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ments (MDM) of the muon and electron by extending the inert two Higgs Doublet Model
(2HDM) with SM gauge singlet complex scalar field and singlet Vector-like Lepton (VLL)
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Bosons at LHC, LEP II data and electro-weak precision measurements. The muon and
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allowed couplings and masses of the model particles.
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1 Introduction

The anomalous magnetic moment of the electron and muon has been measured to an
unprecedented precision and its deviation with the theoretically calculated value in the
Standard Model (SM) [1, 2] and it may as well be a portent of new physics beyond the
SM. The estimated value of the anomalous MDM of muon [3]

aFNAL = 116592040(54) x 1071 1.1
"

from recent measurements by G-2 Collaboration validates the earlier observations from the
Brookhaven National Laboratory E821 experiment [4, 5]. The combined measurements
for = and p* from both these experiments result in af®* = 116592061(41) x 10~ [3].
Comparing with the recent theoretical prediction in SM aEM = 116591810(43) x 10~ [6], a
discrepancy of 4.2¢ is observed and the deviation of anomalous MDM from SM prediction
is given as [3]

Aa, = (251 £59) x 10~ (1.2)

The principle uncertainty in the calculations of the SM contribution to a, arises from
the hadronic vacuum polarisation and from light by light scattering contributions. Recently



the Budapest-Marseille-Wuppertal collaboration [7] has computed the leading hadronic
contribution to the muon anomalous MDM from lattice QCD and shown that there does
not remain any discrepancy with the experiment. However, the HVP contribution has
been estimated by the authors of references [8-10] indicating that this discrepancy far
from being removed has only been shifted to the uncertainties in the ete™ data and the
electroweak fit. In the absence of more reliable and independently confirmed non- pertur-
bative QCD contribution, we will assume that BSM physics is indeed required to explain
the discrepancy.

Another recent measurement of the fine structure constant e, [11] has likewise re-
sulted in a mild ~ 2.40 discrepancy in experimental and theoretical prediction of the
electron anomalous magnetic moment

Aa. = [—88 + 28 (expt.) + 23 () + 2 (theory)] x 1071 (1.3)

It is important to note that anomalous MDM of the muon is opposite in sign to that
of an electron and is much larger in magnitude that can be accounted for, by the electron
mass scaling m?/ mi

Various attempts for simultaneous explanation of the leptonic anomalous magnetic
moment anomalies have been made in the past several years [12-26]. Models with axion-
like particles (ALP) [16], lepto-quarks [27, 30-32], vector-like leptons (VLL) [33-39] and
super-symmetric models [28, 29, 40-42] have been employed with varying success to explain
the anomaly.

The two Higgs doublet model (2HDM) has been extensively employed in the literature
to explain the muon magnetic moment anomaly [43-52]. The 2HDM model is the simplest
extension of the SM. With an appropriate Z symmetry, Type-X lepton specific 2HDM
model with non-SM Higgs coupling to leptons being enhanced by tan 3, has been used to
explain (g —2),. The solution, in general, requires large value of tan 3 and a light pseudo-
scalar boson. The model is however strongly constrained by lepton precision observables
and only a limited parameter space is available [48, 50, 52-54].

The 2HDM model has been extended with the inclusion of a real or complex singlet
scalars with appropriate Z> symmetry to expand the available parameter space required
to explain the muon magnetic moment anomaly [22, 55]. Vector-like leptons have been
introduced in the multi Higgs extension of the SM to relax the severe constraints discussed
above. Inclusion of VLL in 2HDM enlarges the allowed parameter space consistent with
the muon g — 2 while still being within the theoretical and experimental bounds [33-38].

In the context of Lepton-portal Dark Matter models with the introduction of VLL or
sleptons, an explanation of (g —2), has been sought. It required simultaneous introduction
of a VLL doublet and a singlet. In this model adherence to all experimental and theoretical
bounds was found to be challenging [56].

A simultaneous explanation of the muon and electron g — 2 anomaly was achieved
in [17] by introducing a VLL doublet and a singlet in the SM. The Higgs sector itself
was extended by adding complex scalars in the TeV mass range. Similar study was done
in [57] where muon magnetic moment is obtained at the two-loop level with a sizable
negative contribution to electron g—2 in the presence of vector-like leptons. A simultaneous



explanation of the muon and electron g — 2 anomaly in an inert lepton specific 2HDM
model has been achieved in [15]. In this model Zy symmetry is broken in the leptonic
sector with non-universal Yukawa coupling between leptons and inert Higgs doublet. The
model requires hierarchical couplings of inert Higgs doublet with leptons. Furthermore it
was required that the Yukawa couplings for u and e/7 leptons be opposite in sign and the
parameter region was tightly constrained by Lepton flavor universality tests.

Therefore, it is worthwhile to explore the variants of 2HDM which can explain the
anomalous MDMs of muon and electron. In section 2, we formulate the viable model by
augmenting the inert 2HDM with a neutral complex scalar and a heavy vector-like charged
lepton which are SM gauge singlets. We constrain the model parameters from Higgs decays,
LEP data and precision measurements in section 3. We compute the MDM of leptons in
section 4 and conclude in section 5.

