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Chromomagnetic and chromoelectric dipole moments of quarks
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Abstract: The one-loop contributions to the chromomagnetic dipole moment f,(¢%) and electric dipole moment
d;(¢%) of the top quark are calculated within the reduced 331 model (RM331) for non-zero ¢2. It is argued that the
results are gauge independent and thus represent valid observable quantities. In the RM331, 7;(¢%) receives new
contributions from two heavy gauge bosons, namely Z’ and V*, and one neutral scalar boson #;, along with a new
contribution from the standard model's Higgs boson via flavor changing neutral currents. The latter, which is also
mediated by the Z’ gauge boson and the scalar boson /5, can provide a non-vanishing d,(¢?) if there is a CP-violat-
ing phase. The analytical results are presented in terms of both Feynman parameter integrals and Passarino-Veltman
scalar functions, which are useful to cross-check the numerical results. Both fi,(¢?) and d;(¢?) are numerically evalu-
ated for parameter values still allowed by the constraints from experimental data. It is found that the new one-loop
contributions of the RM331 to the real (imaginary) part of ,&;(qz) are of the order of 10~ (107°), which means at
least three orders of magnitude smaller than the standard model prediction but larger than the predictions of other
models of new physics. In the RM331, the dominant contribution arises from the V* gauge boson for ||g|| in the 30-
1000 GeV interval and a mass my of the order of a few hundreds of GeV. As for c?,(qz), it receives its largest contri-

bution from &, exchange and can reach values of the order of 10719 i.e., smaller than the contributions predicted by

other standard model extensions.
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I. INTRODUCTION

The anomalous magnetic dipole moment (MDM) and
the electric dipole moment are among the lepton proper-
ties that have attracted more interest in the experimental
and theoretical areas. Currently, there is a discrepancy
between the theoretical standard model (SM) prediction
of the muon anomalous MDM and its experimental meas-
urement, which might be a hint of new physics [1].
Moreover, any experimental evidence of an electric di-
pole moment would give a clear signal of new sources of
CP violation as the SM contributions are negligibly
small. With the advent of the LHC, anomalous contribu-
tions to the frg coupling have also become a focus of in-
terest. In analogy with the lepton electromagnetic vertex
{ty, the anomalous ggg coupling can be written as

1— v~ -3 a a
L=-5G0" (i1 +idgy°) T*qGS,. (1)

where fi, is the quark chromomagnetic dipole moment
(CMDM) and d, is the quark chromoelectric dipole mo-
ment (CEDM), whereas G," is the gluon field tensor and
T are the S U(3) color generators. It is also customary to
define the CMDM and CEDM in their dimensionless
forms [2]

fy= 07, )
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On the experimental side, the search for evidences of
the anomalous top quark coupling #zg is underway at the
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LHC [2-4]. The most recent bounds on the top quark CM-
DM and CEDM were obtained by the CMS collaboration
[4, 5], which managed to improve the previous bounds
[2] by one order of magnitude. Thus, one would expect
that tighter constraints on i, and d, could be set in the
near future.

As far as the theoretical predictions are concerned, in
the SM the CMDM is induced at the one-loop level or
higher orders via electroweak (EW) and QCD contribu-
tions, whereas the CEDM can only arise up to the three-
loop level [6-8]. The SM contributions to the on-shell j;
have already been studied in [9-11], and more recently
the scenario with an off-shell gluon was studied in [12,
13] to address some ambiguities of previous calculations,
particularly about the on-shell CMDM, which is diver-
gent and meaningless in perturbative QCD. Given that
both the top quark CMDM and CEDM could receive a
considerable enhancement from new physics contribu-
tions, several calculations have been reported in the liter-
ature within the framework of extension theories such as
the two-Higgs doublet models (THDMs) [14], the four-
generation THDM [15], models with a heavy Z’ gauge
boson [11], little Higgs models [16, 17], the minimal su-
persymmetric standard model (MSSM) [18], unparticle
models [19], and vector like multiplet models [20]. In this
study, we are interested in the contributions to the top
quark CMDM and CEDM in the reduced 331 model [21].

The study of elementary particle models based on the
SU@B3),xU(1)y gauge symmetry dates back to the 1970s,
when it was not clear that Weinberg's SUQ2), x U(1)y
model was the right theory of electroweak interactions
[22]. After the discovery of the Z and W gauge bosons,
given that the electroweak gauge group is embedded into
SU@B),xU(1)y, the so called 331 models [23, 24] be-
came serious candidates to extend the SM and explain
some issues with no answer, such as the flavor problem
and the large splitting between the mass of the top quark
and those of the remaining fermions. Several realizations
of the 331 model have been proposed in the literature,
which predict new fermions, gauge bosons, and scalar bo-
sons. Their phenomenologies have been considerably
studied [25-32].

The minimal 331 model [23, 24] requires a very large
scalar sector that introduces three scalar triplets to give
masses to the new heavy gauge bosons and one scalar
sextet to endow the leptons with small masses. The com-
plexity of this model has led to the appearance of altern-
ative 331 models aimed to economize the scalar sector. In
particular, the reduced 331 model (RM331) [21] only re-
quires two scalar triplets, thereby being considerably sim-
pler than the minimal version [33, 34]. In the RM331, the
physical scalar states obtained after the symmetry break-
ing are two neutral scalar bosons only, with the lightest
one being identified with the SM Higgs boson [35], and a
doubly charged one. Unlike other 331 models, no singly

charged scalar boson arises in the RM331 [36-38]. In the
gauge sector, there is one new neutral gauge boson Z’, a
new pair of singly charged gauge bosons V*, and a pair
of doubly charged gauge bosons U**. Similar to other
331 models, the RM331 also predicts three new exotic
quarks. The original RM331 is strongly disfavored by ex-
perimental data [39], though it would still be allowed as
long as left-handed quarks are introduced via a particular
SUB),xU(l)y representation [40, 41], which in fact
would give rise to flavor changing neutral current
(FCNC) effects.

