Eur. Phys. J. C (2017) 77:227
DOI 10.1140/epjc/s10052-017-4803-z

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Anomalous magnetic and weak magnetic dipole moments of the t
lepton in the simplest little Higgs model

M. A. Arroyo-Ureiia?, G. Hernandez-Tomé'2-

, G. Tavares-Velasco'*

! Facultad de Ciencias Fisico-Matematicas, Benemérita Universidad Auténoma de Puebla, C.P. 72570 Puebla, PUE, Mexico
2 Present address: Departamento de Fisica, Centro de Investigacién y de Estudios Avanzados del Instituto Politécnico Nacional,

Apartado Postal 14-740, 07000 Mexico City, Mexico

Received: 7 January 2017 / Accepted: 2 April 2017 / Published online: 11 April 2017

© The Author(s) 2017. This article is an open access publication

Abstract We obtain analytical expressions, both in terms
of parametric integrals and Passarino—Veltman scalar func-
tions, for the one-loop contributions to the anomalous weak
magnetic dipole moment (AWMDM) of a charged lepton in
the framework of the simplest little Higgs model (SLHM).
Our results are general and can be useful to compute the weak
properties of a charged lepton in other extensions of the stan-
dard model (SM). As a by-product we obtain generic contri-
butions to the anomalous magnetic dipole moment (AMDM),
which agree with previous results. We then study numeri-
cally the potential contributions from this model to the
lepton AMDM and AWMDM for values of the parameter
space consistent with current experimental data. It is found
that they depend mainly on the energy scale f at which the
global symmetry is broken and the fg parameter, whereas
there is little sensitivity to a mild change in the values of
other parameters of the model. While the r AMDM is of the
order of 1077, the real (imaginary) part of its AWMDM is
of the order of 1072 (10~19). These values seem to be out of
the reach of the expected experimental sensitivity of future
experiments.

1 Introduction

The most general dimension-five effective interaction of a
neutral V gauge boson (V = y, Z) to a charged lepton that
respects Lorentz invariance can be written in terms of six
independent form factors:

IV (g% = ielyu(Fy) — F)ys) — quF§ + FYys)
+0,0q" (P Fyp + Fi ys)l, (1)
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where ¢ is the incoming transfer four-momentum of the
gauge boson. The electromagnetic (weak) properties of the
lepton are determined by the photon (Z gauge boson) vertex
function. The C P-violating terms define the static electric
dipole moment (EDM) and the static weak electric dipole
moment (WEDM):

dy = —eFp(0), 2
d)Y = —eFEm?). (©)

Since the standard model (SM) predictions for these C P-
violating dipole moments are highly suppressed, they may
serve to search for new sources of C P violation. In this work
we are interested instead in the static anomalous magnetic
dipole moment (AMDM) and the static anomalous weak
magnetic dipole moment (AWMDM), which are defined in
terms of the C P-even form factor as follows:

ag = —2meF}(0), “)
a) = —2myFf(m%). )

The measurement of the AMDM of a lepton has long been
considered a probe for the SM, which considers leptons as
point-like objects. The AMDM of the electron a., which
receives its main contributions from quantum electrodynam-
ics (QED), has been calculated up to order of o [1] and the
agreement between the theoretical and the experimental val-
ues has reached the level of ten significant digits [2], which
represents one of the greatest milestones of QED.

As far as the muon is concerned, the E821 experiment
at Brookhaven National Lab (BNL) measured its AMDM
a, with an unprecedent precision of 0.54 ppm. The current
average experimental measurement is [3]

a ™ = 11659209.1(5.4)(3.3) x 10710, (©6)

and further improvement is expected at future experiments by
the (g—2), [4] and J-PARC (g —2)/EDM [5] Collaborations,
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which aim to reach a precision of £0.2 ppm. As for the
theoretical prediction of the SM [6]

ax™ = 116591803(1)(42)(26) x 107", (7

there is still a large uncertainty in the estimate of the hadronic
contribution, whereas the QED and electroweak contribu-
tions have been determined with a great precision [7]. Thus a
more accurate evaluation of the leading order hadronic con-
tribution together with the future experimental measurement
are needed to settle down the discrepancy between the SM
prediction and the experimental value of a,,, which currently
stands at the level of 3.6 standard deviations [6]:

Aay = a;™ — aS™ =288(63)(49) x 1071, ®)

Since the muon AMDM has become a powerful tool to test
the validity of the SM and searching for new physics (NP)
effects, a plethora of calculations within the framework of
several SM extensions has been reported in the literature in
order to explain the Aa,, discrepancy [7,8].

As far as the 7 lepton is concerned, the SM prediction is
an = 117721(5) x 1078 [9,10]. The error of the order of
1078 hints that SM extensions predicting values for a, above
this level could be worth studying. Since the SM prediction
for a; is far from the experimental sensitivity, which is one
order of magnitude below the leading QED contribution, a
more precise determination of the experimental value is nec-
essary. Due to its short lifetime (290.3 £0.5 x 10713 s) [11],
the 7 lepton does not allow for a high precision measure-
ment of its AMDM via a spin precession method. The most
stringent current bound on a; is [12]

—0.052 < a; < 0.013, C)

which was obtained using LEP1, SLD and LEP2 data for t
lepton production. It also has been pointed out recently that
the t electromagnetic moments can be probed in yy and
ye collisions at CLIC, which can lead to improved bounds
[13,14]. In this regard, it has been pointed out that super B
factories could allow for a precise determination of a, up to
the 10° level using unpolarized or polarized electron beams
[15—17]. Furthermore, due to its large mass, it is expected that
the T AMDM can be very sensitive to NP effects [18] since
its electroweak contribution would be ten times larger than
the uncertainty of the hadronic contribution [10]. Therefore,
it is worth estimating the t AMDM in any SM extension
as future measurements may allow us to search for NP in a
rather clean environment.

Unlike the electromagnetic dipole moments of leptons,
little attention has been paid to the study of their weak prop-
erties. In the experimental arena, the current best limits on
the t AWMDM and WEDM, with 95% C.L., are [19]

@ Springer

Re(a¥) < 1.14 x 1073, (10)
Im(al) <2.65x 1073, (1)
Re(d)) < 0.5 x 1077 ecm, (12)
Im(dy) < 1.1 x 1077 ecm, (13)

which were extracted from the data collected at the LEP from
1990 to 1995, corresponding to an integrated luminosity of
155 pb_l. Somewhat weaker bounds were obtained in [20]
via a study of the pp — 7t~ and pp — Zh — tTt"h
cross sections at the LHC. The current experimental bounds
on aTW are well above the SM theoretical prediction, which

was calculated in Ref. [21]:
aV = —(2.10 +0.61i) x 107, (14)

It is thus interesting to analyze whether NP contributions can
give a significant enhancement and be at the reach of future
experimental detection.

In this work we evaluate the AMDM and AWMDM of a
lepton, with special focus on those of the t lepton, predicted
by the simplest little Higgs model (SLHM) [22], which is an
appealing SM extension. This model is aimed to deal with
the hierarchy problem by conjecturing that the Higgs boson
is a pseudo-Goldstone boson arising from a global symmetry
broken spontaneously. At the same scale, the local symmetry
is also broken by a collective symmetry breaking mechanism.
The top quark and the electroweak gauge bosons have heavy
partners that give rise to new contributions that exactly cancel
the quadratic divergences to the Higgs boson mass at the
one-loop level, thereby rendering a mass of about 100 GeV
without the need of fine tuning [23,24].

The rest of this presentation is organized as follows. A
brief review on the SLHM is presented in Sect. 2, whereas
Sect. 3 is devoted to the analytical results for the AWMDM.
As aby-product we will obtain the corresponding expressions
for the AMDM. A brief discussion of the current constraints
on the parameters of the model, and the numerical analysis of
the t electromagnetic and weak dipole moments is presented
in Sect. 4. Section 5 is devoted to the conclusions, whereas
the SLHM Feynman rules as well as explicit expressions for
the loop integrals are shown in the appendices.

