Eur. Phys. J. C (2022) 82:1095
https://doi.org/10.1140/epjc/s10052-022-11076-4

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Research on the electromagnetic and weak dipole moments
of the tau-lepton at the Bestest Little Higgs Model

E. Cruz-Albaro'2(®, A. Gutiérrez-Rodriguez'?, J. I. Aranda?, F. Ramirez-Zavaleta’

I Facultad de Fisica, Universidad Auténoma de Zacatecas, Apartado Postal C-580, 98060 Zacatecas, Mexico
2 Facultad de Ciencias Fisico Matematicas, Universidad Michoacana de San Nicolds de Hidalgo, Avenida Francisco, J. Mdjica S/N, 58060 Morelia,

Michoacan, Mexico

Received: 16 September 2022 / Accepted: 24 November 2022
© The Author(s) 2022

Abstract In this paper, using the Bestest Little Higgs
Model (BLHM) we calculate at the one-loop level the
contributions to the Anomalous Magnetic Dipole Moment
(AMDM) and Anomalous Weak Magnetic Dipole Moment
(AWMDM) of the tau-lepton. The implications from this
model are studied, emphasizing the contributions of the
new physics induced by the new scalar and vector bosons
of the BLHM: S; = Hoy, Ao, ¢°, n°, 0, H*, ¢+, n*, and
V; = Z', W* because these quantify the new physics. With
these new contributions, we estimated bounds on the real
and imaginary parts of the AMDM and AWMDM of the tau-
lepton. Our study complements other one-loop-level research
performed on models beyond the Standard Model.

1 Introduction

The study of the physics of the tau-lepton by the ATLAS
and CMS experiments [1-5] at the Large Hadron Collider
(LHC) has developed significantly and now represents a very
active physics program. In addition, the following present and
future colliders: hadron—hadron (pp), lepton—hadron (e~ p),
and lepton—lepton (eTe™, u*u™) for the post LHC era will
open up new horizons in the field of fundamental physics.
All of these colliders contemplate in their physics programs
the study of the physics of the tau-lepton.

In the Standard Model (SM) of elementary particle
physics, as well as in many of its extensions, the search for
Anomalous Magnetic Dipole Moments (AMDM), Electric
Dipole Moments (EDM), and Anomalous Weak Magnetic
Dipole Moments (AWMDM) of fundamental fermions, and
in particular from the tau-lepton is an essential aspect of the-
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oretical, phenomenological and experimental investigations
hunting for physics beyond the Standard Model (BSM) of
particle physics. For a review of the bounds on the electro-
magnetic and weak dipole moments, see Refs. [6-20].

In the lepton sector, the tau-lepton is a key particle in the
SM and several extensions of the SM as it is considered a
laboratory for many experimental or simulation aspects of
the search for new physics. This particle is characterized by
its high mass [21] compared to the mass of the electron or
muon, so one would expect its electromagnetic and weak
dipole moments to be much more sensitive to the effects of
new physics than the electron or muon itself [19]. Unfortu-
nately, the very short 7 lifetime [21] makes it very difficult
to measure its dipole moments (AMDM, EDM, AWMDM)
with a precision good enough to perform a significative test.
The spin-precession technique adopted in the electron and
muon g — 2 is no-longer feasible [19]. Instead, one mea-
sures the production of tau pairs at different high-energy
processes. For instance, the most stringent current bound
on the T AMDM (see Table 1) was derived using the data
collected by the DELPHI Collaboration from measurements
in the cross-section of the process eTe™ — eTe V1™ at
/s between 183 and 208 GeV at LEP2 [22]. As for the
v EDM, d,, the BELLE Collaboration searched for CP-
violation effects in the et e™ — y* — 77~ process using
triple momentum and spin correlations [23]. Through this
reaction, they obtained the limits shown in Table 1 for the
real and imaginary parts of the t EDM. In the SM scenario,
the theoretical predictions on the 7 AMDM and EDM are:
asM = 117721(5) x 1078 [24-26] and dZ™ < 1073* ecm
[27-29], respectively. These results are well below current
experimental limits.

Another intrinsic property of the t-lepton that has received
attention in recent years due to important advances in the
experimental domain consists of the weak dipole moments
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Table 1 The best current

. Collaboration Best present experimental bounds on a; and d; C.L. (%) References
experimental results for the
electromagnetic dipole moments DELPHI —0.052 < a, < 0.013 95 [22]
of the t-lepton
BELLE —2.2 < Re(d. (1077 e cm)) < 4.5 95 [23]
—2.5 <Im(d; (1077 e em)) < 0.08 95 [23]

of the tau, which are associated with its interaction with
the Z gauge boson. Both the AWMDM and the Weak Elec-
tric Dipole Moment (WEDM) of the 7-lepton, aZV and dtW s
have been investigated with LEP data [30-32]. In Table 2
we show the current best experimental bounds on a and
dY . These limits are obtained through +7~ production at
LEP by the ALEPH Collaboration, corresponding to an inte-
grated luminosity of 155 pb~! [30]. On the theoretical side,
the reached precisions in the AWMDM and WEDM of the
tau-lepton are @)Y =S¥ = —(2.10 + 0.61 i) x 107 [33] and
dTW_SM < 8 x 10734 ecm [34]. These values are well below
the current experimental sensitivity. This opens the possibil-
ity of looking for deviations from the SM; therefore, studying
extensions of the SM could generate significant contributions
of new physics that are closer to the experimental bounds.
With these motivations, we research on the electromagnetic
and weak dipole moments of the tau-lepton in the context of
the BLHM.

Based on everything already mentioned above, in this
paper, we estimate the sensitivity bounds on the AMDM and
AWMDM of the 7-lepton in the SM and BLHM scenario,
and emphasis will be placed on the contributions generated
by the particles predicted by the BLHM, as these quantify
the new physics.

The purpose of the BLHM is to solve the hierar-
chy problem without fine-tuning. This is achieved through
the incorporation of one-loop corrections to the Higgs
boson mass through heavy top-quarks partners and heavy
gauge bosons. This extension of the SM predicts the exis-
tence of new physical scalar bosons neutral and charged
Hy, Ao, ¢0, 170, o, H*, qﬁi, ni, new heavy gauge bosons
7', W'* and new heavy quarks B, T, Ts, Tg, T?/3, T5/3. At
the one-loop level, the AMDM a, and AWMDM afv of the
t-lepton are induced via the Feynman diagrams represented
inFigs. 1 and 2, where S, <I>l.i and H; represent scalar bosons,
V; and Wl.i gauge bosons, and /; leptons. In the framework of
the BLHM, new model contributions are those arising from
the vertices of scalars bosons, vector bosons and vector-scalar
bosons, that is to say, vertices of the form (see Figs. 1 and 2):
yWEW = ZWHW' T yWESE, W = WE W'E, and
OF = ¢ 0 ZWEDS; ZZHy; ZZ'Hy, Hi = ho, Ho;
Hott; ©h;Si, Si = Ho, Ao, ¢°, n°, 0, HE, o=, %5 TV,
Vi = Z',W'*; ylil;, and Z[;1;, where I; = t,v,. With
these vertices, we calculate the one-loop contributions to the
AMDM and AWMDM of the t-lepton and in several sce-
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narios with m 4, = 1000 GeV, myo = 100 GeV, tan 8 = 3,
S =11000, 3000] GeV and F = [3000, 6000] GeV.