The contributions to the electron and muon anomal-
ous MDM have been already studied in the RM331 [26]
within another 331 realization [42]. As for the CMDM of
quarks, there is only a previous calculation in the context
of an old version of the 331 model [9], though such a cal-
culation is limited to the on-shell case. However, given
that the on-shell CMDM is infrared divergent in the SM
[12], a calculation of the off-shell CMDM is mandatory.
To the best of our knowledge, there is no calculation of
the off-shell CMDM of quarks, let alone their off-shell
CEDM, in 331 models. Furthermore, in the model stud-
ied in [9], the new contributions only arise in the gauge
sector, whereas in the RM331 there are additional contri-
butions from the neutral scalar bosons, which are absent
in other 331 models.

In this paper, we present a study on the contributions
of the RM331 to the off-shell CMDM and CEDM of the
top quark. The manuscript is organized as follows. In
Section II, we present a brief description of the RM331,
with the Feynman rules necessary for our calculations
presented in Appendix A. The analytical calculations of
the new contributions to the dipole form factors of the 7rg
vertex are presented in Section III; our results in terms of
Feynman parameter integrals and Passarino-Veltman
scalar functions are presented in Appendix B. Section IV
is devoted to a review of the current constraints on the
parameter space of the model and the numerical analysis
of the off-shell CMDM and CEDM of the top quark. Fi-
nally, in Section V, the conclusions and outlook are
presented.

II. BRIEF OUTLINE OF THE RM331

We briefly describe the main features of each sector
of the RM331, with a focus only on those details relevant
to our calculations.

A. Scalar and gauge boson eigenstates

As far as the scalar sector is concerned, the scalar po-
tential is given by

Virp) =iip'p+ i x+ i (') + A2 x'x)
+43(0"0) (X x) + 4 (07x) (¥ 'p). O]
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where the scalar triplets transform as p = (p*,po,p++)T ~
T .

(1,3,1) and X:(X_»X"»XO) ~(1,3,-1). To induce the

spontaneous symmetry breaking (SSB), the neutral scalar

bosons p? and x° develop non-zero vacuum expectation
values (VEVs) under the shifting of the fields as

1

0 .0 .

PO x’ = —=(vp + Ry +il, ), (5)
\/_2(/))( 0. X p)()

which leads to the following constraints

/13112
2 2 X _
M+ g+ —= =0,
/13112
2 2 P _
5+ vy + 2 =0.

The SUB)cxSU@®B) xU(1)y breaks down into the SM
gauge group following the pattern

SUQB)LxU(L)w LEN SUQR)LxU(Ly 2, U(Dem,  (6)

where v, can be identified with the SM Higgs VEV wv.
The left-over of SSB are two neutral scalar bosons and a
pair of doubly charged ones #**, as explained below.

The mass matrix of the neutral scalar bosons in the

(Ry.R,) basis is

o Y20 A
07 2\ A3t 2442 )

where t=uv,/v,. After diagonalization, the mass eigen-
states in the limit v, > v, are

hy = C[;Rp - S[;R/\,, hy = CﬂRX + SﬁR , (7)
with masses
AZ
2 3 2

S P—" 8
my, ( 1 4/12)11/) ®)

/12

2 2 3
ﬂlh2 = /leX + @Up, (9)

where A;, A,>0 and cg=cosB~1-302/(83v2). The
SM Higgs boson /4 can be recovered in the sg — 0 limit,
thus ~; must be identified with the Higgs boson dis-
covered at the LHC. Given that m;, ~ 125 GeV, from Eq.
(8), we obtain the relation 1; —A3/(44;) ~ 0.26 [1]. In the
case 1y, A, < 1, and A3 < A,, we obtain mﬁl = A1v;, which
recovers the SM case and thus A; ~ 0.26.

In the gauge sector, there are two new singly charged
gauge bosons V*, two doubly charged gauge bosons
U**, and a neutral gauge boson Z’. They acquire their
masses as follows. The would-be Goldstone bosons y*
are eaten by the singly charged gauge bosons, whereas a
linear combination of the doubly charged would-be Gold-
stone bosons p** and y** are absorbed by the doubly
charged gauge boson U**. Also, the orthogonal combina-
tion of p** and y** gives rise to a physical doubly
charged scalar boson pair A**. Finally, the would-be
Goldstone boson I, becomes the longitudinal compon-
ents of the Z’ gauge boson. Thus, the masses of the new
gauge bosons at leading order at v, are [43]

22
2 )
m;, = ————u, 10
U 31-482) X (10
2
2 _8 2
my, = ZUX, (11)
2
8
m%]ﬁ = Z(Ui‘i‘l};). (12)

As far as the SM gauge bosons are concerned, the
would-be Goldstone bosons p* and I, endow the Z and
W* gauge bosons with masses, respectively.

B. Gauge and scalar boson couplings to the top quark

The number of new fermions necessary to fill out the
SU@3). x U(1)y multiplets as well as their quantum num-
bers depend on the particular 331 model version. There
are no new leptons in the RM331, but a new quark is re-
quired for each quark triplet. They transform as

d;
QiL: —U; ~(353*’_1/3)’ i= 1’29
Ji ),

u3
O3 ={ ds ] ~(3,3,+2/3),
J3 ),
with the numbers between parentheses representing the
field transformations under the SUQB)cxSUQB), xU(1)y
gauge group, whereas J;, J,, and J; are the new exotic
quarks with electric charges Q;,, = —4/3e¢ and Q,, =5/3e.
Under this representation, the theory is anomaly free [40].

1.  Charged currents

In the quark sector, the charged currents relevant for
our calculations are given by the following Lagrangian

113101-3



A. 1. Hernandez-Juarez, G. Tavares-Velasco, A. Moyotl

Chin. Phys. C 45, 113101 (2021)

8 — g = u
chc :$MLVZ‘KM’V#Q’LW; + @J?’Lyy (VL>3a Ua, V/:r

.
+ ﬁu1L<VL ), ¥ Uit +He,

where the family index a runs over 1, 2, and 3, whereas i
and / run over 1 and 2. Also V., = Vf VZ! stands for the
Cabibbo-Kobayashi-Maskawa matrix, with the mixing
matrices V¥ (V¢) transforming the left-handed up (down)
quarks flavor eigenstates into their mass eigenstates. It is
assumed that the new quarks are given in their diagonal
basis. Note that the doubly charged gauge boson U**
does not couple to the top quark.