2 The model

In order to simultaneously explain the muon and electron magnetic moment anomalies
with common set of parameter values, we introduce a Zs symmetry in generic inert 2HDM
which is allowed to be relaxed in the leptonic sector with universal Yukawa couplings. The
lepton flavor universality (LFU) in the 7 decays reported by the HFAG collaboration is
then, trivially satisfied [58].

We begin the construction of the model by assigning the Zs parity quantum number
for all the particle contents of the model.

Fields | @Q; Il ur dr er ® @3 P33 x1 xr VH
su@.{3 1 3 3 1 1 1 1 1 1 G*
su@r,}2 2 1 1 1 2 2 1 1 1 Wt
Ul)y [+ -4 2 -4 -1 & L 0 -1 -1 B*
Zy + + + + + + - - - + +

Under Z5 symmetry all the SM particles are assumed to be even whereas, scalar second
doublet ®2 and complex singlet @3 are odd. The left and the right chiral vector-like leptons
are assumed to transform differently, namely, x; — —xr and xg = xgr. The Zs symmetry
ensures that the SM gauge bosons and fermions are forbidden to have direct interaction
with the second (inert) Higgs doublet and additional complex scalar singlet. We however,
allow soft breaking of Zs symmetry by the vector-like lepton mass term and an explicit
breaking of Zs symmetry in the Yukawa Lagrangian Ly in order to facilitate coupling of
SM leptons with C'P odd pseudo-scalars.

The Lagrangian is written as

L = Lscatar + Ly + L1, (2.1a)

Locatar = (Du®1)" (DF®1) 4 (D, )1 (D, ®s) + (Du®3)" (D,®3) — Vaatar  (2.1b)



Vicalar = VarpM (@1, P2) + Vsinglet (P3) + Varix (@1, P2, P3)

= g (#11) = Gy (8]) + 3 (9]m1)"+ 32 (a]s)’

+ g (@]1) (@10,) + Ay (@] 0,) (D)) + % {Ag) (@{%)2 + h.c}

1 * )\ * * *
— gl P5P; + ?8 (®503)? + A1 |01 |? D505 + Ay |Bo| B Dy

—in (@[04 D)) (@3- B3]

where

o3

(2.1c)

(2.1d)

¢ 1 0,0
d, = . ; Po = . d®s = — |vs+ s +
= e farean] =g g wao= g bt

2

—Ly =y, QL ®1 ur +ya Qr P drp+y, I 1 er+y1 I P2 er+he.
Y

EVL:Xi<a_ig/2B)X‘mxXX_QQXLXR(I)?)_yZSXLGR(I)?)

(2.1e)
(2.1f)

(2.1g)

where all couplings in the scalar potential and Yukawa sector are real in order to preserve

the CP invariance. The quartic scalar couplings are taken to be perturbative 1.e. |\;| < 4.

Here, we have invoked an additional global U(1) symmetry such that ®3 — e**®3 to reduce

the number of free parameters in the scalar potential, which is however allowed to be softly

broken by the x term and Yukawa couplings ys and ys.

2.1 Positivity and minimisation conditions

In order to have a stable minimum (i.e. potential bounded from below), the parameters

of the potential need to satisfy positivity conditions which are essentially governed by the

quartic terms in the scalar potential. The co-positivity conditions for the Lagrangian given

in (2.1d) are obtained by demanding the determinant and principal minors of the Hessian

to be positive definte. The couplings are then required to satisfy

A1 A3+ A — |As] A
H=|A3+ g — |As5] A9 A3 | >0
A1 A13 A8

along with A1, A2 and Ag > 0. This leads to the following co-positivity conditions:

A1, A2, Ag > 0,

A2 = A3+ O [[As| — M) (A —[As]) + vV Ahe > 0,
A3 = M1+ Vs > 0,
5\235)\13+\/m>0and

VA + g + O A5 — Ad](As — |As))]VAs + A1V A2 + /2 A2 Aizhog > 0

(2.2)



Considering the VEV’s for ®; and ®3 to be real, we minimise the scalar potential (2.1d)
which leads to the following two minimisation conditions:

m%l =\ U%M + A1 U? (2.4a)

m§3 = g vz + A1 U%M (2.4b)
The m3, parameter remains unconstrained by the extremum condition.

2.2 Scalar and pseudo-scalar mass eigenstates

The squared-mass matrix constructed from all six scalar components of the scalar fields is
given by
: _ OV fori, j =1 6 2.5
bi ¢j D; 0 o) ) »J ) (2.5)
with ¢; being the respective scalar and/ or pseudo-scalar fields as defined in equation (2.1e).
As there is no mixing among the imaginary component of the inert doublet with the
real component of either the first SM like doublet or the singlet, the two mass matrices for
neutral scalars and pseudo-scalars are therefore completely decoupled.
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 ®3 and is given as

1 )\1 ’02 )\11 vUsmM U ¢0
M2 40 = = (69 ¢ SM 1S 2.6
v 2 (¢1 %) (An USM Vs Ag U2 o (26)

On diagonalising the CP-even mass matrix by orthogonal rotation matrix parame-
terised in terms of the mixing angle 613 we get the two mass eigenstates hy and hg. The
mass eigenvalues are

mj, = cos® 013 A vdy + sin (2013) vs A1 vsm + sin® O13 v2 Ag (2.7a)
m,%?) =sin? 613 Ay U%M — sin (26013) vs A11 vgMm + cos? B3 vg Ag (2.7b)

