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Abstract

This work is divided in four parts. In chapter one a new estimate of the one loop contributions of
the standard model to the chromomagnetic dipole moment (CMDM) /i, (q2) of quarks is presented
with the aim to address a few disagreements arising in previous calculations. The most general
case with arbitrary q2 is considered and analytical results are obtained in terms of Feynman
parameter integrals and Passarino-Veltman scalar functions, which are then expressed in terms
of closed form functions when possible. It is found that while the QCD contribution to the static
CMDM (q2 = 0) is infrared divergent, which agrees with previous evaluations and stems from
the fact that this quantity has no sense in perturbative QCD, the off-shell CMDM (q2 #0) is
finite and gauge independent, which is verified by performing the calculation for arbitrary gauge
parameter § via both a renormalizable linear R, gauge and the background field method. It is
thus argued that the off-shell ,&q(qQ) can represent a valid observable quantity. For the numerical
analysis we consider the region 30 GeV< ||¢|| < 1000 GeV and analyze the behavior of ﬂq(qQ) for
all the standard model quarks. It is found that the CMDM of light quarks is considerably smaller
than that of the top quark as it is directly proportional to the quark mass. In the considered
energy interval, both the real and imaginary parts of ﬂt(qg) are of the order of 1072 — 10_3, with
the largest contribution arising from the QCD induced diagrams, though around the threshold
¢ = 4m} there are also important contributions from diagrams with Z gauge boson and Higgs
boson exchange.

Further, in chapter two the effects of the absorptive (imaginary) parts of the top quark
chromomagnetic [i; and chromoelectric cit dipole moments on top quark production at the LHC
are studied and the allowed area in the Im [ﬂt] —Im [cm plane is obtained using the experimental
data at /s = 14 TeV, with the limits on Im[ﬂt] being of the order of 107" — 1072, which
are consistent with the standard model prediction. The most recent limits on the real parts of
i and cit reported by the CMS collaboration are then used to assess the potential impact of
their corresponding imaginary parts on top quark production via the study of some kinematic
distributions, but no significant deviation from the standard model at leading order contribution
is observed.

In chapter three the one-loop contributions to the chromomagnetic dipole moment ﬂt(qQ)
and electric dipole moment dt(qQ) of the top quark are calculated within the reduced 331 model
(RM331) for non-zero q2. It is argued that the results are gauge independent and thus represent
valid observable quantities. In the RM331 ﬂt(qQ) receives new contributions from two heavy
gauge bosons Z' and V* and one neutral scalar boson ho, along with a new contribution from
the standard model Higgs boson via flavor changing neutral currents. The latter, which are
also mediated by the Z' gauge boson and the scalar boson h,, can give a non-vanishing dt(q2)
provided that there is a C'P-violating 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 evaluated for parameter

xiii



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 ji,(¢*) are of the order of 107° (107%),
which are at least three orders of magnitude smaller than the standard model prediction, but
are larger than the predictions of other models of new physics. In the RM331 the dominant
contribution arising from the vE gauge boson for ||g|| in the 30-1000 GeV interval and a mass
my, of the order of a few hundreds of GeVs. As for cft(q2), it receives its largest contribution from
hy exchange and can reach values of the order of 10_197 which is smaller than the contributions
predicted by other standard model extensions.

And finally, in chapter four the one-loop contributions to the trilinear neutral gauge boson
couplings ZZV™* (V = v, Z,Z'), parametrized in terms of one C'P-conserving f5V and one CP-
violating fr form factors, are calculated in models with C P-violating flavor changing neutral
current couplings mediated by the Z gauge boson and an extra neutral gauge boson Z'. Ana-
lytical results are presented in terms of Passarino-Veltman scalar functions. Constraints on the

< 0.011 are obtained

from the current experimental data on the t — Zq decays. It is found that in the case of the
ZZ~" vertex the only non-vanishing form factor is f7, which can be of the order of 102, whereas

vector and axial couplings of the Z gauge boson ‘ gf}LZ’ < 0.0096 and ‘ g%fz

for the ZZZ™* vertex both form factors fE‘,Z and f42 are non-vanishing and can be of the order of
107% and 1077, respectively. Our estimates for fJ and fE,Z are smaller than those predicted by
the standard model, where ff is absent up to the one loop level. We also estimate the ZZ z"
form factors arising from both diagonal and non-diagonal Z’ couplings within a few extension

models. It is found that in the diagonal case f5Z is the only non-vanishing form factor and its
real and imaginary parts can be of the order of 107 —107% and 1072 — 1073, respectively, with
the dominant contributions arising from the light quarks and leptons. In the non-diagonal case
f5Z can be of the order of 10™*, whereas ff can reach values as large as 1077 —10™%, with the

largest contributions arising from the Z'tq couplings.



Chapter 1

Chromomagnetic dipole moment
of quarks in the standard model

The anomalous magnetic dipole moment (MDM) of fermions has been a fertile field of study,
giving rise to a plethora of theoretical work within the context of the standard model (SM)
1, 2, B, [], as well as beyond the SM (BSM) theories [5]. Furthermore, the fermion electric
dipole moment (EDM) has also been analyzed in several models [6], [7, [8, @] 10, 11} 12]. More
recently, the calculation of radiative corrections to the gluon-quark-quark gqg vertex has also
become a topic of considerable interest. Radiative corrections to the ttg coupling are expected
to be considerably larger than those of lighter quarks due to the large top quark mass [13]. In
particular the top quark chromomagnetic dipole moment (CMDM) and chromoelectric dipole
moment (CEDM) have been studied within the framework of the SM [14], two-Higgs doublet
models (THDMs) [15], the four-generation THDM (4GTHDM) [13], little Higgs models [16] [17],
the minimal supersymmetric standard model (MSSM) [18], unparticle model [19], vector like
multiplet models [20], etc.

The anomalous gqg coupling can be written as

Qq

gS — . N
L = EQTGUW ( + qu75> qG"” (1.1)

2m,

where a, and d, are the CMDM and CEDM, respectively, whereas G%” is the gluon field strength
tensor and T are the SU(3) color generators. The CMDM and CEDM are usually defined in
the literature as dimensionless parameters [21]

3

q

fq = 7 fig»
R m,, ~
d, = quq, (1.2)

where /i, = a,/2 and ciq = myd,.

In the SM, the CMDM is induced at the one-loop level or higher orders via electroweak (EW)
and QCD contributions. On the other hand, the CEDM is induced up to the three-loop level
[22, 23] since all the partial contributions exactly cancel out at the two-loop level [24]. The
lowest order SM contributions to the CMDM of the top quark have been studied in [I4] and
more recently in [25] 26]. However, there are some disagreement between those calculations (see
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a(m) a(pa)

Figure 1.1: Notation for the quark-gluon vertex.

section 2.1 of [25] and section 3.D of [26]). In particular, authors of Ref. [I4] only focus on the
static CMDM, which they claim it receives an infrared finite QCD contribution, whereas authors
of Ref. [25] argue that the on-shell CMDM (q2 = 0) has no sense in perturbative QCD as this
contribution diverge, so they consider the off-shell CMDM (¢* # 0). Even more, the analytical
results presented in [I4], [25] and [26] disagree.

In the experimental side, the advent of the LHC has triggered the interest on the anomalous
ttg couplings, which have become an important area of study in experimental particle physics.
Searches for any deviation to the SM ¢t production has made it possible to set constraints on the
top quark CMDM and CEDM, which are regularly improved [27, 2], 28]. In fact, the current
upper bounds have been enhanced by one order of magnitude as compared to the previous ones
[21]. Hopefully, more tight constraints on these top quark properties, closer to the SM predictions,
would be achieved in the future, and thus a more precise and unambiguous prediction of the SM
contributions to the top quark CMDM is mandatory. Also, since contributions to the CMDM
in extension theories could give rise to a sizeable enhancement, a precise determination of such
contributions is in order.

In this chapter we present a new calculation of the SM one-loop contributions to the quark
CMDM, which is aimed to address some ambiguities of previous results. Our calculation is
done via both a renormalizable linear R, gauge and the background field method (BFM), which
allows one to verify that the off-shell CMDM of a quark is gauge independent, which in turn
is a necessary condition for a valid observable quantity. The rest of the chapter is organized
as follows. In Sec. we present the main steps of the analytical calculation, stressing any
disagreement with previous results. The corresponding loop functions are presented in terms of
Feynman parameter integrals, Passarino-Veltman scalar functions and closed form results in
which may be useful for a numerical cross-check. In Sec. we present a numerical analysis
and discussion of the behavior of the CMDM of SM quarks, with emphasis on the top quark one.
The conclusions of this chapter are presented in Sec.

1.1 Analytical results

1.1.1 Quark-gluon vertex function

For off-shell quarks and gluon, the most general C'P conserving quark-gluon vertex function can
be cast as [29]

% =g, 7T, = g,T"(Tk +T}), (1.3)
where the longitudinal I‘ﬁ (transverse I‘Z) vertex function can be decomposed into four (eight)
independent form factors A; (7;), which depend on q27 pf and pg, where we follow the notation
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of Fig. When p% = p; only the following linear independent terms survive:
T =Xy + Ao p + Aap, (1.4)
and
7" =r, (q27u - quﬂ) +irsq o", — i ptpipy o,
+ 73 (—ipipﬁv“om +phh — p‘fP/z) ; (1.5)

where p = p; + py. For on-shell quarks I', is enclosed by Dirac spinors and we arrive at the
standard form

(po) M u(py) = Fy(q”)a(pa)y u(py)
— iFy(q*)a(py) (" q,) u(py), (1.6)

where the static CMDM can be obtained from the Pauli form factor as follows a, = —2m,F5(0),
but in this work we are interested in the case with q2 # 0. At the one-loop level, aq(qz) receives
QCD and EW contributions from the SM via the Feynman diagrams depicted in Figs. and
respectively. We will address below the issue of the gauge independence of aq(q2)7 which is
necessary to have a valid observable quantity.

q g q q q q

(a) (b)

Figure 1.2: One-loop Feynman diagrams for the QCD contributions to the CMDM of quarks:
(a)QED-like diagram and (b)three-gluon diagram. For the BFM the external gluon is replaced
by its background field gp.

1.1.2 The off-shell CMDM of quarks

While on-shell Green functions are gauge invariant and gauge independent, this is not necessarily
true for off-shell Green functions as they do not correspond to a physical process but just to an
amputated set of Feynman diagrams. The first systematic approach to obtain well-behaved off-
shell Green functions out of which valid observable quantities can be extracted was the so-called
pinch technique (PT) [30, BI], B2], which is based on a diagrammatic method that combines self-
energy, vertex and box diagrams associated to a physical process to remove any gauge dependent
term. It was later shown that at the one-loop level the results obtained via the PT coincide
with those obtained by the BFM via the Feynman-'t Hooft gauge ({o = 1) [33, 34]. In this
work we use the later approach to obtain a gauge independent quark CMDM as it is simpler in
computational grounds.

Since we are interested in the CMDM of quarks for an off-shell gluon, we need to verify that
the contributions of Figs. and [L.3]are gauge independent and thus provide an observable quan-
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(d) (e)

Figure 1.3: Feynman diagrams for the SM electroweak contributions to the CMDM of quarks
at the one-loop level in a renormalizable linear R, gauge: (a) and (b)gauge boson exchange, (d)
and (e) Goldstone boson exchange, and (c¢)Higgs boson exchange. For the BFM the gluon is
replaced by its background field gp.

tity. With this aim, to cross-check our result, for our calculation we use both the conventional
renormalizable linear R, gauge and the BEM [33] with arbitrary gauge parameters. Indeed, both
computations are technically identical except for the contribution of the three-gluon diagram of
Fig. as for the remaining diagrams the only dependence on the gauge parameters arises from
the gauge boson propagators. The main outline of our calculation is as follows. We first wrote
out the amplitude for each contributing Feynman diagram for arbitrary £ ({5 ) and then used the
Passarino-Veltman reduction scheme to perform the integration over the four-momentum space.
Once the gauge parameter independence of fi, (qz) was verified, we used Feynman parameter
integration in the unitary gauge to obtain an alternate result, which can be used for a numerical
cross-check. The loop functions are thus presented in terms of Feynman parameter integrals and
Passarino-Veltman scalar functions. For the latter we include the results in terms of closed form
functions if possible. The Dirac algebra and tensor reduction was done with the help of FeynCalc
[35] and Package-X [36], which prove very helpful to verify explicitly that the gauge parameter
drops out from the calculation.

Below, p; (p;) denotes the four-momentum of the ingoing (outgoing) quark, whereas ¢ is
the gluon four-momentum as shown in Fig. It is understood that in the D-dimensional
integrals, the volume element dPk is accompanied by a factor of ,u4_D, with p the scale of
dimensional regularization, that drops out from the final results as they are ultraviolet finite.
Also, a small imaginary part ie must be added to the propagators. Below, the gauge parameters
are indistinctly denoted by & as they cancel out for each partial contribution.

The CMDM is defined in a similar fashion to the electromanetic case. We thus write the
S-matrix element for ggg coupling as

il =ig T"u(po) " u(py), (1.7)
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where, from Lagrangian (1.1)), the corresponding vertex function I' can be written as

%

I = i0,,q" ( + idﬁ) . (1.8)

qu

We now turn to outline the main steps of the calculation.

1.1.3 QCD contribution

The contribution to the vertex function I'** from diagram (a) is

IR Zgi/ dk 7B (%+mq)7u (q/l"’_mq)'ya
s L en” (g-mp) (¢ -m2) (#)
x PP (k), (1.9)

A
where P (p) = (gkp +(&- 1)pp§p), ¢; = k + p;, and m,, is the quark mass. In this case we
have three color generators T, which simplifies as follows
1 1 . 1.

=6, T, = T
2

b ma b
T]nTanmz = jitnn ﬁ Ji 76 Jis

(1.10)

where we used TfnTﬁn = % ((5ji(5nm — %6]-”(5,,”-) and Tr [T"] = 0, whereas N stands for the quark
color number.

