Fig. 5. Diagrams illustrating the contributions to LFU from the new Higgs bosons through decays of z.
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4
loop X 10

|

&

10 20 30
tan 5

Fig. 6.
vicinity of HFLAV results.

tang, loop contributions to the ratios from LS-2HDM be-
come more significant in comparison to those at the tree
level.

D. W-boson mass in LS-2HDM

Based on the main motivation of our study, the new
scalar states alter the W—boson mass through loops be-
cause they are non-trivially charged under the SM gauge
group in 2HDMs. Their contributions can be analyzed
through the self-energies of the gauge bosons. These scal-
ar states can arise these contributions through their inter-
actions with W-boson, and the mixing among them.
These contributions are illustrated in Fig. 7. Although one
can constrain these contributions by fitting the W—boson
mass with CDF and/or CMS measurements, the results
from the analyses over oblique parameters should be ap-
plied and satisfied. These oblique parameters can be
defined by considering the self-energies of the W—boson,
Z-boson, and contributions to mixing these gauge bo-
sons yielding Zy processes [124—126]. In addition, the
contributions to W—boson mass can be written in terms of
these oblique parameters as [127]

2
2 s ,
M2, = MM (ch—WZAr)’ (26)

W Sw

hl)hZ

0 10 20 30 40
tan 3

(color online) 6joop vS. tanB (left), and Syee vs. tanp (right). Color coding is the same as Fig. 1. All solutions lay within the 1o

with the loop contributions to the two-point function

a 1 2, — 52
A':—(—75+2T+W WU), 27
d s, N2 w 452, 27

which represents the measure of deviations from SM, and
where sy =sinfy and cy =cosfy with 0y is the weak
angle. In Eq. (27), S, T, and U represent oblique paramet-
ers, which contain the effects of incorporating additional
scalar bosons contributions through loops within the LS-
2HDM framework to My,. These parameters are defined
based on precision measurements in electroweak physics,
and in SM, § =T =U =0 serves as the reference point.
The explicit form of the S, 7, and U parameters are given
as [126]

1 2.2 2 .2 2.0 2
N :@ {=Bas (mz;myp,myy. ) +sin*(B— @) Bas (mz;m; ,m3)
+cos’(B-a) [Bzz (mysmy ,m3) + Bas (m;my,m;,)

-Bn (m%;m%,mﬁl) -miB, (m%;m%,m,zn)
+m§Bo (m%,m%,mil)] } s

(28)

Fig. 7. Diagrams illustrating the contributions to W—boson mass from the new Higgs bosons.
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1

= 2
167 s3,my,

5 {7—’ (mi,imi) +sin’ (8- ) [77 (mi,imiz) —T(mi,miz)} +cos*(B—a) [7—' (m%,imi]) —T(mi,mi])

+F (m%v,mﬁz) -F (m%v,mil) -F (m%,m,zh) +F (m%,mﬁ]) +4m3B, (O;mé,mﬁz) —4m3B, (O;mé,mﬁ])

—4m}, B, (O;m%v,mﬁz) +4m3, By (O;mﬁ,,mﬁl ) ] },

29)
1 2.2 9 2.2 9 ‘2 2.2 2 2
S+U= p—ch {822 (miysmie,m3) = 2By (miyy;miyye,myy. ) +sin(B— a)Bay (miy s myy.,my, ) +cos™(B— a)
2.2 2 2 2.2 2 30
mW,mW,mh]) +my, By (mW,mW,mhz) (30)

X [(322 (mysmy, ,mip. ) + By (miysmiym;, ) = B (

2 2.2 2
—my By (mW,mW,mhl) ] },

where

B, (qz;m%,mg) =8B (qz;m%,mg) - By (O;m%,m%) s
By (qz;mf,mg) =8B, (qz;mf,mé) -8By (O;mf,m%) s (€2))]

are loop functions arising from two-point loop integrals
given as

1 1
B, (qz;m%,m%) = Z(A+ 1) {m? +m§ - ng}

1 /!
—f/ dxXIn(X —ie),
2 Jo

1
By (¢*:mi,m3) = A— / dxIn(X —ie), (32)
0
where
— .2 2 2 — 2
X=mix+my(1-x)—qg x(1-x), =m+ln4ﬂ—y.
(33)

Shorthand notation F in Eq. (29) is defined as

1 m2m? m?
2 2\ = 2, .2 1" 1
F (ml,mz) =5 (ml +m2) 2 2%ln( %) ) (34)

which satisfy the relation
F (m%,m%) =F (m%,m%) and ¥ (mz,mz) =0. (35)