The vanishing off diagonal term of the diagonalised mass matrix defines the mixing angle
in terms of other model parameters as follows:

A1l USMUs

—_— 2.7
)\1’U§M — )\81}? ( C)

tan 2913 =

Similarly, we diagonalise the following mass matrix for CP-odd scalars 19 and 79 by
the orthogonal rotation matrix parameterised by mixing angle o3

1 (770 770) —%m% + %X345U§M + %Uf)\m —\@HUSM 778 (2.8)
2 \''2 713 —V2Kkv9Mm 0 77??

where Az45 = A3 + Ay — A5. The mass eigenvalues of the pseudo-scalar mass eigenstates A°
and PY are calculated to be

1,

m?o = 3 ()\345ng —m3y + )\1303) cos? O3 — V/2kvg) sin 2623 (2.9a)
1,

mfpo =3 ()\345ng — m§2 + )\131)3) sin? O3 + V2Kvg) sin 2093 (2.9b)



The off-diagonal vanishing terms relates the mixing angle 653 to the other mass and model
parameters as:

K= (m?;o + m1240> tan (2 6a3) (2.9¢)

1
2 V2vsm
Defining the remaining neutral and charged saclar mass eigenstates as

$ — ho

7Y — G° (massless Nambu-Coldstone Boson)

¢ — GF (massless Nambu-Goldstone Boson)

¢ — H*
with
m}QLQ = % [—m%Q + (A3 4+ A\a+ As5) v%M + /\131)?} (2.10a)
mars = —m3y + A3 vy + Ai3v2 (2.10b)

The twelve independent parameters in the scalar potential (2.1d),
mi1, M22, M33, Ni=1,..5, A8, A1, A13 and K (2.11)
can now be expressed in terms of the following physical masses and mixing angles:
VSM Vs, m%l, m%l, m,212, m%{i, mio, mQPo, 013, B3 and m3, (2.12)

These mass relations are given in the appendix A.

Substituting the mass relations of Ay and s from equations (A.5) and (A.6) respec-
tively in the theta function appearing in equation (2.3b) of the co-positivity conditions. we
get two mutually exclusive allowed regions of parameter space:

O([As| — A1) = (2.13)

2

e [m%t — (mio + m%o)] for m%m > mio + m%o
o [m,?w — mHi} for mfm < mio + m%o

In this article we explore the phenomenologically interesting region where m%li > mio +
m%)().
2.3 Yukawa couplings

The Yukawa interactions given in (2.1f) and (2.1g) can be re-written as

Yffs: 7 Yilh 7o - Ylls;,  7— _
— LYk e = L5 (wgnt Gy +80) f f+ T2 T 17 Y s I
si=h1,hs \/5 \/i 5;=P0,A0 \/i

T [yly - U Prl HT +h.c.] (2.14a)
W 1 _
_‘Cglﬁkiegtons = Z ﬁ (Us 6S¢,h3 +Si) X (yXXSi Pr +y;<XSi PL) X (214b)
s;=h1,h3, A0, PO
1 _ _
_ﬁglﬁl,{agl\%l Leptons — Z ﬁ (Us 5S¢,h3 +S7§) [le&; X PRZ +hC] (214C)

S; Ehl ,hg ,AO ,PO

where f and [~ represent SM fermions and SM charged leptons respectively. The Yukawa
couplings ¥y, 4,5, With scalar/ pseudoscalar mass eigenstates are given in table 1.



Yffha (ﬁmf/USM) cos 13 Yilhs Y1

Yffhs _<\/§mf/USM) sinfi3 || yypo | —i y1sin a3

Yxxha Yo sinfi3 Yuao | 1 y1cosbas
Yxxhs Y2 cosbi3 Yixhi Y3 sin 013
Yxx PO i Y2 cos b3 Yixhs y3 cos O3
YxxA© i y2 sinfa3 Yipo | @ Y3 cOSbo3
YiwH- Y1 YiyAo | @ y3sinbog

Table 1. Yukawa couplings.

3 Experimental constraints

Any model beyond the SM has to satisfy the existing theoretical and experimental obser-
vations. In this section, we subject the model discussed in section 2 to the observations
of SM-like Higgs mass and signal strengths as measured at the LHC Run-II and at the
ILC. We further examine the electroweak precision constraints on the masses of scalars
and pseudo-scalars from the direct production at LEP-II.

3.1 Higgs decays to gauge bosons

Any multi-Higgs model has to accommodate the SM like Higgs with the mass and signal
strengths measured at the LHC [59] with the future prospects of increasing precision mea-
surements at the future collider experiments. We identify and align the CP even lightest
scalar mass eigenstate hy with 125.09 GeV SM Higgs. Therefore, the couplings of the hq
with a pair of fermions and gauge bosons are essentially those of SM Higgs couplings but
suppressed by cos 613 due to ®; —P3 small angle mixing (613 = 0 restores the full SM Higgs).