After four-momentum integration, the £ parameter drops out and the following contribution
to the CMDM is obtained: o
af () = 272 (¢7)) (1.11)
where the function ﬁfCDl is presented in H When q2 =0, it is straightforward to obtain

aS
127
which agrees with the well-known QED result after the replacement of the electric charge e by
the strong coupling constant «, and the insertion of the color factor of Eq. .

agdP1(0) = (1.12)

The non-abelian contribution to the quark CMDM from diagram[L.2|(a) can be obtained from
the following vertex function:

i3g2 / Pk v, (—H 4 my) S (1.13)

e e () () ()

'From now on, all the corresponding loop functions appearing in the contributions to a, (q2 , denoted by

calligraphy letters, will be presented in terms of Feynman parameter integrals, Passarino-Veltman scalar functions

and closed form results in appendices |A.3.1L |A.3.2|7 and |A.1.3[7 respectively, including the results for q2 =0.
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with
DA = (ga“ (py — k —2p1)" + g™ (py — k — 2py)°
+9%7 2k +py +p2)" + % (ga”qg + 95“‘1?) )
x P (q1) P (o), (1

for the BEM, whereas for the linear R, gauge we must drop the % term between the parenthesis.

As for the corresponding color factor, it was worked out as follows

i3,

Ty Ty f*"" = =20Tx [T™ [T", T]) T, Ty; = —5Tji. (1.15)
After four-momentum integration, our result for the quark CMDM is given as
3a
CD s CD
0@ () = S 72 (), (1.16)

which disagrees with the result obtained in [25] as there is a disagreement with the color factor
used by those authors.

When ¢* = 0, Eq. (1.16) yields an infrared divergent result for ¢* = 0:

1(1 2
FZP2(0) = 3 <6 +log (:f) + 3) , (1.17)

q

where € is the pole of dimensional regularization. Therefore, the contribution of the three-
gluon diagram is not well defined when q2 = 0 as it was also pointed out in [25]. Since QCD

contributions to the CMDM are proportional to the strong running coupling constant ag (q2>,

such contributions have not perturbative sense at q2 = 0 but at a scale where a perturbative
calculation is valid.

1.1.4 Electroweak contribution

We now present the calculation of the contributions to the quark CMDM induced through the
Feynman diagrams of Fig. We note that the diagrams with photon, Z gauge boson, ¢
Goldstone boson, and Higgs boson exchange are similar to those inducing a lepton anomalous
MDM [2] B7], but with the external photon replaced by a gluon. Therefore, the CMDM just
differ by the coupling constants g, and the SU(3) generators TZ instead of the electric charge.
Thus our result must reproduce that of the anomalous MDM of a lepton. As far as the diagrams
with W gauge boson and Gy Goldstone boson exchange are concerned, the lepton anomalous
MDM has no analogous contributions.

Photon exchange

The corresponding contribution to the ggg vertex function can be written as
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b aor 40k 18 (gt mg) 7" (g mg) Y
5 G ) () ()

a8
x (g“ﬂﬂg— 1)kk]§ ) (1.18)

with @, the quark electric charge in units of e. After a straightforward calculation, we arrive at
a gauge-parameter independent result for an on-shell gluon. It reads

Q>
a:? <q2) =— 2q ﬁ;‘ <q2) , (1.19)
4
which gives a result similar to that of the lepton anomalous MDM for q2 =0
2
ag (0) = 7y (1.20)
2w

We note that the electric charge factor Q% is missing in the corresponding result of [25]. However,
since the internal photon of diagram E(a) is attached to two quark lines, such a factor must
appear in this contribution.

Z gauge boson and ¢, Goldstone boson exchange

We now present the calculation for the contributions of the loops with the neutral Z gauge boson
and its associated Goldstone boson ¢ [diagrams (a) and (d) of Fig. [L.3]. The corresponding
contributions need to be added up to cancel out the dependence on the gauge parameter £. As
far as the diagram with Z gauge boson exchange is concerned, the gqg vertex function in terms
of the axial (vector) g% (g{,) couplings reads:

_ 7192 de =H
Il = / (2m)P (q§ - mg) (q% - mﬁ) (k2 - m%) : (1.21)

where
M= 'YB (9;]/ - 9?475> (% + mq) o (% + mq) ’YA

kgk
(ot = a8 (om o+ (€~ D22 ). (122)

the vector and axial vector couplings are defined as

1 1

9y = §T3q - Qqs%/l/v g4 = §T3qa (1.23)
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with qu the weak isospin (T3, = %7 T3, = —%) On the other hand, the contribution from the
diagram with ¢, Goldstone boson exchange is

—ngm,QI dPk

°2 = “um2, ) @mP
1

(63 = m3) (a8 = m3) (¥ —&m3)

The explicit integration in the four-momentum space shows that the dependence on the ¢ gauge
parameter cancels out after adding up the contributions of the Z and ¢, exchange diagrams.
The total contribution is thus given by

a; (qQ) = M ( (94)* (qz) + (g8 (q2> > (1.25)

™

5

5(%+mq)7#(%+mq)7

X (1.24)

whereas the result for q2 = 0 is analogue to the Z contribution to the anomalous MDM of a
lepton [2]. There is agreement with the calculation presented in [26], but there is no agreement
with the result of [25] as those authors use the Feynman-'t Hooft gauge propagator for the Z
gauge boson but seem to omit the ¢, Goldstone boson exchange contribution.

w* gauge boson and cpi Goldstone boson exchange

We now calculate the contribution from the Feynman diagrams (b) and (e) of Fig. as both
contributions must be added up in order to drop out the dependence on the gauge parameter &.
For the diagram with W gauge boson exchange, the gqg vertex function can be written as

. 2 2
—ig ’qu' dPk
iy, = / ik

(1.26)

with
I =~°p, (% + mq/) ¥ (q/1 + mq/) Py

(6= D22 ), (1.27)

2 2
k™ —&my
whereas the contribution of the <pi Goldstone boson reads

. 2 2
v, D, |
F“i:Zlg = /dkﬂ”
® P’ 2mW (27T)D

q

(1.28)
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with

m"= (quL - mq/PR) (% + mq/) o (% + mq/)
X <quR - mq/PL) , (1.29)
where Py, g is the chirality projector, ¢’ stands for the internal quark and Vg s the CKM matrix

element.

Again after four-momentum integration, the gauge parameter drops out and the following
gauge independent contribution to the quark CMDM is obtained:

) a0

with the dominant term arising from the diagonal CKM matrix element (V,, ~ 1). There is no
agreement with the result of [25] as those authors consider that the external and internal quark
masses are degenerate.

Higgs boson exchange

The remaining SM contribution to the quark CMDM arises from the diagram with Higgs boson
exchange, which is gauge independent. The corresponding contribution to the ggg vertex function
is given by

o [ () (g o
dmyy (2m) (q% — mZ) (qf — mg) (k2 — m%)
The algebra is straightforward and we obtain after four-momentum integration:
h{ 2 Gpm§ ah [ 2
ag (q ) = —4\/§7r2</q (q ), (1.32)

which for ¢* = 0 agrees with the results presented in [25].

1.2 Numerical evaluation and discussion

We now turn to the numerical evaluation of the one-loop contribution to the CMDM of quarks.
We first present a numerical estimate of the quark CMDM in the SM, which is aimed to make a
comparison with previous results, which can be useful to settle any ambiguity.

1.2.1 Off-shell CMDM of quarks in the SM

We first analyze the behavior of the parameter fi_a,/2 in the SM, which is the one studied by the
experimental collaborations [2I]. Although the top quark CMDM is the one mainly studied in
the literature, for the sake of completeness we include in our analysis an estimate for all the SM
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quarks. Since the results for the QCD contribution have not sense in perturbative calculations
at q2 = 0, as pointed out above, we study the case q2 # 0. Anomalous top quark couplings
have been studied at the LHC through t¢ production [38] [39] 40, 28], moreover, its effects to
the tt cross section have been analyzed in [41] 42]. The transition CMDM could contribute at
the leading order through the diagrams of Fig. where the top quark CMDM contributions
are marked by a dot and we include the ggtt interaction arising from Lagrangian . Since
the outgoing top quarks are on-shell, the gluon four-momentum in the s-channel diagrams obeys
llgll > 2m,, whereas in the ¢t and u channels there are no such kinematical constraint.

(a) (b) (c) (d) (e)

Figure 1.4: Feynman diagrams for #¢ production via the Lagrangian of Fig. The dots
correspond to the contributions of the top quark CMDM to the ¢t production

We have implemented the strong coupling constant o, (q2) as the three loop approximate so-

lution of the renormalization group equation of QCD [43| [44]. We consider gluon four-momentum
transfer in the 30-1000 GeV region, where o, ~ 0.1, since for ||g|| less than around 1 GeV the
theory becomes strongly interacting [45]. In addition, at next-to-leading order QCD calculations,
EW corrections are neglected, so only the pure QCD contribution to the CMDM of quarks would
be relevant.

For the numerical analysis we use the results in terms of Passarino-Veltman scalar functions,
which were evaluated via the LoopTools [46] and Collier [47] packages, though we cross-check
with the results obtained by numerical integration of the Feynman parameter results, which
however shows more numerical instability.

Light quarks CM DM

We show in Fig. the behavior of the real Re [ﬁq] and imaginary Im [ﬁq] parts of the CMDM
of the light SM quarks as functions of the gluon transfer momentum ||g||. We observe that in both
cases the largest estimates correspond to the b quark CMDM, whereas the smallest estimates are
obtained for the u and d quarks. This stems from the fact that the CMDM is proportional to
the quark mass for q2 # 0. We also note that the real and imaginary parts of fi, are about the
same magnitude for all the light quarks. Numerical predictions for the CMDM of light quarks
are shown in Table [1.1] for some selected values of ||g]|.

We now turn to analyze the behavior of the partial contributions to fi, for a light quark.
Thus, by way of illustration, we show in Fig. the real and imaginary parts of the partial
contributions to the ¢ quark CMDM. All other light quark’s contributions exhibit a similar
behavior, though there are slight changes for the b quark as explained below. We first note that
the dominant contributions arise from the triple gluon vertex (the so-called QCD, contribution),
though at high energies the QCD;, v, Z and W contributions are of similar size. In particular,
the imaginary parts of the EW gauge bosons contributions are slightly larger than the one of
the QCD; contribution for ||¢|| 2 600 GeV, whereas the real parts of both QCD contributions

10
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Figure 1.5: Real (left plot) and imaginary (right plot) parts of the light quarks CMDM fi, as
function of the transfer momentum of the gluon.

dominate in all the studied energy interval. On the other hand, the Higgs boson contributions
are the smallest ones: for the u and d quarks, such contributions are negligibly small, of the
order of 107°° — 107!, Note that for ||¢|| > 30 GeV all the partial contributions to fig develop
an imaginary part as q2 > 4m27 with m the mass of the virtual particles attached to the external
gluon, except for the W contribution to fi,, which is purely real for q2 < 4m? as long as one
neglects the contributions of the loops with internal u and ¢ quarks.

) 1ipa —— — QcD1
1071 N 10
— 100 T - lige = Ge2
<=’: 10-8 L "-—~~\’____—_' ',_}-‘.’,_‘: ______ " <§’ Yy
2 1070 { 0 E z
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Figure 1.6: Real (left plot) and imaginary (right plot) parts of the SM one-loop partial contri-
butions to fi. as functions of the transfer momentum of the gluon ||¢||.

Top quark CMDM

We now turn to analyze the behavior of the CMDM of the top quark. We first show in Fig.
Qi as a function of ||¢|| as well as its partial QCD and EW contributions. We observe that
both the real and imaginary parts are dominated by the QCD contributions, though the real
part of the EW contribution is of comparable size around the threshold ||g|| = 2m,, where all the
contributions show a peak due to a flip of sign. Both the QCD and EW contributions decrease as
|lg|| increases: above the 2m, threshold the real part of the EW contribution becomes negligible,
whereas its imaginary part is about one order of magnitude below the imaginary part of the QCD
contribution for ||¢|| ~ 1000 GeV. However, at very large ||¢|| ( much larger than 1000 GeV) the
imaginary part of the EW contribution becomes dominant since the imaginary part of the QCD
contribution decreases quickly at very high energies.

We now show in Fig. [I.8| the real and imaginary parts of all the partial contributions to /i
as functions of ||¢||. As far as the real parts are concerned, we observe that at low and high
energies the QCD, contribution dominates, but around ||g|| = 2m, the Z and h contributions
become the dominant ones, which explains the behavior of the EW contribution shown in Fig.

11
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Figure 1.7: Real (left plot) and imaginary (right plot) parts of the EW, QCD and total contri-
butions to the top quark CMDM [, as function of the transfer momentum norm of the gluon

lqll-

at ||¢|| =~ 2m,. Nevertheless such contributions are of opposite sign and they tend to cancel
each other out. On the other hand, as for the imaginary contributions, below the threshold
llg]l = 2m, all but the QCD, and W contributions vanish and above this threshold the Z and h
contributions develop imaginary parts of the same order of magnitude than that of the three-gluon
contribution (QCD,), which remains slightly larger as ||g|| increases. We can conclude that the
QCD contributions is always dominant, nevertheless the imaginary part of the EW contribution
become comparable to the QCD one at high energies. After the threshold ||¢|| = 2m; the top
quark CMDM exhibits a peak due to a flip of sign. Such a behavior is not observed however in
the CEDM of light quarks as we are studying energies far from the threshold region.

10 [ 110° —— — QcD1
I {107
— 102 ) QCD2
—_ y-’\ \__ 4110~ =
=3 _3 |[mmms=s s _—— Rt T -3 y |14
= 10 X Sl HeS=1TEE 00 S
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Figure 1.8: Real (left plot) and imaginary (right plot) parts of the SM one-loop partial contri-
butions to the top quark CMDM [i; as functions of the transfer momentum of the gluon ||q||.

Finally, we show in Table the numerical estimates of fi, for all the SM quarks at a
few selected values of the gluon transfer momentum ||g||. As expected, the largest estimate
corresponds the top quark CMDM, though the bottom and charm quarks CMDM could also be
non-negligible in some energy regions. The CMDM of all quarks is in general complex, with real
and imaginary parts of comparable size, though the real parts are always slightly larger. We
have compared our numerical results with those reported in [26] for the top quark CMDM at
q2 = :i:mQZ and find a good agreement. In this case the imaginary part of [L(q2) arises from the
QCD, and W exchange contributions, whereas the remaining contributions are purely real as q2
is below the kinematic threshold where an imaginary part is developed.