2. FCNC currents

Given that the Z’ gauge boson couplings to the quarks
are non-universal, flavor changing neutral currents
(FCNCs) are induced at the tree level. The corresponding
Lagrangian for the up quark sector reads

a=1

3
LEeNe & (Z (ﬁ; At ZS%V)M;L)

2ew 4/3(1 —4s2)

+ﬁgLyﬂ(2s%V)ugL)z;, (13)

where the up quarks «’ are in the flavor basis. It is evid-
ent that the above Lagrangian induces FCNC at the tree
level after the rotation to the mass eigenstate basis.

In addition, the interactions between up quarks and
the neutral scalar bosons arise from the Lagrangian

3
_ —/ TU ’ —! TU ’
Ls = > L adghy + 0, T8y + e, (14)

ij=1

where «’ is an up quark triplet «’” = (u’,¢’,#’) and

e s 0 0 0
Flf =—m'-— 0 0 0 S
Up Uy mt omh. mi
31 32 33
s e 0 0 0
=m0 o0 o |
o Uy, m

with m"” being the quark mass matrix in the flavor basis
[40]. After rotating to the mass eigenstate basis, only the
terms proportional to m* are diagonalized, whereas the
remaining term gives rise to FCNC couplings, which can
be written as

3

LECNC = Z (_SﬁﬁiLnuijuthl + C/gﬁ,‘Li]uijuthz) +H.c.,
ij=1
(15)
where

0 0 0

0 0 +

T]u - V;l‘ u u u (Vi) ’
My M3 M
Uy Uy Uy

Through the parametrization reported in [44] for the
VZ:‘é mixing matrices, it is possible to obtain numerical
values for the entries of the *¢ matrix. Under this frame-
work, m§, =0, m%, =0, and m4; = m,.

II1. CMDM AND CEDM OF THE TOP QUARK IN
THE RM331

Apart from the pure SM contributions, at the one-loop
level, there are new contributions to the CMDM of the
top quark arising in both the gauge and scalar sectors of
the RM331. The corresponding Feynman diagrams are
depicted in Fig. 1. In the gauge sector, the new contribu-
tions arise from the neutral Z’ gauge boson and are in-
duced by both diagonal and non-diagonal couplings.
There is also a new contribution from the singly-charged
gauge boson V*, which is accompanied by the new exot-
ic quark J;. As already mentioned, the doubly-charged
gauge boson U** does not couple to the top quark, thus
there is no contribution from this gauge boson to the top
quark CMDM and CEDM. As for the scalar sector, there
are new contributions from the neutral scalar bosons #;
and h,, which in fact are the novel contributions from the
RM331 as they are absent in other 331 model versions.
The SM-like Higgs boson #; yields new contributions
arising from its FCNC couplings, which are induced at
the tree-level and also from its diagonal coupling, which
has a small deviation from its SM value. As for the new
Higgs boson h,, it also contributes via both diagonal and
non-diagonal couplings. We would like to point out that
such scalar contributions are absent in the 331 model
studied in Ref. [9], where the on-shell CMDM of the top
quark was calculated. Furthermore, as long as complex
FCNC couplings are considered, there are non-vanishing
contributions to the CEDM. This class of contributions
has not been studied either in the context of 331 models.

We are interested in the off-shell CMDM and CEDM
of the top quark. Given that off-shell Green functions are
not associated with an S-matrix element, they can suffer
from issues such as being gauge non-invariant, gauge de-
pendent, or ultraviolet divergent. In this context, the
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t t

Fig. 1.
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New one-loop contributions of the RM331 to the CMDM and CEDM of the top quark in the unitary gauge. In the convention-

al linear R; gauge, there are additional Feynman diagrams in which the gauge bosons are replaced by their associated Goldstone bo-

sons.

pinch technique (PT) was meant to provide a systematic
approach to construct well-behaved Green functions [45],
from which valid observable quantities can be extracted.
It was later found that there is an equivalence at least at
the one-loop level between the results found via the PT
and those obtained through the background field method
(BFM) via the Feynman gauge [46]. This provides a
straightforward computational method to obtain gauge in-
dependent Green functions. It is thus necessary to verify
whether the RM331 contributions to the CMDM and
CEDM of quarks are gauge independent for ¢* # 0. Nev-
ertheless, from the Feynman diagrams in Fig. 1, note that
the gauge parameter & only enters the amplitudes of the
Feynman diagrams (a) and (b) via the propagators of the
gauge bosons and their associated would-be Goldstone
bosons. Those types of diagrams have an amplitude that
shares the same structure to those mediated by the elec-
troweak gauge bosons Z and W in the SM, which are
known to yield a gauge independent contribution to the
CMDM for an off-shell gluon when the contribution of
their associated would-be Goldstone bosons are added up.
See for instance Ref. [12], where we calculated the elec-
troweak contribution to the CMDM of quarks in the con-
ventional linear R gauge and verified that the gauge
parameter ¢ drops out. Furthermore, the dipole form
factors cannot receive contributions from self-energy dia-
grams, which are required to cancel gauge dependent
terms appearing in the monopolar terms via the PT ap-
proach. Thus, both the CMDM and CEDM must be
gauge independent for an off-shell gluon and hence valid
observable quantities.

Below, we present the analytical results of our calcu-
lations in a model-independent way, from which the res-
ults for the RM331 and other SM extensions would fol-
low easily. The corresponding coupling constants for the
RM331 are presented in Appendix A. For loop integra-
tion, we used the Passarino-Veltman reduction method,
and for completeness, our calculations were also per-
formed through Feynman parametrization via the unitary
gauge, which provides alternative expressions to cross-
check the numerical results. The Dirac algebra and the
Passarino-Veltman reduction were done in Mathematica
with the help of Feyncalc [47] and Package-X [48].