As seen from the equation used to calculate the ob-
lique parameters, mass differences among Higgs bosons
and their mixing can be restricted directly. Their effects
on mass differences are shown in Fig. 8 in correlation
with mass differences among the Higgs boson. Further,

the bottom-right panel displays possible correlation
between the S and T parameters. The color coding is the
same as in Fig. 1. The vertical and horizontal dashed lines
indicate solutions with S,7,U =0 as referred to SM.
Based on the plots, solutions satisfying the constraints
G1, G2, and G3 (yellow points) yield the mass difference
between the charged and CP-odd Higgs bosons between
about —40 and 150 GeV. There is a slight increase in T
and S parameters with increasing mass difference
between these Higgs bosons. The correlation of the U
parameter is observed to be sharper than that of the other
oblique parameters. The CDF-compatible solutions for
W-boson mass (blue points) are realized for large T-
parameter (~ 0.1 —0.13), whereas they are accumulated in
both positive and negative neighborhoods of the SM val-
ues (horizontal dashed line). Further, we display the T'
and S parameters with respect to each other to explore if
there is any possible numerical correlation between them.
Our scatter plots do not reveal any specific interval for
these parameters with respect to each other because our
scans have several free parameters that can help fitting
these parameters in any region consistently. If we pick up
a point (say from red points), for such a point increasing
S values lead to an increase in the T—parameter.

The restrictions on mass differences from the oblique
parameters also constrain the deviation in W—boson mass
realized in our analyses. Figure 9 display favored mass
differences among Higgs bosons by the desired deviation
in W—-boson mass compatible with oblique parameters.
The color coding is the same as that in Fig. 1. The hori-
zontal dashed line at around zero indicates the CMS res-
ult, while the upper horizontal dashed line represents the
CDF result. As seen from the top-left plane, the blue and
red points do not prefer any specific value for tan8. They
restrict the mass difference between two CP-even Higgs
bosons (top-right plane) at ~300 GeV by CDF (blue
points), and at ~440 by CMS (red points) from the upper.
The mass difference favoured by blue ad red points can
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(color online) Oblique parameters in correlation with mass differences among the Higgs boson. The bottom-right panel also

displays possible correlation between S and 7 parameters. The color coding is the same as in Fig. 1. The vertical and horizontal dashed

lines indicate the solutions with S,T,U =0 as referred to SM.

be as large as ~480 GeV for mass difference miy —my,.
The main impact from the W—-boson mass together with
consistent oblique parameters is seen in the mass differ-
ence between the charged and CP-odd Higgs bosons as
shown in the bottom-right plane. To accommodate the de-
sired deviation in W-boson mass requires 10 < mpy:—
my <575 GeV by CDF and —40 < my- —my < 160 GeV by
CMS.

Graphical representations reveal that the LS-2HDM
scenario can generate a range of deviations in the mass of
W from small to large values, which depends on the
choice of appropriate parameters. One observes that the
value AMy, exhibits variation, which encompasses both
the SM expectation and experimental deviations in the
CDF measurements. The findings confirm that the LS-
2HDM model has the capability to maintain the W-bo-
son mass in approximate ranges of the SM, as upheld by
a zero or insignificant AMy; e.g., AMy ~ 0.003 GeV, in
alignment with CMS findings. When all other theoretical
and experimental constraints are applied except for the
oblique-parameter bounds (S,7,U), the LS-2HDM can
yield solutions compatible with the CDF W-boson mass

within about lo. For example, one can obtain AMy ~
0.07 GeV. However, once current constraints on S, 7, and
U are included, the deviation from the CDF value cannot
be reduced below about 2¢-.