We compare the total Higgs decay width in SM T'(hSM — all) ~ 4.07 MeV [60, 61]
with the recently measured total decay width I'(h; — all) ~ 3.2728 MeV at the LHC [59).
Assuming, that the model can account for the measured value of the total decay width,
we constrain the model parameters by examining the bounds on the partial decay widths
of decay channels for 125 GeV hy at LHC. To this end, we define the signal strength p,
w.r.t. h1 production via dominant gluon fusion in p — p collision, followed by its decay to
X & Y pairs in the narrow width approximation as

_olpp—h1—XY)  TI'(h1—gg9) BR((hi— XY)
Py = p > h = XYM~ T (M S gg) BR(EM — X V)
['(ASM — all)

T'(h; — all)

= cos’ 013 (3.1)
We first analyse the partial decay width of hy — W W* channel which solely depends

on (913:
[(hy — WW*) = cos? 613 T(A"M — WW™*) (3.2)
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Figure 1. Variation of y,,,,. with the CP-even mixing angle ;3 is shown with the dashed red
line. The allowed shaded one sigma region for measured p, ., = 1.19 £ 0.12 [59] is also shown.

Among the signal strengths for Higgs decaying to gauge Bosons at tree level, pppw+ ~
1.19 £ 0.12 [59] has the least uncertainty for which it can provide the strongest upper
bound on the mixing angle 613. In figure 1, we show the one sigma band around the
central value of the pyp -+ which restricts the model contribution curve drawn in green for
|613] < 10° at 1 o level.

Next, we calculate the partial decay widths generated at one loop for h; — v+ and
hi — Z ~ respectively. The contribution of charged scalars H* and vector-like leptons x~
modify the SM predictions for the branching ratios. The partial decay widths for v~ and
Z ~ in the model are parameterised as

T(hy = v7) = cos2 0131+ ¢y | T (hSM — 'y’y) (3.3a)
D(hy = Z7) = cos? 013 [1 + ¢y [P T (BN — Z ) (3.3b)

where the SM Higgs partial decay widths in v~ and Z ~ channels are given as

2
Gra? m3 |4 Am? 4m?
T(AM & yy) = Z——1 |- M) <t> MW< W) 3.4
( fy’Y) 128\/§7T3 3 1/2 m%b + 1 m% ( a)
G2 am?,m3
T(RSM s 7y — SF @M M,
2
m? ’ (1_%9124/) 7 [4m} 4Am} 7+ [ 4mE, Ami,
NPT o2 2 - M) 5o | M 2 0 2
h w My, Mz my Mz
(3.4b)
The dimensionless parameters ¢y, and (z, are defined as
Ip H+H— 47"2 5 s am?2
e 2, MY ( mili > + \/gmx sinf13 M7, <mi1 )
Gy = (3.5a)

- 2
cosf13 e [ Vs 4m?2
T W IR VAR
b1

1
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Figure 2. Contours satisfying the constraint pu__ /g, .. = 0.937017 [59] for 613 = 10° are drawn
in (a) m, — |y2| plane corresponding to three choices of charged Higgs mass and (b) m, — mpy+
plane corresponding to four choices of |ys].

5.2 2 2 2 2
I mt+u— 1725, Zy [ Amyx Y y2 . 4 siy Zy [ Amy Amy
SV O P N S A A G N
Z pr—
Y cosbis 2(17%5%4/)./\/1Z,y am?  am? MZ’Y 4m2 . am?,
Tew Mgz | TM e
(3.5b)
where the triple scalar coupling gp, g+p- = (vsm Az cos 13 + vg A13 sinfy3). The form

factors Mg?l /2,1 and Mé 71 /2,1 are defined in the appendix B. The analytical expressions
for the partial widths except the additional contribution from VLL are identical to that
given in the reference [62].

Using the analytical expressions for the partial decay widths for hy — v, hy — Z~
and h; — W W™ in equations (3.3a), (3.3b) and (3.2) respectively, we consider the two
ratios of the signal strengths namely,

I L'(h1 = vy L(ASM — W+
Y — ( )* X ( Syl ) — ’1 +C’Y’y|2 (3634)
P we  L(h1 — W W) ['(AM — ~v )
thy ., L(hy = Zv)  T(AM = W W*) 2
T F(h1 N WW*) X F(hSM N Z’y) ‘ +CZ’Y’ (36 )
The experimental limits on pu = 1.11f8:(1)8 and p,,.. = 1.19 £ 0.12 for mysm =

125.09 GeV [59] are then substituted in equations (3.6a) to constrain the allowed parameter
space for the Charged Higgs and singlet vector like lepton respectively. Since experimental
uncertainty for p, < 6.6 [59] is large, we do not constrain the model parameters from
h1 — Z ~ decay channel.

We depict the contours satisfying jiy/pww~ = 0.93f8:%g for 15 = 10° in figure 2.
In figure 2a contours satisfying the central value of the ratio are drawn in the m, — |y2|
plane for my+ = 300, 400 and 500 GeV. The sensitivity of the charged Higgs mass are
studied w.r.t. variation of the VLL mass from the contours satisfying the central value of
the ratio in figure 2b for four choices of Yukawa couplings |y2| varying between 0.1 and the
perturbative limit /4.
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Figure 3. Variation of the ratio pz~/pww- with varying m, for 613 = 10°. The values of
(my, |y2|) in figure (a) and that of (m,, my+) in figure (b) are such that they satisfy the constraint
ooy /ww = 0.93151% [59] as depicted in figures 2a and 2b respectively.