2 The simplest little Higgs model

We now present an overview of the SLHM focusing only
on the details relevant for our calculation. For a detailed
account of this model and the study of its phenomenology we
refer the reader to Refs. [22,25-28], which we will follow
closely in our discussion below. The SLHM is the most eco-
nomic version of simple-group little Higgs models, which
have the feature that the SM gauge group is embedded into a
larger simple gauge group instead of a product gauge group.
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The SLHM has a [SU(3) x U(1)]? global symmetry and a
SU(3)1 x U(1)x gauge symmetry, which requires the intro-
duction of nine gauge bosons. At the TeV scale, the global
symmetry is broken down spontaneously to [SU (2) x U (1)]?
via the vacuum expectation values (VEVs) f] and f; of two
sigma fields @ and ®,, giving rise to ten Goldstone bosons.
At the same scale the gauge group breaks to the SM gauge
group SU(2)1 x U(1)y and five Goldstone bosons are eaten
by the heavy fields: a charged gauge boson X*, a no-self
conjugate neutral boson Yy # Yg , and an extra neutral gauge
boson Z’, which thus acquire masses of the order of the scale
f1 ~ f>. The remaining Goldstone bosons are accommo-
dated in a complex doublet (the SM one) and a real singlet
of SU (2). The Goldstone bosons can be parametrized by the
triplets

02 —iedL 0
=€ 1| 0], dr=e"n|0], (15)
S /2
where the pion matrix is
L0
1 Y2, h
o=—| 0 % , (16)
f A
V2
here f =/ f2+ f2, h is the SU(2) complex doublet of

the SM, and 7 is a real scalar field. The normalization is
chosen to produce canonical kinetic terms. The dynamics
of the Goldstone bosons is described by a non-linear sigma
model

Liin = |D,®1* + D, @2, (17)
with the SU (3); x U (1) x covariant derivative
D, =, +igT"A% —igxOx B . (18)

where 7% (@ = 1...8) are the SU(3) generators in the
fundamental representation, Ay, are the SU (3) . gauge fields,
Bff isthe U (1) x gauge field,and Qx = —1/3 for ® and P,.
The new gauge bosons accommodate in a complex SU (2) x
U(1) doublet (X+, Yy) with hypercharge % and a neutral
singlet Z(. The matching of the gauge coupling constants

yields
8w
8x = —2,
J1—ty/3

with tyy = sw/cw the tangent of the Weinberg angle Oy .
As mentioned above, after the first stage of symmetry
breaking, there emerge the pair of charged gauge bosons X+,

(19)

the no-self conjugate neutral gauge boson Y, and the neu-
tral gauge boson Z, (following Ref. [25] we will denote the
gauge eigenstates with the subindex 0)

1
Xt = —A%xiA)), 20
ﬁ( FiA') (20)
Yo = - (A% —iad), @1)
V2

1
Z) = 7 (1/3 — 13, A% +tWBX> , (22)

with masses of the order of f.Four gauge fields remain mass-
less at this stage. While A', A%, A3 identify with the SU (2)
gauge bosons W¢, the charged gauge bosons W* and the
hypercharge gauge boson are

L
V2

1 8 2 pX
B=—3 (tWA +/3-1}B ) (24)

After the electroweak symmetry breaking (EWSB), the
weak gauge bosons W* and Z acquire mass and the heavy
gauge boson masses get corrected. Up to order (v/f)> W, X
and Y, coincide with the mass eigenstates and their masses
are [26]

Wt =—(A' FiA?), (23)

2 4 4
_sv v (%
" (1 272 (c% * ﬁ)) =
2
mx=f/—g<l—4v?>, (26)
my — f/—g 27)

with tg = tan 8 = f1/f>. If higher order terms are consid-
ered W and X need to be rotated to obtain the physical states
[26]. On the other hand, the photon and the light neutral Zg
gauge boson are given by

A =vaA3 + cw B, (28)
Zo = cwA> — swB. (29)
Finally, Zo and Z; need to be rotated to obtain the mass
eigenstates Z and Z’, which are given by

Zy=2'+62Z, (30)
Zo=272—677, (31)

) (—1%),/3—12
with §7 = ———g——=

;—22. The respective masses, up to
order (v/f)?, are [26]

2 4 4
gv ( v sg g
mz=5\l= 1 <_2 + _2)
2cw 12 f g 53
2

_12? (1 _tgv)z), (32)
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V2gf w2 3 —13)
=1 —=—]. 33
ny ,;3 ~ t‘%v f2 166%‘/ ( )

The kinetic Lagrangian of the gauge bosons gives rise to
the trilinear gauge boson couplings necessary for our calcu-
lation. It can be written as

1 1
L6 = —ZBX’“)B;fv - ZA“’”A“,“,, (34)

with the Abelian and non-Abelian gauge strength tensors

B, = 0,BY —0,B,, (35)
and
A;lw = 8MA3 - 8,)AZ + gfabcAZAs, (36)

with f,pe the structure constants of the SU (3) group. From
the relations between gauge eigenstates and mass eigenstates
(20)—(24) and (28)—(31) we can obtain after some lengthy
algebra the Feynman rules listed in “Appendix A” for the
VVFVE vertices, namely AWEWT, AXEXT, ZWEWT,
and ZX*XT.

In the lepton sector of the SLHM, for each generation
there is a left-handed triplet LZ,; = (vg, 2L, iNLn), which
is completed with a new neutral lepton Np,,, and two right-
handed singlets £g,, and Ng,,. The Yukawa Lagrangian can
be written, in the basis where flavor and mass N,, eigenstates
coincide, as

ikmn

Ly = iXWN g @S Loy + ——Crmeijk @\ ®ILk+H.c., (37)

where A = 4xf is the cut-off of the effective theory. Here
m and n are generation indices, whereas i, j, and k are
SU (3) indices. After EWSB this Lagrangian yields the lep-
ton masses and the heavy neutrino masses up to order (v/f)>
[26],

82\ —
Lomass = —fS,g)»%( <1 - 31)) NrmNim

_svﬁRmVLm>
NI C A N

42 12f2 C% sg V2A
X)»ZL”ZRmELn + H.c., (38)

where §, = szfz represents the mixing between a heavy
]

neutrino and a SM neutrino of the same generation. Notice
also that the rotation that diagonalizes Ay does not necessar-
ily diagonalizes A, so there is mixing between the charged
leptons and the heavy neutrinos mediated by the charged

@ Springer

gauge bosons. The charged lepton mass eigenstates £, are
thus related to the flavor eigenstates £ ,,0 by the rotation

Crmo = V™ 0y, (39)

where V" is a CKM-like mixing matrix. Also, in each gen-
eration, the SM and heavy neutrino mass eigenstates are
obtained through

82 ,
VLio = (1 — ?V) vei =8, V'"" Npm, (40)

82 .
Nimo = (1 - %) Nim +8,V™vy,, 41)

where again the O subindex stands for flavor eigenstates. The
lepton masses up to order (v/f )2 are [26]

L & AN L
= |1-———— (L +5)) Ly, @
mg ( 172 1 C%; + S?; \/EAW (42)

where yy is the eigenvalue of the A, matrix and
my, = fsphly. (43)

The vertices of a gauge boson to a lepton pair are obtained
from the lepton kinetic Lagrangian, which can be written as

Lr= ZmiVMDMLm + ZRmi)/MDMeRm

+NRmiVMN/4NRm’ (44)
where the covariant derivative was given in Eq. (18), with
Ox =—-1/3,0and 1 for L,,, N,,, and £,,. We need to intro-
duce the mass eigenstates to obtain the interactions of the
physical gauge bosons Z, W, X, and Z’ to a lepton pair,
which are necessary for our calculation of the AMDM and
AWMDM of a lepton. They are given by

8 1 7

Eszr = —JZM[ <—§ +S‘2;V> Criyte;
1 2\ % 2 5 n

+§(1 = d)vLiv"vLi + sy lriy"Lri

1, - 1 L
+=82NLiy* N — E(SVVZmNLmVMVLi +H.c.)

2 v
8z ! 2\ 7, . 1 S M
+— 3~ Sw CrLiy™ri +vLiv"vLi)
Cw,/3 — [%V
— st ERiy LR — C%VNLiVMNLi)} (45)

8 LAY
Lypp = _EWM_ ((1 - %) Criytvri
1 R
- ESUVZmﬂLiV“NLm) +Hec., (46)
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[:Xff’ = —i%X; (&,Euy“l)u
82\ - ,
+ (1 - ?”> Lriy" V"™ Npm -I-) +Hec., @7
and

1 _
Lz = g ——+ sgy) Lriy"ey

Z/ [ <
"
2, J3-1, 2

+s3 LRiy " LR

1 -
+8zcw+/3 — t%v( (—5 + S%V> Lriy™eri
+5‘2)VZR1‘VM£R1‘):|~ (48)

Notice that there is lepton flavor violation mediated by the
charged gauge bosons. Finally, the interactions of the photon
with a charged lepton pair are dictated by QED,

Lage = —eAylyte. (49)

The scalar Higgs bosons H and 7 also contribute to a
lepton AMDM and AWMDM. From the Lagrangian (17)
we can obtain the respective interactions with the Z and Z’
gauge bosons. After some algebra one can extract the vertices
ZZ7'H and ZZ H, which are given as follows to the leading
order in (v/f):

2 1 —[2
Copn =020 g (50)

2ewy/3 — 13,

together with the ZZ H interaction

2 4 4

v 1 Sg Cp
L = 1l——{=-|5+= H7Z"Z,.
’"( 4f2<3(cz+s§)>> '

D

From the Yukawa Lagrangian (37) we can also obtain the
interactions of the scalar Higgs bosons H and 7 to leptons,
which we need for our calculation. They are diagonal and are
given to leading order in (v/f)? by [25]

.oom v? 1 2\ -
[’HZK = lgﬁ (1 — @ (g +t/3) LH (52)
and

. omy 1 = 5
L, =ig—— | — —1tg )Ly en. 53
nie gﬁf(tﬂ B) Yy £n (53)

The nZZ' vertex vanish since n is C P-odd scalar, but
the HnZ coupling does arise, though its contribution to the

AMDM and AWMDM of a lepton vanishes. A similar result
was found in Ref. [29], where the contributions of two-Higgs
doublet models (THDMs) to the AWMDM of a fermion were
calculated.

