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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; = Hy, Ao, ¢°,n°, o, HE, ¢F 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.
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I. 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* ™) 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 funda-
mental fermions, and in particular from the tau-lepton is an essential aspect of theoretical,
phenomenological and experimental investigations hunting for physics beyond the Standard
Model (BSM) of particle physics. For a review of the bounds on the electromagnetic 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]. Unfortunately, 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 measures the production of tau pairs at
different high-energy processes. For instance, the most stringent current bound on the 7
AMDM (see Table I) was derived using the data collected by the DELPHI Collaboration
from measurements in the cross-section of the process ete™ — efe 777 at /s between
183 and 208 GeV at LEP2 [22]. As for the 7 EDM, d,, the BELLE Collaboration searched
for CP-violation effects in the ete™ — v* — 777~ process using triple momentum and spin
correlations [23]. Through this reaction, they obtained the limits shown in Table I for the
real and imaginary parts of the 7 EDM. In the SM scenario, the theoretical predictions on

the 7 AMDM and EDM are: @™ = 117721(5) x 1078 [24-26] and d°™ < 1073% ecm [27-29],



respectively. These results are well below current experimental limits.

TABLE I: The best current experimental results for the electromagnetic dipole moments of

the 7-lepton.

Collaboration Best present experimental bounds on a,; and d- C.L. Reference
DELPHI —0.052 < a; < 0.013 95 % [22]
BELLE —2.2 < Re(d, (107 Tecm)) < 4.5 95 % [23]

—2.5 < Im(d, (101" ecm)) < 0.08 95 % [23]

Another intrinsic property of the 7-lepton that has received attention in recent years due
to important advances in the experimental domain consists of the weak dipole moments of the
tau, which are associated with its interaction with the Z gauge boson. Both the AWMDM
and the Weak Electric Dipole Moment (WEDM) of the 7-lepton, a?¥ and d¥, have been
investigated with LEP data [30-32]. In Table II we show the current best experimental
bounds on @' and d%. These limits are obtained through 77~ production at LEP by
the ALEPH Collaboration, corresponding to an integrated luminosity of 155 pb~! [30].
On the theoretical side, the reached precisions in the AWMDM and WEDM of the tau-
lepton are a¥V =M = —(2.10 + 0.611) x 107% [33] and dV 5" < 8 x 10734 ecm [34]. These
values are well below the current experimental sensitivity. This opens the possibility 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.



TABLE II: The best current experimental results for the weak dipole moments of the 7-

lepton.
Collaboration Best present experimental bounds on a? and d¥ C.L. Reference
ALEPH |Re(a?V)| < 1.14 x 1073 95 % [30]
Im(a?V)| < 2.65 x 1073 95 % [30]
ALEPH IRe(d¥)| < 0.50 x 10717 ecm 95 % 30]
Im(d%)] < 1.1 x 1077 ecm 95 % [30]

The purpose of the BLHM is to solve the hierarchy 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
existence of new physical scalar bosons neutral and charged Hy, Ag, ¢°,n°, o, H*, ¢, 07,
new heavy gauge bosons Z’, W'* and new heavy quarks B, T, Ts, Tg, T*/3,T°/3. At the one-
loop level, the AMDM a, and AWMDM a? of the 7-lepton are induced via the Feynman
diagrams represented in Figs. 1 and 2, where S;, ®F and H, represent scalar bosons, V; and
W gauge bosons, and I; 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): yW/*W'=; ZWHW'~; yWEdF,
WE = WE W™ and &F = ¢F, 0t ZWEeF; ZZH,y;, ZZ'H;, H; = ho, Hy; HorT; T1;:S;,
S; = Hy, Ay, ¢°,n°, 0, H* ¢ n*; 71,Vi, V; = Z/,W'*: ~l;l;, and Zl;l;, where [; = T,v;.
With these vertices, we calculate the one-loop contributions to the AMDM and AWMDM
of the 7-lepton and in several scenarios with m4, = 1000 GeV, m,o = 100 GeV, tan 3 = 3,
f = [1000,3000] GeV and F' = [3000,6000] GeV.

The paper is structured as follows. In Section II, we give a brief review of the BLHM.
In Section III, we present the predictions of the BLHM on the electromagnetic and weak
dipole moments of the tau-lepton. In Section IV, we discuss the sensitivity bounds obtained
on the AMDM and AWMDM of the 7-lepton. Finally, we present our conclusions in Section
V. In Appendix A, we present the Feynman rules employed in the study of electromagnetic
and weak dipole moments of the 7-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.



II. 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 complex
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 partners 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 divergent corrections induced by SM particles. However, LHM [35-37] are already
strongly constrained by electroweak precision 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 symmetry 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 SO(6)4 x SO(6)p is broken to the diagonal group SO(6)y
at the energy scale f, while with the second field A, the global symmetry SU(2)c x SU(2)p
to the diagonal subgroup SU(2) to the scale F' > f. In the first stage are generated 15

pseudo-Nambu-Goldstone bosons that are parameterized as

S = i/ 2/ i (1)

where II and II, are complex and antisymmetric matrices given in Ref. [41]. Regarding the
second stage of spontaneous symmetry-breaking, the pseudo-Nambu-Goldstone bosons of

the field A are parameterized as follows

7_CL

A = FeMa/F ], = Xy (a=1,2,3), (2)



Xa represents the Nambu-Goldstone fields and the 7, correspond to the Pauli matrices [41],

which are the generators of the SU(2) group.

