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The deviations of the recent measurements of the muon magnetic moment and the W-boson mass from
their SM predictions hint to new physics beyond the SM. In this article, we address the observed
discrepancies in the W-boson mass and muon anomalous magnetic moment in the Inert Two Higgs Doublet
Model extended by a complex scalar field singlet under the SM gauge group. The model is constrained
from the existing Large Electron Positron Collider (LEP) data and the measurements of partial decay
widths to gauge bosons at LHC. It is shown that a large subset of the constrained parameter space of the
model can accommodate both the experimentally measured as well as SM global fit value of W-boson mass
while simultaneously explaining the observed muon g — 2 anomaly.
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I. INTRODUCTION

The departures of low-energy observables from their
Standard Model (SM) predictions can provide indirect clues
for physics beyond the SM. The disappearing observed W
boson mass anomaly and the prevailing discrepancy in
anomalous magnetic moment of muon provide a stringent
test of the SM [1] and should be explained by any proposed
model beyond SM.

Until its recent measurement by the CMS collaboration
[2], the most precise known value of the mass of W boson
my, was
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mSPF = (80.4335 + 0.0094) GeV, (1)

a measurement done by the CDF Collaboration [3] on their
full Run-2 dataset of 8.8 fb~!. This value deviates from the
global average of the other experiments [4,5]

mPPG = (80.377 + 0.012)(80.3692 + 0.0133) GeV. (2)

A global fit to electroweak data, used to predict my, in the
standard model, yields the value [6]

mSM = (80.3499 + 0.0094) GeV, (3)

which is about 7¢ below the value reported by CDF. Such a
significant discrepancy calls for a thorough investigation of
physics beyond the Standard Model [7].

However, recently, the CMS Collaboration has reported
their first measurement of W mass [2]

m§MS = (80.3602 + 0.0099) GeV, 4)
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with a precision very similar to that of the recent CDF
measurement [3] and better than that of all previous results.
This value of W mass not is consistent with the expectation
from the SM electroweak fit within experimental uncer-
tainties as well as the present world average (excluding
CDF). However, the CDF measurement is way above
this value.

Another long-standing discrepancy is in the muon
anomalous magnetic moment where the direct measure-
ments of muon (g — 2) are precisely made and have been
confirmed in several experiments [8]. The most recent
measurement of the anomalous muon magnetic moment by
the Fermilab Muon ¢g—2 Experiment [9] using data
collected in 2019 and 2020 gives

(9-2),

a, =

= 116592057(25) x 10711(0.21 ppm)  (5)

resulting in the new world average
a,® = 116592059(22) x 10~'1(0.19 ppm).  (6)

The SM prediction is given by [10]
a;M = 116591810(43) x 107! (7)

amounting to about 5¢ discrepancy

exp _

Aa, = a;" —aiM = (249 +048) x 1077, (8)

This SM prediction uses the conservative leading order
data-driven computation of hadronic vacuum polarization
(HVP) [11] based on the available data sets for the ete™ —
hadrons cross section and the techniques applied for the
evaluation of the HVP dispersive integral. There is however,
tension between the results of hadron vacuum polarization
from Lattice simulations of QCD [12,13]. This and the
recent measurements of e*e~ going to hadrons by CMD3
Collaboration will make SM predictions closer to the
experimental measurements. The prospects for improve-
ments of the uncertainties in the SM prediction [10] may
make it closer to the experimental measurements [14,15].
However, how this discrepancy would play out by future
analysis is not yet settled.

The additional quantum corrections induced by new
particles in a model beyond SM might account for the
observed anomaly in the W-boson mass as well as the
muon magnetic moment. These twin problems have been
addressed recently (either individually or simultaneously)
in many models beyond the SM [16] with varying degrees
of success.

In an earlier work [17], the authors have addressed the
observed discrepancies in the anomalous magnetic
moment of muons and electrons by I2ZHDM to include
a complex scalar field and a charged singlet vector-like
lepton. In this spirit we revisit our earlier model albeit
without the introduction of a charged vector-like lepton
and discuss the constraints on the model parameters from
the Large Electron Positron Collider (LEP) data and recent
Higgs decay data. Using this constrained model, we
attempt to address the possibility of explaining the
observed upward pull for my and muon g — 2.

The rest of this article is organized as follows: Sec. II
briefly reviews our model. In Sec. III, we discuss the
constraints on model parameters coming from the Higgs
decay and the LEP data. The additional contributions to
muon anomalous magnetic moment and W-mass in our
model are discussed in Sec. IV. The corresponding
numerical results of the regions in parameter space that
simultaneously satisfy the experimental results of both
observables, namely the W mass and the muon g — 2, are
given in Sec. V. In the end, we summarize our results in
the Sec. VI

II. THE MODEL

The I2HDM consists of two SU(2), doublets of com-
plex scalar fields: SM-like doublet @, and another doublet
®, (the inert doublet) possessing the same quantum
numbers as ®; but with no direct coupling to fermions.
We consider a model with the scalar sector of I2HDM
extended by a neutral complex gauge singlet scalar field
@;. After electroweak symmetry breaking, @, as well as @
acquire nonzero real vacuum expectation values, vgy and
v, respectively. We invoke a Z, symmetry under which all
SM fields and @, are even. The inert doublet fields @, and
the singlet scalar @5 are odd under this Z, symmetry. Due
to this symmetry the scalar fields in ®, do not mix with the
SM-like field from ®;. The Z, symmetry also ensures that
the SM gauge bosons and fermions are forbidden to have
direct interaction with the inert doublet and additional
complex scalar singlet. We, however, allow an explicit
breaking of Z, symmetry in the Yukawa Lagrangian Ly in
order to facilitate coupling of SM leptons with CP odd
pseudoscalars.