The paper is structured as follows. In Sect. 2, we give a
brief review of the BLHM. In Sect. 3, we present the predic-
tions of the BLHM on the electromagnetic and weak dipole
moments of the tau-lepton. In Sect. 4, we discuss the sensi-
tivity bounds obtained on the AMDM and AWMDM of the
t-lepton. Finally, we present our conclusions in Sect. 5. In
Appendix A, we present the Feynman rules employed in the
study of electromagnetic and weak dipole moments of the
T-lepton in the context of the BLHM. In Appendix B, we
provide the one-loop level SM predictions on the AMDM
and AWMDM of the tau-lepton.

2 The bestest Little Higgs model

Various extensions of the SM, such as Little Higgs Models
(LHM) [35,36], have been proposed to solve the problem
of the mass hierarchy. This class of models employs a com-
plex mechanism named collective symmetry breaking. The
main idea is to represent the SM Higgs boson as a pseudo-
Nambu-Goldstone boson of an approximate global symmetry
that is spontaneously broken at a scale in the TeV range. In
these models, the collective symmetry breaking mechanisms
is implemented in the norm sector, fermion sector, and the
Higgs sector, which predicts new particles within the mass
range of a few TeV. These new particles play the role of part-
ners of the top-quark, of the gauge bosons, and the Higgs
boson, the effect of which is to generate radiative corrections
for the mass of the Higgs boson and thus cancel the diver-
gent corrections induced by SM particles. However, LHM
[35-37] are already strongly constrained by electroweak pre-
cision data. These constraints typically require the new gauge
bosons of LHM to be quite heavy [38,39]. In most LHM, the
top partners are heavier than the new gauge bosons, which
can lead to significant fine-tuning in the Higgs potential [40].

An exciting and relatively recent model is the BLHM [41]
overcomes these difficulties by including separate symme-
try breaking scales at which the heavy gauge boson and top
partners obtain their masses. This model generates heavy
gauge boson partner masses above the excluded mass range
and has light top partners below the upper bound from fine-
tuning. The BLHM is based on two independent non-linear
sigma models. With the first field X, the global symmetry
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Table 2 The best current

experimental results for the Collaboration Best present experimental bounds on ¥ and d¥ C.L. (%) References
:V_elzlgtg;p"le moments of the ALEPH IRe(a)| < 1.14 x 1073 95 [30]
[tm(a})| < 2.65 x 1073 95 [30]
ALEPH [Re(d¥)| < 0.50 x 1077 ecm 95 [30]
Im@?)| < 1.1 x 1077 ecm 95 [30]
SO(6)4 x SO(6)p is broken to the diagonal group SO (6)y o my
at the energy scale f, while with the second field A, the tan f = E = m_l 0

global symmetry SU (2)¢c x SU(2)p to the diagonal sub-
group SU (2) to the scale F' > f. In the first stage are gen-
erated 15 pseudo-Nambu-Goldstone bosons that are param-
eterized as

¥ = T/ 2/ 1 piTl/f )

where IT and ITj, are complex and antisymmetric matrices
given in Ref. [41]. Regarding the second stage of spon-
taneous symmetry-breaking, the pseudo-Nambu-Goldstone
bosons of the field A are parameterized as follows

a

A= FATalF 1, — Xa% (a=1,273), 2)

Xa represents the Nambu-Goldstone fields and the t,, corre-
spond to the Pauli matrices [41], which are the generators of
the SU(2) group.

2.1 The scalar sector

The BLHM Higgs fields, 2 and &5, form the Higgs potential
that undergoes spontaneous symmetry breaking [41-43]:

1 1 Ao
Viiges = Em%h{hl + Em%hghz — BuhThy + 7(;1{/12)2. 3)

The potential reaches a minimum when m,my > 0,
while to break the electroweak symmetry requires B, >
m1my. The symmetry-breaking mechanism is implemented
in the BLHM when the Higgs doublets acquire their vac-
uum expectation values (VEVs), (h1)7 = (v1,0, 0, 0) and
(h2)T = (12,0, 0, 0). By demanding that these VEVs min-
imize the Higgs potential of Eq. (3), the following relations
are obtained

1

v} = —“2(B, — mimy), )
A My
1

v} = — LB, — mymy). (5)
Ao M2

These parameters can be expressed as follows

1 [ m? + m?
2 2 2 1 2
vi=vi4+vs=—|—=]|(B,—mm
1 2 ( Lz (/A 1 2)

12

(246 GeV)?, (6)

From the diagonalization of the mass matrix for the scalar
sector, three non-physical fields Go and G*, two physical
scalar fields H* and three neutral physical scalar fields ko,
Hp and A are generated [42,44]. The lightest state, hg, is
identified as the scalar boson of the SM. The masses of these
fields are given as

mg, = mg+ =0, 3
mi, = mye =mi +m3, )

B B2
2 " “n 25 204 qin2
my = — + — 2Mo B, v*sin2p + Avsin” 28.
Ho sin2f \/sin22/3 07k 0

(10)

The four parameters present in the Higgs potential
my, my, By, and Ao can be replaced by another more phe-
nomenologically accessible set. That is, the masses of the
states ho and Ao, the angle 8 and the VEV v [42]:

1
B, = E()\()v2 +m/240)sin2,3, (11)
2 2 2
m ms —m
_ Tho ho Ao
Ao = v2 (m2 2 ) (12)

in2
hy — M4, Sin 2B

Bucot2 + /(B3 /sin? 28) — 230 Bvsin 2 + 1 Jusin 2

tana = 5
By — Apv=sin2p
(13)
B B2
2 _ " M 24 24402
= —200B 2 A 28,
" Ho sin2p +\/sin22ﬁ 0Bpv7sin2f + Aguisin®2p
(14)
mZ = (hsg + 165) f2 = 240 f K. (15)

The variables As¢ and Ags5 in Eq. (15) represent the coef-
ficients of the quartic potential defined in [41], both vari-
ables take values different from zero to achieve the collective
breaking of the symmetry and generate a quartic coupling of
the Higgs boson [41,42]. The BLHM also contains scalar
triplet fields that get a contribution to their mass from the
explicit symmetry breaking terms in the model, as defined in
Ref. [41], that depends on the parameter m14.

16 ,3g%8% A?
m2, = — F2 8488 log<

T 30 32x2 m2,.

@ Springer
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4 4
,» [T+ F
—_ 16
TR Y (10
16 ,3g%g> A2
méi = —F? gAng log 5
3 327 My
2f4 +f2F2 4 F4
My—s > 2y (7
F2(f*+ F?)
3f2g2 A2
2 _ 2 Y
My =Mt S (1%
mio = mi. (19)

2.2 The gauge sector

In the BLHM, the new gauge bosons develop masses pro-
portional to v/ f2 + F2 ~ F. This makes the masses of the
gauge bosons large relative to other particles that have masses

proportional to f. The kinetic terms of the gauge fields in the
BLHM are given as follows:

2 F? )
L= ?Tr(DMETD“E) + TTr(DMA‘ DM A), (20)

where

Dy% = 9,5 +igaA{,TfS

—igpTAS, Tf +igy B, (TR — =T}), (1)
¢ ¢
D, A =8MA+igAA’fM7A—igBAA§M7. (22)

T} are the generators of the group SO(6)4 correspond-
ing to the subgroup SU (2)1 4, while Tlg represents the third
component of the SO (6)p generators corresponding to the
SU (2) 1 p subgroup, these matrices are provided in [41]. ga
and A{ M denote the gauge coupling and field associated with
the gauge bosons of SU(2). 4. gp and Agﬂ represent the
gauge coupling and the field associated with SU (2) p, while
gy and Bi denote the hypercharge and the field. When ¥ and
A get their VEVs, the gauge fields A{ ., and Af ., are mixed
to form a massless triplet A , anda massive triplet A%, w