A. The scalar sector

The BLHM Higgs fields, h; and hs, form the Higgs potential that undergoes spontaneous
symmetry breaking [41-43]:

1 1 A
Vitiggs = 5mihi ha + 5mshy hy — Buhi hy + 2> (hi ha)*. (3)

The potential reaches a minimum when my,my > 0, while to break the electroweak
symmetry requires B, > mymsy. The symmetry-breaking mechanism is implemented in
the BLHM when the Higgs doublets acquire their vacuum expectation values (VEVs),
(h))T = (v1,0,0,0) and (he)? = (v,0,0,0). By demanding that these VEVs minimize
the Higgs potential of Eq. (3), the following relations are obtained

1 mo

vf = )TOE(BM — mima), (4)
1 ma

v = )TO@(BM — myms). (5)

These parameters can be expressed as follows

1 (m?+m?
U2 = U% + U% - )\70 (W) (B# — mlmg) ~ (246 GQV)2, (6)
tan f = o _ e (7)
(%) ma

From the diagonalization of the mass matrix for the scalar sector, three non-physical fields
Gy and G, two physical scalar fields H* and three neutral physical scalar fields ho, H, and
Ay 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, (8)

mh, = M =my+ms, (9)



B B2
2 o 12 12 . 2 .
M, = o % + J S5 20 B, v2sin 25 + A\gvtsin? 2. (10)
The four parameters present in the Higgs potential m,,mo, B, and )¢ can be replaced by
another more phenomenologically accessible set. That is, the masses of the states hg and

Ay, the angle § and the VEV v [42]:

1
B, = §(A0v2+mio)sm2ﬁ, (11)
2 2 2
M Mpy — Ma
Ao = —° 0 2 12
0 v? (mio—maosin22ﬁ)’ (12)

B,cot 23 + \/(Bﬁ/sin2 20) — 2X\B,v2sin 2 + Ajv*sin? 23
tano = - ) (13)
B, — Agv?sin 23

B B2 . :
my, = o ;B + \l sinQMQB — 2MoB,,v%sin 23 + Njv*sin? 23, (14)
mi = ()\56 + >\65)f2 = 2)\0f2KU. (15)

The variables A5 and Ags in Eq. (15) represent the coefficients of the quartic potential defined
n [41], both variables 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 my.

16 3g2g2 A2 f4+F4
2 —FQ A Bl 2 16
Mo = 3 3o 8\ ) T ey (16)
16 _,3g%q? A? fA+ f2F? +
mie = §F2 35;23 log | —, - +m? P (17)
W/
3f292 A2
2 _ 2 Y
m,’?j: — m4+ 647T2 ﬁ, (18>
m%o = mj. (19)

B. The gauge sector

In the BLHM, the new gauge bosons develop masses proportional to /f? + F? ~ 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:
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2 F2
ﬁ::i%TﬂLhzﬁD#z)+4in(D“AﬁD“A% (20)
where
DY = 9,5+ igaAl, Ti'Y — igpXAg T} +igy By (ThY — ST}), (21)

a

LMﬁ:@A+mM%%A—mAA

a
a T

w7y (22)
Tf are the generators of the group SO(6)4 corresponding to the subgroup SU(2)r4, while
T3 represents the third component of the SO(6)p generators corresponding to the SU(2).p
subgroup, these matrices are provided in [41]. g4 and Af,, denote the gauge coupling and
field associated with the gauge bosons of SU(2)p4. g and Ag,, represent the gauge coupling
and the field associated with SU(2).p, while gy and Bz denote the hypercharge and the
field. When X and A get their VEVs, the gauge fields Af, and Aj, are mixed to form a
massless triplet Aj, and a massive triplet Ay,

Ag, = cos0,AT, +sinb A5, Af, = sinf A}, — cos b, A5, (23)
with the mixing angles

JA ¢y =cosf, = 22 (24)

Ja+a A+

which are related to the electroweak gauge coupling g through

54 =sinf, =

! ! + ! (25)
9 9i 9B
After breaking the electroweak symmetry, when the Higgs doublets, h; 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

m? =0, (26)
1 v? 3f2 2
my = 4<g2+g%)v2<1—12f2 <2+f2+F2 (si—cﬁ) >>, (27)
1 v? 32 2
mys = Zg2v2 (1 BETIE <2+ oWz (sg - cﬁ) )) : (28)
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2 2 g*spyvt 2 2\2
2

Mg = s (74 F?) —mips. (30)

959

The weak mixing angle is defined as

sw =sinfy = , (31)
9°+ 9%
_ _ g
cw = cosby = 7@ (32)
C. The Yang-Mills sector
The gauge boson self-interactions arise from the following Lagrangian terms:
L= Fi,Fl" + Fy, F3", (33)
where F{'y are given by:
P = OMAY — PAM + ga > D e AT AL, (34)
FY" = OrASY — 0" A" + gp zbj Yo et AT AY. (35)
b c

In these equations, the indices a, b and ¢ run over the three gauge fields [45]; € is the

anti-symmetric tensor.

D. 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)p. 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, @, and @’ which transform under SO(6)4, while U¢ and U.¢ are transformed
under the group SO(6)p. Second, 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]
L=y fQTSESU + yo fQTSU + ys fQTSUL + yo f a3 (—2TRE)US + hec., (36)

where S = diag(1,1,1,1,—1,—1). The explicit representation 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]

Liigne = > yuf @ Su§ + > yafal (—2TpS)ds + > yefl] (—2iTpE)e + h.e.  (37)

i=1,2 i=1,2 i=1,2,3
E. The currents sector

The Lagrangian that describes the interactions of fermions with the gauge bosons is [41,
A4]

L = Q7D,Q+Q7D,Q —UsrD, U — U "D, U — Ut D, U + 3 ¢lm"D,q;

i=1,2

+ Z ZIT“D#li — Z efTT”D“ef— Z ufTT“D“uf— Z dfTT“Dudf, (38)

1=1,2,3 1=1,2,3 1=1,2 i=1,2

where 7/ and 7# are defined according to [46]. On the other hand, the respective covariant

derivatives are provided in Refs. [44, 45].