The part of the Lagrangian different from the SM
Lagrangian is written as

LD ‘Cscalar + ‘CYukawa’ (98')

[’scalar = (D”(I)l)-"(D”@l) + (Dﬂq)Z)Jr(Dﬂq)Z)
+ (Dﬂq)3)*(Dﬂq)3) - Vscalar’ (9b)
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Vcatar = Varpm (@1, @2) + Vsingled(@3) + Vivtix (P, P, @3)

A

1 1 A
= —zm%1 (®]®)) - 5’"52(“1’;@2) ay (®]@))> + 2 (D)D)

2

1 "
+25(D]D ) (DLD,) + 24 (@] D, ) (D3P;) + 3 [A5(®]®,)* + H.c]

1 A

— 2 m3 D@5 + = (DD3)% + 4y | D) PD5D; + 413|255 — ik[(P] D, + PLD, ) (D3 — @F)],  (9¢)

2 2

where

2

o, = )
! % (vsm + &) + i)

and D,®;(i = 1,2,3) is the covariant derivative for the
field ®;, where all couplings in the scalar potential and
Yukawa sector are real in order to preserve the CP
invariance. Here, we have invoked an additional global
U(1) symmetry under ®; — ¢/*®; to reduce the number of
free parameters in the scalar potential, which is however
allowed to be softly broken by the x term. Further, the
Yukawa terms are given by

_‘cYukawa = yu@Lal Uug + deiLq)ldR + ylEq)IeR
‘l—ylE(I)zeR +HC (10)

The stability of the scalar potential given in (9¢) has been
discussed in the article [17] and the reader may refer to it
for the copositivity conditions on the scalar potential and its
minimization.

The absence of mixing among the imaginary component
of the inert doublet with the real component of either the
first SM-like doublet or the singlet results in the decoupling
of the mass matrices for neutral scalars and pseudoscalars.
The 2 x 2 CP-even neutral scalar mass matrix arises due to
the mixing of the real components of SM like first doublet
@, and the singlet ®;. Diagonalization of this CP-even
mass matrix by orthogonal rotation matrix parametrized in
terms of the mixing angle 6,3 results in two mass
eigenstates /; and k3 with masses given by

mj, = 08’0134 0§y + sin (26013)v,41, vy + Sin*61303 g,

(11a)

mﬁ} = Sin2913ﬂl l)éM —sin (2913)1)521 1Usm —+ C082913 U%ﬂg,

(11b)

with

oo ¢;
CO T S @+ ind)

1
and @; = 7 (vs + P+ ind) (9d)

A11VsmPy

tan 2603 = (I1c)

2 2°
A vy — AgVs

Similarly, the diagonalization of mass matrix for CP-odd
scalars 773 and 1} gives the pseudoscalar mass eigenstates A°
and P° with masses given by

1 -
2 2 2 2 2
m = = (/1345 USM - m22 + /1131}5) COS 923

A0 2
— V2kvgy sin 26043, (12a)
o Ly 2 2\ cin2
Mpo =5 (34505 — M3, + 41305 sin” O3
+ \/EKUSM sin 2923 (12]3)
1 2 2
K= 37 (my, + m5,) tan (26053). (12¢)
M

where A3ys = A3 + A4 — A5 and the mixing angle 6,3 is
given by Out of the remaining neutral and charged scalar
mass eigenstates, 77 and ¢7 are the massless Nambu-
Golsdstone bosons and the masses of ¢ and ¢35, which are
renamed as h, and H™, respectively, are given by

1
m, = 5 l=mdy + (s + Ay + ds) o + 2323, (13a)
mi]i = —m%z +/13U§M + 2137J%. (13b)

It should be noted that the parameter 1, appears only in the
quartic interaction of Z,-odd particles coming from the
inert doublet @, and does not contribute to the mass
spectrum. It is therefore not constrained by our analysis.

The remaining 11 parameters in the scalar potential (9¢),
namely, myy, Myy, Nsz, /11‘:1,3,4.5,8.11.137 and x can now be
expressed in terms of the Vacuum Expectation Values
(VEVs), masses, and mixing angles
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TABLE 1. Yukawa couplings.

Vifn, (V2m/vsy) cos 6,5 Viin, yi
Vifhy —(V2mg/vgy) sin €3 Yupo —iy; sin 63
YiH- Yi Viiao iy} €08 63

2 .2 .2 0 0
USM, Vs, My, My s My MG, 1T

Hi,mio,mz 013,0p5.  (14)

PO?

For the relations among the mass parameters and scalar
couplings of the Lagrangian, the reader is referred to the
Appendix A. Further, the dimension-full scalar triple
couplings of the charged Higgs bosons with neutral scalars
are expressed as gy, y+py- = (Vsmdp,p+ - ), Where

Us

lh]H+H‘ 213 C05913 +—/113 Sin6’13, (153)
Usm
P ;}Ts’l” cosfy5 — Jzsinf;  (15b)
M

are the dimensionless couplings.
The Yukawa interactions given in (10) can be rewritten in
terms of mass eigenstates as

Yitsi y
LR = 2~ (s, + 50T
si=hy,hy

Yith, T Yus; , 5_  _
+ (hI717) + L(s;lmysl7)
\/i ’ s,EPZO,AO \/E ’

+ Ywu-(TPrITH') + H.c], (16)

where f and [~ represent SM fermions and SM charged
|

O[m

2
wwwwn={®[f "
mj,

j— mHi

These two regions I and II correspond to A5 > 0 and
As < 0, respectively, [as per Eq. (A5) in Appendix A]. In
this article we explore the phenomenology rich region I
given by

2 2 2 2 2 2
my > my, +my, and  my. > my, + my,. (20)

Given the aforementioned mass hierarchy, no viable scalar
dark matter exists in this region. Also, the nonvanishing
Yukawa coupling y; in the Lagrangian (10) prevents the
lightest pseudoscalar from being a dark matter candidate by
permitting the pseudoscalar to decay to leptons.