A. New gauge boson contributions

We first consider the generic contribution of a new
gauge boson ¥ with the following interaction to the quarks

8 —( Vag _ _Vaq /
L9 = =q(ey" — gy "y )yug Vi +Heo (16)

. Vaa' .
where the coupling constants g, 4" are taken in general as

complex quantities. By hermicity they should obey
Vag' _ ,Vd'q*
8ya = 8va -
The above interaction gives rise to a new contribu-
tion to the quark CMDM and CEDM via a Feynman dia-
gram similar to that of Fig. 1(a). The corresponding con-

tribution to the quark CMDM can be written as

2V (% :ﬂ Z 'quq"zq/v )
a 2 \/zﬂzr%,c%)v 7 v “
Vaq' Vaq'
+( Sv T ) (17)
mq d —mq

where we introduced the auxiliary variable r, =m,/m,,
and the V) (¢*) function is presented in Appendix B in
terms of Feynman parameter integrals and Passarino-
Veltman scalar functions. The second term of the right-
hand side stands for the first term with the indicated re-
placements. As for the contribution to the quark CEDM,
it can arise as long as there are flavor changing complex
couplings and is given by

2
Gme

d) ()= ———
1 \/inzr%/c%‘, p

Im (g% g, " ) Dy (4. (18)

where again the D) (¢°) function is presented in Ap-
pendix B.

From Egs. (17) and (18), we can straightforwardly
obtain the contributions to the quark CMDM and CEDM
of the neutral gauge boson Z’ and the singly charged
gauge boson V* after replacing the coupling constants
and the gauge boson masses.
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B. New scalar boson contributions

Following the same approach described above, we
next present the generic contribution to the quark CM-
DM and CEDM arising from FCNC mediated by a new
scalar boson S, which arises from the Feynman diagram
in Fig 1(c). We consider an interaction of the form

L5990 = _gzj(cg‘f‘f +Gy ) q'S +He.  (19)

The above scalar interaction leads to the following
contribution to the quark CMDM

Grm? 12 G394 _, G394
AS 2y — w E Sqq S (2 P S
Hq (q ) 8\/571’2 - 'GP ' qu'(q )+( m; N _m; )’

(20)

whereas the corresponding contribution to the quark
CEDM is given by

2
GFmW

42n2

&g = > m(G5 G DY (4, (21)
~

where the 5 (¢°) and Z~)g (¢°) functions are presented in
Appendix B.

From the above expression we can obtain the contri-
bution of the new scalar Higgs boson of the RM331 as
well as the contribution of the SM Higgs boson, which
has tree-level FCNC couplings in the RM331.

IV. NUMERICAL ANALYSIS AND DISCUSSION

We next address the numerical analysis. The coup-
ling constants that enter the Feynman rules and are neces-
sary to evaluate the CMDM and CEDM of the top quark
[c.f. Egs. (16) through (21)] are presented in Tables Al
and A2 of Appendix A. Note that these couplings depend
on several free parameters, such as the mass parameter
m;, the VEV v,, the parameters of the scalar potential
A2 and A3, as well as the entries of the matrices VY, K,
and 7. To obtain an estimate of the contributions of the
RM331 to the CMDM and CEDM of the top quark we
need to discuss the most up-to-date constraints on these
parameters from current experimental data.

A. Constraints on the parameter space

1. Heavy particle masses

As already mentioned, the mass parameter mj; can be
identified with the top quark mass [40], whereas the VEV
v, determines the masses of the heavy gauge bosons and
the heavy quark J3. As for the mass of the new scalar bo-

son my,, it is determined by the parameters 1, and A3,
along with the VEV v,,, which also determines the mix-
ing angle sg.

We will first discuss the current indirect constraints
on the heavy neutral gauge boson masses. From the muon
g—2 discrepancy, the constraint v, >2 TeV [41] was ob-
tained, from which bounds on the heavy gauge boson
masses follow. Nevertheless, there are also indirect con-
straints obtained through the experimental data on B — B
oscillations. The RM331 contribution to Amp arises from
FCNC couplings mediated by the Z’ gauge boson and the
hy and h, scalar bosons [40, 43]. Then, using the para-
metrization reported in [44], the experimental limit on
Ampg leads to the following bounds: mz >3.3 TeV,
my- 20.33 TeV and my, 2 0.34 TeV [40]. Similar limits
have been imposed using the mass difference in the
K°-K" and DD’ systems [43]. In addition, the current
experimental bounds on the masses of new neutral and
charged heavy gauge bosons from collider searches are
model dependent [1]. At the LHC, the ATLAS and CMS
Collaborations have searched for an extra charged gauge
boson W’ at +/s =13 TeV via the decay modes W’ — (v,
[49, 50] and W’ — ¢q’. The most stringent bounds are ob-
tained for a W’ gauge boson with SM couplings (sequen-
tial SM). The respective lower bounds on my. are 6.0
TeV (5.1 TeV) for the W' — ev, (W' — puv,) decay chan-
nel, whereas for the decay W’ — gq’, the corresponding
bound is less stringent, of the order of 4 TeV [51, 52]. As
far as an extra neutral gauge boson Z’ is concerned, the
search at the LHC at /s =13 TeV via its decays into a
lepton pair has been useful to impose the lower limit
mz >4.5,5 TeV for a Z' gauge boson model arising in
the sequential SM and in an Eg-motivated Grand Unifica-
tion model [53, 54]. In this context, it has been pointed
out recently that the LHC might be able to constrain the
mass of the heavy Z’ boson up to the 5 TeV level in sev-
eral 331 models [55-57]. Although these bounds are mod-
el dependent and rely on several assumptions, if we con-
sider the conservative value of 5 TeV for the gauge bo-
son masses, we obtain a lower constraint on v, of the or-
der of 10 TeV. Thus, we will use this value in our analys-
is to be consistent with experimental constraints and lim-
its from FCNC couplings.