III. 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 quantities 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 interaction with the gauge boson V', V' = ~, Z. The most general Lorentz-

invariant vertex function describing the interaction of a gauge boson with two fermions can be
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written in terms of ten form factors [47, 48], which are functions of the kinematic 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 number is further reduced to

four. In this way, the V f f vertex function can be written in the form
iea(p' )T, - u(p) = iea(p) {7 | (%) = FX (¢)7°] +i0" q, [ F1(¢%) — iFE (¢)7°] Yu(p), (39)

where e is the proton charge and ¢ = p’ — p the V' gauge boson transferred four-momentum.
The terms F\/(0) and FY(0) in the low energy limit are the V ff vector and axial-vector
form factors in the SM, while F};(¢?) and F¥(¢?) are associated with the form factors of
the electromagnetic 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 af = —2m;Fi(¢> = m%) and dY = —eFf(q> = m%), whereas the electromagnetic

properties, a; and dy, are defined by analogue expressions but with the replacement ¢* = 0.

A. The AMDM and AWMDM of the tau-lepton at the BLHM

In this subsection, we are interested in the contributions generated 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 7 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, 5;
and CID;-'E represent the new scalars Ag, Hy, H*,1°, ¢°, 0, n%, ¢F; V; stands for the new gauge
bosons Z', W'+, and I/VijE the gauge bosons W*, W'*; and finally, [; denotes the leptons
7,v,;. To obtain the amplitude of each contribution, we use the Feynman rules provided
in Appendix A [49]. We used the unitary gauge for our calculations and implemented the
Passarino-Veltman reduction scheme to solve the loop integrals involved in the amplitudes.

Such amplitudes are also gauge independent since the V' gauge boson is in on-shell, as well

11



as the tau-lepton pair. It is worth mentioning that the contributions for the AMDM and

AWMDM of the 7-lepton are free of divergences.

7(p2)

FIG. 1: Generic Feynman diagrams that contribute to the AMDM of the tau-lepton, I;
7,v;. a) Scalar contributions, S; = o, Ag, Hy,n°, ¢°. b) and c) Vector contributions, V;

Z' . W'*. d) and e) Scalar-vector contributions, W= = W* W' and &F = ¢*, n*.

12



FIG. 2:

7(p1) 7(p2)

m(p2)  7(p1)

Generic Feynman diagrams that contribute to the AWMDM of the tau-lepton,

li = 7,v;. a) Scalar contributions, S; = Ay, Hy, HE,7°,¢°, 0,n*,¢*. b) and c) Vector
contributions, V; = Z', W'*. d), e), f) and g) Scalar-vector contributions, W= = W+ W'+,
®F = ¢t n*, and H; = hg, Hp.

(2

According to Figs. 1 and 2, all possible amplitudes contributing to the F7,(¢?) or FZ(q?)

form factors can be classified in terms of the six classes of triangle diagrams. Each category

can be written in the following compact notation

13



K+ o+ my,
k+p2)? —mj

li(k+p1)2—ﬂ;i]U(pl) <k2— %L> ) (40)
ME(Vilili) = / (;Zwl;ﬂ(m) (Co v Pr) [ Bt Py 4 o 12_] (+v(Fv, + Fa®))

MESILL) = C, / ) | [ ( ] (v (Fv; + Fa®))

X

(k4 p2)? —

X

=, (o ) @)

mMewrwen) =

X

471(292) (CiliW/’YVPL) [ 152] ( W'Y APy ulp

) ul
(k —pz)i2 —m2, (—gw+ (k= p2)a ’f p2)y )
)

' k— k:
y [ i : (—gmﬂL( P1)s P1))

4
Merw) = [ &) (€ ) [ <cﬂ )

app
AVWIW/

]
| (12)

&)
o . [
" (k—m;—nf+(_%”+%_m2§ﬁ_m»)]’ w

ME(WFL) = /(d4k4a(p2) (CTliWi_’YaPL) llkﬂ (Cﬂiq,j)u(pl)

==l m2,-

X(vawgw>hk_m§_n%1, (11
Metat) = [ et (2 + 1) [ ] (Con o)

g o )| €nmo

: Lk—m;—n%j’ (45)

where Fy, and F4, denote the form factors of the vector and axial-vector. On the other hand,

Z=Z7,7' while C (or C*) denotes the coupling constants of the corresponding vertices. The

14



tensor A%‘élw, is provided in Table IX of Appendix A. From these amplitudes, we obtain the
new physics contributions induced by the scalar and vector bosons, particles of the BLHM.

The effects of the new physics are determined in the following way

a =a = [a,]% + [a,])"" + [a,]%7", (46)

ZV—BLHM = [V + [aY]Ye + [aV])5 Y (47)

We also consider the total contributions, that is, which result from the sum of the con-

tributions of the SM (see Appendix B) and BLHM.

= oSM 4 oBLAM (48)

aW—SM + (IZV_BLHM. (49)

T

s

IV. 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. Sub-
sequently, we discuss the numerical contributions generated for the AMDM and AWMDM

of the 7-lepton in each study scenario.

A. Parameters space of the BLHM

We consider the following BLHM input parameters: my,, my,, tan 3, tanf,, f and F.
The pseudoscalar mass Ay: 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 integrated 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, Ay, decaying into ZH, where H denotes another heavy Higgs boson with mass
mpg > 125 GeV.

The scalar mass 7y: In the BLHM scenario, the free parameters my 5 ¢ [41] are introduced

to break all the axial symmetries in the Higgs potential, giving positive masses to all scalars.

15



Specifically, the ny scalar receives a mass equal to m4 = m,, = 100 GeV, according to the

BLHM, and the restriction my < 10 GeV must be considered [41].

The ratio of the VEVs of the two Higgs doublets, tan 3: Several theoretical con-
straints can be applied to this parameter, primarily due to perturbativity requirements.
Two constraints limit the value of tan 3, the first of which is the requirement that \g < 4,
leading to an upper bound according to Eq. (50). A lower bound also exits and is set by
examining the radiatively induced contributions to m; and ms in the model, which suggests

that tan 5 > 1 [41].