Now we consider the constraints from some experimen-
tal observations in the next section. In all these calculations,

2 2 2 2 . .
— (on + mPo)] for mj,_ > m3, + my,: region I

leptons respectively. The Yukawa couplings with scalar/
pseudoscalar mass eigenstates are listed in Table 1.

ITII. CONSTRAINTS ON PARAMETER SPACE

The theoretical constraints and existing experimental
observations restrict the parameter space of any model
beyond the SM. The following physical parameters of the
model affect the observables considered by us in this article

Masses: my, , my,, my, My, myo, npo
Mixing angles: 63, 6»3
Couplings: yi, Ay, 55 Any i+ H- (17)

We discuss below various constraints imposed on these
parameters.

A. Theoretical constraints

Let us first consider theoretical limitations on the scalar
potential of our model. The scalar potential given in (9c)
should satisfy the stability and copositivity conditions listed
in Ref. [17]. Further, tree level perturbative unitarity
requires that

4| <4r, and |y,| < Véz, (18)
where 4; are all the quartic scalar couplings and y; is the
Yukawa coupling.

The relations among mass parameters and scalar cou-
plings of the Lagrangian, along with the copositivity
conditions, result in the following two mutually exclusive
allowed regions of parameter space:

2
(19)

for mj < m3, + my,: region II.

the values of parameters «, the Fermi constant G, and Z
boson mass m, are taken to be the measured values [5].

B. Constraints from Higgs decay

Since LHC data favors a scalar eigenstate H with mass
~125 GeV [5], we identify CP even lightest neutral scalar
hi, coming predominantly from the doublet ®;[Eq. (11)]
with the observed scalar H and take m;, = 125 GeV.
Further, the couplings of &, with a pair of fermions and
gauge bosons are the corresponding SM Higgs couplings
but suppressed by cos @3 due to ®; — @3 mixing.

We now compare the total Higgs decay width in
SM [18,19]

[(hSM = all) ~4.07 MeV (21)
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Constraints on parameters 63, gy, -+ - and my from the measurements of the partial Higgs decay widths to the gauge bosons

at the LHC [5]. (a) The solid red curve shows the variation of yyw+ computed in our model with the CP-even mixing angle 6;5. The
shaded blue region depicts the allowed one sigma region for the measured gy~ = 1.00 £ 0.08 [5]. (b) Color density map for the
constraint y,, /uyw= = 1.1 £ 0.11 at 20 level [5] corresponding to the 6,3 = 20° in A, y+p- — my+ plane.

with the recently measured total Higgs decay width at the
Large Hadron Collider [5]

['(H — all); e = 3.2777 MeV. (22)

We examine the bounds on partial decay widths of
125 GeV hy at LHC and determine the constrained
parameter space by demanding that, in our model,
decays can account for the measured value of the total
Higgs decay width. To this end, we define the signal
strength pxy w.r.t. hy production via dominant gluon fusion
in p — p collision, followed by its decay to XY pairs in the
narrow width approximation as

_ olpp = h = XY)
= o(pp » h - XY)M

_ I'(hy = g9) BR(h; — XY)

- T(h™ = gg) BR(AM — XY)
BR(h, — XY)
BR(K"M = XY)’

= cos?0;5 (23)

The partial decay width of i; - WW™* channel is related
to the corresponding value in SM as

C(hy » WW*) = cos?0;30(ASM - WW*)  (24)
giving the signal strength

C(hM = all)

— 7 ~1.27cos*d. 25

Hww+ = 0803

Thus, the signal strength uuw+ depends on only one
parameter of the model, namely, 6,5, which can be strongly

constrained by the observed value, pyy+ = 1.00 £ 0.08
[5]. The one sigma band around the central value of the
observed puyy+ is shown in the Fig. 1(a), which restricts the
value of 03 to 19.7° < |0,3] < 22.8°. Throughout this work,
we take 6,3 = 20°.

We now calculate the partial decay width of Ay — yy
channel at one loop in our model that may be paramet-
rized as

D(hy — yy) = cos® Oy3]1 + ny|2r(hSM —7yr). (26)
where the SM Higgs partial decay width in yy channel and
the dimensionless parameter ¢, are given by [17,20]

Gra?m3 |4 4m? 4m3\ |?
C(hSM _JF h MY i MY W
(KM S yy) T2svae 372\ e + M A
(27a)
AV
Usm 2m s Mo <m’2‘1 >
CW (27b)

_005913 ry [ 4m? 4 4m?
A a 144 i

M — +3M1/2 w7
1

2
hy

The loop form factors M, ,, in the above equations

are defined in the Appendix B. Using the relations (24)
and (26), the ratio of signal strengths becomes

T(hM = WWw™)
L(B™M — yy)

/’lyy — F(hl _’Y}’) %
F(hl g WW*)

=1+,
Hww* "

(28)
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The average experimental values of signal strengths
Hyy = 1.10 £ +0.07 and pyy~ = 1.00+0.08 [5] give
Hyy/Hww+ = 1.1 £0.11. The value for this ratio in our
model depends only upon the parameters 63, my: and
Ap, i+ -~ Varying the mpy+ between 210 GeV and 1 TeV and
fixing 6,3 = 20°, we find that the one sigma and two sigma
constraints on p,, /uyy+ restricts the charged Higgs cou-
plings to the lightest CP even scalar within a allowed range.
This allowed range depends upon the value of my=.
For example, for my: =1 TeV, the range allowed by

/’Lyy/:uWW* is

=60 < Ap,prp- <3 atle

90 < Ay gy <4 at2o (29)
In Fig. 1(b), we exhibit the contours satisfying s, /pyw+ at
20 level for 6,3 = 20° in the A, y+y- — my= plane.

Since the experimental uncertainty for uz, [S] is large,
we do not expect any more constraints on the model
parameters from h; — Zy decay channel [17].