As far as direct constraints on the mass of exotic
quarks are concerned, the ATLAS and CMS Collabora-
tions have used the +/s =13 TeV data to search for vec-
tor-like quarks with electric charge of 5/3 via their decay
into a top quark and a W gauge boson, with the final state
consisting of a single charged lepton (muon or electron),
missing transverse momentum, and several jets. A mass
exclusion limit up to 1.6 TeV is obtained depending on
the properties of the vector-like quark [58-60]. We will
thus use m;, =2 TeV to be consistent with the experi-
mental bound.
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2. Mixing angle sg and parameters 153

According to Eq. (8), the mass of the SM-like Higgs
boson receives new corrections through the 1, and A3
parameters. As discussed above, the SM case is re-
covered when A; ~0.26 and A3 < A, < 1. Thus, the new
corrections to my, must lie within the experimental error
of the SM Higgs boson mass my, = 125.10+0.14 GeV [1].
This allows constraining the 1, and A3 parameters, which
in turn translates into constraints on sz and mj, once the
v, valueis fixed. Again, we follow a conservative ap-
proach and only consider the experimental uncertainty in
the Higgs boson mass, whereas theoretical uncertainties
from higher order corrections are not taken into account.
Note in Fig. 2 that the allowed regions in the planes A,
vs. A3 and sg vs. my, are consistent with the experimental
error of the Higgs boson mass at 95% C.L. Note also that
for a given A, A3 must be approximately one order of
magnitude below. In our calculations, we used 1, =0.9
and A3 = 0.06, though there is no significant sensitivity of
the top quark CMDM and CEDM to mild changes in the
values of these parameters. In addition, we found that val-
ues ranging from 0.002 to 0.013 are allowed for sp
provided that v, > 10 TeV and mj, 2 300 GeV, which is
consistent with recent searches for new neutral scalar bo-
sons at the LHC [1].

3.  Mixing matrices

As for the mixing matrices, we can obtain the abso-
lute values for the entries of the matrices VY, K, and n“.
The entries of the last matrix are given in terms of v, sp,
and the m?j matrix elements, and their values are ob-
tained following the parametrization used in [44]. In gen-
eral, K; and 7" are expressed in terms of the entries of
Vi and Vj, ie., the complex matrices that diagonalize
the mass matrices of up quarks. These matrices can be as-
sumed to be triangular. Then, using the experimental data
on quark masses and the mixing angles, it is possible to

0.0 O.‘Z 0‘4 0.‘6 D‘.B 1‘0
Az
Fig. 2.

obtain values of their entries [61]. It is also assumed that
the only non-negligible mixing is that arising between the
third and second fermion families. Furthermore, given
that the CP violation phases are expected to be very
small, we follow a conservative approach and assume
complex phases of the order of 1073.

We present a summary of the values we used in our
numerical evaluation in Table 1 .

B. Top quark CMDM

As already mentioned, in the RM331 there are new
contributions to the off-shell top quark CMDM p,(¢?)
arising from the heavy gauge bosons Z’ and V* as well as
the neutral scalar bosons 4; and h,. Below we will use
the notation Agc for the contribution of particle 4 due to

Table 1. Values of the parameters used in our evaluation of
the CMDM and CEDM of the top quark in the RM331. For
the entries of the matrices V{, K, and 5, we used the values
obtained in [40] using the parametrization of [44], where the
mass parameter m, is identified with the top quark mass. We
also used 4, and 43 values allowed by the experimental error
in the Higgs boson mass and assumed that the only non-negli-
gible mixing is that arising between the third and second fer-
mion families.

Parameter Value
[(KL)rel 6.4x1074
Vi3] !
A 6.4%x 107
I 4.62% 107
mys m

Uy 10 TeV
sp 1072
M, 300 GeV
Pt > Py 1073

2000 [

Uy =10 TeV

1500

1000 -

mp, [GeV]

500 [~

L L L L L L L
0.000 0.002 0.004 0.006 0.008 0.010 0.012

Sp
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(color online) Allowed areas in the planes A3 vs. A, and sz vs. my, in agreement with the experimental error of the Higgs bo-
son mass my, = 125.10+£0.14 GeV [1] at 95% C.L. We consider 1; ~ 0.26 and 13 < A, < 1, which yield the SM limit.
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the ABC coupling. Thus, for instance, Z;, will denote the
contribution of the loop with the Z’ gauge boson due to
the Z’tc coupling. Given that we would like to assess the
magnitude of the new physics contributions to f,(¢%), we
will extract the pure SM contributions from our calcula-
tions. Thus, apart from the contribution due to the tree-
level FCNCs of the SM-like Higgs boson 4;, we only
consider the contribution arising from the small devi-
ation of the diagonal coupling 4t from the SM Azt coup-
ling. This contribution will be denoted by 64 ;.

We will examine the behavior of the CMDM of the
top quark as a function of ||¢|l = \/|q_2|, where ¢ is the
gluon four-momentum. In the left plot of Fig. 3 we show
the real part of the partial contributions to 7,(¢>) as a
function of ||¢|| for the parameter values in Table 1,
whereas the real and imaginary parts of the total contribu-
tion are shown in the right plot. In general, there is little
dependence of Re [,&,(qz)] on |lgll, except for the 8hy,,
hoy, and hy,. contributions, which have a change sign.
Note also that the V7 contribution is the largest one,
whereas the remaining contributions are negligible, with
the hj,. contribution being the smallest one. Thus, the
curve for the real part of the total contribution seems to
overlap with that of the ijx contribution, though the
former shows a small peak at ||g|| = 2m,. This can be ex-
plained by the peak appearing in the 6k, contribution,
which can be as large as the V*;; contribution for
llgll = 2m,. We conclude that 1;(¢>) can have a real part of
the order of 107>.

1075

10°

Re[fi]

10—!2 L

1075

-18
107}

.
600
llall [GeV]

1
400

Fig. 3.