Ao

> -1 (50)

2+2¢<1—m50><1—4£;>
1 <tan 8 <

2
mp (1 " mi mho)
mi 4mo?
0

From this inequality, we can find the range of allowed values for the parameter tan 5. In

particular, for my, = 1000 GeV, it is obtained that 1 < tan 8 < 10.45.

The mixing angle 6,: The gauge couplings g4 and gp, associated with the SU(2)4 and
SU(2)p gauge bosons, can be parametrized in a more phenomenological fashion in terms of
a mixing angle 0, and the SU(2),, gauge coupling: tanf, = g4/gp and g = gAgB/m.
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 diagonal 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 8 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 III, we

16



summarize the values used for the parameters involved in our analysis.

TABLE III: Values assigned to the free parameters involved in our numerical analysis in the

context of the BLHM.

Parameter Value
ma, 1000 GeV
M0 100 GeV
tan 8 3
tan 6, 1
f [1000, 3000] GeV
F [3000, 6000] GeV

B. 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
contributions 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
contribute to the AMDM of tau-lepton, as they could generate a significant enhancement in
the value of a, (a, = a?HM) compared to the SM prediction a™. In the BLHM, as in the
SM, the 7 EDM is multiloop suppressed. Therefore, in this subsection, we report only the
values of a,.

For this purpose, we start by solving the amplitudes generated by Egs. (40)-(44), the
method we use to solve is the Passarino-Veltman reduction scheme. As indicated above,
Table III 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 tan6f, = 1 which implies that the gauge couplings g4 and gp
are equal. Another possible study scenario it is for tanf, # 1 (sinf, # cosf,). In this
case, we can predict that the values for a, and a!¥ 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. 1(a) and 2(a)), that is,
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the terms that contain sin §, and cos 6, are inversely proportional to (f?+ F?) (see Table IX
in Appendix A), and therefore suppress these additional contributions since f € [1000, 3000]
GeV and F € [3000,6000] GeV. When tan6, = 1, the Feynman rules for the A, W*¢~
and A,W*n~ vertices, as well as their respective Hermitian conjugates, are canceled (see
Table X in Appendix A). Thus, they lead to the non-contribution of specific Feynman
diagrams shown in Figs. 1(d) and 1(e).

After solving for the amplitudes, we extract the form factors proportional to the o#¥q,
tensor, these form factors contain in coded away the [a,]*, [a,]" and [a,]%"i. Concerning
[a.]%~"i that represents the scalar-vector contributions to the AMDM of the 7-lepton, its
corresponding form factors turn out to be zero. Therefore, [a,]%~" 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 Figs. 1(a) and 1(b)-1(c), respectively.
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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 III are used for the remaining model parameters.

In Fig. 3, we show the partial contributions to a, due to the different particles in-
volved, and these individual contributions are classified in a.(S;) and a.(V;), depend on
the energy scale f and generate purely real values. Specifically, Fig. 3(a) shows the curves
of the contributions generated by the scalars n°, Ay, ¢°, o and H,. In this figure, we
can appreciate that the scalar n° provides the largest positive contribution with Re[a,(n°)]

= [2.22 x 10711,2.43 x 107'2] while the smallest negative contribution is given by the H
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scalar with Re[a,(Hy)] = —[2.24,2.27] x 1072, The remaining scalars generate suppressed
contributions, one or more orders of magnitude smaller compared to the main contribu-
tion Rela,(n")]: Rela,(Ap)] = [2.72,2.67] x 1072 Re[a,(¢")] = [1.07 x 10712,7.82 x 107
and Re[a,(0)] = [2.09 x 107,2.96 x 107'%]. On the other hand, the vector contributions
arise from the gauge bosons W' and Z’ (see Fig. 3(b)). So for the range of analysis set
for the symmetry breaking scale f, the contribution of the gauge bosons W'* and Z’ are
Refa, (W'*)] = [9.81,6.67] x 1071° and Re[a,(Z")] = [3.92,2.67] x 107! respectively. Ac-
cording to Figs. 3(a) and 3(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 IV we show
the magnitudes of all partial contributions to a, that correspond to the virtual particles

circulating in the y77~ vertex loop.

1.4x107° total —

vector
1.2x107° | 1 scalar -

1.0x107° |

8.0x10710 £

Re [a,]

6.0x10710 £

4.0x10710 £

2.0x10710 £

0.0x10° t= .
1 15 2 25 3

f[TeV]

FIG. 4: Scalar, vector and total contributions to Re(a,). The plot is obtained with the
fixed value of F' = 4000 GeV. The values provided in Table III are used for the remaining

model parameters.

In Fig. 4, we also describe the behavior of Re[a,(scalar)] and Re[a,(vector)], as well as
the total of these two contributions. Re[a,(scalar)] and Rea,(vector)] stand for the sum of
all individual contributions to Rela,] due to the scalar and vector bosons, respectively. Note
that the magnitude of the vector contribution dominates concerning the scalar contribution
so that the total contribution receives significant contributions from the vector sector. The
numerical estimates obtained for the three sectors are Re[a,(vector)] = [1.37 x 1079,9.34 x