Other details of this model are irrelevant for our calcula-
tion, so we refrain from presenting a discussion of the quark
sector and the Coleman—Weinberg scalar potential.

3 Anomalous magnetic and weak magnetic dipole
moments in the SLHM

We now turn to a presentation of our results. All the Feynman
rules necessary for our calculation follow straightforwardly
from the above interaction Lagrangians and are presented in
“Appendix A”. Since we are interested in the ££V* vertex
with all the particles on their mass shell, the loop amplitudes
will be gauge independent. We used the unitary gauge as it
is best suited for our calculation method. In order to solve
the loop integrals, we used both Feynman parametrization
and the Passarino—Veltman reduction scheme. We will first
present the results for the AWMDM, from which the results
for the AMDM will follow easily. As far as the C P-violating
properties are concerned, we will assume that there is no new
sources of C P-violation in this model’s version, so both the
EDM and the WEDM will vanish. In the most general sce-
nario, C P-violation could arise from new additional phases
in the extended Yukawa sector of the SLHM.

3.1 Anomalous weak magnetic dipole moment

In the SLHM, in addition to the pure SM contributions, the
AWMDM receives new physics contributions arising from
the loops carrying only new particles, but also from loops
involving only SM particles. The latter are due to correc-
tions to the SM vertices and appear as a series of powers of
v/f, so it is enough to consider the leading order terms. The
AWMDM of lepton ¢; can thus be written as

W—SLHM _ W-SM W-NP
a, =ay, +a,, , (54)
where a €W ~SM gtands for the SM contributions and a ,XV -NP
1 1

for the new physics ones, which can be written as

_ W—G _
aX/ NP _ a, auge +aX/ Scalar, (55)
1 1 1
. W—Gi — . . ..
witha,, auge (aX,/ Sealary the contributions arising from the
1

i

gauge (scalar) sector of the SLHM.

In the gauge sector, the NP contributions to the AWMDM
arise from the Feynman diagrams of Fig. 1, where V stands
for the charged gauge bosons W and X, v; is a SM neu-
trino, and Ny is aheavy neutrino. According to our discussion

@ Springer
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Fig. 1 Feynman diagrams that contribute to the AWMDM of charged
lepton ¢; at the one-loop level in the gauge sector of the SLHM. Here V
can be either the W gauge boson or the new charged X gauge boson, v;
and N; stand for a SM neutrino and a new heavy one predicted by the
SLHM, respectively. Notice that diagram (4) involves the non-diagonal
vertex Zv; N

above, for the loops involving only W gauge bosons and SM
neutrinos we consider the leading order v/f contributions
arising from the corrections to the W v vertex. The contri-
butions to the AWMDM of each Feynman diagram will be
written as follows:

a)l ~ArA2As %f?1A2A311241A2A3 (56)

i

where the three-letter superscript stands for the particles cir-
culating in each loop diagram (A, and A3 are the particles
attached to the external Z gauge boson, whereas A is the par-
ticle attached to the external leptons). Here f. 24 14243 are coef-
ficients involving all the couplings appearing in each ampli-
tude, whereas 1’24 14243 gtand for the loop integrals, which
depend on the masses of the virtual particles. We present in
“Appendix B” both the fZA 14243 coefficients and the loop
integrals in terms of parametric integrals and Passarino—
Veltman scalar functions. We have verified that the contri-
bution of each diagram to the AWMDM is free of ultraviolet
divergences. The full contribution of the gauge sector can be
written as

aZ/_Gauge _ Z Z (QZ/_HVV + aX/—Vnn)

V=W,X n=v;,N;

+ay AH, (57)
where the index j runs over the three lepton families.

In the scalar sector of the SLHM there are contributions
to the AWMDM of a lepton arising from both the SM scalar
boson H and the new pseudoscalar boson 7 via the Feyn-
man diagrams of Fig. 2. The contributions of the SM Higgs

@ Springer

Fig. 2 Feynman diagrams that contributes to the AWMDM of a lepton
in the scalar sector of the SLHM at the one-loop level. We do not show
the diagram obtained by exchanging the Z(Z’) gauge boson and the
Higgs boson in diagram (2). The new contributions of the SM Higgs
boson contributions are due to the diagram with the Z’ gauge boson and
also to corrections to the SM vertices H¢{ and HZZ

boson arise from corrections of the order of (v/f)? to the
SM vertices H¢{ and H ZZ. The respective contributions to
the AWMDM can also be written as in Eq. (56), where the
f? 14243 coefficients and the ? 14243 fnctions are presented
in “Appendix B”. Again we have verified that the contribution
of each diagram to the AWMDM is ultraviolet finite.

The full scalar contribution is thus

W —Scalar __ W—S¢;¢; W—t;HV
dy - Z 4y + Z 4y ) (58)
S=n,H V=2,7'

3.2 Anomalous magnetic dipole moment

In the gauge sector of the SLHM, the AMDM of a lepton
arises from the Feynman diagrams (1) and (2) of Fig. 1, with
the Z gauge boson replaced by the photon. There are also con-
tributions arising from the scalar sector, which are induced
by the scalar bosons H and 7 via a Feynman diagram similar
to diagram (1) of Fig. 2. The corresponding contributions to
the AMDM can be obtained straightforwardly from those to
the AWMDM by considering the limit mz — 0 and substi-
tuting the Z coupling constants by those of the photon. We
can write the contributions to a, arising from each diagram
as

a A1ArA3

A1ArA

a[l 243 _ Y 1)1/41.421437 (59)
i 47

where again the three-letter superscript corresponds to the
three particles circulating in the loop. Explicit expressions
A1Ar2A3 A1ArA3 .
for the f, constants and the 1, functions are pre-
sented in “Appendix B” in terms of parametric integral and
Passarino—Veltman scalar functions.
The overall NP contribution of the SLHM to ay, is thus

NP _ nVV Z'¢i¢; N
g = Z Z Ay, +a€ Tt Z aeill’ (60)

V=W,X n=v;,N; S=H,n

where the index j runs over the three lepton families.
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Table 1 Bound on the symmetry breaking scale f of the SLHM
obtained from several observables

Observable Lower bound on f (TeV)
Parity violation in cesium 1.7 [22]
LEP-1I data 2122]

5.2(95% C.L.) [31]
5.6 (95% C.L.) [32]

Z' corrections to the oblique S parameter

Electroweak precision data

It is worth mentioning that our results for the t AMDM in
terms of parametric integrals, obtained by a limiting proce-
dure from our results for the AWMDM, agree with previous
calculations presented in the literature [7,30]. This serves as
a cross-check for our calculation.

4 Numerical analysis

We now present our numerical results for the AMDM and
AWMDM of the 7 lepton in the context of the SLHM. We will
briefly review the existing bounds on the free parameters of
the model and afterwards analyze the potential contributions
to the AMDM and the AWMDM of the t lepton for parameter
values consistent with these bounds.

4.1 Bounds on the parameter space of the SLHM

The SLHM parameters involved in our calculation are f, tg,
mpy,, my, 6,, and the matrix elements ‘/lmi. We will discuss
the current bounds on these parameters obtained from the
study of experimental data of several observables as reported
in the literature.

Symmetry breaking scale f: bounds on this parameter arise
from several observables. We list the most relevant in Table
1. We can observe that the most stringent bound f > 5.6 TeV
arises from electroweak precision data (EWPD), whereas the
weakest limit f > 1.7 TeV arises from parity violation in
cesium.

fito frratiotg: a fit on 21 electroweak precision observ-
ables from LEP, SLC, Tevatron, and the Higgs boson data
reported by the LHC ATLAS Collaboration and CMS Col-
laboration, allowed the authors of Refs. [33,34] to find the
allowed region in the 73— f plane, which we will take into
account for our numerical analysis. For the strongest bound
f = 5.6 TeV, the allowed interval of tg values is 1-9. We
will analyze below the dependence on 74 of the T AMDM
and AWMDM in the allowed interval.