ASM = cos GgA‘fM + sin QgAgﬂ,
A‘It-lu = sin OgA‘l’M — cos GgA‘z’M, (23)
with the mixing angles
8A 8B

V& + g3 V& + &3

which are related to the electroweak gauge coupling g
through

sg =sinfg = Cg =COs0; = , (24

L_1 .1 (25)
g2 gk gy

@ Springer

After breaking the electroweak symmetry, when the Higgs
doublets, i1 and hy acquire their VEVs, the masses of the
gauge bosons of the BLHM are generated. In terms of the
model parameters, the masses are given by

(26)

NI N

(8% +g7)v?
v2 3f2 5 2\2
“(1-mp (e (2-4))

1 v? 3f2 2
2 _ 122 2_ 2
My+ = 78 v (1 — 272 (2+ e (sg —cg) )),

A= 2

(28)
2.2 .4
2 _ 2 8 sV 2 2\?
my = my. + 16C%V(f2 gy (sg cg) , (29)
2
m%V’i - 4i 2(f2+F2)_m%Vi' 30)
CeSe
The weak mixing angle is defined as
sw = sinfy = —SL 31)
2
V& +sy
_ 8
cw = cosby = (32)

V& &
2.3 The Yang-Mills sector

The gauge boson self-interactions arise from the following
Lagrangian terms:

LZFl;LVF{/LV-’_FZ;LVFZMVa (33)
where F|'} are given by:

FIY = 0M AT — 9" AT g4 Y D el Ay, (34)

b c
FyY = 0M A — 0" A" +gp Yy Y €A A (39)
b ¢

In these equations, the indices a, b and ¢ run over the three
gauge fields [45]; €4%¢ is the anti-symmetric tensor.

2.4 The fermion sector

To construct the Yukawa interactions in the BLHM, the
fermions must be transformed under the group SO (6)4 or
SO (6) . In this model, the fermion sector is divided into two
parts. First, the sector of massive fermions is represented by
Eq. (36). This sector includes the top and bottom quarks of
the SM and a series of new heavy quarks arranged in four
multiplets, Q, and Q' which transform under SO (6) 4, while
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U° and US/" are transformed under the group SO (6)p. Sec-
ond, the sector of light fermions contained in Eq. (37), in this
expression, all the interactions of the remaining fermions of
the SM with the exotic particles of the BLHM are generated.

For massive fermions, the Lagrangian that describes them
is given by [41]
Ly =yi1fQISESU  + 32 f QT EU  + y3 f Q" EUS

o fqd (=2iTES)US + hec., (36)

where § = diag(1, 1, 1, 1, —1, —1). The explicit representa-
tion of the multiplets involved in Eq. (36) is provided in Refs.
[41,44]. For simplicity, the Yukawa couplings are assumed
to be real y1, y2, y3 € R.

For light fermions the corresponding Lagrangian is [41,
44,45]

Lighe = Y yufa] Tuf + Y yafal (-2Tg)df
i=1,2 i=1,2
+ D YefIf (—2TFT)ef + hc. (37)
i=1,2,3

2.5 The currents sector

The Lagrangian that describes the interactions of fermions
with the gauge bosons is [41,44]

L£=Qi"D,Q+ Q't"D,Q — Ut"D,U"
—Ut' DU — U T DL US + Y g T Dygi

i=1,2
+ Z l;r”Duli — Z efTr"Duef
i=1,23 i=1,2,3
= ut Dl — Y di et D,df, (38)
i=12 i=12

where t# and 7/ are defined according to [46]. On the other
hand, the respective covariant derivatives are provided in
Refs. [44,45].

3 Electromagnetic and weak dipole moments of the
tau-lepton in the BLHM

The electroweak properties of fermions are characterized
by physical magnitudes called form factors. These measure
properties such as the electric charge, the AMDM, the EDM,
the AWMDM, the WEDM, and others. Some of these quanti-
ties are already present in classical theory, while others arise
for the first time as a quantum fluctuation of one-loop or
higher orders. In quantum field theory, the electromagnetic
and weak properties of fermions arise through their interac-
tion with the gauge boson V, V = y, Z. The most general
Lorentz-invariant vertex function describing the interaction
of a gauge boson with two fermions can be written in terms

of ten form factors [47,48], which are functions of the kine-
matic invariants. In the low energy limit, these correspond to
couplings that multiply dimension-four or-five operators in
an effective Lagrangian and may be complex. If the gauge
boson V is on-shell, or if V couples to effectively massless
fermions, the number of independent form factors is reduced
to eight. In addition, if the fermions are on-shell, the num-
ber is further reduced to four. In this way, the V f f vertex
function can be written in the form

ien(pHr*

b = ieﬁ(p’){y“ [FY @ = F{ 7]

o, [Fya®) — iFY @y’ }u(p» (39)

where e is the proton charge and ¢ = p’ — p the V gauge
boson transferred four-momentum. The terms F“,/ (0) and
FX (0) in the low energy limit are the V f f vector and
axial-vector form factors in the SM, while F A‘,;(qz) and
F g (q2) are associated with the form factors of the electro-
magnetic or weak dipole moments. The latter arise at the
loop level and are a valuable tool to study the effects of
new physics indirectly, through virtual corrections of new
particles predicted by extensions of the SM. The AWMDM
and WEDM are given by a}v = —2mfF1€1(q2 = mZZ) and
djvpv = —eF 5 (q*> = mzz), whereas the electromagnetic prop-
erties, ay and dy, are defined by analogue expressions but
with the replacement ¢> = 0.

3.1 The AMDM and AWMDM of the tau-lepton at the
BLHM

In this subsection, we are interested in the contributions gen-
erated by the new BLHM particles to the electromagnetic and
weak dipole moments of the tau-lepton. At the one-loop level,
the 7 EDM and WEDM are absent, so they do not receive
contributions of the radiative corrections. However, the t
AMDM and AWMDM are induced by scalar bosons, vector
bosons and, leptons via the Feynman diagrams depicted in
Figs. 1 and 2. In these figures, S; and CIDZ.jE represent the new
scalars Ao, Hy, H*E, 7]0, qbo, o, ni, ¢i; V; stands for the new
gauge bosons Z', W'+, and Wl.jE the gauge bosons W+, W'*;
and finally, /; denotes the leptons 7, v;. To obtain the ampli-
tude of each contribution, we use the Feynman rules provided
in Appendix A [49]. We used the unitary gauge for our cal-
culations and implemented the Passarino—Veltman reduction
scheme to solve the loop integrals involved in the ampli-
tudes. Such amplitudes are also gauge independent since the
V gauge boson is in on-shell, as well as the tau-lepton pair.
It is worth mentioning that the contributions for the AMDM
and AWMDM of the t-lepton are free of divergences.
According to Figs. 1 and 2, all possible amplitudes con-
tributing to the F' A}; (qz) or F A%I (qz) form factors can be clas-

@ Springer
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(d)

+ 7(a)

\ /
B o B «
SN SN
7(p1) T(p2)  T(p1) 7(p2)

(e)

Fig. 1 Generic Feynman diagrams that contribute to the AMDM of the tau-lepton, /; = 7, v,. a Scalar contributions, S; = o, Ao, Hop, nO, ¢0. b, c
Vector contributions, V; = Z’, W=, d, e Scalar—vector contributions, Wii = W=, W=, and dDii =¢* nt

sified in terms of the six classes of triangle diagrams. Each
category can be written in the following compact notation

d*k LK+ pmy
ML) = €2 /— LA < B
<Gl = Cas, | gy P [' o+ p? —m?