With the constrained parameter space from - and uww+, we estimate the ratio of
signal strengths pz~/pww+ and make a prediction for the future improved measurements
with higher luminosity and kinematic reach at FCC-hh. In figure 3 we study the variation
of the ratio pz,/pww+ with varying m, for fixed 613 = 10°. The curves in figure 3a are
depicted using those (my, |y2|) values which satisfy the constraint fi,,/uww+ = 0.93701¢
as shown in the figure 2a corresponding to my+ = 300, 400 and 500 GeV respectively.
Similarly, the graphs in figure 3b are depicted using those (m,, my+) values which satisfy
the constraint fi~/pww> = 0.93f8% as shown in the figure 2b corresponding to |ys| =

0.1, 1,0, 2.0 and 3.0 respectively.

3.2 LEP II data

We validate the model from the existing LEP II data and put the lower mass bounds on
the scalar and pseudo-scalar mass eigenstates. This can be achieved either by investigating
the (a) direct pair production of scalars and pseudo-scalars or (b) by production of pair
of fermions mediated by these additional exotic physical scalars or pesudo-scalars. VLL
below 100 GeV cannot be constrained by LEP experiment as they do not couple to SM
particles except hy (SM Like Higgs) at tree level and therefore the cross-section is expected
to be highly suppressed due to the electron Yukawa coupling.
The dominant direct pair production channels at eTe™ collider:

et e” /2" - HY +H (3.7)
and et e” — 2% — A/ PO 4+ by
have been studied to put the lower mass bounds on mgy+ 2 93.5GeV and Y my, 2
200 GeV [63].

We compute the cross-section for e™ e~ — u™ p~ from the combined analysis at LEP
IT which is found to be o(e™ e™ — pt p~) = 3.072 £ 0.108 £ 0.018 pb at /s = 200 GeV.

~10 -
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Figure 4. Contours in the plane defined by scalar/ pseudo-scalar mass and its coupling |y |
with SM leptons satisfying the combined analysis of DELPHI and L3 o(e™ e — put™ u™) =
3.072 £+ 0.108 + 0.018 pb at /s = 200 GeV [63] for three benchmark points corresponding to two
choices of the mixing angle 623 = 20° and 40° respectively. The parameter space lying above the
contour are forbidden by LEP observations.

The additional contribution to p-pair production cross-section in our model can be

written as:

2 2
20 in? 0 1
y4 {COS 23 + S~ U923 } + ( (3'9)

_m2 _ 2 2
§— Mo §—Mmpo S—m%m)

where we have dropped the interference terms of hy with h; and hs as they are sup-
pressed by (m. my) /vdy. Also, the contributions from hy and hs and their interference
are suppressed by factor of (m. m#)2 /v‘SlM and hence have not been taken into account.
The other interference terms with 4*/ Z vanish. The interference term among scalars and
pseudo-scalars vanish.

We compare the measured cross-section from the combined analysis of DELPHI and
L3 at LEP Il o(et e= — p™ p~) = 3.072 4 0.108 £ 0.018 pb at /s = 200 GeV [63] with
the model contribution as calculated in equation (3.9) for three benchmark points of the
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parameter space. For each such bench mark point we plot two contours corresponding to
the mixing angle 623 = 10° and 40° respectively in (a) m4o — |y1| plane, (b) mpo — |y1]
plane and (c) mp, — |y1| plane in figures 4a, 4b and 4c respectively. The parameter space
below the respective contour is allowed from LEP measurements.

3.3 Electroweak precision observables

In this subsection we compute the additional contribution to the precision observables from
heavy physical mass eigenstates my, po 40, > mz. We constrain the scalar/ pseudo-
scalar masses and their mixing angles based on the available electroweak precision data.
Contributions to the oblique radiative corrections are given in terms of three precision
parameters known as S, T and U [64-68].

The precision observables derived from the radiative corrections of the gauge Boson
propagator are essentially the two point vacuum polarization tensor functions of Hé‘j” (¢%)
where ¢ is the four-momentum of the vector boson (V = W, Z or 7). Following the
prescription of the reference [69] the vacuum polarization tensor functions corresponding
to pair of gauge Bosons V; — Vj can be written as

iy (q) = ig"” Aij(¢°) + iq"q" Bij(¢*) where (3.10a)

Aij(@°) = A350) + ¢° Fij(¢%) (3.10D)
where only Aij(q2) are the relevant functions for the computation of precision observables.
The equation (3.10b) defines the function Fj;. Accordingly the precision parameters are
defined as:

1

2sin 63, — 1
= (167r cos 0‘24/) [FZZ(mQZ) = Fyy(mi) + ( o

sin Oy cos Oy

) FZW(mQZ)] (3.11a)

g

T=_ [AWVQV(O) - AZZQ(O)] (3.11D)
Oem, myy my
1 0

U= — (16) {Fww(m%{/) — E (miy) — C.OSWFZW(mgv)} ~S. (3.11c)
g sin Oy

where ap, is the fine structure constant. It is worthwhile to mention that although A;;(0)
and Fj; are divergent by themselves but the total divergence associated with each precision
parameter in equations (3.11a), (3.11b) and (3.11c) vanish on taking into account a gauge
invariant set of one loop diagrams contributing for a given pair of gauge Bosouns.