12
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Table 1.1: Estimates for the SM contribution to the CMDM fi,, of the SM quarks for select values
of the gluon transfer momentum ||g||.

Quark [al = 30 Gev lall = m Jall = 500 Gev

d 147 x 10 5 —42.96 x 1077 1.44x10 2 —4255x 10 'V 433 x 10 T —i821 x 10 2

3.47x107° —i6.33 x 100 3.35x10 0 — 4547 x 10 % 9.94x10" 2 —i1.75x10 2

3.63x10 % —il.17x 10 ° 3.8x 10 " —il.0l x 10" 1.23x 10 °—43.25 x 10 °

155 x 10 °—41.95x 10 > 2.72x10 *—il.96 x 10 *  1.24x 10 ° —i6.56 x 10" °

u
S
c 308 x 10T —i210x 10°F  3.96x 10 ° —il.87x 10 °  1.51 x 10" ° —46.07 x 10"
b
t

481 x10 2 —i4.69x10 2 —1.33x10 2—42.66x 10> 224x10 ° —4543 x 10 °

Quark [ql = 800 GeV

d 1.67 x 1071 —§3.42 x 10~ 2
3.84x10 P —4732x10
488 %107 —i1.37x 107 °
6.21 x 10" —i2.53 x 10 "
53x 10 °—i2.73x 10 °
136 x 10 ° —i2.6 x 10 °

SR RS

1.3 Remarks

In this chapter we have presented a new evaluation of the SM prediction of the CMDM /i, of
quarks at the one-loop level, which is aimed to address some inconsistencies appearing in pre-
vious calculations. We considered the most general case with non-zero transfer momentum of
the gluon q2 and the calculation was performed within both a renormalizable linear R, gauge
and the BFM for arbitrary gauge parameters. It was found that the off-shell CMDM is gauge
independent, which assures us that it is an observable quantity. For completeness the loop inte-
grals are presented in terms of Feynman parameter integrals, Passarino-Veltman scalar functions
and closed form functions, which are useful to make a cross-check of the numerical results. It is
found that the QCD contribution arising from the Feynman diagram with a three-gluon vertex
has an infrared divergence and it thus not defined at q2 = 0, which is due to the fact that the
static CMDM has not perturbative sense, as it has also been pointed out by the authors of Refs.
[25] 26]. We then perform a numerical analysis and examine the behavior of the CMDM of all
the SM quarks in the region 30 GeV< ||g|| < 1000 GeV, where the QCD coupling constant oz(qQ)
is of the order of 107", In this energy region the CMDMs are complex in general, with the
imaginary parts being about the same order of magnitude than the real parts. Furthermore, the
QCD contributions dominate over the EW contributions, which suggests that two-loop contri-
butions can be relevant. On the other hand, the imaginary part of the EW contribution is only
comparable to the QCD contribution at very high energies. Since the CMDM is proportional to
the quark mass, the largest contributions correspond to the top quark CMDM, which is of the
order of 1072 — 1073, with the imaginary part of the EW contributions of the same size than the
QCD contributions around the threshold q2 = 4mt2 .
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Chapter 2

Bounds on the absorptive parts of
the CMDM and CEDM dipole

moments of the top quark from
LHC data

Quite recently, the study of the chromomagnetic dipole moment (CMDM) /i, of the top quark has
arisen interest both theoretically and experimentally. In the theoretical side, a new evaluation
of the lowest order contributions to fi; within the framework of the standard model (SM) was
presented very recently [48] in order to settle some ambiguities of previous evaluations. Also,
several non SM contributions have been calculated up to the one-loop level in the framework of
extension theories such as two Higgs doublet models (THDM) [I5], fourth-generation THDMs
[13], 331 models [49], etc. As far as the SM prediction is concerned, in contrast to what was
claimed before [I4], it is now clear that the CMDM is infrared divergent, with the divergence
arising from the non-abelian term of the gluon field tensor [48]. Therefore, the study of the static
CMDM has no sense in perturbative QCD. It was also pointed out [48] that the off-shell CMDM
is finite and gauge independent in the SM, which are necessary conditions for an observable
quantity. On the other hand, the top quark chromoelectric dipole moment (CEDM) th, which is
induced up to the three-loop level in the SM [22] and could give a clear signal of C'P violation,
has also been a topic of interest in the literature as it can arise at the one-loop level in several
beyond the SM (BSM) theories [I3][49], thereby opening the possibility of an enhanced value. In
general, both the off-shell CMDM and CEMD can have non-zero imaginary parts, which however
remain almost unexplored.

In the experimental side, the leading order corrections to the cross section of top quark pair
production induced by the top quark CMDM and CEDM have been studied in [50} 42} [4T}, 51, [52]
53, 54l 40, 65|, 56l 57], and the next to leading order corrections have also been calculated more
recently [68, (59 [60]. The CMS collaboration has imposed the following current bounds on the
top quark CMDM and CEDM: —0.014 < j; < 0.004 and —0.020 < d, < 0.012 [28], which where
obtained via two opposite sign leptons (ete™, et pF, pTp7) in the final state. Furthermore, the
CMS collaboration also set the limits fi; = —0.024f8j8(1)g(stat)f8:81?(syst) and |d,| < 0.03 [61],
which were obtained by the analysis of lepton+jets events in the final state. These bounds were
extracted from experimental data by assuming that the top quark CMDM and CEDM are real
quantities. Nevertheless, it is clear that even if we consider the experimental errors, the bounds
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on i, seem to be incompatible. Therefore, a further analysis is in order.

The anomalous ttg interaction can be induced through Lagrangian (1.1 and it also describes
the interaction between an off-shell gluon and two on-shell quarks [29]. Since the CMDM and
CEDM of the top quark are complex in general, they can be written as

fie = Re[f;] +idm[a,], (2.1)
d; = Re[d,] + iIm[d,]. (2.2)

As far as the SM predictions are concerned, the real and imaginary parts of the off-shell top quark
CMDM are of the order of 107> —10™% [48], whereas the predictions for the off-shell CEDM are
not available yet. Nevertheless, in BSM theories both real and imaginary parts of the off-shell
top quark CEDM are of the order of 107" [49]. The effects of the absorptive parts of the CMDM
and CEDM at LHC processes were first studied in [40] but to our knowledge there is no update
on such analysis, which we believe is in order given the current experimental bounds on these
observables.

In this chapter we obtain bounds on the absorptive parts of the CMDM and CEDM of the top
quark using the data for top quark pair production at the LHC run 2. Our work is organized as
follows. In Sec. 2.I] we discuss the framework for the study of the CMDM and CEDM absorptive
parts. Section is devoted to present a novel calculation of the parton cross-sections of tt
production for complex CMDM and CEDM, which to our knowledge has not been reported
before. In Sec. [2.3] a numerical simulation is presented for top quark pair production at the
LHC via MadGraphb, where the effective Lagrangian of Eq. was implemented with the
help of the FeynRules package. The results for the ¢ cross section as a function of the real and
imaginary parts of ji; and dt are then used to obtain bounds on their absorptive parts. The
possibility that kinematic distributions could be helpful to disentangle the top quark CMDM
and CEDM absorptive parts is examined in Section [2.4l Finally, in Sec. we present our
conclusions.

2.1 Remarks on the absorptive parts of the CMDM in the
SM

In the SM, the CMDM of quarks arises at the one-loop level through the Feynman diagrams of
Figs. (QCD contribution) and (electroweak contribution). The off-shell CMDM ,&q(qz)

can develop an absorptive (imaginary) part when the gluon transfer four-momentum § = \/gi2
crosses the threshold such that the virtual particles attached to the gluon are allowed to be pair
produced, namely ¢ > 2m, with m the mass of such particles. This is true for all energy values
of the external gluon in the case of the Feynman diagram (b) of Fig. whereas the threshold
is ¢ > 2m, for the Feynman diagrams (a) of Fig. as well as diagrams (a) and (c) of Fig. (1.3}
whereas an absorptive part is developed for § > 2m in the Feynman diagram (b) of Fig.
The absorptive contributions to the CMDM can also arise from higher order Feynman diagrams
and can been extracted by the Cutkosky rules [62], which yield the same results obtained via the
usual techniques for Feynman diagram calculation [63].

Therefore, for the top quark CMDM, the contribution from diagram (b) of Fig. develops
an absorptive part at § = 2m,,, whereas that from diagram (b) of Fig. is complex for any ¢
value. The remaining contributions become complex at ¢ = 2m,. Evidently, the corresponding
contributions to the top quark CEDM would also become complex at the same energy thresholds.
It is thus interesting to obtain a bound on the absorptive part of the top quark CMDM consistent
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with the CMS limits. With this aim we have performed a numerical evaluation of the analytical
expressions of Ref. [48] to find the energy interval of the transfer momentum of the gluon such
that the real part of the top quark CMDM predicted by the SM matches with the CMS results
[28, 61]. We obtain that the value Re[f;] = —0.024 reported in Ref [61] corresponds to the 57
GeV< ¢ < 59 GeV interval, with the corresponding absorptive part in the same interval being
Im [ﬂt] ~ —0.034. On the other hand, if we consider the limits —0.014 < Re [/lt] < 0.004 reported
in Ref. [28] we find that these values are consistent with energies above ¢ = 85 GeV, where the
absorptive part can be one order of magnitud larger than in the previous case: for values around
G = 85 GeV we obtain Im [ﬂt] ~ —0.028, but at higher energies the corresponding value is of the

_3 . .
order of 10”° and remains almost constant as the energy increases.

2.2 Contributions of CMDM and CEDM to tt production

Top pair production can receive contributions from the anomalous ttg coupling [42, 41] of Eq.
(1.1) but also from the ttgg vertex arising from the non-abelian part of the gluon field strength
tensor. The corresponding Feynman rules follow straightforwardly and are shown in Fig.

t

7lgsTa {"/H + %‘:(Zﬂf - dAfA/’s)ky}

SIS

gz.fah(:Ta%[’liﬂt — dAt’YS:

leld 7
Ty, [

Figure 2.1: Feynman rules for the anomalous #tg and ttgg couplings arising from Lagrangian

[0

The most recent analyses on top quark production assume that both CMDM and CEDM
are purely real [28] [61]. In this work we are interested in the study of the contributions of the
absorptive parts of these dipole moments. Therefore we consider that both /i, and cit are complex
and calculate the following parton cross-sections:

649 = 0(gg — tt), (2.3)

which apart from the SM contribution receive a new one from the Feynman diagrams of Fig.
where the large dot represents the anomalous CMDM and CEDM contributions.
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Figure 2.2: Feynman diagrams for the contribution to the parton cross-sections 7,5 and 4, at

the leading order. Crossed diagrams are not shown. The large dot represents the anomalous
couplings induced by the CMDM and CEDM. The SM tree-level contribution is obtained after
replacing the anomalous ttg coupling by the SM one.

After some algebra we obtain the respective differential cross sections for general complex
CMDM and CEDM:

A 2
do4g _ma, 8

df 29

[; v+ 2+ 2Re[i] + (Re[@]” + Tm[fn)” ~ Re[d,]” — Tm[d,]")

+ (Re[u]” + m[u])” + Re[d,]” + Im[d,]*) j : (2.4)
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and

. 2
dog,y may 1

di &% 12

(% -9) (% —v—2:(1-2) +2 Re[u]) + i [v(55 Re[d,]” + Re[2,] (55 — 1442) )

+2(4 Re[d,]” +70 Re[s,]") + % [ = 160 (4(Re[@n] "Im[d;]* — 4 Re[@,] Tm[4] Re[d,] Tm[d,]

]

+1m[i,]” Re[d,]”) +92(1m[a] "+ m[d,)*) ) + *=( - 512 Re[fn] Tm[fn]] Re[d,] Tm[d,
+ 1m[d,)* (16 Re[j,] (15 Re[] +7) + 2882 + 63) + 3 Tm[jz,]* (80 Re[d,]” + 482 + 21))
—20% (92 Tm[ju] Re[d,] Tm[d,] + (1~ 8 Re[d,)*)tm[a,]* + 2 tm[d,]*( = Re[ju] (4 Re[i] +41)

722 +17) ) + 128 Tm[d,] **| + Re[] (Re[,]” + Im[,]” + Re[d,]”) (124 = ;J)

+ ((Re (i) + Im [W)z +2(Re[j]” Re[d,)” + Im[j2) 1m[d,]*) + (Re[d,]* + Tm([d,] 2)2)

x(—i+i+i§>], (2.5)

where §, ¢ and @ are the usual parton Mandelstam variables and we introduced the definitions

2
2= ";t , (2.6)
v = é(ffm?)(ﬂfmf). (2.7)

In the tt center of mass frame, the parameter ¢, is related to the angle § between the outgoing
top quark and the momenta of the incoming parton as

m;—t= 3(1—60059), (2.8)

with 8 =+/1 —4z.

For i, = Jt = 0 the above cross sections reduce to the known SM results [64] as expected. We
also have verified that in the scenario with purely real CMDM and CEDM, Eq. (2.4) reproduces
the result reported in Ref. [42] [4T]. Nevertheless, in the same scenario we do not find agreement
with our result for Eq. (2.5) and the one previously reported [42, 4I], which apparently is
. . . . 2 52
incomplete as there is no agreement in the coefficients of ; and d.