x (" (Fy, + Far))

f pr+my, i 4
X|:l(k+p1)27m,2i:|u(pl)<k27m§i)' (40)

d*k -k prtmy
B(Vilily) = Chy v Py | i L2
Me (Vi) /(27:)4“("2)( KA L)[' K+ p2)? =i

x (" (Fy, + Far))

.k b my
ol R a—
(k + p1)* — mj,

i kok
[t (o)) @

d*k
w1y = v
MEWHEW™L) = [ Gy () (C:‘llw,y PL)

:| (Cev, ¥ PLY u(py)

x [i%} (Cetywry™ PL) u(p)
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i (k — p2)a(k — p2)y app
X |:(k — [72)2 — m%’w (*gow + m%v’ >:| AV/:’V’W’
i _ (k — py)pk — p1)i
) |:(k—p1)2—m%‘,, ( gt e )] 42)
_ dk
Me@rwin = [ S5 (€ )

x [l%} (Copwy 7" PL) upr)

i
x| ———— [ (Cprye- &
— 2 _m2 (W, Vo
|:(k P2) m“’,i| )

i (k= p1)gtk — p)v
| —gp + —— ]
X{(l«—mz—mzw+ ( é e )}

(43)

d*k
I3 —hT7.) — o = o
MEW, L) = f Gy ) (CopwrvePr)

<[] (€

« i P (k = p2)ak = p2)v
o
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It s

(f) ()

Fig. 2 Generic Feynman diagrams that contribute to the AWMDM of the tau-lepton, /; = 7t,v,. a Scalar contributions, S; =
Ao, Ho, HE, 00, 90, o, n*, ¢*. b, ¢ Vector contributions, V; = Z’, W*. d—g Scalar—vector contributions, Wl.i = W*, W=, @ii = ¢*, nt,
and H; = hg, Hy

@ Springer
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X (wavcbr g“") |:(k - pl)iz — +:| , (44)

d*k
Mty = [ & i (v + Far)

[ ktlfz] Cuiym;) u(p1)
« |: ( (k — p2)a(k — p2)v)]
(k — p2)2 mZ Bav + m%
X (Chzz 8"")
i
» [7&7 e ] (45)

where Fy, and Fa, denote the form factors of the vector and
axial-vector. On the other hand, Z = Z, Z’, while C (or C*)
denotes the coupling constants of the corresponding vertices.
The tensor AVMW’E,W, is provided in Table 9 of Appendix A.
From these amplitudes, we obtain the new physics contribu-
tions induced by the scalar and vector bosons, particles of
the BLHM. The effects of the new physics are determined in
the following way

ar = ag "M = [a]¥ + a4 [a 157 (46)
af = a) P = a1 4 [T+ [0 1V @)

We also consider the total contributions, that is, which
result from the sum of the contributions of the SM (see
Appendix B) and BLHM.

oy =
w
T

asM 4 aPPM, (48)

= qV/—SM | (W—BLHM (49)

o T

4 Numerical results

For our numerical analysis of the electromagnetic and weak
properties of the tau-lepton in the context of the SM and
BLHM, we briefly review the free parameters of the BLHM.
Subsequently, we discuss the numerical contributions gener-
ated for the AMDM and AWMDM of the t-lepton in each
study scenario.

4.1 Parameters space of the BLHM

We consider the following BLHM input parameters: m 4,
My, tan B, tanOg, f and F.

The pseudoscalar mass Ag: This parameter is fixed around
1000 GeV, our choice is consistent with the current search
results for new scalar bosons [50]. Data recorded by the
ATLAS experiment at the LHC, corresponding to an inte-
grated luminosity of 139 fb~! from proton-proton collisions
at a center-of-mass energy 13 TeV, were used to search for a
heavy Higgs boson, Ao, decaying into Z H, where H denotes
another heavy Higgs boson with mass mg > 125 GeV.

@ Springer

The scalar mass 7g: In the BLHM scenario, the free param-
eters my4 5.6 [41] are introduced to break all the axial sym-
metries in the Higgs potential, giving positive masses to all
scalars. Specifically, the 1 scalar receives a mass equal to
my = my, = 100 GeV, according to the BLHM, and the
restriction m4 2 10 GeV must be considered [41].

The ratio of the VEVs of the two Higgs doublets, tan 3:
Several theoretical constraints can be applied to this param-
eter, primarily due to perturbativity requirements. Two con-
straints limit the value of tan 8, the first of which is the
requirement that Ay < 4, leading to an upper bound accord-
ing to Eq. (50). A lower bound also exits and is set by exam-
ining the radiatively induced contributions to m| and m> in
the model, which suggests that tan 8 > 1 [41].

2

2+2\/( m;)(l_w)

l <tan B < - g — 1. (50)
0 0 0
m_%o(l + 47rv? )

From this inequality, we can find the range of allowed
values for the parameter tan §. In particular, for m 4, = 1000
GeV, it is obtained that 1 < tan 8 < 10.45.

The mixing angle 6,: The gauge couplings g4 and gg,
associated with the SU(2)p4 and SU(2).p gauge bosons,
can be parametrized in a more phenomenological fashion in
terms of a mixing angle 6, and the SU (2), gauge coupling:

tan6, = ga/gp and g = gAgB/,/gf‘ + g%. For simplicity,
it is assumed that tan 6, = 1 [44], which implies that the
gauge couplings g4 and gp are equal. The g4 p values are
generated using the restriction g = 0.6525.

Symmetry breaking scale f: The BLHM features a global
SO(6)4 x SO(6)p symmetry that is broken to a diago-
nal SO(6)y at a scale f ~ O(TeV) when a nonlinear
sigma field, >, develop a VEV. Bounds on the f scale
arise when tan $ limits, fine-tuning constraints on the heavy
quark masses, and experimental restrictions from producing
of heavy quarks are considered. Refs. [42] and [51] establish
that f € (700, 3000) GeV.

Symmetry breaking scale F: A second global symmetry
of the SU(2)¢ x SU (2) p form is also present in the BLHM,
and is broken to a diagonal SU(2) at a scale F > f when
a second nonlinear sigma field, A, develops a VEV. Due to
the characteristics of the BLHM, the energy scale F’ acquires
sufficiently large values compared to the f scale. The purpose
is to ensure that the new gauge bosons are much heavier
than the exotic quarks. In this way, F' € [3000, 6000] GeV
[41,42].

To predict the estimates of the AMDM and AWMDM of
the tau-lepton, in Table 3, we summarize the values used for
the parameters involved in our analysis.
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Table 3 Values assigned to the free parameters involved in our numer-
ical analysis in the context of the BLHM

Parameter Value

ma, 1000 GeV

mpo 100 GeV

tan 8 3

tan 0, 1

f [1000, 3000] GeV
F [3000, 6000] GeV

4.2 AMDM of the tau-lepton at the BLHM

At the one-loop level, the electromagnetic properties of the
tau-lepton are induced by the scalar and vector bosons of the
BLHM via the Feynman diagrams of Fig. 1. The contribu-
tions generated by these diagrams are classified into three
types for analysis: scalar, vector, and scalar—vector. Below,
we focus on the potential effects of the new particles that con-
tribute to the AMDM of tau-lepton, as they could generate a
significant enhancement in the value of a; (a; = af LHM
compared to the SM prediction a>™ . In the BLHM, as in the
SM, the = EDM is multiloop suppressed. Therefore, in this
subsection, we report only the values of a;.