Mixing between light and heavy neutrinos 8, this parame-
ter is experimentally constrained to be small [26], with the
corresponding bound being flavor dependent: §,, < 0.03,
51)# < 0.05, and 4,, < 0.09 with 95% C.L. Since we are
interested in the study of the t lepton, we need to make sure
that we use values of f and tg consistent with the bound

8y = v/ (\/_ 2ftg) < 0.09, which in turn translates into the
bound ftg 2 1932 GeV. Such a constraint is fulfilled for the
values of f and t4 chosen in our analysis.

Pseudoscalar mass m,): this parameter is basically dependent
onthe u parameter (im, ~ w)appearing in the scalar potential
via the term —,uz(CDI(Dz + H.c.). In our analysis we will
explore values consistent with the lower bound m,, < 7 GeV,
which arises from the non-observation of the Y — ny decay
[35]. Although the dominant contribution to the AMDM can
arise from a very light pseudoscalar, with mass of the order of
10 GeV, this requires relatively large values of #g, which are
already excluded according to the above discussion [33,34].
Mixing matrix elements VZ’”i : previous studies on LFV within
the SLHM [26-28,36,37] have parametrized the mixing
matrix Vy and considered bounds on the mixing angles from
experimental data on LFV processes. A simple approach was
taken by the authors of Ref. [26] in which a scenario with
mixing between the first and second families only was con-
sidered. It was found that the respective angle is tightly con-
strained: the limit on ;t — e conversion yields an upper bound
on sin 201, of the order of 0.005. As we are interested in the
7 AMDM and AWMDM, we will assume a scenario with
mixing between the second and third families only, namely
we will consider the following mixing matrix:

1 0 0
0 cosf sinf |. (61)
0 —sinf cos6

V(Z

We will analyze whether current experimental bounds
on processes such as the muon AMDM and the T — puy
decay can be helpful to find a bound on the mixing angle 6.
We already have presented the results for the AMDM and
AWMDM of a lepton, we will now present the SLHM con-
tribution to the t — wy decay in terms of both parametric
integrals and Passarino—Veltman scalar functions. The Feyn-
man diagrams inducing this decay at the one-loop level are
shown in Fig. 3. The corresponding amplitude can be written,
in the limit of massless £, as

M — Ljy) = Fru(pj) (%Uqu) Pru(pi)ey(q),
me

i

(62)
with g = p, pj and Fy given by
= sl Yo Y sy VI VE fLew)
”SW V=W,X k
= sin 26 Z SNNV fL(-xu,) fL(-xT))
l6rrsw VW X
(63)

where x; = (my,/my)*> (V. = W, X), 8yny = 8, for the

2
W gauge boson, and Syyv (1 — %”) for the X gauge
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Fig. 3 SLHM contribution to the ¢; — £;y decay at the one-loop
level. In the loop circulate the charged W and X gauge bosons and a
heavy neutrino Ny

boson. The f(x;) function is presented in “Appendix C”.
We have verified that our results are in agreement with [26].
The ¢; — £y decay width is given by

m(,’lFle

I — Ljy) = 3om

(64)

The current experimental limit BR(t — uy) < 4.4 x 1078
[6] can translate into a bound on sin 26. For this purpose,
we introduce the mass splitting 823 = z3 — zp with z; =
(my,/m ¥)? and show in Fig. 4 the contours of the branching
ratio of the T — uy decay in the 823 vs. 75 plane for z; =
1 and f = 2000 GeV. We conclude that even for a large
splitting 623, the branching ratio BR(tr — py) would hardly
reach a level above 10~8 for sin20 of the order of unity,
thereby yielding a very weak constraint on this parameter. On
the other hand, the muon AMDM also does not yields a useful
bound on 6 as the heavy neutrino contribution is negative and
cannot account for the muon AMDM discrepancy of Eq. (8).

As we will see below, the only relevant contribution to
the AMDM and WAMDM involving the mixing matrix ele-
ments is the contribution of the heavy neutrino, which has
the generic form

a‘{_VkXX ~ Z Z V[*l'3 VZ3F(Xk)

V=w,X i

= ) (cosO’F(x;) +sin® 0F (x,,))
V=w,X

= Y (F(x) +sin*0(F(x,) — F(xp))).  (65)
V=Ww,X

It turns out that the second term is subdominant for a small
mixing angle 0 and a small splitting 8,3. Following the
authors of Ref. [27] in their study of LFV hadronic 7 decays,

@ Springer

BR(7-uy)Isin®(28)x108

Fig. 4 Contours of the SLHM contribution to the T — py branching
ratio in the 823 vs. g plane. We set z; = 1 and f = 2000 GeV

we will consider values of sin 26 of the order of 10~!. Under
this assumption, the term proportional to sin” @ becomes sub-
dominant, which is equivalent to consider an approximately
diagonal mixing matrix. In addition, we have found that there
is little sensitivity of our results to a small change in the value
of sin26. A larger value of this parameter would increase
slightly the T AMDM and AWMDM, but an enhancement
larger than one order of magnitude would hardly be attained.
Heavy neutrino mass: we will follow the approach of Ref.
[26], in which my, is parametrized through the ratio z; =
(my,/m x)2. As observed in Fig. 5, for the most stringent
limit f = 5.6 TeV, my, > 0.836 TeV, which corresponds to
the value zx = 0.1, whereas my, > 2.644 TeV for z; = 1.
Again, the T AMDM and AWMDM contributions arising
from the heavy neutrinos show little sensitivity to moderate
changes in the value of z3 and the mass splitting 533, so we
will use as reference values z3 >~ 1 and 8>3 < 0.1.

In conclusion, we will use the set of values shown in
Table 2 for the SLHM parameters involved in our numer-
ical analysis. We have found that except for f and #g there
is little sensitivity of the t AMDM and AWMDM to a mild
change in the values of the remaining parameters as far as
they lie between the allowed intervals.

In order to estimate the T AMDM we used the Mathe-
matica numerical routines to evaluate the parametric inte-
grals involved in our calculation. A cross-check was done
by evaluating the results expressed in terms of Passarino—
Veltman scalar functions via the numerical FF/LoopTools
routines [38,39]. As already mentioned, it is convenient to
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Oblique s parameter (99% C.L. . =]

—
Oblique s parameter (95% C.L )—| =
2F .—

my, [TeV]
—

—

7,=0.1
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EWPD (95% C.L.)
— - = z=1
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f[TeV]

Fig. 5 Heavy neutrino mass as a function of f for 75 = 9 and three
values of zx = (mpy,/m x)2. The vertical lines represent the lower
bounds on f arising from several observables (see Table 1)

Table 2 Values used in our

: . Parameter Value
numerical analysis for the
parameters involved in the 2-6 TeV
AMDM and AWMDM of the ©
1 173 1-9
epton
Z3 ~1
823 <0.1
my 20 GeV
8y <0.09
sin 26 <0.1

analyze the behavior of the AMDM and AWMDM as func-
tions of the symmetry breaking scale f since the mass of the
new particles and the corrections to the SM couplings and
particle masses depend on it. Also, since the mixing angle 6,
depends on g, it is worth examining the dependence on this
parameter in the allowed interval.

Total

N XX
1088 L 3
£ Z'rr
— —~ . - — - Hir (>0)
< —_— . S
< 00 —_— - — E
<~ —_
o —
ko) —]
~ -
-
- =

1070k - -

1071t
f [GeV]

(a)

Fig. 6 Absolute values of the main partial contributions from the
SLHM to a?’ P as functions of f for tg = 9 (left plot) and as func-
tions of tg for f = 4 TeV (right plot). For the remaining parameters of
the model we use the values shown in Table 2. The partial contributions

NP
la7" 1

n n n n 1 n n n n 1 n n n n 1 n n n n
2000 3000 4000 5000 6000

4.2 Anomalous magnetic dipole moment of the t lepton

In the left plot of Fig. 6 we show the absolute values of the
main partial contributions to aﬁv P along with the total sum
as a function of f for rg = 9, whereas in the right plot we
set f = 4 TeV and show the dependence of a* on t4. For
the remaining parameters we use the values shown in Table
2. We have refrained from showing the curves for the most
suppressed contributions.

We first discuss the behavior observed in Fig. 6a. Notice
that the magnitude of each contribution depends highly on
the respective f)fx 14243 coefficient and to a lesser extent on
the magnitude of the loop integral, which in turn dictates its
behavior. Therefore, the v, XX, N, WW, and v; WW contri-
butions, which are not shown in the plot, are the most sup-
pressed ones, with values below the 10719 Jevel. This stems
from the fact that the f;''*2*3 coefficients associated with
these contributions include two powers of the coupling con-
stants gZ"’Z, which are of the order of §,, ~ v/f, thereby being
considerably suppressed for large f. Although the Htt and
Z'tt contributions are less suppressed, they are below the
1079 level, whereas the ntt and N X X contributions are
the largest ones and can reach values up to the order of 10~8
for f around 2 TeV, which is a result of the fact that the
respective f1A2A3 coefficients have no (v/f)? suppression
factor. Another point worth to mention is that all the partial
contributions are negative except for the Htt and N, WW
ones. Since these contributions are relatively small, they will
not interfere with the dominant contributions, which will add
up constructively. In conclusion both the 7t and the N; X X
contributions will represent the bulk of the total contribution
to a?’ P which is of the order of 10~8 for f =2 TeV, but has
a decrease of about one order of magnitude as f increases

up to 6 TeV, as observed in the plot.