2.3 Bounds on absorptive parts of the CMDM and CEDM
of the top quark

We now turn to constrain the absorptive parts Im [ﬂt] and Im [cm via the LHC data on top quark
pair production [28] 65} [61]. We follow a similar approach to that discussed in [54]. We use Monte
Carlo simulation to obtain the theoretical predictions for the leading order contribution to the
o(pp — tt) cross section. In order to compute the corresponding contributions from the top
quark CMDM and CEDM, we use MadGraph5 [66], where the anomalous interactions of Eq.
were implemented with the help of FeynRules [67].
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We will consider the most recent LHC results for top quark pair production at a center-of-
mass energy /s =13 TeV. Therefore we use the ATLAS cross section in the lepton plus jets
channel [65]

Opxp = (830 £39) pb, (2.9)

whereas for the theoretical SM prediction we use [G8]
Trhes = (831.8+£43) pb, (2.10)

which does not include contributions from the CMDM and CEDM of the top quark. In both
cases the errors have been added in quadrature. The ratio between the measured and predicted
cross sections is thus

% = 75— (.99 + 0.069. (2.11)
OTheo

Following Ref. [54], we will interpret the error of Eq. as a window to BSM effects in
top quark pair production and use it to set constraints on the absorptive parts of 4, and a?t.
We first set ji; = th = 0 and obtain the SM cross section og), afterwards we generate the new
physics contribution onp for non-zero Re [[Lt}, whereas all the remaining parameters are set to
zero. This procedure is repeated for each one of the Im [ﬂt}, Re [cm and Im [cit] parameters. All
our event samples for the pp — tt cross section are generated at /s =14 TeV. We show in Fig.
the ratio onp/ogm as a function of the real and absorptive parts of the CMDM (left plot)
and CEDM (right plot), where the MadGraph5 estimated error is included.
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Figure 2.3: Ratio Z = oxp(pp — tt)/ogm(pp — tt) as a function of the real (green lines) and
imaginary parts (blue lines) of the CMDM (left plot) and CEDM (right plot) of the top quark
at /s = 14 TeV. The bars represent the MadGraph5 estimated errors. The solid lines are the
best fit curves.

To fit the data of Fig. we have not considered the interference terms of the real and
absorptive parts of [i; and d;. Such an approach has been used in the past to study the implica-
tions of the top quark CMDM and CEDM in ¢t production [54] 57 58]. Thus, from Egs. (2.4)
and we observe that the ratio & is a polynomial of fourth order in the real and imaginary
parts of i, and cit, although only the even powers of Im [ﬂt], Re [cm and Im [(ft] are present. The
expression obtained from the fit of Fig. reads

% ~ 1+ 5.33 Re[fi,] +19.14 Re[,]” + 21.98 Re[fi,]* + 5.78 Re [,
+12.35 Tm [j3,]* + 4.38 Tm[2,]* + 13.79 Re[d,]” + 5.58 Re[d,]"
+13.78 Tm[d,]” + 6.15 Im[d,]". (2.12)
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We observe that the contributions of Im [ﬂt} , Re [UZt] and Im [(L] are rather similar, with the lowest
order coefficients being of similar size, which is actually in accordance with Eq. . We also
note that the top quark dipole contribution is dominated by Re[fi;|, which enters linearly into
Z, whereas the remaining dipole contributions enter quadratically and are thus more suppressed.
The values predicted for the off-shell top quark CMDM are of the order of 1072 — 10 in the
SM [48], whereas the typical values predicted for the CEDM in some BSM theories are of the
order of 107 —10™% [49]. Therefore the effects of their real and absorptive parts on top quark
pair production seems to be too small to be observable at the cross section level.

As already mentioned, constraints on the the top quark CMDM and CEDM have been ob-
tained from the LHC data under the assumption that they are purely real. Hence, to study the
effects of the corresponding absorptive parts we will proceed as follows. We fix the real parts
of the top quark CMDM and CEDM using the CMS limits [28, 6I] and we then constrain the
absorptive parts Im [ﬂt} and Im [dt] via Eqgs. and , where the error will be attributed
to the anomalous #tg contributions. In other words, we fix Re [ﬂt} and Re [am to their current

constraints and find the allowed area of Im|ji,] and Im|[d,] values.

Since the bounds of Ref. [6I] are in principle partially excluded by those of Ref. [2§], we
consider both bounds in our analysis. We thus assume the following three scenarios:

e Scenario I: we use the lower bounds reported in [28] and set Re[f;] = —0.014 and Re [cit} =
—0.02.

e Scenario II: we use the upper bounds of [28] and set Re[/,] = 0.004 and Re[d,] = 0.012.

e Scenario III: we set the real part of fi, to the value given in [61] and use the upper bound
for the real part of d;: Re [ﬂt} = —0.024 and Re [dt] = 0.03.

Notice that we do not consider the scenario where Re [cit] is fixed to its lower (negative) bound
[61] as it yields similar bounds to those obtained in scenario III, which stems from the fact that
Z is an even function of Re [cit] We also do not consider other scenarios as they yield bounds
of similar order of magnitude.

The allowed areas in the Im [ﬂt] — Im [Jt] plane at the 95% C.L. are shown in Fig. for
the three scenarios discussed above. We observe that the allowed areas are concentric ellipses.
Hence the following bounds are obtained: [Im[f]| < 0.127 and |Im|[d,]| < 0.12 in scenario I
(blue solid lines); [Im[f]| < 0.139 and |[Im [(ft]| < 0.133 in scenario IIT (green dashed lines); as

well as [Im[fi;]| < 0.094 and [Im [cm | < 0.09 the allowed area in scenario II(orange dashed line).
The latter scenario yields actually the intersection area of the three scenarios, which means that
the corresponding bounds are consistent with both CMS limits. Note that the bounds are very
similar for the absorptive parts of the [, and cft, both of them being of the order of 107 —1072
at the 95% C.L.

It is worth comparing our bounds with the theory predictions of the SM and some BSM
theories. In particular, for a transfer momentum in the interval 30 GeV < s < 1000 GeV, the
SM prediction for the absorptive part of fi,(¢”) can be as large as 1072 [48], which is close to
our bounds. On the other hand, several BSM theories predict values for the absorptive part of
dt(qz) of the order of 107, which is far away from our bound.

We have also made the same analysis but including the interference terms of Eq. (2.5)).
Nonetheless, the obtained fit is still consistent with Eq. and the bounds are similar to
those of Fig. Thus, the interference terms can indeed be neglected as their contribution is
not relevant.
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Figure 2.4: Allowed area at the 95% C.L. for the imaginary parts of the CMDM and CEDM of
the top quark in the three scenarios discussed in the text for the corresponding real parts.
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2.4. KINEMATIC DISTRIBUTIONS

2.4 Kinematic distributions

The effects of Re [ﬂt] and Re [d}] on the differential cross section of top quark pair production have
been analyzed in the past as some kinematic distributions can be sensitive to these parameters
[50, 4T, 59, 56]. Nevertheless, to our knowledge the effects of the absorptive parts Im [ﬂt} and
Im [cit} have only been explored in Ref. [40] through the longitudinal ¢ and # polarizations.
Therefore, we will examine the possibility that the differential cross sections for top quark pair
production could be sensitive to the absorptive parts of the top quark CMDM and CEDM. In
order to study such effects, we compare the kinematic distributions in the case where the CMDM
and CEDM are purely real with that in which both dipole moments develop an absorptive part.
We use the CMS constrains on the real parts of the top quark dipole form factors, hence we set
to Re [ﬂt] = —0.014 and Re [d}] = 0.01. We then consider three cases for the values of Im [ﬂt]

and Im [th]:
i) Im[fy,] = Im[d,] = 0.0L.
i) Im (/1] = Im|[d,] = 0.05.
iii) Im|f;] = 0.01 and Im[d,] = —0.01.
The reason why we are considering values of the order of 1072 is that they are consistent with
the SM prediction for the CMDM and the constraints of Sec. Furthermore, while cases i and

ii allow us to explore the possibility that the kinematic distributions can be sensitive to small
changes in the absorptive terms, scenario iii allows us to test the effect of a flip of sign.

For the graphical analysis we use MADANALYSIS 5 [69]. In Figs. [2.5(a)|and [2.5(b)| we show
the kinematic distributions of the ¢t invariant mass and the top quark transverse momentum in
the cases discussed above. It is observed that there is no considerable distinction between the
kinematic distributions obtained in the general case with complex top quark dipole form factors
and those obtained in the scenario in which they are purely real. This was also observed when
studying the contributions of the real part of the top quark dipole moments as compared to the
SM leading order contribution [52, [56]. A similar situation occurs for the kinematic distribution
of the rapidity 1, which is shown in Fig.

We have also examined the sensitivity of the forward-backward (FB) asymmetry to the
CMDM and CEDM in top quark pair production at the LHC, which could be possible at the
leading order in some models [70] 52], whereas in the SM there is only a significant deviation
up to next-to-leading order [70]. Unfortunately, Egs. and cannot be expreseed as a
linear combination of cos 6 via Eq. . Thus, a deviation to the FB asymmetry at the leading
order is not possible [T1]. However, other asymmetries could be sensitive indeed to the CMDM
and CEDM of the top quark, as shown in Ref. [40, [54]. Thus, all the kinematic distributions
studied here show no significant deviation from the SM leading order contribution to top quark
pair production arising from the real and absorptive parts of the top quark dipole form factors.
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Figure 2.5: Invariant mass (a), top quark transverse momentum (b) and rapidity (c) kinematic
distributions for top quark pair production at the LHC at v/s = 14 TeV in the three scenarios
discussed in the text for the absorptive parts of ji; and d;.
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2.5 Remarks

The off-shell CMDM and CEDM of quarks have become a topic of interest recently [48]. However,
the study of their absorptive (imaginary) parts remains almost unexplored. In this work we have
obtained bounds on the absorptive parts of the off-shell top quark CMDM and CEDM via the
experimental data of top quark pair production at the LHC, which to our knowledge are the first
limits of this kind. We present explicit expressions for the corresponding differential parton cross-
sections considering complex CMDM and CEDM, which have also been calculated for the first
time. We point out that there is a disagreement between our result for the gg — t¢ differential
cross section and the expression previously reported in the scenario where only the real part of
the top quark dipole form factors are considered [42] [41]. Our bounds for the absorptive parts
were obtained using the most recent data for the top quark CMDM and CEDM obtained by
the CMS collaboration [28] [61]. It was found that the upper bound on the absorptive parts of
both dipole moments are of the order of 1071 —1072 In particular, values of the order of 1072
are consistent with all the CMS results. We also note that our bound is consistent with the SM
prediction for the absorptive part of fi;, which is of the order of 1072 — 10~ [48]. On the other
hand, in some BSM theories the absorptive part of the CEDM could be of the order of 10~
[49], which seems far from detection in the near future.

We also explored the possibility that several kinematic distributions for top quark pair pro-
duction at the LHC can be sensitive to the absorptive parts of the CMDM and CEDM, but we
find that there are no significant deviation from the scenario where the CMDM and CEDM are
purely real. In fact, even in the case of real CMDM and CEDM, there is no significant deviation
from the leading order SM contribution as discussed previously [52] 56].
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Chapter 3

CMDM and CEDM dipole
moments of the top quark in the
reduced 331 model

In this chapter we are interested in the contributions to the top quark CMDM and CEDM in the
reduced 331 model [72]. The study of elementary particle models based on the SU(3);, x U(1)
gauge symmetry dates back to the 1970s, when it was still not clear that Weinberg’s SU(2); X
U(1)y model was the right theory of electroweak interactions [73]. After the discovery of the
Z and W gauge bosons, since the electroweak gauge group is embedded into SU(3); x U(1)y,
the so called 331 models [74] [75] became serious candidates to extend the SM and explain some
issues for which it has no answer, such as the flavor problem and a possible explanation for
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 bosons, so their phenomenologies have been considerably
studied [76, (77, [78], [79], [0, [81], 82} [83].

The minimal 331 model [74] [75] requires a very large scalar sector, which 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 complexity of this model has lead to the appearance of alternative
331 models aimed to economize the scalar sector. In particular, the reduced 331 model (RM331)
[72] only requires two scalar triplets, thereby being considerably simpler than the minimal version
[84, B5]. In the RM331, the physical scalar states obtained after the symmetry breaking are two
neutral scalar bosons only, with the lightest one being identified with the SM Higgs boson [86],
and a doubly charged one. Unlike other 331 models, no singly charged scalar boson arises in the
RM331 [87, 88, [89]. In the gauge sector, there are one new neutral gauge boson Z', a new pair
of singly charged gauge bosons V*, and a pair of doubly charged gauge bosons U**. Like other
331 models, the RM331 also predicts three new exotic quarks. The original RM331 is strongly
disfavored by experimental data [90], though it would still be allowed as long as left-handed
quarks are introduced via a particular SU(3); x U(1)y representation [91) 92], which in fact
would give rise to flavor changing neutral current (FCNC) effects.

The contributions to the electron and muon anomalous MDM have been already studied
in the RM331 [77] within another 331 realization [93]. As for the CMDM of quarks, there is
only a previous calculation in the context of an old version of the 331 model [I4], though such
a calculation is limited to the on-shell case. However, since the on-shell CMDM is infrarred
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divergent in the SM [48], a calculation of the off-shell CMDM is mandatory. To 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 studied in [I4], the new contributions only arise in the gauge
sector, whereas in the RM331 there are additional contributions from the neutral scalar bosons,
which are absent in other 331 models.

In this chapter we present a study on the contributions of the RM331 to the off-shell CMDM
and CEDM of the top quark. It is organized as follows. In Section II we present a brief de-
scription of the RM331, with the Feynman rules necessary for our calculation being presented
in Appendix The analytical calculation of the new contributions to the dipole form factors
of the ttg vertex are presented in Sec. III; our results in terms of Feynman parameter integrals
and Passarino-Veltman scalar functions are presented in Appendix [A74] 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. Finally, in Sec. V the conclusions
and outlook are presented.

3.1 Brief outline of the RM331

We will describe briefly the main features of each sector of the RM331, focusing only on those
details relevant to our calculation.