For this purpose, we start by solving the amplitudes gen-
erated by Egs. (40)—(44), the method we use to solve is the
Passarino—Veltman reduction scheme. As indicated above,
Table 3 assigns values to the free parameters involved in
our numerical analysis. The parameter tanf, = ga/gp is
of particular interest since in this paper, as in Ref. [44], it is
assumed for simplicity that tanf, = 1 which implies that
the gauge couplings g4 and gp are equal. Another possible
study scenario it is for tanf, # 1 (sin€, # cos ;). In this
case, we can predict that the values for a; and ) do not
change significantly in this new scenario. As will be shown
later, the reason for this is that the Feynman rules for vertices
that involve diagrams that provide the largest contributions
(see Figs. 1a and 2a), that is, the terms that contain sin 6, and
cos O, are inversely proportional to (f 2+ F?) (see Table 9 in
Appendix A), and therefore suppress these additional contri-
butions since f € [1000, 3000] GeV and F € [3000, 6000]
GeV. When tan 6, = 1, the Feynman rules for the A, Wt¢~
and A},W+n’ vertices, as well as their respective Hermi-
tian conjugates, are canceled (see Table 10 in Appendix A).
Thus, they lead to the non-contribution of specific Feynman
diagrams shown in Fig. 1d, e.

After solving for the amplitudes, we extract the form fac-
tors proportional to the "¢, tensor, these form factors con-
tain in coded away the [a;15, [ar1Y and [a,]15%~Vi. Concern-
ing [a;1%~Y that represents the scalar—vector contributions
to the AMDM of the t-lepton, its corresponding form fac-
tors turn out to be zero. Therefore, [a;]5% " has no effect

on a.. The only non-zero contributions to the AMDM a;, of
the tau-lepton arise due to the scalar contributions and vector
contributions shown in Fig. 1a and 1b, c, respectively.

In Fig. 3, we show the partial contributions to a,; due to
the different particles involved, and these individual contri-
butions are classified in a;(S;) and a.(V;), depend on the
energy scale f and generate purely real values. Specifically,
Fig. 3a shows the curves of the contributions generated by
the scalars 170, Ao, qbo, o and Hy. In this figure, we can appre-
ciate that the scalar n° provides the largest positive contribu-
tion with Re[a; (n°)] = [2.22 x 1011, 2.43 x 10~ 12] while
the smallest negative contribution is given by the Hyp scalar
with Re[a;(Hp)] = —[2.24,2.27] x 10712, The remain-
ing scalars generate suppressed contributions, one or more
orders of magnitude smaller compared to the main con-
tribution Refar (n%)]: Relar (Ag)] = [2.72,2.67] x 10~12,
Re[a; (¢9)] = [1.07 x 10712, 7.82 x 10~'%] and Re[a; (0)]
= [2.09 x 1071%,2.96 x 1071°]. On the other hand, the
vector contributions arise from the gauge bosons W’ and Z’
(see Fig. 3b). So for the range of analysis set for the sym-
metry breaking scale f, the contribution of the gauge bosons
W'* and Z' are Re[a; (W'F)] = [9.81,6.67] x 10710 and
Rela;(Z))] = [3.92, 2.67] x 10710, respectively. According
to Fig. 3a, b, we observe that the main partial contribution to
Rela. ] is generated by the W'* gauge boson. We also notice
that as the energy scale f takes values closer to 3000 GeV,
the values of Re[a; ] become smaller and smaller. In Table 4
we show the magnitudes of all partial contributions to a, that
correspond to the virtual particles circulating in the ytT 7~
vertex loop.

In Fig. 4, we also describe the behavior of Re[a; (scalar)]
and Re[a; (vector)], as well as the total of these two contri-
butions. Re[a, (scalar)] and Re[a; (vector)] stand for the sum
of all individual contributions to Re[a; ] due to the scalar and
vector bosons, respectively. Note that the magnitude of the
vector contribution dominates concerning the scalar contri-
bution so that the total contribution receives significant con-
tributions from the vector sector. The numerical estimates
obtained for the three sectors are Re[a; (vector)] = [1.37 x
1072, 9.34 x 107191, Re[a, (scalar)] = [2.38 x 10711, 2.90 x
10~'2] and Re[a; (total)] = [1.40 x 1072,9.37 x 10719]
for f = [1000, 3000] GeV. According to these numerical
data, we find that effectively the vector and total contribu-
tion acquire values of the same order of magnitude, which
does not occur with the scalar contribution, which gener-
ates slightly small contributions, thus interfering very weakly
with the total contribution.

Until now, the sensitivity of the total AMDM of the tau-
lepton has been measured by varying the first symmetry
breaking scale f. However, it also depends on the second
symmetry breaking scale F. Therefore, it is worthwhile to
examine the dependence of a; on the scale F. Thus, in
Fig. 5a, we show the level of sensitivity exhibited by the
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Fig. 3 a Individual scalar contributions to Re(a;). b Individual vector contributions to Re(a;). The plots are obtained with the fixed value of
F = 4000 GeV. The values provided in Table 3 are used for the remaining model parameters

Table4 The magnitude of the partial contributions to a, of the BLHM.
The data are obtained by fixing the f and F scales, f = 1000 GeV and
F = 4000 GeV. The values provided in Table 3 are used for the rest of
the model parameters. abc denotes the different particles running in the
loop of the vertex yr 7~

f =1000 GeV, F = 4000 GeV

Couplings abc (ar)™*

ot —2.09 x 107 4 0i
ATt 272 x 10712 404
Hytt —224x 10712401
't 222x 107" 401
¢t 1.07 x 10712404
Z'tt 3.92 x 10710 0
WTW' "y, 9.81 x 10710 40

v AMDM when varying the F energy scale while keep-
ing the f scale fixed, the fixed values assigned to the f
scale are 1000, 2000 and 3000 GeV. For the three distinct
energy scales, we find that the numerical predictions in the t
AMDM are Re[a,] = [2.36 x 1077, 6.54 x 1071°], Re[a,]
= [1.80 x 107?,5.89 x 107197 and Re[a.] = [1.30 x
1072,5.21 x 10719], respectively. It is important to note
that these contributions to a; acquire only real values and
are all of the same order of magnitude, 10~ —10710, These
values decrease drastically as the F' scale increases up to
6000 GeV. As we observed in the plot, the dominant contri-
bution arises for small values of the f scale, particularly
when f = 1000 GeV. Concerning, Fig. 5b, we plot the
curves of the contributions to a; in the analysis range of
f = [1000, 3000] GeV, now we fix the scale F' and assign
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Fig. 4 Scalar—vector (s—v), scalar, vector, and total contributions to
a;”. a Re(afv). b Im(aZV). The plots are obtained with the fixed value
of ' = 4000 GeV. The values provided in Table 3 are used for the
remaining model parameters

values such as 3000, 4000, 5000 and 6000 GeV. For these
fixed values of F', we explore the sensitivity of Re(a;) and
find that the corresponding numerical estimates are Re[a,] =
[2.36, 1.30] x 10~%, Re[a,] = [1.40 x 1072, 9.37 x 107107,
Re[a,] = [9.21, 6.89] x 10710 and Re[a,] = [6.54, 5.21] x
10710, Again, Re[a; ] ~ 1072 —107'0 and also acquires large
values for small values of the F scale, this being F' = 3000
GeV. By comparison, we find that Re[a ] takes values of the
same order of magnitude if F' is varied while f is fixed or the
opposite. Although specifically, Re[a, ] obtains larger values
when f = 1000 GeV or F = 3000 GeV.