T T ——
oooe oo oo oo o o oo o
Q-D-D‘U‘&ﬁ—u e e T T BT T Rz = ) =
10°F - =
BN, T e - J— —_—
~,
S ~ —
SRE - —
N ~-
oot Tl T — . ]
______ - —
N S T - o
c T —— e
10 / N XX o
=g
.
Z'rr
o ’/ — - | T
------ N WwW
10-1% L Il L L L Il L L L Il L L s 1
2 4 6 8 10
ts

below the 10710 level are not shown. The three-letter tags denote the
virtual particles circulating in each type of Feynman diagram. All the
contributions are negative except the Htt one. The absolute value of
the sum all of the contributions is also shown (solid lines with squares)
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2000 3000 4000 5000 6000
f [GeV]

Fig. 7 Contours of the SLHM contribution to |a$’ P|'in the f vs. 1g
plane. For the remaining parameters of the model we use the values
shown in Table 2

We now turn to a discussion of the dependence of a* on
the tg parameter as depicted in Fig. 6b. We observe that the
N XX contribution, which has a very slight dependence on
tg indeed, is the dominant one, with marginal contributions
arising from other diagrams. In the allowed fg interval, the
H Tt contribution is negligible and is not shown in the plot.
For low tg, the v WW and N; WW contributions can be as
large as the N; X X one, but the ntt contribution is the one
that becomes important when 74 increases. Since these con-
tributions are directly proportional to the square of the mix-
ing parameter 8, = v/ («/51,3 f), they get suppressed by two
orders of magnitude as tg goes from 1 to 9. We observe that
the total contribution of the SLHM to a¥* remains almost
constant in this #g interval as it is dominated by the N; XX
contribution.

The behavior of the SLHM contribution to a?" is best
illustrated in Fig. 7, where we plot the contours of |aY ?| in
the f vs. tg plane for the parameter values of Table 2. We
observe that the SLHM contribution to aX¥ * is of the order of
1078 for f between 2 and 5 TeV, but it is below 1072 for f
above 5 TeV and decreases rapidly as f increases. So, if we
consider the most stringent constraint on f, namely 5.6 TeV,
we can expect values of a¥” of the order of 10~. We also
observe that there is little dependence of a¥ on the value
of tg, but such dependence is more pronounced for large f.
It is interesting to make a comparison with the typical pre-
dictions of some popular extension models as reported in the
literature. In this respect, several extension models predict

@ Springer

values for a¥ ¥ lying in the interval between 10~ and 106
[40-43]. We note that although the SLHM contribution is of
the same order than the potential contribution of leptoquark
models (LQM) [40], it is disfavored with respect to the con-
tributions of THDMs [29,44], the minimal supersymmetric
standard model (MSSM) [45,46], and unparticles (UP) [41],
which can reach values as high as 107°.

4.3 Anomalous weak magnetic dipole moment of the T
lepton

We now present the analysis of the NP contribution of the
SLHM to the AWMDM of the 7 lepton. There are some
differences with respect to the behavior of the AMDM: apart
that the AWMDM receives extra contributions, it can develop
an imaginary part, which arises from the diagrams where the
external Z gauge boson is attached to a couple of particles
whose total mass is lower than m . This occurs when there
are two internal SM neutrinos or t leptons in the loop. Again,
the magnitude of each partial contribution to the AWMDM is
highly dependent on the corresponding fZA 14243 coefficient,
while its behavior is dictated by the loop integral. We show
in Fig. 8 the real part of the dominant partial contributions of
the SLHM to a)¥ ~NF as well as the total sum as functions
of f for tg = 9 (left plot) and as functions of 15 for f = 4
TeV (right plot). For the remaining parameters we use the
same set of values used in our analysis of the AMDM. All
the contributions not shown in the plots are negligible.

We first discuss the behavior of Re[aZV —NP] a5 a function
of f as shown Fig. 8a. Numerical evaluation shows that for
f around 2 TeV the magnitude of the partial contributions
ranges from 10™1% to 10~°, with an additional suppression of
at least one order of magnitude for f around 5 TeV. The most
suppressed contributions are the v; X X, Xv;v; and WN; N,
ones, which are proportional to the (v/f)?* factor and are
below the 10713 level. Other contributions such as t HZ/,
v WW, WNyv,, NNWW, ntt, Htt, and X XN, are less
suppressed but are also below the 109 level. In fact, only the
contributions shown in the plot, tHZ, N; X X, and Wv v,
are relevant for the total sum. While the t HZ contribution
is the dominant one, the N; XX contribution plays a sub-
dominant role, which again is due to the fact that the f, XX
coefficient is not suppressed by the (v/f)? factor. We also
observe that the Wy, v, contribution, which together with
the T H Z contribution are absent in the AMDM, is below the
10~ level. Very interestingly, the Htt and 7 contribu-
tions, which were not very suppressed in the AMDM case,
are now negligible as they are proportional to the small g‘Z,a]
coupling. Note also that all the contributions shown in the
plot are positive except for the T H Z one. As a result the total
contribution will have an additional suppression as the main
contributions will have a large cancelation due to their oppo-
site signs. This becomes evident in the curve for the total
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Total
HZ (<0)
108 F —_— = N XX 4

Wy, v,

—_— = 777

A Az As]

Re[a‘f/

f—
10710k

107‘2‘500 *
f [GeV]

(a)

Fig. 8 Absolute value of the real part of the main partial contributions

to al’V NP and the total sum as a function of f for tg =9 (left plot)

and as a function of #g for f = 4 TeV (right plot). For the remaining
parameters of the model we use the values of Table 2. The contributions
below the 10719 level are not shown. All the contributions are positive

contribution, which appears below the curve for the THZ
contribution.

As far as the behavior of the real part of a¥V=N? as a
function of #4 is concerned, we observe in Fig. 8b that the
tHZ and Wy, v, contributions are highly dependent on #g:
in the interval where this parameter increases from 1 to 10,
the T H Z contribution is negative and increases by one order
of magnitude, whereas the Wy, v, contribution is positive
and decreases by one order of magnitude. On the other hand,
the N; XX contribution is positive and remains almost con-
stant throughout this g interval. It is interesting that due
to the opposite signs of the partial contributions, there is a
flip of sign of the total contribution around tg = 6.8. For
low tg, the total contribution is positive as it arises mainly
from the N; XX and Wv,v; contributions, with the tHZ
contribution being subdominant. As #g increases, the mag-
nitude of the T HZ contribution increases, whereas that of
the Wy, v; contribution decreases. Therefore, the total sum
cancels out around tg = 6.8 and becomes negative above this
value since the T H Z contribution becomes the dominant one.
This effect is evident in the large dip of the total contribu-
tion curve, which is due to the flip of sign of the AWMDM.
This behavior of the partial and total contributions around
tg = 6.8 is best illustrated in the zoomed region displayed
at the bottom-right corner of Fig. 8b, where we show the 7
AWMDM contributions without taking their absolute values.

The behavior of the real part of @}’ =V as a function of f
and g is bestillustrated in Fig. 9, where we show the contours
of the real part of the total SLHM contribution to @)/ V¥ in
the f vs tg plane. It can be observed that the real part of
aXV —NP reaches its largest values, of the order of 1079, for
low and high 74, irrespective of the value of /. There is aband
centered around tg ~ 7 where the lowest values of real part

'AVAZAJ]

10-10

w
r

Rela

0k Total i
——————————————— s HZ (<0)

—_ - = N,XX

1072 Wy, v,

10-13 s I s s s I s s s 1 n n n 1

except the T HZ one. The absolute value of the sum all of the contribu-
tions is also shown (solid lines with squares). In the bottom-right corner
of the right plot we zoom into the region where a¥ =V changes from
positive to negative due to the cancellation between the distinct partial

contributions

|Refa’-""11x 10°

4
B [ =
4000
f [GeV]

3000

Fig. 9 Contours of the SLHM contribution to the absolute value of the

real part of ) ~V® in the f vs. t4 plane. For the remaining parameters

of the model we use the values shown in Table 2

of alV —NP are reached. Such a band (darkest region) widens

as f increases. We observe that, for 74 around 10, there is a
slow decrease of Re[a&,} NP as f increases but in general
its magnitude is of the order of 10710 — 102, A comparison
of the SLHM contribution with typical predictions of some
SM extensions allow us to conclude that, for f up to 4 TeV,
the SLHM contribution can be above the 10~ level and can
be larger than the contributions predicted by THDMs, the
MSSM and UP, which are of the order of 10719, For f > 4
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TeV, the SLHM contribution decreases and it is expected
to be smaller than the values predicted by other extension
models.