3.1.1 Scalar and gauge boson eigenstates
As far as the scalar sector is concerned, the scalar potential is given by
25t 2 i))? ) AN ) (o
V(x:p) = pip'p+ pax'x + A (p p) + g (X X) + A3 (p p) (X X) + Ay (p x) (x p)7 (3.1)
. + o0 ++\7 - .0\
where the scalar triplets transform as p = (p PP ) ~ (1,3,1) and x = (X X S X ) ~

(1,3,—1). To induce the spontaneous symmetry breaking (SSB), the neutral scalar bosons p°
and x" develop non-zero vacuum expectation values (VEVSs) under the shifting of the fields as

1
0 _0 .
PLuX 2 (Vo + Ry +il,) (3.2)
which leads to the following constraints
pYRT
u?—i—z\lvi—&— 32X =0,
Ag0>
N§+>\2U>2<+ 32P :0

The SU(3)c x SU(3);, x U(1)y breaks down into the SM gauge group following the pattern

SUB), x U)x X0 SU@), x Uy 225 U(1) g, (3.3)

where v, can be identified with the SM Higgs VEV v. The left-over of SSB are two neutral

scalar bosons and a pair of doubly charged ones hEE as explained below.
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The mass matrix of the neutral scalar bosons in the (Rx7 Rp) basis is

m2—§ 2 st
07 o\ Ayt 20t )7

where t = v, /v,. After diagonalization, the mass eigenstates in the limit v, > v, are

hl = CﬁRp - SBRX’ h2 = CﬂRX + sﬂRp7 (34)
with masses
b¥:
mj, = ()\1 - 4;2> V2, (3.5)
2, A3
mp,, = AUy + RUP, (3.6)

where A, Ay >0 and cg =cos B~ 1— )\gvi (8)\311)2(). The SM Higgs boson A can be recovered in
the sg — 0 limit, thus h; must be identified with the Higgs boson discovered at the LHC. Since
my, >~ 125 GeV, from Eq. we obtain the relation A\; — A3/(4As) ~ 0.26 [94]. In the case A,
Ay < 1, and A3 < Ay we obtain mil = Alvfn which recovers the SM case and thus A; ~ 0.26.

In the gauge sector there are two new singly charged gauge bosons Vi, two doubly charged
gauge bosons U** and a neutral gauge bosons Z'. They acquire their masses as follows. The
would-be Goldstone bosons Xi are eaten by the singled charged gauge bosons, whereas a linear
combination of the doubly charged would-be Goldstone bosons pii and Xii are absorbed by
the doubly charged gauge boson U £ Also, the orthogonal combination of pii and Xii gives
rise to a physical doubly charged scalar boson pair hEE, Finally, the would-be Goldstone boson
I,, becomes the longitudinal components of the Z' gauge boson. Thus, the masses of the new
gauge bosons at leading order at v, are [95]

2 9 ‘w 2
my = Uy, 3.7
72 3(1—dsyy) 3.7
2
2 g 2
My = "-Uy, (3.8)
e
myEs = T (’Ui + ’Ui) . (3.9)

As far as the SM gauge bosons are concerned, the would-be Goldstone bosons pjE and [,
endow with masses the Z and W= gauge bosons, respectively.

3.1.2 Gauge and scalar boson couplings to the top quark

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

d; Uz
Qi = | vy, ~ (3,3",-1/3), i=1,2, Q3= |ds ~ (3,3,42/3),
Ji L J3 L

with the numbers between parentheses representing the field transformations under the SU(3) o x
SU(3)r, x U(1)n gauge group, whereas J;, Jy and J; are the new exotic quarks with electric
charges @, , = —4/3e and Q;, = 5/3e. Under this representation the theory is anomaly free
[91].

Charged currents

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

ccC g _ 9 —= u g _ u
L= EULVSKMV”CZLWJ + ﬁjsﬂﬂ (VL) 30 ta, Vi + N (VLT)H Y Ji, Ui+ He,

where the family index a runs over 1, 2 and 3, whereas ¢ and [ run over 1 and 2. Also Vi =
v TVLGl stands for the Cabibbo-Kobayashi-Maskawa matrix, with the mixing matrices V}* (Vl‘fl )
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 couples to the top quark.

FCNC currents

Since 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

3
ZEONC g (z (™ (1 = 283 ) ) +uw<zsﬁv>ugL> 7, (3.10)
2ep/3(1 — 4spy) \a=1

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

On the other hand, the interactions between up quarks and the neutral scalar bosons arise
from the lagrangian

3
Ls =Y WLTY upshy + WL TS, uiphy + He, (3.11)
ij=1

where u' is an up quark triplet u'7 = (u',c,t") and

0 0 0
c s
="m -2 o o o |,
’Up ’UX u u u
mg3p Mgz M33
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s c 0 0 0
o U—ﬁm“ + U—B o o0 0 |,
’ X\ mg mg mias
with m" being the quark mass matrix in the flavor basis [91]. 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

CNC — u — u
i,7=1
where
0 0 0
n =vi| 0 0 0 fvilh
may ULED] mga3

Through the parametrization given in [96] for the Vz’j{ mixing matrices it is possible to obtain
numerical values for the entries of the nu’d matrix. Under this framework m3; = 0, msy = 0,
and mgs = my.

3.2 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 corre-
sponding Feynman diagrams are depicted in Fig. [£:2] In the gauge sector the new contributions
arise from the neutral Z' gauge boson, which are induced by both diagonal and non-diagonal
couplings. There are also a new contribution from the singly-charged gauge boson Vi, which
is accompanied by the new exotic quark J;. As already noted, the doubly-charged gauge boson
U** does not couples 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 h; and hy, which in fact are the novel contributions from the RM331
as they are absent in other 331 model versions. The SM-like Higgs boson h; yields new contri-
butions arising from its FCNC couplings, which are induced at the tree-level, but also from its
diagonal coupling, which has a small deviation from its SM value. As for the new Higgs boson
ho, 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. [I4], where the on-shell
CMDM of the top quark was calculated. Even more, as long as complex FCNC couplings are
considered, there are non-vanishing contributions to the CEDM. This class of contributions has
also not been studied before in the context of 331 models.
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Figure 3.1: New one-loop contributions of the RM331 to the CMDM and CEDM of the top
quark in the unitary gauge. In the conventional linear R, gauge there are additional Feynman
diagrams where the gauge bosons are replaced by their associated Goldstone bosons.

We are interested in the off-shell CMDM and CEDM of the top quark. Since off-shell Green
functions are not associated with an S-matrix element, they can be plagued by pathologies such
as being gauge non-invariant, gauge dependent, ultraviolet divergent, etc. Along these lines,
the pinch technique (PT) was meant to provide a systematic approach to construct well-behaved
Green functions [32], out of 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 [33]. This
provides a straightforward computational method to obtain gauge independent Green functions.
It is thus necessary to verify whether the RM331 contributions to the CMDM and CEDM of
quarks are gauge independent for q2 = 0. Nevertheless, we note that from the Feynman diagrams
of Fig. the gauge parameter £ only enters into the amplitudes of the Feynman diagrams (a)
and (b) via the propagators of the gauge bosons and their associated would-be Goldstone bosons.
Those kind of diagrams have an amplitude that shares the same structure to those mediated by
the electroweak 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. [48], where we calculate the electroweak
contribution to the CMDM of quarks in the conventional linear R, gauge and verify that the
gauge parameter £ drops out. Furthermore, the dipole form factors cannot receive contributions
from self-energy diagrams, which are required to cancel gauge dependent terms appearing in
the monopolar terms via the PT approach. Thus both the CMDM and CEDM must be gauge
independent for an off-shell gluon and thus valid observable quantities.

Below we present the analytical results of our calculation in a model-independent way, out of
which the results for the RM331 and other SM extensions would follow easily. The correspond-
ing coupling constants for the RM331 are presented in Appendix For the loop integration
we used the Passarino-Veltman reduction method and for completeness our calculation was also
performed by Feynman parametrization via the unitary gauge, which provides alternative ex-
pressions to cross-check the numerical results. The Dirac algebra and the Passarino-Veltman
reduction were done in Mathematica with the help of Feyncalc [35] and Package-X [36].

3.2.1 New gauge boson contributions

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

’ g _ / ’
2V = - (9% = 95979 ) 9d V" + Hec, (3.13)
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q

where the coupling constants qu are taken in general as complex quantities. By hermicity

they should obey g“;‘f = g“ﬁaq*.

The above interaction gives rise to a new contribution to the quark CMDM and CEDM via
a Feynman diagram similar to that of Fig. [.2(a). The corresponding contribution to the quark
CMDM can be written as

R G -m? Vag' _, Vad
fig (0°) = —=55 Z’quq‘ %Zf(q2)+<9% 4, ) (3.14)

222
2f7r Mg — —My

where we introduced the auxiliary variable r, = m,/m, and the v, (¢ 2) function is presented in
Appendix [A.4]in terms of Feynman parameter mtegrals and Passarino-Veltman scalar functions.
The second term of the right-hand side stands for the first term with the indicated replacements.
As for the contribution to the quark CEDM, it can arise as long as there are flavor changing
complex couplings and is given by

~ G m ~
dy (¢%) = F2 2o > (g7 gl )%Vq/(f), (3.15)

TVW/

where again the @V/(q2) function is presented in Appendix
From Egs. - y we can obtain stralghtforwardly the contributions to the quark

CMDM and CEDM of the neutral gauge boson Z' and the singly charged gauge boson VE after
replacing the coupling constants and the gauge boson masses.

3.2.2 New scalar boson contributions

Following the same approach as above, we now present the generic contribution to the quark
CMDM and CEDM arising from FCNC mediated by a new scalar boson S, which arise from the
Feynman diagram of Fig c). We consider an interaction of the form

gSad — _ (GSW +Goad 5) ¢S+ He. (3.16)

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

Saqq’ Sqq’
ys (q 2) ( qu/q — G >’ (3.17)

/
mq — —mq

N GFmW S
_ G qq’
fig (q7) W E ‘

whereas the corresponding contribution to the quark CEDM is given by

A G m ’ "\ =
() = &WWZI m (G5 GH) T (a), (3.18)

where the 9;/ (q2) and éfq/ (qg) functions are presented in Appendix

From the above expression we can obtain the contribution of the new scalar Higgs boson of
the RM331 as well as the contribution of the SM Higgs boson, which in the RM331 has tree-level
FCNC couplings.
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3.3 Numerical analysis and discussion

We now turn to the numerical analysis. The coupling constants that enter into the Feynman
rules and are necessary to evaluate the CMDM and CEDM of the top quark [c.f. Egs. (3.13])
through ] are presented in Tables and of Appendix We note that these
couplings depend on several free parameters, such as the mass parameter ms;, the VEV vy, the
parameters of the scalar potential A\, and )\, as well as the entries of the matrices Vi, K, and
n". 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 constrains on these parameters from current
experimental data.

3.3.1 Constraints on the parameter space
Heavy particle masses

As already mentioned, the mass parameter mss can be identified with the top quark mass [91],
whereas the VEV v, determines the masses of the heavy gauge bosons and the heavy quark J;.
As for the mass of the new scalar boson my,,, it is determined by the parameters A, and As,
along with the VEV v, , which also determine the mixing angle sg.

We will first discuss the current indirect constraints on the heavy neutral gauge boson masses.
From the muon g — 2 discrepancy, the following constraint was obtained v, > 2 TeV [92], from
which bounds on the heavy gauge boson masses follow. Nevertheless, there are also indirect con-
strains obtained through the experimental data on B°—B" oscillations. The RM331 contribution
to Amy arises from FCNC couplings mediated by the Z' gauge boson and the h; and hs, scalar
bosons [91), @5], then using the parametrization of [96], the experimental limit on Ampg leads to
the following bounds m s 2 3.3 TeV, m,+ 2 0.33 TeV and my,, 2 0.34 TeV [91]. Similar limits

have been imposed using de mass difference of the K° — K and D-D’ systems [95]. On the
other hand, the current experimental bounds on the masses of new neutral and charged heavy
gauge bosons from collider searches are model dependent [04]. At the LHC, the ATLAS and
CMS Collaborations have searched for an extra charged gauge boson W' at 1/s = 13 TeV via the
decay modes W' — (v, [97, 98] and W’ — gq’. The most stringent bounds are obtained for a W'
gauge boson with SM couplings (sequential SM). The respective lower bounds on my,+ are 6.0
TeV (5.1 TeV) for the W' — ev, (W' — pv,,) decay channel, whereas for the decay W' — qq¢' the
corresponding bound is less stringent, of the order of 4 TeV [99, [100]. 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 m, > 4.5,5 TeV for a Z' gauge boson model
arising in the sequential SM and in an Eg-motivated Gran Unification model [I01] T02]. Along
these lines, 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 several 331 models [103, 104, [105]. Although these
bounds are model dependent and relies on several assumptions, if we consider the conservative
value of 5 TeV for the gauge boson masses we obtain a lower constraint on v, of the order of 10
TeV. Thus, we will use this value in our analysis to be consistent with experimental constraints
and limits from FCNC couplings.

As far as direct constraints on the mass of exotic quarks are concerned, the ATLAS and CMS
Collaborations have used the /s = 13 TeV data to search for vector-like quarks with electric
charge of 5/3 via its 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
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quark [T06, 107, T08]. We will thus use m;, = 2 TeV to be consistent with the experimental
bound.

Mixing angle s3 and parameters A; 3

According to Eq. the mass of the SM-like Higgs boson receives new corrections through
the Ay and A3 parameters. As discussed above, the SM case is recovered when A\; =~ 0.26 and
Ag < Ay < 1, thus the new corrections to m; must lie within the experimental error of the SM
Higgs boson mass m;, = 125.10 £ 0.14 GeV [04]. This allows one to constrain the Ay and A
parameters, which in turn translates into constraints on sz and my,, once the v, value is fixed.
Again we take a conservative approach and only consider the experimental uncertainty in the
Higgs boson mass, whereas theoretical uncertainties from higher order corrections are not taken
into account. We observe in Fig. @ the allowed regions in the planes Ay vs A3 and sg vs my,
consistent with the experimental error of the Higgs boson mass at 95% C.L. We note that for a
given Ay, A3 must be about one order of magnitude below. In our calculation we use Ay = 0.9
and Az = 0.06, though there is no great sensitivity of the top quark CMDM and CEDM to mild
changes in the values of these parameters. In addition, we find that values ranging from 0.002
to 0.013 are allowed for sz provided that v, > 10 TeV and my, £ 300 GeV, which is consistent
with recent searches for new neutral scalar bosons at the LHC [94].
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Ay Sg

Figure 3.2: Allowed areas in the planes A3 vs Ay and sg vs my,, in agreement with the experimental
error of the Higgs boson mass m;, = 125.10 + 0.14 GeV [94] at 95% C.L. We consider \; =~ 0.26
and A3 < Ay < 1, which yield the SM limit.