The deviation from the predicted SM contribution for S and T parameters can be
expressed analytically in terms of standard Veltman-Passarrino integrals Ay, By and Bao
defined in the appendix C:

1
_ Grag,

2272

+ Bl k) — Banlons iy ) |

AS sin? (20w) [sin2 913{m2Z (Bo(mQZ; mQZ, m,zll) — Bg(m%; mQZ, m,zlj))

+ sin? fg3 (BQQ(mQZ; m,2l2, m?go) — ng(m%; m%{i , mzi ))] (3.12a)
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where
Bao(q*;mi, m3) = Baa(q?;m}, m3) — Baz(0;m3, m3) (3.12b)
Bo(q*;mi, m3) = Bo(q*;mi, m3) — Bo(0;mi, m3) (3.12¢)

—1
_ Gra,

AT = TQ;; [sin2 ‘913{7”%/[/ (BO(O; m%/v, mil) — By(0; m%/v, m%s))
—m% (BO(O; m%, m,%l) — By(0;m%, m%m)) + Bao(0; miy, m,Qm) — Bao(0; miy, m,%l)

1
+ Ba2(0;m3, m,%l) — Ba2(0; m%vm%@)} 3 AO(m%{i) + Ba2(0; m%{ivmi%z)

+ cos? 093 <BQQ (0; qui , mio) — Boo (0; m%u, mio))

+ sin? 023 (BQQ (0; m%[i, m?:)o) — Boo (O; m%Q, m?:o))

+ 4 sin Gy (mf< Bo(0;m3,m3) — 2By (0;m?, mi)ﬂ (3.13)

The deviation in the theoretical predictions for precision observables in SM (Sswm, Tsm)
from the electroweak precision measurements in the experiments for U # 0 (Sexpt, Texpt)
are parameterised as [59]

AS = Sexpr. — Ssn = 0.01 + 0.10 (3.14a)
AT = Togpr. — Ty = 0.03 £ 0.12 (3.14b)

Computing the precision observables numerically, we find that the allowed parameter
space by the Higgs decays and LEP data satisfy the one sigma constraint for AS as given in
equation (3.14a). In fact, the large uncertainty in the measurement allows the mass range
between 50-1000 GeV for all scalars, pseudo-scalars and the VLL. However, the constrain
on AT as given in equation (3.14b) further shrinks the allowed parameter region. We have
depicted the one sigma density maps for the allowed region by the AT in the plane defined
by the masses my, — my+, mp, —my=, mpo —my+ and m, — mpy= in figure 5.

In the next section, we proceed with this constrained parameter space to look for viable
explanation for the observed discrepancies in the measurements of the anomalous MDM
for muon and electron.

4 Anomalous MDM of leptons

We compute the additional model contribution (other than SM diagrams) to the Aaq; at
one and two loops respectively.

In our model, the new one-loop contribution to Aq; arises from the exchange of CP-even
and odd scalars and from the charged Higgs and VLL diagrams. We draw the additional
(other than those allowed by SM) dominant Feynman diagrams at one loop in figure 6
based on the Lagrangian given in equations (2.1d), (2.1f) and (2.1g).
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Figure 5. One sigma shaded density maps in the plane defined by respective scalar/ pseudo-

scalar/ VLL masses and charged Higgs mass my=+ satisfying the present experimental constraint
on precision variable AT = 0.03 £ 0.12 [59].

(a) Leptons

(b) Vector-like Leptons

(c) Charged Scalars

Figure 6. Dominant diagrams contributing to muon g — 2 at one-loop level.
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Figure 7. Dominant diagrams contributing to muon g — 2 at the two loop level.

The sum of the contributions to lepton Aq; from the additional one-loop Feynman
diagrams (other than SM) as shown in the figure 6 is calculated to be:

11 1 mi cos? 6 sin2 @ 1 cos? 0 sin? @
da; O = [2l< Pt e | Titm} (o ) Y T

T 1672 V3 m,QH mig My sm A0 M'po
mi o 2 mp 2 mj
+m2 yi Th+ Z |ylxsi| mZ I3'Hy1| m2 14 (4'13)
"2 si=h1,h3,A0, PO ' "

where the one loop functions 77, Zo, Z3 and Z; are defined in the appendix D in equa-
tions (D.1a), (D.1b), (D.1c) and (D.1d) respectively.

In order to obtain the common parameter-space satisfying both Aa, and Aa, which
are of opposite signs, it is imperative to analyse the nature of contribution by the medi-
ating scalar/ pseudoscalar as given in figure 6. We observe that one-loop amplitudes in
figure 6a are negative and positive corresponding to mediating pseudo-scalars and scalars
respectively while loop amplitudes in figure 6b are positive for both pseudo-scalars and
scalars except ho as it do not couples to VLL. The contribution from charged Higgs loop
in figure 6¢ is negative and competitively much smaller in magnitude.

The contributions of two loop diagrams, some of which may dominate inspite of an
additional loop suppression factor play a crucial role in the estimation of anomalous MDM.
It is shown in the literature that the dominant two-loop Barr-Zee diagrams mediated by
neutral scalars and pseudo-scalars can become relevant for certain mass scales so that
their contribution to the muon anamalous MDM are of the same order to that of one loop
diagrams [57].