C. Constraints from LEP II data

The scalar and pseudoscalar masses along with the
Yukawa coupling y; in our model can be constrained from
the existing LEP II data either (a) by investigating the direct
|

pair production of scalars and pseudoscalars or (b) by
production of pair of fermions mediated by these additional
physical scalars or pseudoscalars. The direct neutral scalar
and pseudoscalar pair production channels

ete™ —» Z* - AY/PY + b, (30)
constrain the sum of neutral Higgs masses
O3 my, +my, +mp) to be 2200 GeV [21]. To be
consistent with these bounds from LEP, we perform our
analysis for all scalar and pseudoscalar masses above
210 GeV.

The production cross section of fermion pairs gets a
contribution from additional scalars and pseudoscalars in
the model through new leptonic Yukawa coupling y;. This
additional contribution should be in agreement with the
electroweak precision measurements conducted by LEP
experiments. The combined analysis of DELPHI and L3 at

LEP II at /s =200 GeV estimate the cross section of
muon pair production to [21]

o(ete” - putpu~) =3.072£0.108 £ 0.018 pb.  (31)

The excess contribution to this cross section in our model
over the SM one can be written as

— A2 2 2
SExcess s s —4my, (- c0s~60y3 _ sin 053 n
xeess — _~ [0 M
KT 64r \| s —4m2 ! s—mi0 s—mf,0

STl
v3m s—m%SM '

We compute this contribution to u-pair production cross
section given by Eq. (32) and put constraints on the model
parameters by accommodating this excess contribution
within the 1o uncertainty (0.1095 pb) in the cross section

1 2m,m cos?6
m2 > 26 - < :
hy

Sin2013 2
§— v s —m> + s —m>
SM h hs

(32)

|
o(ete” - putu™) given by (31). Figure 2 depicts the
density maps for |y, | in the m,,, — 6,5 plane corresponding
to various values of m4 and pseudoscalar mass ratio
Rp =mpo/my = 0.5, 1, 2. The value of my, is taken to

Yo — o —
2000 9131 =20%, My, =400 GeV. m,0 =600 GeV, mpi = 300GeV |

1800 - = 1600

T — T T T
1800 40y = 20", 1y, =400 GeV, myo = 300 GeV, myo =300 GeV 2000

— 03

(16,41 =20", =400 GeV, m,y0 =300 GeV, mpi = 600'Gev | [ |

1600 = 1400 —

_inGeV -

1400 St{osl 1200

m, in GeV —
)

1000 ~

my,

1200 =
0.6

1000 - = 800 —

Fq04
800 - A 600 —

lyil =
my_in GeV -
2

-4 --02

i i i ; i i i =l
0 20 40 60 80 100 120 140 160 180 0
8,3 in degree —

(@) (b)

ol |
20 40 60 80 100 120
8, in degree —

L S [
20 40 60 80 100 120 140 160 180
6,3 in degree —

©

i =
140 160 180 0

FIG. 2. Yukawa coupling |y, | color density maps for 6,3 = 20° and my,, = 400 GeV in the m,,, — 0,3 plane satisfying the constraints
from combined analysis of DELPHI and L3x, namely, o(ete™ = p"p~) =3.072 £0.108 £ 0.018 pb at /s =200 GeV [21]
corresponding to the three parameter sets (a) my = 600 GeV, Rp(= m, / on) =0.5. (b) my =300 GeV, Rp=1.

(c) myo = 300 GeV, Rp = 2.
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One-loop and two-loop dominant diagrams contributing to g — 2 of charged lepton /. (a) Leptons one-loop. (b) Charged scalars

one-loop. (c) Barr-Zee top triangle. (d) Barr-Zee H* triangle. (¢) Barr-Zee H* bubble.

be 400 GeV in these plots. For a given m4o and mpo, the
value of m,, has a lower limit determined by (20).

The following observations may be noted from Eq. (32):

(1) The cross section is found to be less sensitive to the
variation of my,,  since, for 65 ~20° the term
proportional to (m,m,)/vsy? is negligibly tiny. This
enables the LEP data to tightly constrain the mag-
nitude of the |y, | and |6,3| for the varying scalar and
pseudoscalar masses up to a TeV scale.
The permitted range of |y;| is primarily governed by
the choice of 6,3 and the pseudoscalar mass ratio
Rp = mpo/m 0. With the exception of Rp = 1, we
note that the allowed values of |y,| are not very
sensitive to m,,. This is because the matrix element

squared |./\/l/IjPﬂ_ | in Eq. (32) becomes independent

@)

of 6,5 for m40 = mpo, and hence the allowed values
of |y, | are dictated by values of m,, and m,o. This is
evident from the |y;| color density map given in
Fig. 2(b).
The color density maps in Figs. 2(a) and 2(c) show
the concave and convex profiles of |y, | w.r.t. 0,3 for
Rp < 1 and Rp > 1, respectively, due to the pres-
ence of cos?(6y3;) and sin?(6,3) with the respective
propagators for pseudoscalars A and PY. The
convexity/concavity profile is more pronounced
for lower scalar and pseudoscalar masses.

The dominant direct charged Higgs pair production
channels at the e*e™ collider

3

ete” - y*/Z* > H  + H- (33)

limits the charged Higgs mass between 80 and 100 GeV
[22]. Assuming the branching ratio for the model predicted
dominant decay channel of charged Higgs Br(H" — 7 +
v,) to be unity, the ALEPH collaboration at LEP [22] gives
the combined 95% CL lower bound of 94 GeV on the mass
of the charged Higgs boson. The LEP constraints on the
masses of pseudoscalars and the model restriction
©[m?,. — (m3, + m3,)] as given in Eq. (20) ensures that
the probed charged Higgs mass is significantly higher than
the lower bound obtained from LEP.

We now proceed to look for viable regions of the
parameter space already constrained in this section that
account for the observed measurements of the anomalous
magnetic dipole moment for muon and the W-boson mass
in the next two sections.