We now turn to an examination of the behavior of the
imaginary part of the partial contributions of the SLHM to
al’=NP_ We will follow the same approach as that used for
the analysis of the real part. There are only four contributions
to a)’~N? that can develop an imaginary part. In Fig. 10a
we show the behavior of such contributions as a function of
f for tg = 9. Contrary to what happens with the real part,
the imaginary part of the Wy, v, contribution is the dominant
one by far, at the level of 10~!'%, with the imaginary parts of
the ntt, Htt, and Z'tt contributions suppressed by more
than one order of magnitude. Therefore, the imaginary part
of ¥ =N will be completely dominated by the Wv, v, con-
tribution. In fact the curves for the Wy, v, contribution and
the total contribution overlap. In this region of the parameter
space of the SLHM, the imaginary part of a¥ =N is posi-
tive, with a magnitude of the order of 10719, which slightly
decreases as f increases. As far as the behavior of the imag-
inary part of a?/ ~NP as a function of 1 is concerned (Fig.
10b), there is no considerable change in the analysis as in the
allowed g interval the imaginary part of the Wv;v; contri-
bution is dominant, whereas the remaining contributions are
negligibly small. For low 7, the imaginary part of the total
contribution to @)’ ~N" can be of the order of 107, but it
decreases by almost one order of magnitude as 75 goes up to
10.

Finally we present the contours of the imaginary part of
a¥=NP in the f vs. t plane in Fig. 11. We observe that
the imaginary part of aXV ~NP can be of the order of 107°
for low values of tg, irrespective of the value of f. This
is also true for tg ~ 10 and f < 3 TeV, but there is a
pronounced decrease of about one order of magnitude for
larger values of f. We also can observe that Im[a)¥ —N ]
decreases mildly as f increases. As far as the values predicted
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Fig. 11 The same as in Fig. 9 but for the imaginary part of a¥ =N

by other extension models, although the imaginary part of the
total contribution of the SLHM is larger than that predicted
by type-I and type-II LQMs (of the order of 10719} it is well
below the contributions predicted by THDMs and the MSSM
(of the order of 10~7).

5 Conclusions

In this work we have calculated analytical expressions,
both in terms of parametric integrals and Passarino—Veltman
scalar functions, for the one-loop contributions to the static
anomalous magnetic and weak magnetic dipole moments of
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a charged lepton in the context of the SLHM. We have con-
sidered the scenario in which there is no C P violation in
the model and thereby there are no electric nor weak elec-
tric dipole moments. The expressions presented for the weak
properties are very general and can be useful to compute the
weak properties of a charged lepton in other extension mod-
els. For the numerical analysis we have focused on the case of
the t lepton since their electromagnetic and weak properties
are the least studied in the literature and also because they
have great potential to be experimentally tested in the future.
For values of the parameters of the model allowed by current
experimental data we find that the respective contribution to
the  AMDM is of the order of 10, whereas the real (imag-
inary) part of the t AWMDM is of the order of 1072 (10719,
The SLHM contribution to the T AMDM could have some
enhancement in the scenario in which there is a very light
pseudoscalar boson 7, with a mass of the order of about 10
GeV, and #4 is of the order of 20. However, such a value of 74
are already excluded according to the bounds obtained from
experimental data. Proposed future experiments are expected
to reach a sensitivity to the t AMDM and the real part of
the AWMDM of the order of 107¢ [15-17] and 10~% [21].
Therefore, the values predicted for these observables by the
SLHM would be out of the reach of the experimental detec-
tion.

One further remark is in order here. Little Higgs mod-
els are effective theories valid up to the cut-off scale
A = 4nf. Below this scale a good prediction is pro-
vided by the effective theory, but at higher energies the
physics would become strongly coupled and the effective
theory must be replaced by its ultraviolet (UV) comple-
tion, which would be a QCD-like gauge theory with a con-
finement scale around 10 TeV (see for instance [47]). This
gives rise to the possibility that the EWSB is driven by
strong dynamics such as occurs in technicolor theories. It
is thus possible that the Tt AMDM and AWMDM can receive
some enhancement from the UV completion, but an anal-
ysis along these lines is beyond the scope of the present
work.
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Appendix A: Feynman rules in the SLHM

We now present the Feynman rules necessary for our cal-
culation (see [26] for a complete set of SLHM Feynman
rules). We note that the coupling constant associated with the
A1AsAjz vertex will be written as i eg414243 5o the f\‘,41 A243
(V = Z, y) coefficients of Eqs. (56) and (59) will be given in
terms of the g414243 constants. In Table 3 we show the Feyn-
man rules for the trilinear gauge boson couplings V; Vf Vj*,
whereas in Table 4 we show the ones for the vertices of a
gauge boson to a fermion pair V f; f ;. Finally, Table 5 gath-
ers all the Feynman rules for the scalar interactions.

Table 3 Feynman rules for the trilinear gauge boson couplings
Vi(p1) V‘f (p2) Vy (p3). The Feynman rule for all these couplings have
the generic form iegVi ViVi (v (P2—P1)p+8vp(P3—p2)u+8up(P1—
P3)v), where the g"iViVi constants are shown in the right column. All
the four-momenta are taken incoming

ViV;V; vertex g"iVivi
AXTX~™ —1
AWTW— —1
2 _ 2 312
+yv— C s F} w
ZXTX ZYch// - 7/ %
ZWHtwW-= v

Table 4 Feynman rules for the vertices of a gauge boson to a lepton
pair V,, f; f;. The Feynman rule for this class of vertices has the generic

form i e(ngifj Py + g,‘;ﬁfj PR)y, with Py, and Py the left- and right-
chirality projectors, where the g‘L/'f i and g;fi 7 constants are shown
in the second and third columns. The vector and axial couplings are

Viifi V/ifi Vifi Vif Vifi Viifi
2gV P gL J +gR J and 28,4 P gL J _gR J
- Vifi Vi fi
V. fi fj vertex g, "’ g’
- —14+2s2 1-2s2 s s
Ze LT v W sw g
Twew " o i, o w2 el
. L (1624 2
Zvv 2swew =)+ 2swcevmaz 0
ZNN L 52 L 5 0
ZSWCW v ‘YW‘/37I‘2‘V z
ZNyv — S VM 0
+5 1 _ ﬁ)
Wit = (1-3% 0
WFN,,¢ — sV 0
w
Xtie —ﬁav 0
w
— . 8% .
XNyt —=(1-%) v 0
P 1-2s2 1-2s2 ;
z'ee W W __sw _swg
2wy iy, | 2wew's i Wt
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Table S Feynman rules for the

. . A1 AjAjz vertex
vertices involving the scalar 14273

Feynman rule g

A1ArA3

bosons H and 7 at the leading

order in v/f in the SLHM Hit ieg
HZyZg ieg
nte ieg
HZO[Z/’3 ieg

—ome (p_ 22 (1 4y :

2swmwy 6f2 \1p B

gv (122 (1] S5, < L1 —2)?
8ap aww \'Tap G G T +1(1-1)

77[7[ 5 img (l —t )
Vasw f \18
HZzZ! _svd=ty)

8ap

2
2swewy/3—ty

Appendix B: Loop integrals

The AWMDM and AWMDM of a lepton are given by Egs.
(56) and (59). The f‘? 14243 coefficients are shown in Table
6 and the loop functions I{}'AZA_3 (V = Z,y) will be
presented below. The loop integration was performed via
both Feynman parametrization and the Passarino—Veltman
method [48]. For the Dirac algebra and the Passarino—
Veltman reduction we used the Feyncalc routines [49], and
a further simplification was done with the help of the Math-
ematica symbolic algebra routines. We will first present the
results in terms of parametric integrals.

Appendix B.1: Parametric integrals

After introducing Feynman parameters and integrating over
the four-momentum space, the / é 14243 loop integrals can be
cast in the following form after one Feynman parameter is
integrated out:

1
1y = fo Fy' % (o). ®.1)

We will first present the F ? 14243 (x) functions necessary to
calculate the AWMDM of a lepton.