10719, Rela, (scalar)] = [2.38 x 10711,2.90 x 107?] and Rela, (total)] = [1.40 x 107°,9.37 x
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10719] for f = [1000, 3000] GeV. According to these numerical data, we find that effectively
the vector and total contribution acquire values of the same order of magnitude, which does
not occur with the scalar contribution, which generates 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 sym-
metry breaking scale F. Therefore, it is worthwhile to examine the dependence of a, on
the scale F.. Thus, in Fig. 5(a), we show the level of sensitivity exhibited by the 7 AMDM
when varying the F' energy scale while keeping 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 7 AMDM are Re[a,] = [2.36 x 107%,6.54 x 1071],
Rela,] = [1.80 x 1072,5.89 x 10719 and Re[a,] = [1.30 x 1079,5.21 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, 107 — 107!°. These values decrease drastically as the I scale
increases up to 6000 GeV. As we observed in the plot, the dominant contribution arises for
small values of the f scale, particularly when f = 1000 GeV. Concerning, Fig. 5(b), we plot
the curves of the contributions to a, in the analysis range of f = [1000,3000] GeV, now we
fix the scale I’ and assign 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 numeri-
cal estimates are Re[a,] = [2.36,1.30] x 107, Re[a,] = [1.40 x 107?,9.37 x 10~'%], Rela,]
= [9.21,6.89] x 1071 and Rela,] = [6.54,5.21] x 1071 Again, Rela,] ~ 1072 — 1071° and
also acquires large values for small values of the F' scale, this being F' = 3000 GeV. By
comparison, we find that Rela,| 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.
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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 scale F. The plots are obtained for
specific fixed values of the f or F' scale. The values provided in Table III are used for the

remaining parameters of the model.
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FIG. 6: Total contribution to Re(a,) for different values of tan 5. The plot is obtained with
fixed values of the f = 1000 GeV and F' = 4000 GeV. The values provided in Table III are

used for the remaining parameters of the model.

We now turn to examine the behavior of the real part of a, as a function of the mass of
the pseudoscalar Ay or the charged scalar H*, which by the particular characteristics of the

BLHM my4, = mpy+. In this case, we are interested in investigating the phenomenological
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details associated with the increase of ma, (or mg+) vs. Re[a,]. According to Eq. (50),
the parameter tan 8 is directly related to my,,, since the range of values that tan 8 could
take is established precisely by the value assigned to my,, i.e., for my4, = 1000 GeV and
ma, = 1500 GeV the respective ranges of values for the parameter tan g, tan 5 € (1,10.45)
and tan 8 € (1,11.99) are generated. To evaluate the numerical contributions of Rela,],
we propose to vary the my, parameter from 1000 GeV to 1500 GeV and also take certain
values of tan 3 in the allowed value space, that is, tan g = 3,4,6,8 and 10. Fig. 6 shows
the dependence of Re[a,| on m,,, 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 10~ and
Rela,] = [1.3969,1.3967] x 1077, respectively. For the remaining curves, Rela,] ~ 107°.
According to our predictions, Re[a,] shows a dependence on the m4, parameter. However,
Re[a,| has a small sensitivity to changes in the parameter tan § since the numerical values
obtained by Re|a,] are of the same order of magnitude for different choices in the values of

tan [3.

TABLE IV: 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 III 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 (aT)abc
oTT —2.09 x 107" 404
AT 2.72 x 10712 404
Hyrr —224x 10724014
7T 2.22x 10711 4+ 04
POrT 1.07x 10712+ 0
Z'rr 3.92 x 10710 404

WHW'=v, | 981 x 10719 404
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C. AWMDM of the tau-lepton at the BLHM

In this subsection, we perform the numerical estimation of the AWMDM a% (a¥¥ =

T

alV=BLHM) of the tau-lepton induced by a scalar, vector and scalar-vector bosons of the

BLHM depicted in Figs. 2(a), 2(b)-2(c) and 2(d)-2(e), respectively. As in Subsection IV B,
in the tanf), = 1 scenario implying that sinf, = cosf, leads to the cancellation of some
Feynman diagrams in Figs. 2(d)-2(e), this is because the Feynman rules for the involved
vertices ZW*¢~, ZW*n~ and Z,Z, H; are made zero by the condition mentioned above (see

Table X in Appendix A). The remaining Feynman diagrams provide non-zero contributions

w

to a; .

In this sense, we start by showing in Fig. 7 the contributions of the different scalars to the
7 AWMDM, here and in the subsequent cases a/¥" acquire a real part and an imaginary part.
We plot the behavior of @'V as a function of the new physical 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 generate positive contributions
to Re[a!], 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 [aX], [Re [} (0)]| = [5.16 x
107%6,8.20 x 107'%]. In contrast, the scalars n* and H* generate the main contributions to
Re [a?¥] in the range of analysis established for the f energy scale, i.e, Re[a! (n*)] = [1.38 x
10713,9.51 x 107] for the interval f = [1000,1100] GeV and Re [a}V (H*)] = (9.51,9.35] x
1071 for f = (1100, 3000] GeV. Concerning the right plot of Fig. 7, it can observe that
again the Hy and o scalars contribute negatively, in this case to Im (a!), while the rest of
the scalars contribute positively. The 7° scalar provides the largest contributions to Im [a],

while the smallest contribution is induced by o: Im [a!V (n°)] = [3.28 x 107!3,3.58 x 1071
and |[Im [a¥ (0)]| = [1.14 x 107%6,1.38 x 10718].
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FIG. 7: Individual scalar contributions to a’. a) Re(a?). b) Im(a!’). The plots are

obtained with the fixed value of F' = 4000 GeV. The values provided in Table III are used

for the remaining model parameters.

We discuss the contributions induced by the vector and scalar-vector bosons to the 7
AWMDM. We begin by examining the real and imaginary parts of the BLHM partial contri-
butions to a!¥'. 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 ! are achieved when the vector boson
W'* circulates in the Z777~ vertex loop. In this case, the corresponding numerical contribu-
tions are Re[al (W'#)] = [2.72,1.85] x 107 and Im[a}’ (W'%)] = [9.01,4.16] x 107!3. Other
subdominant contributions appear when particles W't ¢~, ¢tW’'~ and Z’ circulate in the
above-mentioned vertex loop: Re[al’ (W'T¢™)] = RelaV (¢T™W'~)] = [4.67,3.23] x 1071% and
Im[a¥ (Z")] = [2.42,1.12] x 10713, Complementarily, the minor contributions arise for the
following cases: |Re[a (ZHy)]| = [5.69,5.83]x 10712 and Im[aY (Z Hy)] = Im[aY (W't ¢7)] =
Im[a (W'Tn7)] = 0. If we compare our numerical estimates, we find that the real parts of
the partial contributions provide significant contributions to a?¥ since they are at least one
order of magnitude larger than the imaginary parts. In Table V, we show the magnitudes
of all partial contributions to a!" that correspond to the virtual particles circulating in the

Z 71T~ vertex loop.
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FIG. 8: Individual vector and scalar-vector contributions to a?¥. a) Re(a!’). b) Im(a?V).
The plots are obtained with the fixed value of F' = 4000 GeV. The values provided in

Table III are used for the remaining model parameters.