—=

7

to

+
Vi,

- hae

3
i
- hie

Concerning the imaginary parts of the partial contri-
butions to f,(g%), they are several orders of magnitude
smaller than the corresponding real parts. As observed in
the right plot of Fig. 3, the imaginary part of the total
contribution is negligible for ||¢|| < 2m, but increases up to
approximately 107¢ around ||g|| = 400 GeV, where it starts
to decrease up to one order of magnitude as ||¢|| increases
upto 1 TeV.

Plots similar to those in Fig. 3 but depicting the beha-
vior of f1,(¢%) as a function of v, for [lgll =500 GeV and
the parameter values in Table 1 are shown in Fig. 4. In
this case, note that the real parts of the partial contribu-
tions to j1,(¢>) show a variation of approximately one or-
der of magnitude when v, increases from 10 TeV to 20
TeV. As already mentioned, the V}; contribution yields
the bulk of the total contribution to 2, whose imaginary
part is slightly larger than its real part. Therefore, both
real and imaginary contributions of the RM331 to the top
quark CMDM can be as large as 1073,

In summary, for v, > 10 TeV, the real part of the new
contribution of the RM331 to /i;(¢g?) would be three or-
ders of magnitude smaller than the real part of the SM
electroweak contribution [12], whereas its imaginary part
can be as large as its real part. In general, there is no ap-
preciable variation in the magnitude of g, for mild
changes in the parameters listed in Table 1. Although
f:(g%) can be of similar size to the SM electroweak pre-
diction for v, <10 TeV, such values are disfavored by
the current constraints on the heavy gauge bosons masses.

1074

107

1075

181

= 107L

107

— Total Real
— Total Imaginary

10-°L

. . 1
600 800 1000

llall [GeV]

1 . .
30 200 400

(color online) Real part of the partial contributions of the RM331 to the top quark CMDM (left plot) as a function of

ligll = +/Ig?| for the parameter values in Table 1. The real and imaginary parts of the total contribution are shown in the right plot.

T T
119]1=500 GeV

1076

10°r

Re[fi]

107124

10715}

10718}
10000

1 I I |
14000 16000 18000 20000

vy [GeV]

I
12000

Fig. 4.

4.x10°f ]
119]1=500 GeV

-5
3.x10 — Total Real

— Total Imaginary

— -5
= 2.x10

1.x107%-

I I I I
14000 16000 18000 20000

vy [GeV]

I I
10000 12000

(color online) Same plots as in Fig. 3 but for the contributions of the RM331 to the top quark CMDM as a function of v, for

ligll = 500 GeV. For the remaining parameters, we used the values in Table 1.
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Finally, note that the RM331 can render a contribution
larger than the ones predicted by other extension models,
where a new neutral Z gauge boson is predicted [11]. The
real and imaginary parts of the top quark CMDM are of
order 10°°—10"7 and 107'°- 107! respectively in such
models.

C. Top quark CEDM

A potential new source of CP violation can arise in
the RM331 through the FCNC couplings mediated by
neutral scalar bosons, which are proportional to the
entries of the non-symmetric complex mixing matrix "
[40], thereby allowing the presence of a non-zero CEDM,
which is absent in other 331 models. Thus, it is a novel
prediction of the RM331.

There are only two partial contributions to the top
quark CEDM in the RM331. Thus, we only analyzed the
behavior of the total contribution. Fig. 5 shows the con-
tour lines of the real part (left plot) and the imaginary part
(right plot) of d;(¢*) in the v, vs. |lgll plane for the para-
meter values listed in Table 1. We found that the new
scalar boson #h, yields the dominant contribution to
d;(¢*), whose real (imaginary) part can be as large as
10712 (1072), whereas the contribution from the h; scal-
ar boson is three or more orders of magnitude below.
Note also that the real part of d,(¢*) decreases as v, and
llgll increase, while the imaginary part remains almost
constant. For ||g|| > 600 GeV, the RM331 contribution to
the CEDM of the top quark is expected to be below the
10720 level, which seems to be much smaller than the val-
ues predicted in other extension models [11], where the
real and imaginary parts are of order 1077 —-10"% and
10712 -10713, respectively. In the range 2 TeV <v, < 10
TeV, our results for d,(¢*) are enhanced by one order of
magnitude, but as already mentioned, this interval is dis-
favored by current constraints.

|Re[d,]]x107"®

20000

18000 -~

16000

vy [GeV]

14000 <

12000

10000

L Il L L Il L L Il L
400 600 800

llall [GeV]

L Il L
200

Fig. 5.

For comparison, a compilation of the predictions of
several extension models of the top quark CMDM and
CEDM for ¢? =0 is presented in Table 2. We would like
to stress that, to the best of our knowledge, there is no
previous estimate of the top quark CEDM in 331 models.
Note also that, although these values seem to be much
larger than the results obtained for ¢> # 0 in the RM331,
the dipole form factors are expected to decrease as ¢* in-
creases. Such a behavior is indeed observed in the SM
case [12], where the magnitude of &, decreases as ||g|| in-
creases.

V. CONCLUSIONS

We present a calculation of the one-loop contribu-
tions to the CMDM and CEDM, i.e., f(¢?) and d,(¢?), of
the top quark in the framework of the RM331, which is
an economic version of the so-called 331 models with a
scalar sector composed of two scalar triplets only. We

Table 2. Predictions of the CMDM and CEDM of the top
quark in several extension models at ¢> = 0.