We now turn to examine the behavior of the real part
of a; as a function of the mass of the pseudoscalar Ag
or the charged scalar H*, which by the particular char-
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Fig. 5 a Total contribution to Re(a;) for different values of the energy scale f. b Total contribution to Re(a;) for different values of the energy
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Fig. 6 Total contribution to Re(a;) for different values of tan 8. The
plot is obtained with fixed values of the f = 1000 GeV and F =
4000 GeV. The values provided in Table 3 are used for the remaining
parameters of the model

acteristics of the BLHM m,, = mpg=. In this case, we
are interested in investigating the phenomenological details
associated with the increase of ma, (or mp+) vs. Relar].
According to Eq. (50), the parameter tan g is directly related
to ma,, since the range of values that tan 8 could take is
established precisely by the value assigned to m 4,,, i.e., for
my, = 1000 GeV and m,, = 1500 GeV the respective
ranges of values for the parameter tan 8, tan 8 € (1, 10.45)
and tan 8 € (1, 11.99) are generated. To evaluate the numer-
ical contributions of Re[a;], we propose to vary the my,
parameter from 1000 GeV to 1500 GeV and also take cer-
tain values of tan 8 in the allowed value space, that is,

tan 8 = 3,4,6,8 and 10. Figure 6 shows the dependence
of Re[a;] on my,,, we observe that the main signal is
reached for tan § = 3 while the lowest signal is obtained
for tan 8 = 10, Re[a;] = [1.3971, 1.3968] x 1072 and
Re[a,] = [1.3969, 1.3967] x 1072, respectively. For the
remaining curves, Re[a;] ~ 107°. According to our pre-
dictions, Re[a;] shows a dependence on the m 4, param-
eter. However, Re[a;] has a small sensitivity to changes
in the parameter tan 8 since the numerical values obtained
by Re[a.] are of the same order of magnitude for different
choices in the values of tan §.

4.3 AWMDM of the tau-lepton at the BLHM

In this subsection, we perform the numerical estimation of the
AWMDM a) (a) = alV=BLHM) of the tau-lepton induced
by a scalar, vector and scalar—vector bosons of the BLHM
depicted in Fig. 2a, b, ¢ and d, e, respectively. As in Sect. 4.2,
in the tan 6y = 1 scenario implying that sin 6, = cos 6, leads
to the cancellation of some Feynman diagrams in Fig. 2d,
e, this is because the Feynman rules for the involved ver-
tices ZWF¢~, ZW*n~ and Z,, Z| H; are made zero by the
condition mentioned above (see Table 10 in Appendix A).
The remaining Feynman diagrams provide non-zero contri-
butions to a)V .

In this sense, we start by showing in Fig. 7 the contribu-
tions of the different scalars to the T AWMDM, here and in
the subsequent cases afv acquire a real part and an imaginary
part. We plot the behavior of @) as a function of the new phys-
ical scale f for the interval f = [1000, 3000] GeV, while the
other parameters assume fixed values. In the left plot of Fig. 7,
it can see that the great majority of the scalars involved gener-
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ate positive contributions to Re [af" ], and only the Hy and o
scalars contribute negatively. Of all the scalars, the heaviest
of them is o and it contributes quite small values to Re [afv 1,
[Re[al (0)]] = [5.16 x 1071°,8.20 x 10~!8]. In contrast,
the scalars n* and H* generate the main contributions to
Re [ay ] in the range of analysis established for the f energy
scale, i.e, Re [a) (n™)] = [1.38 x 10713,9.51 x 10714] for
the interval f = [1000, 1100] GeV and Re[a) (H*)] =
(9.51,9.35] x 10~ for f = (1100, 3000] GeV. Concern-
ing the right plot of Fig. 7, it can observe that again the Hy
and o scalars contribute negatively, in this case to Im (arW ),
while the rest of the scalars contribute positively. The 1°

@ Springer

scalar provides the largest contributions to Im [}V ], while
the smallest contribution is induced by o: Im [afv "] =
[3.28 x 10713,3.58 x 10~!4] and [Im [a) (0)]] = [1.14 x
10716, 1.38 x 1071%].

We discuss the contributions induced by the vector and
scalar—vector bosons to the t AWMDM. We begin by exam-
ining the real and imaginary parts of the BLHM partial con-
tributions to ay/ . Thus, from Fig. 8, we can see that all the
generated contributions are positive except the real part of
the scalar—vector contribution, induced by Z and Hy. The
dominant contributions for both the real and imaginary part
of al¥ are achieved when the vector boson W'* circulates
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Table5 The magnitude of the partial contributions toa)” of the BLHM.
The data are obtained by fixing the f and F scales, f = 1000 GeV and
F = 4000 GeV. The values provided in Table 3 are used for the rest of
the model parameters. abc denotes the different particles running in the
loop of the vertex Zt 1~

f =1000 GeV, F = 4000 GeV

Couplings abe (a¥ )abc

oTT —2.83x 10710 —1.14 x 10716
AoTT 598 x 10714 +333 x 10714
Hytt —4.94 x 1071% —2.74 x 10714

nrt 1.15x 10713 + 328 x 10713

¢Ott 2.05%x 10714 +1.44 x 10714
H*v, v, 952 x 10714 +1.21 x 10715
v, 138 x 10713 +1.53 x 10714
oFvov, 425 x 107 +1.65x 10715

Z'tt 251 x 107104242 x 10713 ¢

W'E v v, 9.33 x 10719 49.01 x 10713 ¢
WHW' =, 1.79 x 1072 401

Wte~ v, 4.67x 10710 40

dTW' T, 4.67x 1071040

Wty v, 234 %1072 +0i

ntw 234 x 10712404

ZHyt —5.69 x 10712 40

in the Zt Tt~ vertex loop. In this case, the corresponding
numerical contributions are Re[aZV (W'H)] =[2.72, 1.85] x
107 and Im[a? (W'*)] = [9.01,4.16] x 10~'3. Other
subdominant contributions appear when particles W/'™¢~,
¢ W'~ and Z’ circulate in the above-mentioned vertex loop:
Re[a)V (W' T¢™)] = Re[al (pTW'7)] = [4.67,3.23] x
1071° and Im[a) (Z")] = [2.42,1.12] x 1073, Com-
plementarily, the minor contributions arise for the follow-
ing cases: [Re[al (ZHy)l| = [5.69,5.83] x 107!? and
Im{a,” (ZHo)] = Im[a;” (W'*¢7)] = Im[a;" (W *n7)] =
0. If we compare our numerical estimates, we find that the
real parts of the partial contributions provide significant con-
tributions to @) since they are at least one order of magnitude
larger than the imaginary parts. In Table 5, we show the mag-
nitudes of all partial contributions to @)V that correspond to
the virtual particles circulating in the Zz "7~ vertex loop.
In the following, we show the curves that represent the
sum of all individual contributions due to the scalar and vector
bosons and the scalar—vector contributions. The magnitude of
these contributions is shown in Fig. 9. Here, we observe that
the total vector contribution dominates over the scalar and
scalar—vector contributions since the latter are suppressed.
With respect to the real part of @)V depicted in Fig. 9a, we can
observe more closely that Re[a) (total)] and Re[a (vector)]
obtain values of the same order of magnitude, 1072, while
Re[a¥ (s-v)] ~ 107!% and Re[a)” (scalar)] ~ 10~!3. With

the imaginary part of @)’ (see Fig. 9b) the same happens as
the real part, in this case, Im[a;’V (total)] ~ Im[afv (vector)]
~ 10712—1071, Im[a) (scalar)] ~ 10713—10~!* and
Im[ay (s-v)] = 0. It is worth mentioning that Fig. 9a,b were
obtained for a fixed value of the other physical scale of the
BLHM, F = 4000 GeV, which is also involved in our calcu-
lations. We later present the sensitivity of @)’ for other values
of the F scale.