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 a!¥ depicted in Fig. 9(a), we can observe more closely that
Re[a! (total)] and Re[a! (vector)] obtain values of the same order of magnitude, 107, while
Re[a? (s-v)] ~ 107! and Re[a! (scalar)] ~ 107!3. With the imaginary part of a!’ (see
Fig. 9(b)) the same happens as the real part, in this case, Im[a!¥ (total)] ~ Im[a} (vector)]
~10712—10713, Im[a (scalar)] ~ 1071 —107 and Im[a! (s-v)] = 0. It is worth mentioning
that Figs. 9(a) and 9(b) were obtained for a fixed value of the other physical scale of the
BLHM, F' = 4000 GeV, which is also involved in our calculations. We later present the

sensitivity of ¥ for other values of the F' scale.
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FIG. 9: Scalar-vector (s-v), scalar, vector, and total contributions to a?¥. a) Re(a!’). b)
Im(a!). The plots are obtained with the fixed value of F = 4000 GeV. The values provided

in Table III are used for the remaining model parameters.
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FIG. 10: Total contribution to a¥ for different values of the energy scale f. a) Re(al). b)
Im(a?). The plots are obtained for specific fixed values of the f scale. The values provided

in Table IIT are used for the remaining parameters of the model.

As already commented, the BLHM is based on two distinct global symmetries that break
into diagonal subgroups at different scales, f and ' > f. These scales represent the scales of
the new physics. Therefore, it is very convenient to analyze the behavior of the 7 AWMDM as

a function of these energy scales since the masses of the new scalar and vector bosons strongly
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depend on them. Thus, similar to what was performed in the previous subsection, we study
the dependence of a!' on F while maintaining fixed the f scale or the opposite. In Fig. 10,
we begin by showing a variation of the scale I’ 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 @ arise for f = 1000 GeV. This occurs for both the real and the
imaginary part of a!’: Re[a?] = [6.64,1.80] x 1072 and Im[a!] = [3.68 x 10712,6.00 x 10713],
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].
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FIG. 11: Total contribution to a?¥ for different values of the energy scale F. a) Re(al’). b)
Im(a?). The plots are obtained for certain fixed values of the F' scale. The values provided

in Table IIT are used for the remaining parameters of the model.

Now, we examine the dependence of a!¥ 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

w
r

for F' = 3000 GeV, these contributions are Re[a?] = [6.64,3.71] x 107 and Im[a?] =

plot the curves shown in Fig. 11. In this case, the largest contributions to a)” are reached

[3.68,1.06] x 107'2. On the opposite side, the smallest contributions to a?¥ are generated

when F' = 6000 GeV: Re[a?] = [1.80,1.47] x 1079 and Im[a}] = [6.00,2.05] x 107'3.
According to the numerical results, it is found that oV 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 @/’ has a decrease of about one order
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of magnitude as F' increases up to 6000 GeV. For the following case, when ¢! 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 a?¥ gets large values when f = 1000 GeV or F' = 3000 GeV,
while smaller values are obtained for ! when the scales tend to take values close to their
established upper limits. In short, ¢ = 6.64 x 107 + 3.68 x 107'24 is the largest value
found when f = 1000 GeV and F' = 3000 GeV.

Finally, Fig. 12 show the a!¥ behavior as a function of m 4, or my=, for tan 8 = 3, 4, 6, 8
and 10. From this figure, we can observe that the largest contributions to the 7 AWMDM
arise when tan 8 = 3. This happens for the real and imaginary part of a!': Re[a!V] =
3.91307,3.91301] x 1072 and Im[a!'] = [1.50892, 1.50353] x 10~'2. As the parameter, tan 3,
increases more suppressed curves are generated. This occurs in the case of tan § = 10 which
gives the following values corresponding to a', Re[a’] = [3.91298,3.91297] x 10~ and
Im[a?] = [1.50500, 1.50288] x 10~'2. Furthermore, a!” acquires smaller values as the mass

of the pseudoscalar Ay increases up to 1500 GeV. However, we can say that the changes or
w

7 are not so great since the numerical values they acquire remain of the same

effects on a

order of magnitude.
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FIG. 12: Total contribution to a! for different values of tan 3. a) Re(a!’). b) Im(al¥).
The plots are obtained for fixed values of the f = 1000 GeV and F' = 4000 GeV. The values

provided in Table IIT are used for the remaining parameters of the model.
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TABLE V: 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 III are used for the rest of the model parameters. abc denotes the different

particles running in the loop of the vertex Z777~.

f =1000 GeV, F = 4000 GeV

Couplings abc (aW)abc
oTT —283x 10710 —1.14 x 10716 4
AT 598 x 10714 +3.33 x 107144
Horr —4.94x 107" — 274 x 10714 ¢
nOrr 1.15 x 10713 +3.28 x 10713 4
O 2.05 x 10714 4 1.44 x 10714 ¢