Model a; d,
SM 1072 [12, 13]
THDMs 1073 =107 [14] 1075 [14, 62]
4GTHDM 102-107! [15] 10— 107* [15]
331 1073 [9]
Technicolor 1072 [9]
Extra dimensions 1073 [9]
Little Higgs model 107 [17]
MSSM 1071 [18] 1075 —107* [63]
Unparticle model 1072 [19]
Vector-like multiplets 107 [20]
[Im[d,]| 102"
| 20000
|
LB
8 18000
I 1
|
7 416000 =
[ %
| &
“ 114000 S°
‘ 2112000
9 ‘ : ‘ 3410000
200 400 600 800 1000

llall [GeV]

(color online) Real part (left plot) and imaginary part (right plot) of the total contribution to the CEDM of the top quark in the

RM331 in the plane v, vs. |lgll. We used the parameter values in Table 1.
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consider the general case of an off-shell gluon, as it has
been pointed out before, so that the QCD contribution to
[:(¢%) is infrared divergent and the CMDM has no phys-
ical meaning for ¢> =0. We argue that the results are
gauge independent for ¢ # 0 and represent valid observ-
able quantities given that the structure of the gauge bo-
son contributions is similar to those arising in the SM. To
the best of our knowledge, no previous calculations of the
off-shell CMDM and CEDM of the top quark have been
presented before in the context of 331 models.

Apart from the usual SM contributions, in the
RM331, the CMDM of the top quark receives new contri-
butions from two new heavy gauge bosons Z’ and V* as
well as one new neutral scalar boson /;, along with a new
contribution from the neutral scalar boson #;, which must
be identified with the 125 GeV scalar boson detected at
the LHC. This model also predicts tree-level FCNCs me-
diated by the Z’ gauge boson and the two neutral scalar
bosons h; and h,, which at the one-loop level can also
give rise to a non-vanishing CEDM provided that there is
a CP-violating phase. The analytical results are presen-
ted in terms of both Feynman parameter integrals and
Passarino-Veltman scalar functions, which are useful to
cross-check the numerical results.

We present an analysis of the region of the parameter
space of the model consistent with experimental data and
evaluate the CMDM and CEDM of the top quark for
parameter values still allowed. It was found that the new
one-loop contributions of the RM331 to the real (imagin-
ary) part of fi,(¢*) are of the order of 107 (107%), which
are larger than the predictions of other SM extensions
[11], with the dominant contribution arising from the V*
gauge boson, whereas the remaining contributions are
considerably smaller. It was also found that there is little
dependence of 1;(¢%) on ||g|| in the 30-1000 GeV interval
for a mass my of the order of a few hundreds of GeV. As
far as the CEDM of the top quark is concerned, it is
mainly induced by the loop with h, exchange and can
reach values of the order of 107! for realistic values of
the CP-violating phases. Such a contribution is smaller
than the ones predicted by other SM extensions [11].
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APPENDIX A: FEYNMAN RULES

We next present Tables Al and A2 containing the
coupling constants that enter the Feynman rules [26, 40,
43] that follow from Egs. (16) and (19). These are neces-

Table Al.
gauge bosons and quarks in the RM331. We follow the nota-

Coupling constants for the interactions between

tion of Lagrangian (16). Here (K), are entries of the com-
plex mixing matrix K;, where the subscript g runs over u and
c¢. This matrix is given in terms of the unitary complex matrix
V4 that diagonalizes the mass matrix of up quarks and can be
written as (Kp)y = (Vi) (Vi)y:. Here, hw = 1-4s3,,.

Coupling g“ﬁqq, gX‘”/
i} 1-2s%, 1-2s%,
Z'tt
2N12hw 2V12hw
Sty Sy
Zt — (K1) —— (K1)
1 T2hy 2hy
V7il3 V2ew(Vi)ss V2ew (V)33
Table A2. Coupling constants for the interactions between

scalar bosons and quarks necessary for the evaluation of the
one-loop contributions to the CMDM and CEDM in the
RM331. We follow the notation of Lagrangian (19). Here
(1")q are entries of the complex mixing matrix 7", where the
subscript g runs over u and ¢. This matrix is given in terms of
the unitary complex matrices V¥ and V¢ that diagonalize the
mass matrix of up quarks and can be written as
1 = (Vigg(Vii, and (1);, = (Vi) (Vie)gq given that the mat-
rix p* is not symmetric.

quq’ Gfﬂq/
_ m, Y,
hytt ﬁ (CB - UiSB) -
X
_ SpUpM33 m U\ * SpUpIn33 m 10\ *
—_—— + PR A— —
hiiq o (g + ") o (01 = ;)
- m; Yo
hatt o BT E‘B B
- CpUpIn33 u 10\* CpUpin33 u 1%
CBYpM33 + _
Inig oy ("q + ;) oy (0" q = %)

sary for the evaluation of the CMDM and CEDM of the
top quark in the RM331.

APPENDIX B: ANALYTICAL RESULTS FOR THE
LOOP INTEGRALS

In this appendix, we present the loop integrals appear-
ing in Egs. (17), (18), (20), and (21) in terms of Feynman
parameter integrals and Passarino-Veltman scalar func-
tions both for non-zero and zero ¢*>. We have verified that
all the ultraviolet divergences cancel out. Furthermore,
unlike the QCD contribution, all the contributions of the
RM331 are finite for ¢> = 0.

1. Feynman parameter integrals
vV 2 L .
The V,,(¢%) function in Eq. (17) can be written as

Ul Qudy
4% zsz 2u-1Du+-r,
w@= | ] AV[( u+(1-ry)

113101-10
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X (24%uv(u+v—1)+ Gu—1)Aylog(Ay))
— 1y (u=1)*Qu— 1) = (273, (u=1)" + rpu(u+ 3))
+ 1 (12 (u=1)7 = iy (u = 5)u)), (B1)

where Ay =u(@—1)+r})=r2@—1)+v(u+v-1), with
§* = qz/mg and r, = my/my.
For ¢*> = 0, we obtain

! udu

0 r%,(u— D —”((“_ 1)+r§,)
~u(23-2r) + (1471 1))
+4r%,(1 _rq’)]'

Vy.(0)= |12 (1 =rg)*+277)
(B2)

As far as the 5(‘1/(1,(6]2) function in Eq. (18) is con-
cerned, it is given by

. 1 1-u dud
DY () =1y | Gu=-DAylog(Ay)
G 0 0 \%4

A
+Qu+ -1 =ri =1y
+u(ryu=5)+2vw+v-1)], (B3)

which leads to

zy<m=wj“u@ﬂ—%w4%W—m
“ o u(@-1+r2)-ru-1)

du.  (B4)

The 5, (¢%) function in Eq. (20) is
S 2\
qu'(‘] ) -

Ll (=D ~ry)

ff dudv,

0 Jou((u=-1D)+rE)=rZu=—1)+2v(u+v-1)
(BS)

which for ¢*> = simplifies to

Vo2
Ve (@) _(QZ Zay?