In figure 7 we draw the dominant additional two-loop Barr-Zee diagrams (other than
SM) contributing to the anomalous MDM of lepton which are based on the Lagrangian
given in equations (2.1d), (2.1f) and (2.1g). The sum of the contributions to lepton Ag;
from the additional two-loop Feynman diagrams (other than SM) as shown in the figure 7
is calculated to be:

9 2
m m
Sa,2loop _ Xem | U Y2 o0 05 e 3
! 473 | vsm /2 13 1 f m%B f m%”
2 2 7
mp Mg s 2 mt 2 Ui i
+— % <sin®0 —cos~ 0 +
P { 13 f mis 13 f mil f miSM

2 2
Y1 Y2 My . my ) My
g Desimt costn {a (755 -0 (7))

mZ m cosf = m? sin = m?
—Tl = { 7 9h H+H~ f( Hi>— mim IhsH+H~ f< Hi)H (4.2)
3

2 2 2
CEVE WO M,y MMhs
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Figure 8. Colored solid contours and associated one sigma bands are shown in my3 — m, satis-
fying Aa, = (251 +59) x 107! [3] (in blue) and Aa, = [—88 =+ 28 (expt.) + 23 (a) £ 2 (theory)] x
10714 [11] (in red). Contours are drawn for Yukawa couplings |y3| = 2.5 and the perturbative limit
V/Ar in figures 8a and 8b respectively, while other physical masses, couplings and angles remain
same for the both. The overlap of the two bands depict the common parameter space.
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Figure 9. Colored solid contours and associated one sigma bands are shown in |y1]/|ya| —
mao/ mpo and |y1|/ |y2| — m, planes satisfying Aa,, = (251 £59) x 107! [3] (in blue) and Aa, =
[—88 + 28 (expt.) & 23 (o) + 2 (theory)] x 107'* [11] (in red). Contours are drawn with fixed m,
= 250 GeV and myo = 150GeV in figures 9a and 9b respectively while other physical masses,
couplings and angles remain same for the both. The overlap of the two bands depict the common
parameter space.

where the two loop functions f, g and f are defined in the appendix D in equations (D.2a),
(D.2b) and (D.2c) respectively.

We find that the two loop amplitudes with VLL triangle in figure 7a are negative for
mediating scalars and positive for mediating pseudo-scalars. The two-loop contributions of
the charged Higgs in figure 7b and 7c are comparatively small and negative. The dominant
Barr-Zee contributions are found to depend on the mixing angle 63, relative mass squared
difference of the CP-odd scalars m?qo — m%o and the Yukawa couplings y1, ys.
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[~88 + 28 (expt.) & 23 (a) £ 2 (theory)] x 107 [11] (in red). The overlap of the two bands de-
pict the common parameter space.

The total contribution from one and two loop diagrams are computed for the con-
strained parameter space. Fixing the physical masses my+ = mp, = 400 GeV, Yukawa
coupling |y1| = 0.1, ®; — ®3 mixing angle 613 at 10° and ®y — P3 mixing angle a3 at
40° for our analysis, we vary mp,, my, mao, |y2| and |ys| to account for the contribution
to anomalous MDM as observed in the experiments. Contours fulfilling the central value
for Aa, [3] and Aa. [11] quoted in equations (1.2) and (1.3) respectively are depicted in
my — My, plane as shown in figure 8a for |y3| = 2.5 and in figure 8b for the maximum
allowed value of |y3| = /47 respectively. The overlapping region of the allowed one sigma
bands for Aa, in blue and Aa. in red exhibit the common parameter space satisfying
both the experimental observations simultaneously. It is observed that overlapping region
broadens for the large Yukawa coupling |ys| corresponding to a narrow mass range for
mp,. In figure 9a and 9b we fix my, = 300GeV, |ys| = V47 and depict the one sigma
band of contours in |y1|/ |y2| — m a0/ mpo plane for m, = 250GeV and |y1]/ |y2| — my
plane for m 40 = 150 GeV respectively. We observe that a common parameter space for
both are possible for m 40 > 1.5mpo and 170 GeV < m, < 300 GeV. Choosing VLL mass
at 250 GeV, |y3| = V471 and pseudo-scalar mass range such that m 40 > mpo, we plot the
narrow red one sigma band for Aa. contours in mp, — (m40/ mpo) plane in figure 10 and
observe that it completely overlaps with the broad blue one sigma band for Aa, contours.
This constrains the my, to be < 350 GeV.

5 Summary

In this article we considered an extended inert 2HDM model with an SM singlet complex
scalar and a singlet vector like lepton field to explain the observed anomalies in the muon
and electron dipole magnetic moments. The model parameters are expressed in terms of the
physical masses and mixing angles of the CP even and odd scalars and are constrained from
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the Higgs decay to a pair of gauge Bosons at LHC, LEP data and electro-weak precision
measurements. The contribution of scalars and vector-like lepton arises at the dominant
one-loop and two-loop Barr-Zee diagrams. The CP even scalar one-loop contributions
to Agq; are positive whereas the contribution from the CP-odd scalars is negative. The
contribution of the VLL is important and decreases with the VLL mass. The Barr-Zee
contributions mainly depend on the mixing angle 23 and on relative mass squared difference
of CP-odd scalars A° and PY and decreases with the VLL mass.