H*v v, 052 x 10714 +1.21 x 107154

nFurv, 1.38 x 10713 +1.53 x 1071 4

v, 4.25 x 1071 +1.65 x 1071° 4

Z'rr 251 x 10719 4242 x 10713 4

W'*v. v, 9.33x 107194+ 9.01 x 10713 4

WHHW' v, 1.79 x 1079404
W'to v, 467 %1070 404
dTW' v, 467 x 10710404
W'y~ v, 234 x 10712404
ntW'=u, 234x 1072404

ZHyr —5.69x 1072404

D. Contributions of the SM and BLHM to the AMDM and AWMDM of the

tau-lepton

As previously defined (Eqs. (48) and (49)), the contribution of the SM and BLHM par-
ticles to the AMDM and AWMDM of the tau-lepton will be represented by a, and oV,
respectively. In this way, in Tables VI and VII we provide the partial and total numerical

values for o, and a¥. In these tables, we find that all new diagrams arising in the BLHM
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have a small numerical impact on the AMDM and AWMDM of the 7-lepton. This is partly
because both a, and a?¥ 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 provide the largest contributions
to a, and a‘T’V. According to the numerical data, we find that a, = 116090.46 x 10~® and
a = —-192 x 1075 —0.57 x 107 4.

TABLE VI: Partial contributions to «,. abc denotes the different particles running in the

loop of the vertex y777.

f=1000 GeV, F = 4000 GeV
Couplings abc (ozT)abC
NTT 116140.97 x 1078 + 04
ZrT+ Z'tT 51.59 x 1078 40 i
hotT + AgTT + HorT + %77 + %77 + 07T 0.09 x 1078 +0
vy WIW™ + v, WHW/'— —102.19 x 1078+ 04
Total ar = 116090.46 x 1078 + 0

TABLE VII: Partial contributions to o¥. abc denotes the different particles running in the

loop of the vertex Z77.

f =1000 GeV, F = 4000 GeV
Couplings abc (aKV )abc
yTT 3.09x 1077 —1.24 x 10774
Zrr+ Z2'tT 4.05x 1078 +1.86 x 1078 4
hotT 4+ AgTT + HorT 4+ V77 + 0077 + 077 —6.58 x 10712 —1.34 x 1071 ¢
Wrvv, + Whov + HYvovs + ¢Fvevs + ntv,v, —9.13x 1077 —4.66 x 1077 ¢
v WAW ™ 4+ v, WHW'— —1.37x1070 404
ThoZ + THoZ 1.35x 1078 401
Wt v, + otTW' v, + Wy~ v, + W'y, 9.39 x 10710 404
Total aW =-192x107% - 057 x 1076 4
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V. 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

M W—-SM

; are in agreement with the results

SM, we find that our predictions for a®™ and a
reported in the literature. Concerning 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 emphasized.

The BLHM has two global symmetries that break at different energy scales, so f and F
represent the scales of the new physics, and at this level, the new scalar and vector bosons
acquire their respective masses. Therefore, we have analyzed the dependence of a, and a!”
on the physical scales f and F, and we find that both a, and a!¥ are sensitive to changes in
f and F. Large values of these energy scales, as long as they are in the allowed intervals,
suppress the contributions to a, and a!V'. However, when these scales acquire the respective
minimum values, f = 1000 GeV and F' = 3000 GeV, large values are reached for the 7
AMDM and AWMDM: a, = 2.36 x 1072 + 07 and o/ = 6.64 x 107° + 3.68 x 107124,
respectively. In this work, we also examine the dependence of a, and @’ on the my,
parameter. Our results indicate that both show a small sensitivity to changes in the m 4,
parameter since the contributions they acquire remain of the same order of magnitude,
a; ~107% and a/¥ ~ 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 sensitivity
reached by the colliders is beyond the level of precision required to test the SM predictions
on a?™ and @™~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 experimental measurements. In the BLHM scenario, we found that the contributions
generated by the new scalar and vector bosons to the 7 AMDM and AWMDM are a, ~
107 and a¥ ~ 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
extensions, such as the Simplest Little Higgs model, a, ~ 1072 and a¥¥ ~ 1079 [52]; the
Two-Higgs Doublet models (type-I and type-II), a¥¥ ~ 1072 — 10710 [53, 54]; the Two-Higgs
Doublet models type-IIT with textures, a, ~ 1077 — 107 and a%¥ ~ 1077 — 10719 [55];
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Scalar Leptoquark models, a, ~ 107 and a?¥' ~ 1072 [56]; the Minimal Supersymmetric
Standard Model with a mirror fourth generation, a, ~ 1075 — 1071% [57]; unparticle physics
(for Ay = 10 TeV), a; ~ 1072 — 10719 and a?¥ ~ 1072 — 10719 [58]; the type-I and type-
I1I seesaw models, |af| < 1.87 x 1078 and |al!f] < 7.55 x 1072 [59]; and finally, in the
framework of the effective lagrangian approach and the Fritzsch-Xing lepton mass matrix,
a, ~ 1071 [60].

Currently, the experimental limits in the 7 AMDM and AWMDM are well above theo-
retical 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 complement 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:
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Cp
Sp
SO(

Ca

Ts

Yr

cos f3,
sin 3,
sin a,
cos a,
cos g,

sin 0,

2 cos Oy

m,
1
vsin (

. 2 2
sin 0, cos 0, (sin” 6, — cos” ),

v\
3f2 '

TABLE VIII: Feynman rules for the BLHM involving the escalars o, hg, Hy, ¢°, n°, HE,

¢*, n*, the pseudoscalar Ay and the vector bosons Z’' and W'*.

Vertex Couplings
= CRVYr
OTT
vaf
_ (16053a5502+ca (80§v2+24s%1)2))y7—
hoTT Calr — IVE:
2 2,2
_ SaCg—2casgcgt+3sasy |viyr
HoTr —SaYr + ( . 32 ﬁ)
AoTT —icgYr
0= _ isguyr
nTT 2f
0= 153VYr
QTT o
H*o.r V2csy, P
+ -~ 1SgVYr
T vif R
4+ _isguy,—
¢TUrT V2f Pr
Z'rr %ig’y“PL
+y _ 39 ~p
W™t /37 Py,
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TABLE IX: Self-couplings of gauge bosons in the BLHM.