- [
1 0 u(=-1)+r2)=r2@-1)

du. (B6)

Finally, the loop function in Eq. (21) reads

D3, () =
1 1-u (u—1
f f re=1) dudv,
0 Jou((u=1)+rE)=r2u=1)+gv(u+v-1)
(B7)
which yields
_ ! ro (1 —u)?
D;,(0) = d du. (B8)

0 (1—u)(r§,—u)+r§u

2. Passarino-Veltman results

We next present the results for the loop functions in
terms of Passarino-Veltman scalar functions, which can
be numerically evaluated by either LoopTools [64] or
Collier [65], thereby enabling cross-checking the results.
We introduce the following notation for two- and three-
point scalar functions in the customary notation used in
the literature:

B, = Bo(0,m;,m}), (B9)
By = Bo(m},ml,,m}), (B10)
Bjg = Bo(§* mi,.m), (B11)
C,= méCo(mi,mﬁ,qz,mi,,mg,mé,). (B12)

fora=V,S,q and b=V,S. We also define 6, =1-r;, and
Xb = 1+ rp.

For non-zero ¢, the loop functions in Egs. (17) and
(18) are given by

[(@*=4)(r2 =3 +1) (62 +2r3) + (27 - 4) (62 +213) (r2 B, - 13 Bv)

—(02xg (47 =10)rg +* +2) + 15 (47 (ry =3)* =274 (574 —6) — 18) = 2(4* = 10) ) B,y
+(65 (28%ry =2y (3rg +4)+ 47 +2) =21 (97 (414 = 5) +r (37 —10) + 11) + 12+ By,

+ 26505 (3rg =+ 1)+ 6,17 (507 - 8) 2 — (27 - 4) ry -2((4
=1y (4% (rg =2) = (10=9ry ) rg =17)+ 615 )Cyv ],

~4)°+0))
(B13)
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and

51‘1/11/ (q2) = qzrti 4 [(}’3 - 4”%/ - 1) (Bq/V - Bt?q’)

+ (r%/ (2512 - 5r§, - 3) + (rZ - 1)2 + 4r“‘,)quV].
(B14)

As far as the results for ¢> =0 are concerned, they
read

Vi (0) =——[8r% = 4(ry (314 +2) +2) 1)
v =Xy
+2 (rqf (rq/ (qu, + 7) + 4) - 5) r%,
+2(r2 = 1) (2rgxg +1) - (465 rg x5
+ 4rqf,\(3, r%, -4 (rq/ (Srqf + 2) + 3) r“‘/ + Sr?,)Bqlv
- (46({ rqf)(;, r%, +4 (rq/ (rqf + 2) + 3) r‘“, — 8r?,)BV
+4ry (65, )(Z, +ry )(3, r%, —2ry r‘“,) Bq,],
(B15)
and
—_ v,
Do O =G ==y w0 )

X (4r€, - (Sré, + 3) r%/ + (rs, - 1)2)

4 2 2
+(4rpry + (—Srq/ +4rq, + 1>rV

(B16)

The loop functions in Egs. (20) and (21) are given by

1 ~ A~
P =l () - 1)@ o)
+617 = 8rg —6r5 —2)Byy + (20514 (1 -3r4 - 4°)
+2r3 (47 (rg =2) + 61 = 4ry +2) =615 )Cys
+(64 (4= 10)ry = =2) = (4% = 10) 13 )Bys
+(A2—4)(r§Bs—r§,Bq1)], (B17)
and

DS,(¢) = 51%4[3‘” — By +(rk -3 =1)Cys|. (B18)

For ¢*> = 0, we obtain

1

_ 2 _1),2
qu, 0= 5 (Xq/ T ) (rq/ +)(5) [(4rq, +2ry 1) rs
- 2r3/ - 2r;;’, + rg, - 2r§ -1
+2 (6‘]/ rqf)(z, —ry (quf + 1) rﬁ + r§ ) Bys
+2ry (rqr rg - 6qu(2],)qu + 2r§ (rg, +ry— ré)BS ],
(B19)
and
1
Do O =Gy e =y el )

+(r§ (1 —rg, +r§))(BS —qus)

+ (2r§ - (1 - ré, + r§)(1 - r;,)) (Bq,s - qu)].
(B20)

3. Two-point scalar functions

To conclude the manuscript, we present the closed
form solutions for the two-point Passarino-Veltman scal-
ar functions appearing in the above calculations. The
three-point scalar functions are too lengthy to be shown
here.

22 m§ 1
By(0,m;,m;) = —log |-+ log(4m)—ve, (B21)
u €
22 2
N —4r,
Bo(@*,myy my,) =———
7
1G] </§* - 4r§, -§*+ 2r§,
Xxlo
& 2r§/

my\ 1
+2—log — |+ = +log(4m) —yg,
u €

(B22)

2 02 o 4,2 .2 .2
Bo(mq,mq,,mb)— /l(xq,xb,xq,)

[ /l(xé,xi,xé,)+ (rg +r§, - 1)]
x log

2rpry

) rZ
+ (1 -, +rq,)log(r—2]
pt

N —

m> 1
+2- log[ﬂ—é’) + p +log(4m) - yE,
(B23)

113101-12



Chromomagnetic and chromoelectric dipole moments of quarks in the reduced 331 model

Chin. Phys. C 45, 113101 (2021)

where A(x,y,2) = x> +y? + 22 —2(xy — xz— yz). Note that the
scale p and pole € of dimensional regularization cancel

out in the final result.
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