IV. CALCULATION OF (g-2),
AND W-BOSON MASS

We explore in this and the following section how our
model can account for the positive pull in the observed
muon anomalous magnetic moment and the W-boson mass.
We discuss the formalism for computing both quantities in
this section, while the next section provides multivariate
numerical analysis.

A. Muon anomalous magnetic moment

Now, we compute the dominant one- and two-loop
contributions to the anomalous magnetic moment of a
charged lepton (/) in our model and then subtract the SM
contributions from the same. This difference in the anoma-
lous magnetic moment Ag; arises due to the exchange of
the additional spectrum of charged and neutral scalars and
pseudoscalars in the 2HDM at the one- and two-loop level
of the perturbative calculations. Based on the Lagrangian
given in Egs. (9¢) and (10), the dominant Feynman
diagrams at one loop and two loop Barr-Zee diagrams
are given in Fig. 3. Note that the Barr-Zee diagrams
involving W-bosons are not allowed by Z, symmetry.

The excess contribution to lepton Aga; at the one-loop
level is given by

5a1100p _ 1 |:2I’Vl_;1 <C052913 n Sin2913 _ 1 )Il
! 1672 ng m%l m%} miSM
2 2
c0s°0y3  Sin“Oy3
+ m% < R E— y%Zz
mA() PO
2 2
m m
+—21)’%11 + Inl? 21 13] (34)
my, My

where the one loop integral functions Z, Z,, and Z5 are
defined in Appendix C in Egs. (Cla)—-(Clc), respectively.
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We observe that the one-loop amplitudes in Fig. 3(a) are
negative and positive, corresponding to mediating pseudo-
scalars and scalars, respectively, while the contribution
from the charged Higgs loop in Fig. 3(b) is negative and
competitively much smaller in magnitude. It is to be noted
that, for myo = mpo, the one-loop contribution becomes
independent of the mixing angle 0,5.

The contributions of two loop diagrams, some of which
may dominate in spite of an additional loop suppression
|

5a12loop —

m% m; {COS 913

2
4 vgy h

where the two loop integral functions f and f are given by
the Eqgs. (C2a) and (C2b), respectively, in Appendix C.
It should be noted that the Barr-Zee diagrams of the
type shown in Fig. 3(d) with W-boson and charged Higgs
H* replacing scalars (h,/hs) and W boson replacing y/Z
that are usually present in a Two Higgs Doublet Model
|

9h H+H- f<

factor, play a crucial role in the estimation of anomalous
Muon Dipole Moment (MDM). It is shown in the literature
that the dominant two-loop Barr-Zee diagrams mediated by
neutral scalars and pseudoscalars can become relevant for
certain mass scales so that their contribution to the muon
anomalous MDM is of the same order to that of one loop
diagrams [23]. The additional contributions to the lepton
Aa, at the two-loop level are given by

2 2
&?[ﬂmt {s1n913f< )—C05913f< )—Q—f(n;t)}
47> | vsm Vsm h1 h] My sm

m2 2
+ sin @ ms,.,
i ) = ———>  YnH H- f( [; >H, (35)
mhl mh3 my,

[

(THDM) do not contribute in this model because such a
diagram will involve WWh, coupling which is forbidden
in our model by the imposed Z, symmetry.

With m), = msw = 125 GeV and using the dimension-
less couplings defined in Eqs. (15a) and (15b), the two-loop
Bar-Zee contribution in Eq. (36) can be simplified to

2 2
a, m; m; . m m

Sa?1oP = <% [— L sin6)5 {f(—zt ) —f(—; )}
4r” | vsm Usm my, my,

lml 2

———{@h HYH~ )m

4 Usm hy

Keeping the dimensionless parameters 4, y+p- (i = 1, 3)
at a reasonable value (say <10) and with the range of
masses considered by us (i.e. my,myo, mpo > 200 GeV

and my= > \/m3, +m7,), the supression due to factor

m?/m? in the second term (lower line in above equation)

compared to (m;m,/vgy?) makes the contribution of
charged Higgs to two-loop muon magnetic moment in
Figs. 3(d) and 3(e) negligibly small even for 4, p+y- as
large as ~103. However, the dimensionless parameter
Ap, 1+ g~ 18 restricted from the observation of signal strength
ratio yt,, /puyw+ as discussed in Sec. III B while 4,5+ - is
not restricted.

The Barr-Zee contributions are thus found to dominantly
depend on the mixing angle 6,3 and the scalar masses my,
and my,.

On analyzing the combined contribution from the one-
and two-loop diagrams for the constrained parameter space
obtained in the preceding section, we find that, depending
on the mass range of the scalars and pseudoscalars, both
the one- and two-loop Barr-Zee contributions can be

cos 913f<

2 2 2
my ~ (M
) — Ayt~ —sin 5 f <—’;> H . (36)
mh, my, my,,

significant. In fact, by demanding the total anomalous
magnetic dipole moment, to agree within one sigma of the
measured value as stated in Eq. (8), we can further limit the
parameter space.

B. W mass computation

In this subsection, we compute the W-boson mass in our
extended inert two Higgs doublet models. The mass of the
W-boson can be predicted from muon decay in terms of
three precisely measured quantities, namely, the Fermi
constant, G ,; the fine structure constant, a.,; and the mass
of the Z-boson, m, via

TXem

i (1-7%) “VG,a-an

where Ar represents the quantum corrections to the relation
and is a function of the scalar and pseudoscalar masses and
the gauge couplings. This relationship is usually employed
for predicting the W-boson mass my by an iterative
procedure since Ar is itself a function of my. The SM
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contribution to Ar at the full two-loop level, augmented by
all the known three-loop contributions and the four-loop
strong corrections, has been computed [24]. The discrep-
ancy between the measured and the SM value may be
resolved via quantum corrections that modify Ar. Defining
(Ar) = Ar|yp — Ar|gy and using measured values of G,,,
Qem» and my as input to the SU(2) x U(1) gauge theory, the
relation

iy = (142 w) )