E. Further analysis

In previous sections, we explored the deviations in the
W-boson mass by comparing several experimental and
theoretical results, and we found that the LS-2HDM ac-
commodates the CMS value and approaches the CDF
value only up to about 20~ once the current (S,7,U), SM-
like Higgs, and LFU constraints are imposed. Despite a
large variety of constraint sets in our analyses, these solu-
tions need to be considered in further analyses. The prop-
erties of the SM-like Higgs boson play an important role
in these analyses. Thus far, we have considered only a
consistent mass range for the SM-like Higgs boson. A
first step to investigate the features of the SM-like Higgs
boson within the LS-2HDM framework is considering the
mixing among doublets, which is parametrized with
cos(B—a). We display the possible cos(B8—a) values in
our analyses in Fig. 10 in correlation with the SM-like
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(color online) Solutions satisfying conditions G1, G2, G3, G4, and G5 plotted in the AMy versus tang (top-left), mp, —my,

(top-right), ms —mj, (bottom-left), and my= —my (bottom-right). Color coding of the points is the same as in Fig. 1. The blue region is
the 30 uncertainty range of the My value measured by the CDF experiment, and the red region is the 30~ uncertainty range of the My
value measured by the CMS experiment; the dashed lines indicate the corresponding published central values for the two measure-

ments.

Higgs boson mass, deviation in W—boson mass, and ob-
lique parameters. The color coding is the same as in Fig.
1. The dashed lines in the top-left panel indicate the ex-
perimental bounds on the SM-like Higgs boson mass,
whereas those in the top-right panel show the CMS and
CDF measurements on W-boson mass from bottom to
top. The dashed lines in the bottom planes show the solu-
tions with S, T = 0 referring to the SM. The top-left panel
shows that a consistent mass for the SM-like Higgs bo-
son can be realized in any value of cos(8— ). The bound-
aries for this parameter reveals the SM-like Higgs boson
formation. For example, when cos(8—a) ~ 1, the SM-like
Higgs boson is mostly formed by the fields in ®,, where-
as those in ®, mostly form the SM-like Higgs boson
when cos(8— a) ~ 0. The intermediate values of cos(8— @)
correspond to the mixing in the SM-like Higgs boson in
which all scalar fields activelytake part. The top-right
panel shows that the desired deviation can be accomad-
ated in the W-boson mass over the entire range of
cos(B—a), and the bottom panels show that these solu-

tions can be consistent with the oblique parameters.
Although we strictly subject our solutions to the ex-
perimental and theoretical constraints, it does not mean
that the resultant blue and red solutions are fully consist-
ent. The first theoretical constraint on the composition of
the SM-like Higgs boson arises from the perturbativity
limit, especially from the effective yukawa coupling with
the top quark. The heavy mass for the top quark can be
accommodated with a large coupling. In this context, a
consistent SM-like Higgs boson should be formed by the
doublet that directly interacts with the top quark. In our
setup, the suitable candidates for the SM-like Higgs bo-
son are those resided in @,. Besides the perturbativity
limit, if the SM-like Higgs boson is formed by fields in
®@,, then it would contradict with some other experiment-
al results that examine the effective coupling between the
SM-like Higgs boson and gauge bosons as well as with
the SM fermions. The most comprehensive approach for
checking consistency in the SM-like Higgs boson from its
mass is to run the HiggsTools package [97]. This pack-
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(color online) Plots for cos(8- ) in correlation with the SM-like Higgs boson mass, deviation in W-boson mass, and the ob-

lique parameters. The color coding is the same as in Fig. 1. The dashed lines in the top-left panel indicate experimental bounds on the
SM-like Higgs boson mass, while those in the top-right panel show the CMS and CDF measurements on W—boson mass from the bot-
tom to the top. The dashed lines in the bottom planes show solutions with §,7 = 0 referring to SM.

age checks the mixing of the SM-like Higgs boson and its
couplings to the SM particles, and it confronts the results
with a large set of distinct experimental results in terms
of its production and decay modes. Based on the discus-
sion about the effective coupling between the SM-like
Higgs boson and top quark, one can expect solutions
forming the SM-like Higgs boson with the fields in @, to
survive after the HiggsTools run, which corresponds to
cos(B—a) =0.