The constrained model is systematically analysed to accommodate both the experimen-
tal observations simultaneously. We depict the viable common parameter space through
overlapping one sigma band of contours satisfying Aa, [3] and Aa. [11] simultaneously in
figures 8a, 8b, 9a, 9b and 10. We find that there exists a fairly large common parameter
space where the anomalous magnetic moments of muon and electron can be explained.
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A Scalar couplings in terms of mass parameters

1. Since, LHC data favours a SM-like Higgs ~ 125 GeV, we allign the mass of the
lightest neutral Higgs state my, coming predominantly from the doublet ®; with the
SM Higgs mjsm. In order to accomodate the 2 0 uncertainty of the measured Higgs
mass [59] the variation for 0.2 < A\; < 0.3 may be allowed through mixing of ®; — ®3.

2. The quartic parameter Ao appears only in the quartic interaction of Zs- odd particles
and is therefore not constrained by our analysis.

3. Considering VEVs vgy and vg, mixing angles 613 and a3, coupling A13 and masses
m3,, m,%l, m,2l2, m,%g, m%li, mio, and mfjo to be the free parameters, we can ex-

press m%l, m§3, A3, A4, A5 Ag, A11 and k in terms of the above free parameters.

4. The Zy-odd charged scalar H* comes solely from the second doublet, as in the IDM;
its mass is given by

1
m%{i =3 {—m%z + U%M)\g + vz )\13} (A.1)

A3 can be expressed in terms of free parameters A3, m3, and the charged Higgs

mass as

1
A3 = UT [2 m%i + m%2 — M3 ’Ug} (AQ)
SM

Notice, that the mass relations for the Zs-odd sector from the IDM hold, namely

2
m3, = mis + USTM s+ N5, (A.3)
2
mZo +m2e = m2e + ”STM g — As] (A.4)
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Therefore 1
)\4 =5 |:m}212 + m1240 + mfpo — Qm%{i} (A.5)
Usm

5. From pseudoscalars and heavy neutral scalar masses we have
1

A5 = —5— [th mio—m%o} (A.6)
Usm

6. From mass relations for myo and mgo given in equations (3.19) and (3.20) we get

1
)\8 = ﬁ |:m%ll —+ m%?’ — )\1 'U%M] <A7)
)\11 = 1 ()\1 UsM — )\8 v ) tan (2 013) (A8)
USM Vs

7. The heavy neutral scalar mass from the Inert doublet is given as

1
mj, = 9 [—m%Q + 08 Asas + U] )\13] (A.9)

Therefore 1
A3 = ﬁ (2 m%Q + m%z — ’U%M)\345) (A.l())
B Definition of loop form factors

The loop amplitudes are expressed in terms of dimensionless parameters 7 and A, which
are essentially function of the masses of physical scalars/ pseudo-scalars and fermions.

MP(7) = —7[1 = () (B.1a)
M (r) =27[14+ (1 —7)f(7)], (B.1b)
MW(T) =—[24+374+37(2—7)f(7)] (B.1c)
0 (T A) =177 (7, 0) (B.1d)
1/2(7'7 A) = {157(7'7 N - I, )‘)} (B.1e)
M (7, 0) = ew {4 ( - S§V> 12 \) + (1 + 2) Sy _ (5 + > (r )\)} (B.1f)
Cy T/ Cy
with ( )

arcsin® (== for 7>1

\E ’
f(r) = (B.2)

{_{10g<1 \/—T)—m} for T < 1.

The functions I 1Z 7 and IQZ 7 are given by

TA T2)\2 2\ 1 1
) = 52 + g U = T+ 5 o (5) — (5]
12 0) = =2 [f(r) — fOV)] (B.3)
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Function g(7) can be expressed as

V7—1 —larcsin /7 forT>1
gr) =S VI—7 1] 14171 (B4)
log —am| for 7 <1
2 1—vV1-—-7-1
C Veltman Passarino loop integrals
The Ag, By, Bao integrals are defined as
Ag(m?) = m? (A +1-— lnm2) , (C.1a)
1
Bo(g*;m3,m3) = A —/ dx In(X — ie) (C.1b)
1
Bos(¢?;m2,m3) = (A +1) [ml +m3 — 34 } - 7/ dx X In(X — ie) (C.1c)

where X = miz + m3(1 — 2) — ¢®z(1 — 2) and A = ;2 + In(47) + g in d space-time
dimensions.

D One loop and two loop functions for MDM

The one loop functions 77, Zo, Z3 and Z4 required to compute one loop contribution to the
MDM of leptons (4.1a) are defined as

/ d 1 — ) 17“;—?; (D-1a)
/ da % (D.1b)
?) / dx 1_1_;2)_’_33 (D.1c)
IR = ©14)
with r = 2L ¢/ = ; = hi1, hg, hs, AY, PO

ms,;’ s B
The two-loop functions f(r2), g(r?) and f(r?) contributing to the MDM of leptons
given in equation (4.2) are defined as

£(r?) = 7“22 /1 dz m In [W} (D.2a)
-7 / e m[”“"(lrzm)} (D.2b)
/d _x_l_)x) ln[x(lr;x)} (D.2¢)
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