=Sy

gives the prediction of W-boson mass [25]. Here
s,, = sin@,, and ¢, =cos@,, 6, being the weak angle
and (Ar') represents the measure of deviations of the
quantum corrections in a new physics model from those in
SM. It is possible to parametrize (A7) in terms of the
oblique parameters S, 7', and U as

2 —s2

452

1
AF =2 <—§AS + AT +
SW

AU), (39)

where AS, AT, and AU are the deviations from their
corresponding SM values in the estimation of the oblique
parameters in any new physics models [26]. These devia-
tions are caused by additional radiative corrections result-
ing from the additional scalars and pseudoscalars in the
computation of self-energy amplitudes of the SM gauge
bosons. The electroweak precision measurements estimate
the deviations in the precision observables as [5]

AS = -0.02 £0.10, AT =0.03 £0.12,

AU = 0.01 £0.11. (40)

Defining  Amy = my —mjM  and  approximating
Am3, ~2miMAmy, the discrepancy between the SM
prediction and experimental value of W mass can be
computed using the relation

SM
amyy,

2(ck—s3)

——IAS—i- ZAI—i—Ca’ S%VAU (41)
c .
7 w A 2

w

AmW =

Since the contribution from AU is small, henceforth we
consider only the corrections from AS and AT to Amy,.

We compute the deviations AS and AT in our model at
one loop level coming from scalars and pseudoscalars
h;, P°,and A°. The explicit expressions for the same are
given in the Appendix D. The equation (41) can then be
solved iteratively to determine the prediction of my, in
our model.

V. THE ANOMALIES

In this section we demonstrate the simultaneous explan-
ation of the twin anomalies while satisfying all the

constraints discussed so far. Our numerical analysis algo-
rithm is designed as follows:

(i) Based on the LHC constraint on the partial decay
width of Higgs to WW™* and identifying the lightest
scalar in the spectrum to be m;, = 125 GeV, we fix
the CP-even mixing angle |6,3| = 20°.

(i) As discussed in Sec. III, we divide the parameter
space into three regions of pseudoscalar mass ratios:
Rp = mpo/my0 = 0.5, 1, and 2. Each such region is
further investigated for three choices of CP-odd
mixing angle 0,3 = 30°, 45°, and 60°.

(iii) In general all scalar and pseudoscalar masses are
varied between 200 GeV and 1 TeV. However, in
accordance with Eq. (20), m;,, and my+ are varied in

2 2
range /myo + myo < My, Mys < 1 TeV. For the

purpose of demonstration and paucity of space, we
choose specific mass combinations for (m 4o, mpo):
(600, 300) GeV, (300, 300) GeV, and (300,
600) GeV corresponding to Rp = mpo/m4 = 0.5,
1, and 2, respectively.

(iv) The magnitude of the Yukawa coupling is kept
below the perturbative limit, |y;| < Var, and is
strongly constrained from the LEP data. The triple
scalar coupling A y+p- 1s varied in the allowed
range for a given value of my= while |4, ;-] is
probed in the range 0 to 103.

(v) Next, we scan the constrained parameter hyperspace
to search for a simultaneous solution for W mass
lying in the range [80.3395:80.5275] and the anoma-
lous magnetic moment of muon lying within one
sigma band Aa, €[2.01:2.97] x 10~ [9] given in
Eq. (8). The specified range of my, is chosen in order
to include m§MS [2], mM [6], as well as m§PF [3].

Following the analysis, Fig. 4 illustrates this allowed

parameter space in the m;, —mpy- plane for various
combinations of 6,3 and Rp that satisfy the one sigma
permissible range for Aa,. The lower limits of m,, and
my+ in these plots are set by the constraint (20). The
contour satisfying a specific value of my, = m§PF + no®Pr
with n €[10, 10] is represented by the loci of points in a
given color. The lowest (uppermost) contour corresponds
to n = —10 (n = 10). The loci of red, green, and black
points correspond to the central values of mjM, m§MS, and
mSPF, respectively.' The choice of |y;| for a given set of
scalar and pseudoscalar masses is essentially dictated by
the LEP constraint and hence varies within a narrow range
as mentioned in the legend. We make some important

'"While this work was under review, the new result of W-mass
measurement by CMS collaboration was announced [2].
Although we have centered the contours around the CDF value
pof myy, it may be noted that there is enough parameter space that
favors the CMS central value as well as SM global fit values of
my as shown in Fig. 4.
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— my+ plane for the parameter sets (a) 6,3 = 30°, Rp = y =0.5,

(b) 6,3 =30°, Rp = PO =1,(c) 0,3 =45°, Rp = "0 = 0.5 and (d) 0,3 =45°, Rp = LO = 2. In each panel, the loci of pomts in a
A A
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given color depict a contour satisfying 51multaneous1y (i) LEP and partial Higgs decay width constraints from LHC, (ii) a specific value
of my = m§PY + no®PF, with n € [-10, 10], and (iii) muon anomalous magnetic moment in the range [2.01:2.97] x 10~ (15 band of
Aay,). The lowest (uppermost) contour corresponds to n = —10 (n = 10). The loci of red, green and black points correspond to the

central values of mM, m§MS and mSPF, respectively.

observations on the contour plots based on the model
analysis:

(i) Since the Yukawa coupling of leptons with A® and P°
is proportional to cos 0,3 and sin 6,5 respectively, the
behavior of the contour plots for 6,3 = 30°and Rp =
0.5 is very similar to the case with 6,3 = 60° and
Rp = 2. Hence we show a plot for only one of them in
Fig. 4(a).

On a similar note, for cases where the mass ratio R p
is unity, the LEP constraints and the value of Aa,
become independent of the mixing angle 0,3, and
hence, similar patterns are obtained in the contour
plots for all 6,5. We have therefore depicted only one
of them for 6,5 = 30° in Fig. 4(b).