Mixing matrices

As for the mixing matrices, we can obtain the absolute values for the entries of the matrices
Vi, K; and n". The entries of the last matrix are given in terms of vy, Sg and the mgj matrix
elements and their values are obtained following the parametrization used in [96]. In general Ky,
and n" are in terms of the entries of V} and V', the complex matrices that diagonalize the
mass matrices of up quarks. These matrices can be assumed to be triangular, then using the
experimental data on quark masses and the mixing angles it is possible to obtain values of their
entries [109]. It is also assumed that the only non-negligible mixing is that arising between the
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third and second fermion families. Furthermore, since the C'P violation phases are expected to
be very small, we take a conservative approach and assume complex phases of the order of 1073

We present in Table a summary of the numerical values we will use in our numerical
evaluation.

Table 3.1: 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 V7, K; and n" we use the values obtained
in [91] using the parametrization of [96], where the mass parameter m3; is identified with the
top quark mass. We use Ay and A3 values allowed by the experimental error in the Higgs boson
mass and also assume that the only non-negligible mixing is that arising between the third and
second fermion families.

Parameter Value
(Kp)w| 64x1077
Vs3] 1
A 6.4x10*
| 4.62 x 107°
mgs my
Uy 10 TeV
s 1072
mp, 300 GeV
Pt Pl 107"

3.3.2 Top quark CMDM

As already mentioned, in the RM331 there are new contributions to the off-shell top quark
CMDM ,ut(qQ) arising from the heavy gauge bosons Z' and VE as well as the neutral scalar
bosons h; and h,. Below we will use the notation Ago for the contribution of particle A due to
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. Since we would like to assess the magnitude of the new
physics contributions to [Lt(qz), we will extract from our calculation the pure SM contributions.
Thus, apart from the contribution due to the tree-level FCNCs of the SM-like Higgs boson hq,
we only consider the contribution arising from the small deviation of the diagonal coupling htt
from the SM htt coupling. This contribution will be denoted by dhy,,.

We will examine the behavior of the CMDM of the top quark as a function of ||¢|| = \/ﬁ
where ¢ is the gluon four- momentum In the left plot of Fig. [3.3] we show the real art of the
partial contributions to fi;(q ) as a function of ||¢|| for the parameter values of Table|3.1} whereas
the real and imaginary parts of the total contribution are shown in the right plot. In general

there is little dependence of Re [ﬂt( 2)} on ||ql|, except for the dhq4y, hoy and hoy,, contributions,

which have a change sign. We also note that the Vt J, contribution is the largest one, whereas
the remaining contributions are negligible, with the hlfc contribution being the smallest one
Thus the curve for the real part of the total contribution seems to overlap with that of the Vt T
contribution, though the former shows a small peak at ||¢|| = 2m,. This can be explained by the
peak appearing in the h,, contribution, which can be as large as the vE tJ, contribution for

lg|| ~ 2m,. We conclude that fi;(¢°) can have a real part of the order of 10~ 5.

As far as the imaginary parts of the partial contributions to ﬂt(q2), they are several orders
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of magnitude smaller than the corresponding real parts. As observed in the right plot of Fig.
the imaginary part of the total contribution is negligible for ||¢|| < 2m,, but increases up to

about 10™° around ||¢|| = 400 GeV, where it starts to decrease up to one order of magnitude as
|lg|] increases up to 1 TeV.
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107°;
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= 407,
10—8 L
— Total Real
— Total Imaginary
107
30 200 400 600 800 1000
llall [GeV]
Figure 3.3: Real part of the partial contributions of the RM331 to the top quark CMDM (left
plot) as a function of ||g|| = 1/|¢?| for the parameter values of Table The real and imaginary

parts of the total contribution are shown in the right plot.

Analogue plots to those of Fig. but now for the behavior of /lt(q2) as a function of v,
for ||g|| = 500 GeV and the parameter values of Table are shown in Fig. In this case
we observe that the real parts of the partial contributions to ﬂt(qQ) show a variation of about
one order of magnitude when v, increases from 10 TeV to 20 TeV. As already noted, the Vti
contribution yields the bulk of the total contribution to jfi,, 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 107°.
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Figure 3.4: The shames as in Fig. [3.3 but for the contributions of the RM331 to the top quark
CMDM as functions of v, for ||¢[=500 GeV. For the remaining parameters we use the values of

Table Bl

In summary, for v, > 10 TeV the real part of the the RM331 new contribution to ﬂt(qZ) would
be three orders of magnitude smaller than the real part of the SM electroweak contribution [4§],
whereas its imaginary part can be as large than its real part. In general there is no appreciable
variation in the magnitude of [, for mild changes in the parameters of Table Although
ﬂt(qQ) can be of similar size than the SM electroweak prediction for v, < 10 TeV, such values
are disfavored by the current constrains on the heavy gauge bosons masses. Finally, we note that
the RM331 can give a contribution larger than the ones predicted by other extension models
where a new neutral Z gauge boson is predicted £26]. The real and imaginary parts of the top
quark CMDM are of order 10 —10""and 107 — 107" respectively in such models.

3.3.3 Top quark CEDM

A potential new source of C'P violation can arise in the RM331 through the FCNC couplings
mediated by the neutral scalar bosons, which are proportional to the entries of the non-symmetric
complex mixing matrix % [91], 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.
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There are only two partial contributions to the top quark CEDM in the RM331, thus we
only analyze the behavior of the total contribution. We show in Fig. the contour lines of the
real part (left plot) and the imaginary part (right plot) of d,(¢*) in the v, vs [|q|| plane for the
parameter values of Table[3.1] We have found that the new scalar boson h, yields the dominant
contribution to d,(¢q?), whose real (imaginary) part can be as large as 10~ (1072°), whereas
the contribution from the h; scalar boson is three or more orders of magnitude below. We also
observe that the real part of d,(¢°) decreases as v, and |[/q|| increase, while the imaginary part
remains almost constant. For ||¢|| > 600 GeV, the RM331 contribution to the CEDM of the
top quark is expected to be below the 1072 level, which seems to be much smaller than the
values predicted in other extension models [26], where the real and imaginary parts are of order
1007 -=10%and 1072 - 107" respectively. In the range 2 TeV< v, < 10 TeV our results for
dt(qz) are enhanced by one order of magnitude, but as already noted, this interval is disfavored
by current constraints.
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Figure 3.5: 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 [/q||. We use the parameter values of
Table 311

For comparison, a compilation of the predictions of several extension models of the top quark
CMDM and CEDM for ¢° = 0 is presented in Table We would like to stress that to our
knowledge there is no previous estimate of the top quark CEDM in 331 models. We also note
that though these values seem to be much larger than the results obtained for q2 # 0 in the
RM331, the dipole form factors are expected to decrease as q2 increases. Such a behavior is
indeed observed in the SM case [48], where the magnitude of a, decreases as ||g|| increases.

3.4 Remarks

We have presented a calculation of the one-loop contributions to the CMDM and CEDM, ﬂt(q2)

and dt(q2), 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 comprised by two scalar triplets only. We have
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Table 3.2: Predictions of the CMDM and CEDM of the top quark in several extension models
2
at ¢~ = 0.

Model ay dy
SM 107 [48]
THDMs 107°-10"" [15] 1077 [110, 15
4GTHDM 1072107" [13] 107°-107" [13]
331 107° [14]
Technicolor 1077 [14]
Extra dimensions 1077 [14]
Little Higgs model 107° [17]
MSSM 10~ 18] 1077 — 10" [I11]
Unparticle model 1077 [19]
Vector-like multiplets 107" [20]

considered the general case of an off-shell gluon as it has been pointed out before that the QCD
contribution to /lt(q2) is infrared divergent and the CMDM has no physical meaning for q2 =0.
We argue that the results are gauge independent for q2 # 0 and represent valid observable
quantities since the structure of the gauge boson contributions are analogue to those arising in
the SM. To 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 contributions from two new heavy gauge bosons Z' and V* as well as one new neutral
scalar boson hs, along with a new contribution from the neutral scalar boson h;, which must
be identified with the 125 GeV scalar boson detected at the LHC. This model also predicts
tree-level FCNCs mediated 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
C' P-violating 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.

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 is found that the new one-loop contributions of the RM331 to the real (imaginary)
part of fi,(q?) are of order of 107° (10~°), which are larger than the predictions of other SM
extensions [26], with the dominant contribution arising from the vE gauge boson, whereas the
remaining contributions are considerably smaller. It is also found that there is little dependence
of ;(¢*) 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
ho exchange and can reach values of the order of 10" for realistic values of the C P-violating
phases. Such a contribution is smaller than the ones predicted by other SM extensions [26].
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Chapter 4

Contributions to ZZV™

(V =+, 2, Z’) couplings from CP
violating flavor changing
couplings

Trilinear gauge boson couplings (TGBCs) have long been the subject of considerable interest both
theoretically and experimentally. In the experimental area, constraints on the corresponding form
factors were first obtained at the LEP [I12] 113] [I14] and the Tevatron [II5, 116} [117] colliders,
whereas the current bounds were extracted from the LHC data at 8 TeV [1I8| 119, 120] and
13 TeV [1211 122, 123] by the ATLAS and CMS collaborations. Among TGBCs are of special
interest the ones involving only neutral gauge bosons, namely, the trilinear neutral gauge boson
couplings (TNGBCs) ZZV"* and ZyV* (V = Zy), which can only arise up to the one-loop
level in renormalizable theories and have been widely studied within the standard model (SM)
and beyond. The SM contributions to TNGBCs were studied in Refs. [124] [125], whereas new
physics contributions have been studied within several extension models, such as the minimal
supersymmetric standard model (MSSM)[124] [125] [126], the CP-violating two-Higgs doublet
model (2HDM) [127, [128] 129], models with axial and vector fermion couplings [127], models
with extended scalar sectors [130], and also via the effective Lagrangian approach [I31]. In the
theoretical side, the phenomenology of TNGBCs at particle colliders was widely studied long ago
[132] 133 134, 135}, 136, 137, 126l 138] and also has been of interest lately [139] 140, 141l [142].
Even more, study of the potential effects of TNGBCs at future colliders has been the source of
renewed interest very recently [143] [144] [145] [146, [147]. TNGBCs, which require one off-shell
gauge boson at least to be non-vanishing due to Bose statistics, are induced through dimension-
six and dimension-eight operators [124) [131], 148] 149] and can be parametrized in a model
independent way by two C'P-even and two C'P-odd form factors. In the SM, only the CP-
conserving form factors arise at the one-loop level of perturbation theory, whereas the C'P-
violating ones are absent at this order and require new sources of C'P violation [124] [148]. In
the SM, C'P violation is generated via the Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix,
though the respective amount is not enough to explain the asymmetry between matter and anti-
matter in the universe, i.e. the so-called baryogenesis problem. Therefore, new sources of C'P
violation are required, which is in fact one of the three Sakharov’s conditions to explain the baryon
asymmetry of the universe [I50]. In this work we are interested in the study of possible C'P-
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violating effects in the TNGBCs via tree-level flavor changing neutral currents (FCNCs) mediated
by the Z gauge boson [I51], which are forbidden in the SM but can arise in several SM extensions
[152] [153]. The possible effects of Z-mediated FCNC couplings on C P-conserving TNGBCs have
already been studied [124], nevertheless, possible contributions to the C'P-violating ones have
not been reported yet to our knowledge. These new contributions are worth studying as they
could shed some light in the path to a more comprehensive SM extension.

Possible evidences of new heavy gauge boson have been searched for at the LHC by the CMS
collaboration [154], which has been useful to set bounds on the masses of new neutral and charged
heavy vector bosons. Such particles are predicted by a plethora of SM extensions with extended
gauge sector, for instance, little Higgs models [155} [156], 331 models [157], left-right symmetric
models [I58], etc. Some of these models allow tree-level FCNCs mediated by a new neutral gauge
boson, denoted from now on by Z’ [159], which means that C P-violating contributions to VZZ "
couplings (V = ~, Z) are possible. To our knowledge TNGBCs with new neutral bosons have
not received much attention in the literature up to now, though decays of the kind 2’ — VZ
(V =+,2) [160] and Z' — vAy [161] were already studied. Here Aj stands for a heavy photon.

In this chapter we present a study of the one-loop contributions to the most general TNGBCs
ZZV* (V =+, Z, Z') arising from a generic model allowing tree-level FCNCs mediated by the
SM Z gauge boson and a new heavy neutral gauge boson Z'. The rest of this presentation is as
follows. In Sec. IT we present a short review of the analytical structure of TNGBCs along with
the theoretical framework of the FCNCs Z and Z’ couplings via a model independent approach.
Section III is devoted to the calculation of the one-loop contributions to the C'P-conserving and
CP-violating ZZV* (V. =~, 2, Z /) couplings, for which we use the Passarino-Veltman reduction
scheme. In Sec. IV we present the numerical analysis and discussion, whereas the conclusions
and outlook are presented in Sec. V.

4.1 Theoretical framework

4.1.1 Trilinear neutral gauge boson couplings ZZV (V =~, Z, Z')

We now turn to discuss the Lorentz structure of TNGBCs, which are induced by dimension-six
and dimension-eight operators. In this work we only focus on the contribution of dimension-six
operators as it is expected to be the dominant one. In particular, the TNGBC ZZV™ (V = 7,
Z) coupling can be parametrized by two form factors:

., 92 2
g —mv) [y
Fgﬁzl(/* (p17p2;q) - T‘/ |:f4 (qag:u'ﬁ + qﬁg,uoz)
Z

— f5 €% (py —pz)p}, (4.1)

where we have followed Ref. [124], with the notation for the gauge boson four-momenta being
depicted in Fig. 4.1l From Eq. it is evident that when the V* gauge boson becomes on-shell
(q2 = m‘Q/), I‘CZYBZ’; (p1,P2,q) vanishes, which is due to Bose statistics and angular momentum
conservation. The general form of this vertex for three off-shell gauge bosons can be found in
[148, 131]. The form factor fg/ is C'P-conserving, whereas fi/ is C' P-violating. The former is
the only one induced at the one-loop level in the SM via a fermion loop since W boson loops
give vanishing contributions [I24]. It was found that fi decreases quickly as ¢° becomes large
[124]. The current bounds on the form factors ff and fg/ (V = Z, v) were obtained by the CMS
collaboration at /s = 13 TeV [123]:
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—0.00066 < fZ < 0.0006, (
—0.00055 < fZ < 0.00075, (
—0.00078 <f; < 0.00071, (
—0.00068 < f2 < 0.00075. (

These constrains are of the order of the SM prediction for the C'P-conserving form factors
[124]. Thus, corrections to the form factors f5V and fi/ (V =+, Z) from models of new physics
might play an important role.