The effect from the consistency of the SM-like Higgs
boson goes beyond this expectation such that only ten
points survive out of ~1000 (red and blue points in total
in the previous plots). We exemplify these surviving solu-
tions with six benchmark points in Table 3. Points 1 and
2 exemplify the solutions which lead to the W-boson
mass compatible with the CDF results. These solutions
accommodate the CP-odd and charged Higgs boson
masses at ~500—600 GeV. Interestingly, these points in-
dicate that the CDF results rather imply a relatively large
mass difference between these two Higgs bosons at
~15-20 GeV. The heavy CP-even Higgs boson weigh
around 250 GeV in these solutions. The consistent SM-

like Higgs boson mass is realized at about 124 GeV,
which is consistent with the observations within the the-
oretical uncertainties in the Higgs boson mass calcula-
tion. Point 1 among these solutions also implies alo de-
viation from LFU in §,., whereas Point 2 leads to a 2o
deviation. Points 3, 4, 5, and 6 in Table 3 represent the
solutions compatible with the CMS measurements. These
solutions can include a slightly heavier SM-like Higgs
boson mass (~ 125 GeV). These points indicate that the
charged and CP-odd Higgs bosons nearly degenerate in
mass. These solutions can be realized with relatively tang
as shown in Point 3. Despite relatively tan8 (~ 32), the
muon anomalous magnetic moment (Aa,) lies in ranges
consistent with the recent measurements [128, 129]. Point
3 can lead to compatible new physics contributions to
Aa,, while predictions in Points 4, 5, and 6 more or less
coincide with the SM prediction.

Before concluding, we present the possible limita-
tions in the parameter space of LS-2HDM in Table 4. Al-
though we generate solutions by varying the couplings,
we express the ranges for masses and mass differences to
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Table 3. Comparison of parameters across all points. All points passed from HiggsTools.

Parameters Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
MLS-2HDM 80.4142 80.4032 80.3786 80.3704 80.3540 80.3684
MES-2HDM _ jyCMS 0.054 (5.870) 0.0429 (4.670) 0.0184 (1.8607) 0.0102 (1.0307) -0.0062 (0.630) 0.0082 (0.830)
MLS-2HDM _ prCDF —-0.0193 (2.050)  —0.0303 (3.220)  —0.0549 (5.840)  —0.0631 (6.71cr)  —0.0795 (8.460)  —0.0651 (6.920)
my, 124.139 124.228 125.7700 124.1860 124.7140 125.9400
my, 252.081 246.601 144.5190 244.6180 233.2980 160.6120
my 560.419 618.417 435.2390 536.0650 582.1850 532.8540
My 582.554 633.576 443.2380 540.5340 579.4030 535.4250
My = Mipy 127.9420 122.3730 18.7490 120.4320 108.5840 34.6720
Mpgs —my 22.1349 15.1589 7.9990 4.4690 —2.7820 2.5710
ma =y, 308.3379 371.8160 290.7200 291.4470 348.8870 372.2420
Mpgs — My, 458.4149 509.3480 317.4680 416.3480 454.6890 409.4850
tan8 24.2350 15.36 32.4200 20.4000 17.8040 23.7880
[cos(B—a)| 0.0707 0.0446 0.0285 0.0464 0.0598 0.0442
A 2.7537 1.1050 0.4953 1.0403 2.2846 0.7583
1 0.1264 0.1257 0.1304 0.1263 0.1273 0.1307
23 10.12 12.303 6.1309 8.6155 10.2310 9.0426
A -4.9746 —5.9280 -3.0126 -3.9144 —4.5980 -4.3505
As —4.1400 -5.3019 —2.7808 —3.7557 —4.7046 —4.2599
"3 —2598.6000 —3955.5000 —642.4600 —2918.4000 —3008.1000 —1077.6000
By -yt~ 3.072x 1070 3.073x107° 3.072x107° 3.073x107° 3.073x107° 3.072x107°
Bs — Xyy 3.149x 1074 3.148x 1074 3.149x 107* 3.149x 1074 3.148x 1074 3.149x 1074
O -3.920x 1073 -1.954x 1073 -3.718x107° -2.037x107° -1.890x 1073 -3.162x107°
Orr -1.108x 1073 -5.526x 1073 -1.051x 1072 -5.760x 1073 ~-5.344x1073 -8.941x1073
8r/8u 0.9996 0.9998 0.9992 0.9997 0.9998 0.9996
gc/ge 0.9996 0.9998 0.9992 0.9997 0.9998 0.9995
8ul8e 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000
S -0.0162 -0.0165 -0.0181 —0.0145 -0.0151 -0.0180
T 0.128 0.1013 0.0405 0.0231 —0.0169 0.0161
U 0.0006 0.0004 0.0004 0.0002 —0.0000 0.0001
Aay 2.722x 10712 1.206x 10712 1.527x 10711 2.026x 10712 1.790x 10712 6.926x 10712