As already commented, the BLHM is based on two dis-
tinct global symmetries that break into diagonal subgroups
at different scales, f and F > f. These scales represent the
scales of the new physics. Therefore, it is very convenient to
analyze the behavior of the T AWMDM as a function of these
energy scales since the masses of the new scalar and vector
bosons strongly depend on them. Thus, similar to what was
performed in the previous subsection, we study the depen-
dence of @) on F while maintaining fixed the f scale or the
opposite. In Fig. 10, we begin by showing a variation of the
scale F' from 3000 GeV to 6000 GeV for three different f
energy scales, i.e., f = 1000 GeV, 2000 GeV, 3000 GeV.
In this plot, we appreciate that the main contributions to afv
arise for f = 1000 GeV. This occurs for both the real and
the imaginary part of a’: Re[al¥] = [6.64, 1.80] x 107°
and Im[a?’] = [3.68 x 10712, 6.00 x 107137, respectively.
On the other hand, the weakest contributions appear when
the scale f takes larger values, especially when f = 3000
GeV:Re[a)'] = [3.71, 1.47] x 1072 and Im[a}¥] = [1.06 x
10712,2.05 x 10713].

Now, we examine the dependence of a;’V on the f scale
for certain fixed values of the F scale, i.e., F = 3000
GeV, 4000 GeV, 5000 GeV, 6000 GeV. With these values
of F, we plot the curves shown in Fig. 11. In this case,
the largest contributions to a¥ are reached for F = 3000
GeV, these contributions are Re[aTW 1=16.64,3.71] x 10~°
and Im[af‘/] = [3.68, 1.06] x 10712, On the opposite side,
the smallest contributions to )V are generated when F =
6000 GeV: Re[a] = [1.80, 1.47] x 10~ and Im[a)'] =
[6.00, 2.05] x 10713,

According to the numerical results, it is found that ay is
sensitive to a slight change in the values of the f and F scales,
this occurs as long as these parameters are in the established
intervals. When a¥ depends on F, we observe that @)V has a
decrease of about one order of magnitude as F' increases up
to 6000 GeV. For the following case, when a)¥ depends on
f,we also have a decrease of at most one order of magnitude
as f reaches 3000 GeV. In summary, we can affirm that af"
gets large values when f = 1000 GeV or F = 3000 GeV,
while smaller values are obtained for aTW when the scales
tend to take values close to their established upper limits. In
short, @’ = 6.64 x 1072 +3.68 x 1072/ is the largest value
found when f = 1000 GeV and F = 3000 GeV.

Finally, Fig. 12 show the a)” behavior as a function of
ma, or my=+, for tan = 3, 4, 6, 8 and 10. From this fig-

@ Springer



1095 Page 14 of 21

Eur. Phys. J. C (2022) 82:1095

-9
4.0x10 Virtual

total
Jvector --------
S-V
Jscalar

3.5x107°
3.0x107° £

2.5x107°

2.0x10° |

]

W;
T

Re [a

15x107° b E

1.0x107° | 5

5.0x107"0 | E

0.0x10°

-5.0x1071° ; ‘ . .

f[Tev]

(a)

12
1.6x10 Virtual

total
Jvector -
scalar - .
SV

1.4x10712

1.2x1072 £
1.0x107"2

8.0x107"®

Im [a"]

6.0x10713

T
|

40x107"3 |

T

2.0x107"3

0.0x10°

—2.0x107"3 ; ‘ . .

f[TeV]

(b)
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Fig. 10 Total contribution to @) for different values of the energy scale f.a Re(a)”). b Im(a)). The plots are obtained for specific fixed values
of the f scale. The values provided in Table 3 are used for the remaining parameters of the model

ure, we can observe that the largest contributions to the t
AWMDM arise when tan 8 = 3. This happens for the real
and imaginary part of aXV: Re[a?/] =[3.91307, 3.91301] x
107 and Im[a¥] = [1.50892,1.50353] x 107'2. As
the parameter, tan 8, increases more suppressed curves
are generated. This occurs in the case of tang = 10
which gives the following values corresponding to afV ,
Re[a¥] = [3.91298,3.91297] x 10~ and Im[a)] =
[1.50500, 1.50288] x 10~'2. Furthermore, afv acquires
smaller values as the mass of the pseudoscalar Ag increases
up to 1500 GeV. However, we can say that the changes or
effects on @)V are not so great since the numerical values
they acquire remain of the same order of magnitude.

@ Springer

4.4 Contributions of the SM and BLHM to the AMDM and
AWMDM of the tau-lepton

Aspreviously defined (Eqgs. (48) and (49)), the contribution of
the SM and BLHM particles to the AMDM and AWMDM of
the tau-lepton will be represented by o, and oer ,respectively.
In this way, in Tables 6 and 7 we provide the partial and total
numerical values for «o; and osz . In these tables, we find that
all new diagrams arising in the BLHM have a small numerical
impact on the AMDM and AWMDM of the 7-lepton. This
is partly because both a, and @)V acquire values inversely
proportional to the energy scales f and F. Only some partial
contributions are comparable to the SM partial contributions
(see Appendix B) but not larger than them. The SM particles
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provide the largest contributions to «; and «). According
to the numerical data, we find that «; = 116090.46 x 10°8
and o) = —1.92 x 1076 - 0.57 x 107¢ .

5 Conclusions

We have calculated the contributions generated by the SM
(see Appendix B) and BLHM particles to the AMDM and
AWMDM of the tau-lepton at the one-loop level. Within the
SM, we find that our predictions for a3™ and a¥ =M are
in agreement with the results reported in the literature. Con-

cerning the new physics, this arises in the BLHM scenario
and is induced by the new scalar and vector bosons. The new
contributions that these generate to a; and a)’ are empha-
sized.

The BLHM has two global symmetries that break at dif-
ferent energy scales, so f and F represent the scales of
the new physics, and at this level, the new scalar and vec-
tor bosons acquire their respective masses. Therefore, we
have analyzed the dependence of a,; and aXV on the physical
scales f and F, and we find that both a,; and aXV are sensi-
tive to changes in f and F. Large values of these energy
scales, as long as they are in the allowed intervals, sup-
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Table 6 Partial contributions to
o . abe denotes the different S =1000GeV, F = 4000 Gev
particles running in the loop of Couplings abe (g )be
the vertex yttr—
yTtT 116140.97 x 1078 4 0i
Zrt + Z'tt 51.59 x 1078 40

hott + Aot + Hott + ¢%17 + 101t 4+ 017

veWTW™ v, WHW/'—
Total

0.09x 1078 +0i
—102.19 x 1078 401
oy = 116090.46 x 1078 + 01

Table 7 Partial contributions to oth . abe denotes the different particles running in the loop of the vertex Zt+7~

f =1000 GeV, F = 4000 GeV

Couplings abc

(O( W)abc
T

yTT

Ztt+7Z'tt

hott + Aottt + HpttT + ¢°tr + notr +orttT
WEvve + Whopv + HE v vp + ¢Fvvr + v,
Ve WEW™ o, WHEW/—

thoZ + tHyZ

W~ ve + oW v + W=, + Wy,
Total

3.09 x 1077 —1.24 x 1077

4.05x 1078 +1.86 x 1078

—6.58 x 10712 —1.34 x 10714
—9.13 x 1077 — 4.66 x 1077 §
—137%x 1070 +0i

1.35%x 1078401

939 x 107104+ 04

al¥ =-1.92x 1076 —0.57 x 1076

press the contributions to a,; and afV . However, when these
scales acquire the respective minimum values, f = 1000
GeV and F = 3000 GeV, large values are reached for the
T AMDM and AWMDM: a; = 2.36 x 107 + 0i and
alV = 6.64 x 107 +3.68 x 10712, respectively. In this
work, we also examine the dependence of a; and aZV on the
m 4, parameter. Our results indicate that both show a small
sensitivity to changes in the m 4, parameter since the contri-
butions they acquire remain of the same order of magnitude,
a; ~107% and ¥ ~ 1077,