(i) No viable solution for my in the required range is
found for Rp =2(0.5) at fixed my, = 400 GeV,
keeping all other parameters constant, for 6,3 =
30°(60°). However, given a lower (or higher) value
of my,, the solution does exist. This is also evident
from the m,,, color density plot in Figs. 5(b) and 5(e).
The long discontinuities of loci of points in the
contour plots of Fig. 4 indicate the noncompliance of
the model parameters to accommodate measured
values of both observables simultaneously in the
required range.

Finally, we exhibit the sensitivity of model parameter
space through the m,,, color density maps in the Aa, — my
plane in Fig. 5 for different combinations of Rp and 6,;.

(iii)
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Eq. (8). The values of A, are shown only in the 1o band, i.e. in the range [2.01:2.97] x 10°.
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The black horizontal lines correspond to 16 band of m§PF

given by (1) while the red horizontal line corresponds to the
central m3M value (3). We also depict the recently
announced value of my, by CMS (4) by green horizontal
line. Similarly, the vertical blue line corresponds to the
central value of Aa, given by (8). A couple of observations
from Fig. 5 are given below:

(i) For a given Rp, lower values of m,, are favored for
lower values of mixing angle 6,5. Similarly, for a
given value of 0,3, lower values of m,,, are favored
for higher Rp.

(i) For 6,3 =30° and Rp =2,m4 = 300 GeV, the
common parameter space allowed by my, value
favors Aa, in the lower half of lo band while
for 6,3 =60° and Rp = 0.5, m4 = 600 GeV the
parameter space allowed by my, value favors Aa,
in the upper half of 1o band. This can be inferred
from Figs. 5(b) and 5(e).

Thus, we see that fairly large mutually exclusive regions
in the parameter space of the model are available that
accommodate the CDF, SM, and CMS values of W-boson
mass while simultaneously solving the anomaly of Aa,,.

VI. SUMMARY

In this article, we have considered a minimal extension
of the inert 2HDM with the inclusion of a Z, odd SU(2)
complex scalar singlet to explain the deviations of the
recent measurements of the muon anomalous magnetic
moment and the W-boson mass from their SM predictions.
Implementing the stability and minimization conditions on
the scalar potential, we have parametrized the model in
terms of three neutral CP-even and two CP-odd scalar
masses, one charged Higgs mass, one mixing angle each for
the CP-even and CP-odd pair of scalars, the Yukawa
coupling, and the scalar triple couplings of charged scalar.

We identify the lightest scalar &; of the spectrum of this
extended model with SM-like Higgs (m;, = 125 GeV)
observed at LHC. The model is then constrained by the
recent measurements of the partial decay widths of Higgs to
gauge bosons at the LHC that fix the CP-even mixing angle
013 ~20°. The average experimental values of signal
strengths p1,, = 1.10 +0.07 and pyw+ = 1.00 = 0.08 [5]
provide the allowed range for neutral scalar triple coupling
An, - With the charged Higgs. Further, the existing LEP
data for o(ete™ —» pu"u~)=3.072+£0.108 + 0.018 pb
[21] is used to constrain the relation between the Yukawa
couplings and the masses of the scalar and pseudoscalars as
stated in Eq. (32).

We then compute the contribution of the model to the
anomalous magnetic moment of the charged lepton, Aa,,, at
the one loop level arising from the Feynman diagrams due
to the exchange of the neutral scalar, pseudoscalar, and
charged scalars as given in (34). The contribution of the

dominant Bar-Zee diagrams at the two-loop level presented
in Eq. (36) is also included in the computation of Aa,,.

Next, we calculate the contribution to the precision
observables AS and AT at the one loop level from the
scalars and pseudoscalars in the extended I2HDM as given
in Appendix D. This deviation of the precision variables
from the SM prediction is fed into the nonlinear relation for
the W-boson mass in Eq. (41). We then solve this nonlinear
equation iteratively by varying the model’s parameters to
compute the contribution to W-boson mass in the model.

The constrained model is systematically scanned and
analyzed to accommodate both experimental observations
simultaneously. For simplicity and brevity, the analysis is
reported for three pseudoscalar mass combinations
(myo, mpo) = (300, 300) GeV, (300,600) GeV, and (600,
300) GeV and three choices of the pseudoscalar mixing
angle 0,3 = 30°,45°, and 60°. The my,, my,, and my- are
varied up to 1 TeV, while the lower limits for m,,, and my+
are fixed by Eqgs. (13a) and (13b), respectively. Maintaining
the unitarity of Yukawa couplings, the coupling |y,| is
varied in range |y,| < v/4z. The allowed values of |y, | are
fixed from the LEP data and the one sigma range for Aa, =
(249 4 48) x 10711 [9].

Our analysis can be summarized from the four panels in
Fig. 4, where each panel consists of 22 contour plots in the
my,, — my+ plane for various combinations of 6,3 and ratio
Rp = mpo/myo. The contours correspond to various iy
values in the range [80.3395:80.5275] including the three
central values, namely, m$PY, m§MS, and m3Y, and simul-
taneously satisfy the one sigma permissible range for Aa,, at
fixed m;,, = 400 GeV. The observations are further rein-
forced by depicting the allowed common parameter space in
the color density plots for my,, in the Aa, — my plane in
Fig. 5 for different combinations of Rp and 0,;.