Table 6 Coefficients f? 14243 4nd f}ﬁ4 14243 pequired in Eqgs. (56) and
(59), respectively, to compute the AWMDM and AMDM of a charged
lepton arising from loops carrying the A1 A, A3 particles. Here n is the
SM neutrino v or a heavy one N. The coupling constants g”14243 are
shown in “Appendix A”

A1A2A3 fhiAeds flaaas
2 2

nvv (V=W,X) gZvv (anz) gV (gz/en)
z'ee 1 1
Van (V=W,X) ggnn (gZM)Z 3
VN (V=W,X) gngngngNz _

2 2
see S=H,n) g0t (85) (%)
LHV (V=2,7) %gszgmg‘\//u _

@ Springer

Appendix B.1.1: Anomalous weak magnetic dipole moment

We start by introducing the functions

fA1A2A3 (x) — ; arctan M

(B.2)
and
f2A1A2A3 (x) = 10g[YA1A2A3 1. (B.3)

For diagram (1) we obtain
F2VVi(x) = x [x((3x(2 —x) —2)xz + 6x* — 8x +2)

1
—|—§x((4x2 —9x +dxz — 8x2 + 12x

) VYV () + Qe (7 = 2 +xe — 1)
+x%(2x,(3 — 2x7) — 2(xz — Dx¢ + 3x7 — 8)
+x(x,(5x7 —4) + xzx0 —2) — 2x,X7)
+Z"V () (@x*(xz — 2) + x(12 — 9x7)

+4(xz — 1)) x fI"VV<x)] (B.4)
with
X"V(x) = xxz, (B.5)
Y"V(x) = (1= x) (xy —xxp) + x, (B.6)
7"V (%) = xz@Y"VV (x) — x%x2), (B.7)

where we have introduced the dimensionless variable x, =
(ma/my)?. ,

As for the contribution of diagram (2), the F ZZ € function
can be written as

P = ] O el e
(B.8)
with

FZY%(x) = yel2x(2x — g% — x(B3x — 2)g?% 17 (x)
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— 2((2x%y; + 6x% + 6(2 — 3x)

+727% (x)(3x —2)) g7
+2x%yeg 5 FE 0N, (B.9)
FZ M( ) — FZ [44 (x)(gZM N gI%ML (B.IO)
and
FZY R () = ye(eF + g£H12(1 — 2x)x
+x(Bx—) fF () + 2207 @y + 1) — 14x
+Z27%(x)Bx — 2) + 12) £ (01, (B.11)
with y, = (my/mz)? and
X2 (x) = xyg, (B.12)
Y2 (xy = x2y, — x + 1, (B.13)
Z7%(x) = y7(4Y 7 (x) — x%y7). (B.14)

We now present the contribution of diagram (3):

F%/nn x) =x[2xQ2x — 1)+ (2 — 3X)xf2V"”(x)
+(4x2(xn —2x¢ —3) +4x2(x¢ — x,) +9)

427" (x) (2 = 3x) — 24) f/"™(x)], (B.15)
with
XV (x) = xxz, (B.16)
YV (x) =x (xp —x¢ — 1) + x2x0 + 1, (B.17)
ZVM(x) = xz (Y V" (x) — x%xz). (B.18)

Finally, the loop function arising from diagram (4) is given
by

X
FY'"N(x) = é[4x(2x — Dxz + 2xxn ()N (x)

— "N () + x(2 = 30)x2 (21" (x)
+ "N () + 2¢/x7 ((x — xxyxz
—(x = 2)x% — Bx —2)ZV" (x)
—2(x — DxzQ2xxy +3x — 6))

< (AN @)+ AN o)l

where the functions fl/;IAZM(x) and fz/z]AzA}(x) are
obtained from flA 14243 (1) and szlAzA3 (x) after the replace-
ments XA14243(x) — XxA14243 (1) and yAIA243(y)
yA14243 () respectively. In addition

(B.19)

X{"N(x) = xxz — x, (B.20)
XYV (x) = xxz + X, (B.21)
YN ) = (0 — 1) (xxp — 1), (B.22)
YY"V (x) = x (xp —x0 — 1) + x%x0 + 1, (B.23)
ZVN (x) = 4Y)"N (x) — x%x7. (B.24)

We now turn to the parametric integrals for the diagrams
of Fig. 2. For diagram (1) we obtain

FH%(x) = —8x(2 — x)we £ (v), (B.25)
with w, = (ma/mH)2 and

XA (x) = xwy, (B.26)
ZH% (x) = wz((@(1 — x(1 — xw?)) — wzx?). (B.27)

Also, for the contribution of the pseudoscalar n we obtain

FIY ) = 8x220 1 (x), (B.28)

with z, = (mg/my)?, X" (x) =
2" (x) = 27 () [wa — zal-

As for the contribution of diagram (2) and the one obtained
by exchanging the internal gauge boson with the scalar boson,
it is as follows:

XA (x) [wy — z4], and

FéHV(x) = \/E_e[@c(l —2x)xz + ((1 = 2x)xpg + 2x — 3)

V@) = Y ()

+Gx = 2z (Y () + £ ()
—2/x7(x*xz(5xp + 2x7 — 28x; + 5)
—x(xgBxz —4)+ Zx%, —20xzx¢ +5x7+2)
+xp (g —4) +3x7xz(4x, — xz)

—dxzxe +3) x (Y 0 = 157V @)1,

(B.29)
where
XV () = xp —xxz — 1, (B.30)
X5V (x) = +xxz — 1, (B.31)
YZHV(x) =x xe 2xxp + x¢ + x, (B.32)
YZZHV(x) =X xe —2xx¢ + x¢ + xxH, (B.33)

ZZHV(x) =2xg (xxz+1) — x%{ + xzxz (4xy — xz)
+xxz (2 — 8xp) +4xzxp — 1. (B.34)

Appendix B.1.2: Anomalous magnetic dipole moment

For completeness we present the contributions to the AMDM,
which can be obtained from the AWMDM results after taking
the limit mz — 0 and substituting the Z coupling constants
by the photon ones. The fVA 14243 coefficients of Eq. (59) are
presented in Table 6, whereas the respective loop integrals
are of the form of (B.1).

As far as Fig. 1 is concerned, there are only contributions
from diagrams (1) and (2), but with the external Z gauge
boson replaced by the photon. The contribution of diagram
(1) can be written as

F;V"(x) (x (Xp +x¢+2)

—x (3x, + X —2) 4+ 2xp). (B.35)

@ Springer
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As for the contribution of diagram (2), the FVZ/“ function
is given by an analogous expression to Eq. (B.8) but now
Fyz_flg (x) = F),fo (x), with

’ 2xyg
z'ee _ 2
Fy_L()C) = _YTK()C)(X (ye + 1) —3x + 2), (B36)
and
/ 4xy,
z'ee _ 2
FyprW) = Y7 (x) (x7ye —2(x = 1)). (B.37)

In the limit of small x, the integration of the above func-
tions is straightforward and one obtains

X¢

I}l}VV — —m((l — xn)(l() — xn(33 + xn(4xn
—45))) + 18x> log(x,)), (B.38)

124, = —317% = 4y,. (B.39)

Finally, there are also contributions of the scalar bosons H
and n arising from the diagram (1) of Fig. 2, with the Z gauge
boson replaced by the photon. The respective Ff 14243 (1)
functions can be written as

2x2(2 — X)wy

Hee _
A e (340
and
FI(x) = 2072 (B.41)
4 X241 —x

All of the above results agree with previous calculations
of the AMDM of a lepton (see for instance [7,30]).

Appendix B.2: Passarino—Veltman scalar functions

We now present the results for the AWMDM and AMDM of
a lepton in terms of Passarino—Veltman scalar functions.

Appendix B.2.1: Anomalous weak magnetic dipole moment
We first introduce the following ultraviolet finite functions

given in terms of two-point Passarino—Veltman scalar inte-
grals,

Ay = By(0, m%,, m%) — Bo(m?, m%, m%), (B.42)
Ay = Bo(m%, m3, m3) — Bo(m?, m%, m}), (B.43)
A3 = Bo(0, m2, m%,) — Bo(m3, m?, m%)), (B.44)
Ag = Bo(m%, m3, m?) — Bo(m3, m?3, m%), (B.45)
As = Bo(m%, m%, m%) — Bo(m?, m%,, m%), (B.46)
A7 = Bo(m3,0,m%) — Bo(m%,0,m3%), (B.47)
Ag = Bo(m%,0,m%) — Bo(0,0,m3), (B.48)

@ Springer

and we use a shorthand notation for the following three-point
scalar functions:

2 2 2

Cy =m%/Co(m%,m%,mz,mv,mN,m%,), (B.49)
Co = m%,Co(m3, m?, m%, m3, m%,, m?), (B.50)
C3 = m3,Co(m?, m3, m%, ma, m3y, m%), (B.51)
Cy = m3,CO(m?, m3, m%, m%, m3, 0). (B.52)

The 1 ?' 4243 160p functions arising from the diagrams of
Fig. 1 are given as follows. For diagram (1) we obtain

vy = e 2 [(4xe — x2)((xn + x0) (xz — 2) — 4)

2()CZ — 4)Cg

— (o = 1)l = 7)o+ 20) a7 )