provide comparable values with the other studies. CDF end, both theoretical and experimental constraints are ap-

and CMS analyses reveal different ranges for the devi-
ation in W—boson mass, and these ranges do not overlap.
Therefore, we display two sets of ranges. The first two
columns display the minimum and maximum ranges
when the CDF results are imposed, while the last two
columns show limits for the case of CSM results.

V. CONCLUSIONS

In this study, the LS-2HDM parameter space is in-
vestigated to obtain a parameter space where the W—bo-
son mass measured by CDF and CMS experiments is
confronted within the framework of LS-2HDM. To this

plied to the parameter space. Consequently, only a lim-
ited range of parameter values remains viable within the
LS-2HDM framework, most of which are found to be
compatible with the reported measurements of LFU tau-
lepton and Z-boson decays. Among these, the elec-
troweak precision constraints encoded in the oblique
parameters (S, T, U) play a crucial role. Enforcing the cur-
rent global fits excludes solutions that would otherwise
realize the CDF 1o region, whereas the charged-Higgs
mass and rare B-decay bounds have a comparatively
weak effect. Furthermore, assuming 4, to be the SM-like
Higgs boson reduced the number of solutions consider-
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Table 4. Constraints on model parameters that satisfy all four aforementioned groups of limitations and HiggsTools. All masses are

given in GeV.

Parameter Min. Val. (CDF) Max. Val. (CDF) Min. Val. (CMS) Max. Val. (CMS)
M, 124.139 124.228 123.668 125.940
My 246.601 252.081 144.519 413.886
ma 560.419 618.417 435.239 671.085
My 582.554 633.576 443.238 685.670
tanf3 15.36 24.235 17.804 38.741

|cos(B—a)| 0.039 0.071 0.023 0.060
m% —-3955.5 —2598.6 —4926.5 —642.46

Mpyy — Ny 122.373 127.942 18.749 290.218

ma — My, 308.338 371.816 253.406 372.242

My — Mg 15.159 22.135 —-11.121 15.588

ably. In our scans, we required consistency with the cur-
rent (S,7,U), SM-like Higg, and LFU constraints, and
then, we tested compatibility with the CDF and CMS My
determinations. Within the feasible solutions, the LS-
2HDM easily predicts the CMS measurement, while the
predicted W-boson mass approach the CDF value only to
about 20~ once all constraints are imposed. The available
parameter space of LS-2HDM obtained through this ana-
lysis is summarized in Table 4. Within these ranges, LS-
2HDM can be effectively utilized for making predictions.

It is important to note that imposing the (M§>-2HPM—
MMPFy condition directly on the masses may not al-
ways be convenient for determining restrictions on para-
meters. Using additional parameters related to masses,
such as mass differences employed in this analysis res-
ults in stronger limits. We observe that the current con-
straints on oblique parameters can directly bound the
mass differences such that consistent solutions can ac-
commodate CDF measurements for the W-boson mass
only up to about 20, and it is further tightened by requir-
ing h; to be SM-like and the LFU constraints. This dis-
crepancy between i, being SM-like and MSPF might be a
sign of an inconsistency that requires further investiga-
tions.

To ensure a comprehensive analysis, six solutions
were selected, with two estimating MG within 20~ and
the remaining four predicting M{MS within 1o. These se-

lected solutions were used as benchmarks, and their pre-
dictions were provided. To comprehensively conclude
this analysis, all solutions satisfying the conditions out-
lined in Table 4 were tested using the HiggsTools pack-
age, which incorporated the most recent constraints. With
the addition of the new value of the W—boson mass de-
rived by CMS in 2024 in the model, the LS-2HDM has a
parameter space that accommodates the CMS measure-
ment and approaches the CDF value of about 20;
however, it does not resolve the CDF and CMS tension
within a single framework.
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