It is interesting to study the contributions of the new
physics as they could significantly improve the AMDM and
AWMDM of the tau-lepton. This is because, for now, the sen-
sitivity reached by the colliders is beyond the level of preci-
sion required to test the SM predictions on aS™ and a5~V
Therefore, it is worth studying the effects of new particles
not described by the SM as they could generate potentially
significant contributions and be within reach of future exper-
imental measurements. In the BLHM scenario, we found
that the contributions generated by the new scalar and vec-
tor bosons to the T AMDM and AWMDM are a, ~ 107
and al¥ ~ 107°. These numerical values are smaller than
the SM contributions. However, they are similar in size and
even more significant than those arising in some SM exten-
sions, such as the Simplest Little Higgs model, a; ~ 10~
and a)V ~ 107 [52]; the Two-Higgs Doublet models (type-
I and type-10), @/ ~ 107°—10710 [53,54]; the Two-Higgs

@ Springer

Doublet models type-III with textures, a; ~ 10771078
and aTW ~ 1077=10"10 [55]; Scalar Leptoquark models,
a; ~ 107 and a¥ ~ 107 [56]; the Minimal Super-
symmetric Standard Model with a mirror fourth generation,
ar; ~ 1076—10"10 [57]; unparticle physics (for /\U =10
TeV), a; ~ 107°—1071" and @}V ~ 107910719 [58]; the
type-I and type-III seesaw models, |a£ | < 1.87 x 1078 and
|a£”| < 7.55 x 1079 [59]; and finally, in the framework
of the effective lagrangian approach and the Fritzsch—Xing
lepton mass matrix, a; ~ 10~ [60).

Currently, the experimental limits in the 7 AMDM and
AWMDM are well above theoretical predictions. Our results
are also outside the detection range of future experiments, so
there is insufficient sensitivity to be tested and cross-checked
with experimental values. The results presented here comple-
ment other studies performed on models with an extended
scalar sector and may be helpful to the scientific community.
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Appendix A: The Feynman rules for the BLHM

In this appendix, we present the Feynman rules for the BLHM
involved in our calculation for the AMDM and AWMDM of
the tau-lepton. It is convenient to define the following useful
notation:

(A1)
(A.2)

cp = cos B,

sg = sin B,

Table 8 Feynman rules for the BLHM involving the escalars o, hyg,
Hy, ¢, n°, H*, ¢*, n*, the pseudoscalar Ag and the vector bosons Z’
and W'*

Sq¢ = sinc, (A.3)

Cy = COSQ, (A4)

Cg = cos by, (A.5)

sg = sinb,, (A.6)

il yrw sin 6, cos B, (sin B, — cos” 6,), (A7)
- 02\ 12

Yo = vsin B (l B ﬁ) ' A8

See Tables 8, 9, 10.

Appendix B: The AMDM and AWMDM of the tau-lepton
at the SM

In the SM, we estimate the contributions to the AMDM and
AWMDM of the tau-lepton at the one-loop level. These con-
tributions are calculated in the unitarity gauge so that the
only Feynman diagrams that arise are those shown in Figs. 13
and 14. The first-order contributions for a3™ and a)V =M are
obtained from these figures.

The prediction of the AMDM of the t-lepton in SM is cal-
culated by considering only one-loop level contributions. In
the literature, these contributions found are usually cataloged
as the quantum electrodynamics (QED) contribution without
hadrons and the electroweak contribution. In Table 11, we
provide the numerical values of the QED contribution and the
partial electroweak contributions. In this table, we can appre-
ciate that indeed the QED contribution is the most important,
followed by the electroweak contribution. Our result obtained
on an = 116090.33 x 1073, is comparable to that of Ref.
[26]. Regarding the EDM of the tau-lepton, it is absent at this
level.

We also estimate the AWMDM of the tau-lepton with the
initial and final particles in the on-shell. The relevant dia-
grams in the unitary gauge are those shown in Fig. 14, and
their numerical contributions are given in Table 12. In this
table, we can appreciate that the largest partial contribution to
al’=5M in absolute value, arises when W+, W~ and v, par-

W—-SM

ticles circulate in the loop. The total contribution to a;

Vertex Couplings
oTT 7
Vaf
] (lccﬁsasﬁvz"'cw (80?3112-0-2452112))}"
hote Cayr 27
SaCh—2cqspcp 35052 )02y
) «Ch aSBCp > T
Hytt —Sayr + ( 32 )
Aotr —icpyr
~ ISgUYr
0%t _lﬁTf
0 ispvyr
¢'tT 2f
H*,1 V2¢py: PR
- ispuye
n vt \/Ef PR
.- _lspore
¢ VrT Vaf Pr
7'7t %lg)/”PL
- _ig n
Wt ﬁy P
Table 9 Self-couplings of Vertex

gauge bosons in the BLHM

Couplings

Zu(@W RWg ()

Ap@ W (OW"(p)

ig ew [8pu (Pa — qa) + Sap (ap — k) + Sap (ke — pyu)]

g v2x, (22 =257 —cgsgcw 2ew +1)

[‘Sﬂu. (Pa — qa) + 5(1[1. (qﬂ - kﬂ)

2cgsg(f2+F?)

+3ap (ku - Pu)]
igsw [(Saﬂ (ku - P//.) + 5,‘3//. (Pa — ga) + 805//. (CIﬂ - kﬁ)]

_ gviewswxy

(f2+F?)

[50,/3 (kﬂ — pﬂ) + 81 (Pa — Ga) + Sap (‘Zﬂ - kﬂ)]
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(b) (¢)

Fig. 13 Generic Feynman diagrams that contributes to the AMDM of the tau-lepton, /; = t, v;. a Scalar contribution, S; = hg. b, ¢ Vector

contributions, V; = y, Z

Fig. 14 Generic Feynman
diagrams that contributes to the
AWMDM of the tau-lepton,

l; = 1, v¢. a Scalar contribution,
Si = ho. b, ¢ Vector
contributions, V; =y, Z. d
Scalar—vector contribution

/
W w- ho / Z

@ Springer
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Table 11 Partial contributions to a3¥ . abe denotes the different parti-
cles running in the loop of the vertex yt+r~

Couplings abe (aZ¥ )ahc

yTT 116140.97 x 10-8 + 01

Ztt 51.55 x 1078 401

hott 0.09 x 1078 401

v WHW™ —10229 x 1078 40

Total aSM = 116090.33 x 108 + 0

Table 12 Partial contributions to ¥ =5M. abe denotes the different

particles running in the loop of the vertex Zt 7~

Couplings abc (al’v —SM )abc

YT 3.09x 1077 —1.24 x 1077

Ztt 4.03x 1078 +1.86 x 1078 i

hott —6.72 x 10712 — 138 x 10711

WEv v, —9.14 x 1077 —4.66 x 1077 i

Ve WHW™ —137x 1070+ 0

thoZ 1.35x 1078 401

Total aV=SM — 192 %1070 —0.57 x 107¢

is —1.9193 x 107%—0.5713 x 10~ . Our result is compara-
ble to that reported in Ref. [33], although a slight difference
prevails. This is due to the fact that we used current values
for the input parameters mz, my, m, sin 6y, and « (fine-
structure constant).
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