—4)A1 — (xg (xz (xz + 8) — 60) + 2(x,, (3x,1
—4X@) + x%)(xz — 2) + xn(xz(sz — 16) — 12)
~4(xz(xz = 3) = 6)) Az +2(x? (24 = Sxa (v
—2) — Xz (xz + 4))xz (7x,2,(xz — 2) + x, (3x%
—14x7 +24) + 3x% — xz — 34)
—3x;(xz = 2) +2x2(7 — 2x7)xz
—xn(x% —Tx% +9x7 + 18)

+ai(xz = 2) = 2x) +4az +12)C1l, (BS3)

whereas the loop function arising from diagram (2) is given
by a similar expression to Eq. (B.8):

760 . 700\ 7000 20N 700 | 70 70 1700
I 7 =@y )7, +@r )7 g +81 8k 17 1k

(B.54)
where
/ 2
174 = —— 20 [(dye—y2) (7" (ve + 2)+£5 w0)

(vz —4ve)

1
5, e = D (@ye =2 (87 (e +2) i ve) A5
— (87" (ye(dye — (vz +34)) +2(5y7 +6))

+g8 % ye(4ye — vz +6)) A4
+2(4ye — yz = 3) (g7 (2 — Tye + 2y2)

+g5 v ol (B.55)
I7% = 174 (7% < g, (B.56)
and
) 2ye(g?t 4 g2t
I7% R = (2" + £ )[y£(4yz —vz) + (ve — 1) (4ye

(vz — 4yz)2
—yz)As — (yz (4ye — (yz +10)) + 4yz)A4
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—2<yz(12ye —(Tyz+3)) +yz(yz + 2))C2].
(B.57)

As for diagram (3), the respective loop integral is

= e +2)(xz = 4x)

2" = (7 — 4x¢
+xi£(xn 1)+ 2) ez — 4xe) A
+(x¢ (220 + xz — 22) — 2(xn(xz +6)

—5x7 = 6) +2x}) As + 2(x} (22, + xz + 12)
—x¢(2xn(xz = 5) + xp + 8xz + 17) + x7 (x7
+6) — 3Tz +12) = a7 +2(x] + 4xz + 3) ) Cal.
(B.58)
Finally, the loop function arising from diagram (4) obeys

1

1%/‘”’ = 5 [2x¢x7 (xe + 2) (xz - 4XIZ)

(xz —4x¢)"xz

+xz(xn — 1)(x@ + 2)(xz — 4xg)A1

—<2x§’(6xn +x7) +xf((xz —18)xz

—2x, (3xz +4)) + x¢x2(20 — 4x, + 9x7)
~25% ) A+ (263 (x7 = 63,) + xF (B (x7 + 1)
+(xz —26)xz) + xzx0(4 — 2x, (x7 + 4)
+11xz) + 203 ) A7 — w0243 (x2 — 6x,)
+x¢(8xn(xz + 1) + (xz — 22)xz2) — 2xz(xn(xz2
+4) —S5xz7 — 6))Ag + 2xy (xz(2xn (xz — 3x,,)
+2x7(xz + 12)) +x¢(x3 (3xz + 4)

—2xz(x,, (xz — 5) + (sz + 17)))

—xz (% (Txz + 12) = 2x7 — 4(x% + 4xz + 3))
—2x0x7) Cyl. (B.59)

We now present the loop functions for the diagrams of Fig.
2. We will use the following additional Passarino—Veltman
scalar functions:

Ao = Bo(0, m%, m?) — Bo(m%, m3, m3), (B.60)
Ayg = Bo(my, my. mp) — Bo(m?. mg, mp), (B.61)
Cs = m%Co(m3, m?, m%, m2, m%, m?). (B.62)

For diagram (1) we obtain for the contribution of the SM
Higgs boson H

7% = [we (wz — 4wy)

(wz — 4wy)?
—(we — 1) (dwe —wz) Ag
+(16w52 — 2wy Qwz +5) +wz)Ajo

—6w, 4wy —wz — 1) Cs], (B.63)

and for the contribution of the new pseudoscalar n we have

nee

J slze(zz — 4z0)—(z¢ — 1) (4ze—z22) Ani

(zz — 42e)
+ (22 — 10z¢) A2 — 2z¢(42¢ — 22 — 3))Cel,
(B.64)

where A1, Aq2, and Cg are obtained from Ag, Ajg and Cs,
respectively, after the replacement mpy — m,,.
As for diagram (2) of Fig. 2, it yields

2 Xy

Y = L[Xe(xtz —xH) A3

4/)«72(4)(@ —xz)

+(xe — 1)xeA1s — 4xeAs — 2x7A16

—|—2(2x@(xH +xz — 1) —xHxZ)C7], (B.65)
with

_ 2 2 2 2
Aig = Bo(0, my, m3)) — Bo(0, mg, m3y), (B.67)
Ays = Bo(my, my, mj) — Bo(my, mj, my), (B.68)
Ay = Bo(mj, mj, m3,) — Bo(mZ, my;, m3y), (B.69)
C7 = m3 Co(m?, m?, m%, m%, m?, m¥). (B.70)

Appendix B.3: Anomalous magnetic dipole moment

For the loop integrals of the contributions to the AMDM of
the diagrams analogue to those of Fig. 1, but with the external
Z boson replaced by the photon, we have for diagram (1)

I}’}VV - —i[(xnxg(ng + 12) — 7x3x5 —9x, + 3x2
—x¢((xe = 12)x¢ + 17) + 6)C|
+2(x,, — 1)(x,, + x¢ + 2)A1 + ((15 — 4x,,)xg
+3(x,, +x,2, — 2) + x%)A/z — 2x4(x,, + x¢ + 2)],
(B.71)

where the primed scalar functions A} and C; are obtained
from the unprimed ones by setting mz = 0. We note that
all the three-point functions C; appearing in the AMDM are
of the generic type Co (mi, mi, 0, m%, mzc, m%), which can
be written in terms of two-point scalar functions as follows

[50]:
1

2 2 2
A(my, my, me)

2 2 2 2 2
CO(mA7mA70’mB5mC’mB) =

x((mi - m% — mZC)AB — 2m2CAc

+2(m% — m% +m¢)), (B.72)

with A(x,y,2) = (x —y — 2)> — 4yz and Ay =

By(0, m%, m%) — Bo(m?, m%, m%.).

@ Springer
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As for diagram (2) we obtain a similar expression to Eq.
(B.54), where

! ’ 1
0 = 1700 = =g 1By = )4y = 3)6

+2(1 = %) Az + (ve — 3) (2ye — 1) A

—2ye(ye + 1)1 (B.73)
and
, 1
2 = —5[(5 — 12y¢)C5 +2(ye — 1) A3
+(5 = 2y¢) Ay + 2] (B.74)

Finally, the diagram (1) of Fig. 2 with the Z replaced by the
photon yields the loop functions

1
Het _ ’
Iy = __4wg [Rwe + Z(w( 1)A9

+(5 — 8we) Al + 3(4we — 1)C] (B.75)

and

1
= _E[m +2(xe — 1) A} +5A, + (4xe — 3)Cgl.
(B.76)

Again the primed scalar functions A} and C; are obtained
from the unprimed ones by setting mz = 0.

Appendix C: Decay {; — £;y

In this appendix we present the amplitude for the £; — £;y
decay both in terms of parametric integrals and Passarino—
Veltman scalar functions. The contributions arise from the
Feynman diagrams of Fig. 3. The decay width is given
in Eq. (64). We have obtained the f7 (x;) function [x; =
(mp,/ my)?] appearing in Eq. (63) via the Feynman param-
eters technique using the approximation of massless final
lepton m¢; = 0. We first define the function

Fi9 = 00— xi) + b x((xe = 1) 2+ 3) (e~ 1)

IT+x((x—Dxg +2—1
- g (s =)

xg (x — Dx2(@2x — Dy, +2— 1)
x((x=Dxg +2—1)+1

+(x — 1)<

—2(x+ l)z)
U =0)(E+2)x% + (2 - 6)x +4)x
- xZ—1D+1 &
+0(x7).

(C.77)

@ Springer

where xy; = (mgi/mv)2 (V =W, X), whereas the f; func-
tion is given as

1
FuGn) = /O f v x0) = (18 log(x)x}

1

(e — D?
+(xr — 1) (xg (g (dxg — 45) + 33) — 10)))%.

+0(:2). (C.78)

For the sake of completeness we also include the amplitude

in terms of Passarino—Veltman scalar functions. The result
reads

(2(1 + xr) — Xgl.)xk

fLle) = "

+2xk((l + xi)xx — 2 — x¢; (xx — 2))

Xg; (xk — 1)

X Be;nv 4 2(2(1 — x¢,) + x)Coynv, (C79)
where we have defined
Byny = (1 —xk)Bo(m%i,m%Vk,m%,k)

+x¢Bo(0, my, . my,) — Bo(0, m3y,, m3y),
Ce;nv = myCo(my . 0,0, my, . my,, m3). (C.80)
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