Vertex Couplings

th(CI)Wg(k)WZ;F(P) igew [0pu (Pa — Ga) + bap (48 — kg) + dap (ku — pp)]
— gv%s(zCg;jf&i"fﬁf(QCWH)) 05 (Pa — o) + dap (a5 — Kp)
+ 0ap (K — py)]

AW (kW5 (p) ig 5w [0as (K — ) + 05 (Pa — da) + dap (45 — k)]

U2C SWZs
— S s (ki — Pu) + 95 (Pa — da) + dap (45 — kp)]

TABLE X: Three-point couplings of two gauge bosons to a scalar in the BLHM.

Vertex Couplings
77N _ gswv(cg—sg) (g2+g/2) sin(a+f) I gswvd (cg—sg) (g2+g’2) sin(a+p3)
0 2¢ysq9’ 6cgsgg' f?
X v3zs sin(a+p3) (cggg’sw (gz+g’2)+20gsg (g4s%/v+g2g’2 (25‘2,[,-1—1)—1—9’45%‘,)—99’555“/ (92+g’2))
26959912 (f2+F2)
2 2
7 7H s%,v(g2+g’2) cos(a+p) S%VUB (92+g’2) cos(a+p)
0 292 - 6972 f2
_ swvlas (92 +g"?) cos(a+B) (cz(=9)g +egsgsw (9°+9%) +99's3)
2cq599" (f2+F?)
7 H _ gswv(cg—sg) (g2+g/2> cos(a+p3) i gswvd (cg—sg) (92—1—9’2) cos(a+p3)
0 2¢ys49’ 6cgsgg’ f2
i v3z5 cos(a+p3) (cggg’sw (g2+g’2)+2695g (9453‘,—&-929’2 (25‘2/‘, +1)+g’4s€V>—gg’s§sW (92+g’2))
26989912 (f2+F2)
A W+ _ 9333‘/114955 (cg—i-sg)
s Scgs00 TUPHE?)
R PP (Gr) L v ()
v 8cgsgf 16cgsqg’ f(f2+F?)
R IR () PRy ne( )
WTo 20y3 0 (PIF?)_ _ Soys,d TP P
AW _Jetswegtsy) | gtswol(cptsy) | folsiye’ea(cfas)) | gtsiyotes(cgts))
v 2¢g54 8cgsgf degsgg' (f2+F?) 16cgsq9" f(f2+F?)
ZW+ _ . gQS%/‘,v‘lxs (cg—i-sg)
" 8cgsa T2+ F?)
ZW'ny~ 99'swv(co+sg) _ gswolas(c+sy)(gswtg')
Y 8cgsgf 16cgsq f(f2+F?)
p— PR (e R S A O A A )
2c49"2sq(f2+F?) 8cgs99"? f(f2+F?)
Al  fgPsw(cats2) N gswv?(c2+52) (29 +9%) " fgswozs(c2+s2) (gsw+g')
2¢cgs¢9 8cgsgg’ [ degsqg? (f2+F2)
 gswvts (453) (20497 (gom +9')
16cgsq9"2 f(f2+F?)
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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 contributions 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

M and a¥ =M are obtained from these figures.

contributions for a?

The prediction of the AMDM of the 7-lepton in SM is calculated 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 XI, we provide the numerical values of the QED contribution and
the partial electroweak contributions. In this table, we can appreciate that indeed the QED
contribution is the most important, followed by the electroweak contribution. Our result

obtained on a®™ = 116090.33 x 1078, is comparable to that of Ref. [26]. Regarding the
EDM of the tau-lepton, it is absent at this level.

7(p1) 7(p2)

FIG. 13: Generic Feynman diagrams that contributes to the AMDM of the tau-lepton,

l; = 7,v,. a) Scalar contribution, S; = hg. b) and ¢) Vector contributions, V; = v, Z.
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m(p2)  7(p1) 7(p2)

7(p1) m(p2)  T(p1) 7(pa)

FIG. 14: Generic Feynman diagrams that contributes to the AWMDM of the tau-lepton,
l; = 7,v;. a) Scalar contribution, S; = hy. b) and ¢) Vector contributions, V; = v, Z. d)

Scalar-vector contribution.

TABLE XI: Partial contributions to a®™. abc denotes the different particles running in the

loop of the vertex y7r77.

Couplings abc (af M )abc
NTT 116140.97 x 1078 + 04
ZTT 51.55 x 1078 40 i
hoTT 0.09 x 1078404
v, WHW— —102.29 x 1078 +0 i
Total aSM = 116090.33 x 1078 +0 4

We also estimate the AWMDM of the tau-lepton with the initial and final particles in
the on-shell. The relevant diagrams in the unitary gauge are those shown in Fig. 14, and

their numerical contributions are given in Table XII. In this table, we can appreciate that
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SM in absolute value, arises when W+, W~ and v,

the largest partial contribution to a¥¥~
particles circulate in the loop. The total contribution to a’’ =M is —1.9193 x 1076 —0.5713 x
107% 4. Our result is comparable 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 m,

mw, m,, sinfy, and « (fine-structure constant).

TABLE XII: Partial contributions to ¢V =M. abc denotes the different particles running in

the loop of the vertex Z777.

Couplings abc (aZV_SM)abC
NTT 3.09%x 1077 —1.24 x 10774
ZTT 4.03x 1078 4+1.86 x 1078 i
hoTT —6.72 x 10712 —1.38 x 10711 ¢
Wtv v, —9.14x 1077 —4.66 x 1077 4
v, WHW- —1.37x 1076+ 04
ThoZ 1.35 x 1078+ 04
Total aVWSM — 192 x1076-057%x107%4
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