Thus, the LEP and LHC data-constrained parameter
hyperspaces of the said model accommodate recent obser-
vations of both Aa, and my. Although we have worked
with a restricted parameter space, the simultaneous solution
space of the parameters is, however, fairly large and also
spans over other choices of the mass combinations for
pseudoscalars with the mixing angle 20° < |6,3| < 80°.
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APPENDIX A: SCALAR COUPLINGS IN TERMS
OF MASS PARAMETERS

The minimization of the potential leads to THE follow-
ing relations:
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mi; = A gy + A1 05, (A1)

m3y = Agv5 + A gy (A2)
Further, the mass relations given by the equations can be
combined to give the following equations relating the
couplings appearing in the scalar potential (9c) with the
physical mass parameters:

1
3= o [2m7.. + m3, = A303], (A3)
SM
L., 2 2 2
24:1]7[mh2+mA0+mP0—2mHi], (A4)
SM
L., 2 2
As = ——[my, — m3, —my). (AS5)
SM
., 2 2
Ay =— [mhl +mj, A1vsm), (A6)
/1]1 :m(lll)éM _/181)%) tan (29]3), (A7)
K——— (m2 4+ m2)an (20,).  (AS)
2oy A

Thus, considering VEVs vy and v,; mixing angles 03

and 6,3; coupling 4,3; and masses m3,, m%ll , miz, m%h, mzi,

2
mAOs
m?,, m3s, A3, A4, AsAg, 411 and k in terms of the above free

parameters.

and m%,o to be the free parameters, we can express

APPENDIX B: DEFINITION OF LOOP
FORM FACTORS

The loop amplitudes used in Egs. (27a) and (27b) are
expressed in terms of dimensionless parameter z, which is
essentially a function of the ratios of the mass squared
of physical scalars, pseudoscalars, gauge bosons, and
fermions.

MY (z) = =[l = 2f(7)], (Bla)
MI,(@) = 221 + (1 = ) (2)], (B1b)
M (7)) ==243t+37(2-1)f(r)] (Blc)

where

arcsin? (\%) for z > 1,
flr)= P (B2)
—% {log (%) - iﬂ] for 7 < 1.

APPENDIX C: ONE LOOP AND TWO LOOP
FUNCTIONS FOR MDM

The integrals required to compute the one loop contri-
bution to the muon magnetic moment of leptons (34) are
given by

1 x)(1 = x)?
Il(rz):A dx((ll—l——x))+r2+l’ (Cla)
Iz(r2):A1dx(l__<)lc)%, (Clb)
I,() = A ]dx—l ix((ll__ ;))ﬂ (Cle)

with 7 = 2L and s; = hy, hy, hy, A°, PO,
my;

The integrals contributing to the muon magnetic moment
of leptons at the two loop level given in Eq. (36) are
defined as

=4 [

}(ﬂ):fdxrz"(l_x) ln[x(lzx)}

—x(1—-x) r

1-2x(1 —xz) In [x(l ;x)} (C2a)

x(1=x)—r r

(C2b)

APPENDIX D: THE OBLIQUE PARAMETERS

The precision observables derived from the radiative
corrections of the gauge Boson propagator are essentially
the two point vacuum polarization tensor functions of
I (¢%); ¢* is the four-momentum of the vector boson
(V = W, Zory). Following the prescription of the Ref. [27],
the vacuum polarization tensor functions corresponding to
pair of gauge Bosons V;, V; can be written as

iHﬁ(CI) = ig"A;;(q*) + iq"q"Bi;(4*);

Aij(q*) = Aij(0) + ¢*Fi5(q°). (Dla)
The oblique parameters are defined as
1
S = ? (1671' COS 9%4/) |:Fzz(m%) - Fw(m%)
2siné%, — 1
——|F 21, D2
- (sin Oy cos €W> Zy(mZ)} (D2a)

115040-13



BHARADWAIJ, DAHIYA, DUTTA, and GOYAL PHYS. REV. D 110, 115040 (2024)

1 [Aww(0)  Au(0) a,,, being the fine structure constant. It is worthwhile to
T= p [ 2 ], (D2b)  mention that although A;;(0) and F;; are divergent by
o W z themselves the total divergence associated with each
1 precision parameter in Eqs. (D2a)—(D2c) vanish on taking
U=—(16x)|Fyy(m3,) — F,,(m%) i invari f loop di
=— ww (M My into account a gauge invariant set of one loop diagrams
g contributing for a given pair of gauge Bosons. The addi-
3 c9s Oy Zy(m%V )| =, (D2c) tionalh contribution to the oblique param@ters (apart from
sin Oy, SM) in our model can be computed to give

Gragh . .
05 = CESh G020 ) 020 L B m ) — B m 2 )) + B i i)

2\/571'2
— B (mz; m3, m%,)} + 0052923322(’"%;’”% ) An) + sin 922322(’"2””% ) ) By, (mz;m ?117 mzi)] (D3a)
where
By (g% mi, m3) = By (q*smi, m3) — By (0ymi, m3), (D3b)
By(q*:m3, m3) = Bo(q*smi. m3) — Bo(0;mi. m3), (D3c)

G a;,},
AT = 2\% > [sin®6,3{miy (Bo(0; miy, mj, ) — Bo(0; miy, my, ) = m5(Bo(0;m7, mj, ) — Bo(0;m3, mj. )

+ By (0; miy, my, ) = By (05 miy, mj, ) + B (05 m%, my; ) — Byy(0m3, mj, )}

1
—EA()(’"?F) + By (0;mpys?, mj, ) + c08%0y3(Bon (05 my=>, m%y ) — By (05 my, . m3,))

+ 5in*03 (B (05 myy+?, m%()) — By (0; miz, mio))]' (D4)

The Veltman Passarino Loop Integrals A, By, By, in the above expressions are defined as

Ag(m?) = m*(A + 1 —Inm?), (D5a)
1
Bo(q*;m3,m3) = A —/ dx In(X — ie), (D5b)
0
1 ) , 1, 1 /1 )
By (g% m3, m3) —Z(A+ 1) ml—l—mz—gq -3 dx X In(X — ie) (D5c¢)
0

where X = m}x + m3(1 — x) — ¢*x(1 — x) and A = ;25 + In(47x) + 7 in d spacetime dimensions. For the Feynman rules

and Feynman diagrams involved in the computation of vacuum polariZation functions for AS and AT, one is referred
to Ref. [17].
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