As far as TNGBCs with new gauge bosons are concerned, they remain almost unexplored.
For our purpose, following Eq. (4.1]), we will parametrize the ZZZ"" coupling as follows

. 2
1q A
FC;[;LLZ'* (p17p27Q) - mT |:f4 (qagl"ﬁ + qﬁgp,a)
A

— fZ P (py pz)p}, (4.6)

where we only consider the contributions of the dimension-six operators given in Ref. [148] and
have replaced the electromagnetic F),,, tensor by Z:w = G#Zl', — 8VZ;L in the operator basis that
induce the ZZ~" vertex. We also set the energy scale that corrects the operator dimension to the

new physics scale m,.. Of course, the form factor & (f#) is CP violating (C'P-conserving).
We also note in Eq. that this TNGBC does not vanish for an on-shell Z’ gauge boson. In
fact, the Z' gauge boson can decay into a Z gauge boson pair if kinematically allowed. We will
see below that our calculation is consistent with the Lorentz structure presented in Eq. .

Zu'<p1)
WI(Q) - eir%ﬁZ#V(plv b2, Q)

Z5(p2)

Figure 4.1: Nomenclature for the TNGBCs ZZV* (V =+, Z, Z').

4.2 Derivation of the couplings

4.2.1 Vertex ZZZ"*

The six-dimension Lagrangian that induces the ZZZ* can be written as

(& o - ~
Lyzz =~ |[~F0,2") 20" 25) + (0 2,) 225 (4.7)
Z
where .
Zyy = §6uprUp’ Zyy = auz” -9,z", (4.8)
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then

Z, = A " z°
w Ty (EMVPT — Cuvpr )
1 T T
) (€uvpr0° 2" — €47,0°27)
]' T T
=5 (€27 + €, 077

=€ 0" 27

for on-shell particles the equations of motion are

9,0"AY —m*A” =0,

to go to the space of moments for an incoming particle (with four-moment ) we use

. v
0, — ik’
whereas for an outgoing particle we have

. v
0, = —ik’,

Thus, the equation of motion (for an incoming or outgoing particle) becomes

K2AY —m2AY = 0.

We will use the kinematics shown in Fig. an we note that Eq. (4.7) can be written as

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

€ " " (67 a 4 L
Lynz = |- ff (0,10"2° = 8°2")) 2,0°(2Z5) + [£ 071052, — 0,2,170,(2,)Z5] (4.14)
Z

=~ 0,0"2° — 0°0,2") 2,0%(Zs) + 17 (970, Z, — 0,07 Z,) "°7'0,(Z,) Z3).

myz

Because of Bose statistics we must to consider all the possible combinations between the three
moments and three Z fields. We assign to each field their corresponding moment as: Z"(p).

Thus, in the space of moments Lagrangian (4.7) is
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Lyrg =1~ £ (m2q { 2P (1) Za (02) Z3(a) (4.15)
mgz

+2%(po)Z Zo(p1)Z5(q) } — mz{pQZﬂ (P1)Za(9)Z5(p2)
+p1 ZB(Pz)Z (Q)Z,B(Pl }—q {pl Zﬁ* (9)Za(p2)Zs(p1)

+ 05 Z2°(0) Z0(01) Z5(p2) } — P p1, 0" 2" (01) Zo(02) Z5(q)
—p5 2" (p1) Zi(@) Z5(p2) } — Pa 2 {a" 2" (92) Za (1) Z5(q)
— 32" () Zi (@) Z5(01) } + ¢ 4, {08 2" (0) 20 (02) Z (p1)
+p5 2" (q) 2 (pl)ZB(pQ)})

+ fZ nhpr (mz{Z (p2)Z ( )pzp( - Z,(p1) ermPIZT(pl))
+ 2 (Q)ZB(PQ)%(Z (p1) — P01 2, (P1))

+ Z(p1) Z5(@)p1,( — Z,u(D2) + D203 27 (D2))
+Z(9)Z5(p1)ap (2, (p2) — P22 Z-(p2)) }

+ @ {P1pZ.(01) Zs(02) ( — Z3i(@) + 0,07 Z7(q))

+ P20 Zu(92) Z5(p1)( = Z(a) + 44" Z(0)) })]-

We want to write the fields in the following way: Z,(p;)Zs(p2)Z,,(q), therefore we must to
change indexes and use ¢ = p; + py. Thus, our Lagrangian is

—1e o o
Lyzz —7m Z (pl)Z,B(pZ)Z (q )[_ff(m%{qﬂgu +q guﬁ}
A

—mq" g™ - q2{pfg“" +p§‘g““} —pipta” + oy pS ol

— q“phps + ¢"pSph + ¢ q°pt + "¢ p5)

+ /3 (Gmﬁp{mz( —DP2p —qo T P1p + qa)

@ (= 1y +2,) } + MmN (DT p1apa, + PIPIAG,)

+ m2 e (pgpz,\pm + p§p2,\p1p)

+ a7 (¢ aap1, — aapap))] (4.16)

we consider the transversality conditions
Py =0, pf=0. (4.17)

In the decay ff — V'V the terms ¢" give rise to mass terms my, therefore we can neglect them
as they will be very small at high energies. We do not consider the case of m; = m,, since the
partons are not composed of top quarks

-ZZZZ* :;ieZ (P1)Zﬁ(p2) ( )[f4 (q —mz){qﬂ W+q Q#ﬁ}
mz

- fSZeuaﬁp (q2 - mzz) {plp - p2p}}a (418)

if we follow the vertex definition given in Fig. [4.1] ant the convention where the Feynman rules
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are obtained as —i.Z, we get the vertex

2
Fzél;*(pl’p2’Q) = (mz)[f4 {qﬂ " 4 q guﬁ} fZGM ﬁp{plp pgp}] (4.19)

which actually is the vertex (4.1)). The case ZZ~" is less difficult to obtain as we only need to
consider the combinations of two Z bosons.

4.2.2 FCNCs mediated by the Z and Z’ gauge bosons

Beyond the SM, there are some extension theories that allow FCNC couplings mediated by the
Z gauge boson [152, [I53]. Such an interaction can be expressed by the following Lagrangian

9 Zﬂfﬂu (gé/z - 759f42> F;
Swew
Z"Fiv (givjz 75922) Fj, (4.20)

25WcW

where F; ; are SM fermions in the mass eigenbasis. Here gv 7,4z are the diagonal SM couplings,
whereas the non-diagonal couplings gV Z.AZ (i # j) will be taken as complex since we are inter-
ested in the C'P-violating contribution. The latter must fulfil gV Z.A Z = gV 7.4z because of their
hermiticity. It is also customary to express the Lagrangian of Eq in terms of the left-
and right-handed projectors Py, and Pp, with the chiral couplings denoted by 7 LR, which are

given in terms of the vector and vector-axial couplings gy 2 4z as follows

zZ Z
ELij + ER”

Wraz=— 5 (4.21)

Below we will use both the gi} 7.4z and eij’ Rr,, Parametrizations. The former is useful for the
purpose of comparison with previous works, whereas the latter is best suited for our numerical
analysis.

Possible phenomenological implications of FCNC couplings mediated by the Z gauge boson
have been studied within the SM [162], [163] 164, 165], fourth-generation models [166] [162] 163]
167, [168], See-Saw models [169], etc. Such FCNC couplings have been constrained via the b — s
transition [152} 153], Kaon decays [170, 171], B — B mixing [166], and B’ decays [172} [173].
More, recently constraints on FCNC top quark decays t — ¢qZ were reported by the ATLAS
Collaboration at /s = 13 TeV [174].

As for models with FCNC mediated by a new neutral gauge boson, which we generically have
denoted by Z’, they have been widely studied in the literature [I°75, [176]. In Table we present
a summary of some of the more popular models that predict a new Z' gauge boson.

To describe the FCNC Z’ couplings we follow the formalism presented in [159} [175] and
introduce an effective Lagrangian analogue to that of Eq. (4.20]) in terms of the chiral couplings

ef”_’ Rr,,» Where i and j now run over all the SM fermions fgp; = v;,¥4;, u;, d;. though there can
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Table 4.1: Models in which there is a new neutral gauge boson with FCNC couplings [I75].

New heavy neutral gauge boson Model Gauge group
Zy, Sequential Z SUL(2) x Uy (1) x U'(1)
Zir Left-right symmetric SU(2) x SUR(2) x Uy (1)
Z, Gran Unification S0(10) — SU(5) x U(1)
Zy, Superstring-inspired Eg — SO(10) x U(1)

Z, =+/3/8Z, —\/5/8Z, Superstring-inspired Es — Rank-5 group

also be new hypothetical fermions. We thus write

SENC — g, S ZFA (eZPL n eﬁ;PR) F,, (4.22)

i=fsm

where F, is a massive fermion triplet in the flavor basis, FgT = (e,u,7), Fg = (d,s,b), and
Fg = (u, ¢, t), with ei and elz%i being 3 x 3 matrices containing the corresponding Z’ couplings.
We will focus on the quark up-type sector since we expect that the largest contribution to
TNGBCs arise from the top quark, which will become evident in Sec. As it was pointed
out in Ref. [I59], we assume that the Z’ couplings to down-type quarks d, charged leptons £ and
neutrinos v are flavor-diagonal and family-universal, namely, 65% R, = Qiy rlgxs fori =d, ¢,
where I35 is the identity matrix and Q7 p are the respective chiral charges. As far as the
couplings of the Z' gauge boson to up-type quarks are concerned, we assume that they are
family non-universal and are given in the flavor basis as

1 0 0
Ggu = Q% 0 10 ) Egu = Q%ISXS (423)
0 0 =z

Thus, non-universal couplings are only induced through left-handed up-type quarks, with x a
parameter that characterizes the size of the FCNCs and will be taken as < &'(1). The chiral
U’(1) charges of the up-type quarks QF p differ in each model as shown in Table

Table 4.2: Chiral charges for the models with a new heavy neutral gauge boson of Table A
detailed discussion about the determination of these couplings can be found in Ref. [I59].

Sequential Z ZLR Z, Zy, Z,
Qv 0.3456 20.08493 —L L ==
. 2@ g Qéﬁ
QY -0.1544 05038 = L 2=
Q4 -0.4228 008493 L L =2
Q% 0.0772 06736 5A L &

€ 3 1 1
gL -0.2684 0.2548 o vE iE
% 0.2316 -0.3339 L =L _2_
QY 0.5 0.2548 G G
L : : 2/10 /24 2415

After rotating to the mass eigenstates, we obtain the left- and right-handed up quark fields
in the mass eigenbasis via the V; ~and V matrices respectively. Thus the up-quark term of
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the Lagrangian of Eq. (4.22)) reads
L =g, 2 FMy, (VTLu v, P
+ V;zueg; Vg, PR) F.', (4.24)

where the superscript M denotes the mass eigenbasis. For simplicity we will drop this superscript
below and assume that we are referring to the fermions in the mass eigenstate basis. In general

B} = VTL e%uV , will be non-diagonal. Since no mixing in the down-quark sector is assumed

we will have Vg = VTLUVLd = VTLu [I59]. Therefore, the flavor mixing will be determined
by the CKM matrix:

u o A T
Br =Voxkmer, Voxu

1 (:17 - 1)Vubvcs;) ($ - 1)Vuth}§
S R A o |7 (4.25)
(x=1)VyVap (z—1)Vy V5 x

where we have used the unitarity conditions of Vg . As for the right-handed couplings B =
VTR eﬁuv R, it is easy to see that they are flavor-diagonal.

The gauge coupling g, is the same as that of the SM for the Z gauge boson in the sequential
Z model, namely, g, = e/(2sy, ¢y ), whereas in the remaining models of Table it is given
by
g, =12 CN (4.26)
z Se 9 :
where A\, ~ 0(1). Below we will assume that A, = 1. Constraints on FCNCs arise from D°—p°
mixing [I59] [I77], single top-quark production at the LHC [I78] and a simple ansatz analysis
[I79]. Implications of FCNC of a new neutral gauge boson Z' have been studied in leptonic
decays of the Higgs boson and the weak bosons [I80], tZ’ production at the LHC [I81], Z’
decays [182], B, and By decays [I83], etc.

4.3 Analytical results

We now turn to present the calculation of the contribution to the TNGBCs ZZV™ (V = Z 1y, Z/)
arising from complex FCNC couplings mediated by the SM Z gauge boson and a new neutral
heavy gauge boson Z' as shown in Egs. and , respectively. This would allow non-
vanishing C P-violating form factors. For our calculation we will assume conserved vector currents
and consider Bose symmetry [I24]. This last condition will allows us to obtain all the Feynman
diagrams contributing to the TNGBCs. We will see, however, that we only need to calculate
the three generic Feynman diagrams depicted in Fig. since the amplitudes of the additional
diagrams follow easily. For the calculation of the loop amplitudes we use the Passarino-Veltman
reduction scheme with the help of the FeynCalc package [35].

4.3.1 ZZ~" coupling

In this case there are 4 contributing Feynman diagrams, but due to gauge invariance we only
need to calculate the amplitude of diagram My PI gince the amplitudes of the remaining
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Za(p1) Za(p1) Za(p1)

(b)

Figure 4.2: Generic Feynman diagrams required for the contribution of FCNC couplings to
TNGBCs ZZV* and ZyV* (V = Zy, Z').

diagrams are easily obtained as follows. There is an additional diagram that is obtained after
the exchange f; <> f; so its amplitude follows from My Pr after exchanging the fermion masses

My P (fi <> f;). We also need to add a pair of diagrams where the Z gauge bosons are exchanged,
which means that their total amplitude can be obtained from that of the two already described
diagrams after the exchange p;, <> py, is done. We note that it is not possible to induce CP
violation in the ZZ~™ coupling, which indeed was verified in our explicit calculation. Therefore
there are only contributions to the form factor f., which can be written as

§ N,Q;e*mZRe (gi{}gffz)
== -

2
i g 87r25%,VcW (q2 - 4m2Z> q2

(4.27)

179

where m;, N; and @Q); are the mass, color number and electric charge of the fermion f;. Note
that Q; = @Q; since we are considering neutral currents. The analytical expression for R;; is
somewhat cumbersome and is presented in [A-4]in terms of Passarino-Veltman scalar functions.
We have verified that Eq. reduces to that reported in Ref. [124] for real FCNC couplings
of the Z gauge boson.

Asymptotic behavior

It is straightforward to obtain the high-energy limit q2 > m?, m?, mQZ

2 2 ijx ij
e"Q;N;mzRe (922932)

f5%_zz 222 2 ) (4.28)

Py AT°q" iy sw

which agrees up to terms of the order q_2 with the one reported in [124] for the C' P-conserving
case (m; = m;), though we must consider a factor of 1/2 as we are counting twice the number
of Feynman diagrams (our results include the contribution of the diagrams with the exchange
fi <> f;). It is evident that f7 — 0 in the high-energy limit as required by unitarity.

In the scenario where an ultra heavy fermion runs into the loop m? > q2, mQZ, m? must be
worked out more carefully as the expansion of the two- and three-point scalar Passarino-Veltman
functions around small m; diverge. This scenario could arise in 331 model [72] or little Higgs
models [I56], for instance, where new heavy quarks and neutrinos are predicted.
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4.3.2 ZZZ" coupling

The calculation of this coupling is more intricate than the previous one since there are 36 con-
tributing Feynman diagrams, though we only need to calculate the three generic Feynman dia-
grams of Fig. [1.2] which by Bose symmetry must be complemented with the diagrams obtained
by performing six permutations of four-momenta and Lorentz indices as well as the exchange of
the fermions running into the loops. In this case there are both C' P-violating and C P-conserving
form factors. The former is due to the fact that the virtual boson is assumed to have complex
FCNC couplings. As for the C'P-conserving form factor f5Z , it can be written as

XY (q =

i i 1677 chW
< L4 ij + ij (Ryij + Raij) (4.29)
9gaz iz gVZ 1ij 21
+ 257%-/ZRe (922992) (Rlij - RQij)
4 - 2
+ gz Ug;{z‘ - ‘gyz‘ ] Rgi; + (i < j) }a (4.30)
where the Ry;; (k= 1,2,3) functions are presented in in terms of Passarino-Veltman scalar

functions. This results is in agreement with that reported in Ref. [124] for real FCNC couplings
of the Z gauge boson.

As for the C P-violating form factor f42 , it reads

i i 247? CWSW qg —my

ZZ Nlezmlm»mQZ
(2 2)(q2_4m2z)q2
x1m (gi79%7 ) 9425, (4.31)

where S;; is presented in It is easy to see that ff vanishes for real couplings, which is
also true if we consider the same fermion running into the loop (i = j). Thus, a non-vanishing
f4 requires complex FCNC Couphngs Furthermore, we can also see that we need different
complex phases for gi/, and g%, to obtain a non-vanishing C'P-violating form factor. Since

f4 is proportional to m,;m; we expect that the main contribution comes from FCNC couplings
associated with the top quark. We would like to stress that the result of Eq. (4.31) has never
been reported in the literature.

Asymptotic behavior

As we did it with the ZZ~" vertex, we study the high-energy limit q > ml, m2 mZ

50



4.3. ANALYTICAL RESULTS

ij ’2>

+ 29%/ZRQ (92@932) ) (4.32)

ZZ eQJ;ZTZ (gAZOgAZ‘z_"

“8m°q ¢

Our result for f5Z also reproduces the one reported in Ref. [124] for the CP-conserving case
(m; = m;), though this time we must consider a factor of 1/6 as we are considering twice the
three klnds of Feynman diagrams of Fig. - 4.2 by the exchange m; <> m;. In ths case we also
observe that fs; — 0 in the high-energy limit, which is consistent with unitarity. The same is
true for the C'P-violating form factor f4Z , which behaves in the high-energy limit as ff ~1/ q*
since S;; ~ ¢” in this limit.

In the case m > q mzz, m , both form factors diverge similar as in the case of the ZZ~"
vertex.

4.3.3 ZZZ"™ coupling

For the sake of completeness we now consider a Z’ gauge boson with complex FCNCs couplings
and calculate the corresponding contributions to the TNGBC ZZZ"™*. We first present the
diagonal case, where there is no flavor violation. Since m; = m,, there is only one independent
diagram in Fig. |4.2| and we only need to add one extra dlagram obtained after the exchange

Py € Pay- After some algebra, the C'P-conserving form factor f5Z reads

2
’ eN;m,

/==
167>y sy q” (q2 — 4m2Z) 2
X {9?42’ [(9%/2)2 Ly; + (9az)° L2z}

+g€/Z/ 9%/2 gfqz LSi}v (4.33)

where the L;; (j =1, 2, 3) functions are presented in The C P-violating form factor f4Z is
not induced at the one-loop level in this scenario.

As far as the non-diagonal case with complex FCNCs couplings, it requires more effort. Apart
from the three generic Feynman diagram of Fig. [£.2] we must add those diagrams obtained after
the exchanges p,, <> ps, and f; <> f5, so there are 12 contributing Feynman diagrams in total.
However, we only need to calculate the amplitudes of the three generic diagrams. In this scenario

both f5Z and f4Z form factors are non-vanishing. The C P-conserving form factor can be written
as

o1
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f5Z/ _ Z Z eNimZZ/

i i 167r20%,Vs%/Vq2 (q2 - 4m22)2
% {2911z [Re (12973, ) Ui
+Re (ggz’gf‘{;) UQiJ} + 29;Z’Re (Qyzgi{;) U3ij
+ 292 [Re (6327073, ) Usiy + Re (2,607 Usi)

. 2 2
+9uz { ‘ggz‘ Usij + ‘gyz) Um} }7 (4.34)

whereas the C' P-violating one reads
7z eNimzzl
fi _22122226 2 2
i g2 12m7cyswq (q0 —4my
< {gv 2| (97,95 ) Tusg + 1 (97,945 ) T
+ QZAZ/Im (932922> T3

+ gz {Im (glegiij) Ty +Im (givjzfgﬁz) T5ij} }a (4.35)

where the Uy;; (k=1...7) and T};; (k= 1...5) functions are presented in We note that

f5Z ( 1 ) depends only on the real (imaginary) part of the combinations of products of the vector
and axial couplings. We also note that it is not necessary that both Z and Z’ gauge bosons have
simultaneously complex FCNC couplings to induce the C P-violating form factor.

Asymptotic behavior

In the diagonal case the form factor fE,Z can be written in the high-energy limit ¢ > m?, m?,
2
my as

7o N (G + ()

23 3 2
321 ey swq

+20%7 9v 2 gi}zf}, (4.36)
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whereas in the non-diagonal case we obtain

ZZ e mZ/N

T 7 1672 chWq
i i |2 2
x {gAZ/ ‘gAZ‘ +
+2 [gfqz (Re (92219%) + Re (gvszVJZ ) )
+9vz (Re (93592;) + Re (gVZgZ; ) )

+ gy Re (92947) |} (4.37)

We note that in both scenarios f5Z ~ mZZ/ /q2, thereby decreasing quickly when q2 > mQZ/.

However this effect is attenuated for ¢ < mQZf due to the mass of the heavy Z’ boson. We also
note that Eq. reduces to Eq. except by a factor of 6, which is due to the fact
that the C P-violating form factor receives the contribution of twelve Feynman diagrams in the
diagonal scenario instead of two as in the diagonal case.

On the other hand, the C P-violating form factor f4Z is of the order of mZZ// ¢" in the high
energy limit and decreases quickly as q2 increases. The functions Tj,; behave in this limit as
Thij ~ ¢*, therefore the form factor f4Z as functions of ¢ has the form ff ~ 1 /q4, which is
similar to the vertex ZZZ™ in the high energy limit.

Furthermore, when m? > ¢ mQZ, m? both form factors also show the same behavior observed

in the case of the vertices ZZ~y* and ZZZ".

4.4 Constraints on FCNC Z couplings

We would like to assess the magnitude of the new contributions to the fi/ and f5v (V=722
form factors. It is thus necessary to obtain constraints on the FCNC Z couplings to obtain an
estimate of the numerical values of such form factors. Since we expect that the main contributions
arise from the FCNC couplings of the top quark, we use the current bounds on the branching
ratios of the FCNC decays t — ¢Z, where g = ¢, u [I74)] to constrain the 9€/qz,Az couplings.

4.4.1 Constraints on the FCNC Z couplings from t —+ qZ decay

A comprehensive compilation of the branching ratios of top FCNC decays within the SM and
several extension models can be found in [I65]. In the case of tree-level FCNC Z couplings, the
decay width ¢ — qZ can be written in terms of the vector and axial couplings for negligible m,
e*m?
S P

as follows
2
tq
+Joea|)
6471'ch ZSW vz

2
my my
x[1-=%2) (1+2—% . (4.38)
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The current upper limits obtained by ATLAS collaboration at /s = 13 TeV are: B(t — uZ) <
1.7 x 10°* and Z(t — ¢Z) < 2.4 x 10°* with 95% C.L. [I74]. Previous results at /s = 7
TeV are also available [I84]. The SM contribution to the ¢ — ¢Z branching ratio is negligible:
B (t — cZ) ~ 10" [165]. We thus obtain for the contribution of the FCNC couplings of the Z
gauge boson:

2 2
P (t — qZ) = 0.915699 ( ngqZ’ + 9312‘ ) ’ (4.39)
which allows us to obtain the following limits
tu 2 tu 2 —4
gaz| + ‘gvz‘ <1.8x10 7, (4.40)
and
tc 2 tc 2 —4
gliz| + |ots| <26 107 (4.41)

Eqs. (4.40) and (4.41)) can also be written in terms of the chiral couplings of Eq. (4.21)).

We show in Fig. the allowed areas on the ’gifz‘ VS ‘g%}"’z‘ and |egm| VS |eiq\ planes. The
blue-solid (green-dashed) line corresponds to the Ztc (Ztu) couplings. We observe that the FCNC

couplings of the Z gauge boson can be as large as 101, In fact, if we assume gifz‘ ~ ‘gfﬁz , wWe
obtain

‘gtv“z‘ <0.0096, |gi,] <0.011, (4.42)
which in terms of the chiral coupling read

l€f, | <0.013, e, | <0.016. (4.43)

Thus, our bounds are of the order of 1072 - 1073, which are similar to the constraints on FCNC
couplings of down quarks obtained from B and Kaon meson decays. For instance the constraint

on the ’gi)/dz‘ coupling is at the 1072 — 10~ level [152, 053] [173] 166, 170], whereas the ’g%}sz

coupling is constrained to be below 107! [152]. In some extension models these couplings can be
of the order of 10™* — 10~ " [171, 172].

4.4.2 Constraints on the lepton flavor violating Z couplings from Z —
Ll

Following the above approach, we now obtain constraints on the lepton flavor violating (LFV)
couplings of the Z gauge boson from the experimental limits on the Z — alas decays, which have
been obtained by the ATLAS and CMS collaborations: Z (Z — er) < 5.8x10™°, B(Z — pr) <
24 x107% at /s = 14 TeV [I85] and B (Z — ep) < 7.3 x 1077 =75 x 107" at /s = 8 TeV
[186] [187]. The decay width Z — £;¢; is given by

2
r _ €mgy 04,
Z—Lil; — 247‘(62 82 9az
Wow

2
'y
+9v 7

2) , (4.44)

and the corresponding branching ratio is

00,12 ¢
B(Z = 44;) = 0.250277 ( g4

il
t|9vz

2) . (4.45)
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tq
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Figure 4.3: Allowed area with 95% C.L. in the ‘gffz' \E ‘g%ﬁz‘ (left) and |€}Z?W| A |€£q| (right)

planes from the experimental bounds on ¢ — Z¢q decays, for the Ztc and (solid-line boundaries)
and Ztu (dashed-line boundaries) couplings.

If we assume that ‘gi{? ~ ‘gf}éj , we obtain with 95 % C.L.
l91/5,| < 0.0069, lgvz| < 0.01, |91/ | < 0.0012. (4.46)

We note that the constraints on |gy7| and |gi{/;| are less competitive to those obtained through
the y — eee and 7~ — ¢ pTpu” decays [168], which yield |g7%| < 1.28 x 107% and |gl,| <
3.05 x 107°. As for the bound on |gj/y|, it is of the same order than the one obtained from the
T~ — pu pp” decay, namely, l9v/7] < 1.295 x 107° [168]. In our analysis below we consider the
most stringent bounds, thus we will use the values reported in Ref. [168].

As far as the LFV Z couplings to neutrinos are concerned, there are no experimental data to
obtain reliable constraints, so to obtain a rough estimate of these contributions we can assume
couplings of the same order of magnitude than those used for the charged leptons. Nevertheless,
the fX and f5v form factors are mainly dominated by the contribution of the heaviest quarks,
whereas the lepton contributions are negligibly.

Finally, in Table we summarize the constraints on the FCNC Z gauge boson couplings
that we will use in our numerical analysis, in terms of the corresponding chiral couplings.

Table 4.3: Bounds on the FCNC couplings of the Z gauge boson, with 95 % C.L., from the
current experimental limits on FCNC Z decays. The second row stands for the limit when either
61237.,]» or eij is taken as vanishing and the other one non-vanishing.

K]
S eﬁﬁ‘ 0016 0013 107> 1072 107° 107°
’ef, R,_‘ 0.032 0.026 1072 1072 10% 107
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4.5 Numerical Analysis

We now turn to present the numerical evaluation of the TNGBCs. For the numerical analysis
we evaluate the Passarino-Veltman scalar functions via the LoopTools [46] package and indepen-
dently by the Collier [47] package, which give a good agreement. We first analyze the case of the
ZZV* (V =+,Z) couplings. As a matter of convenience, we write the complex chiral FCNC Z
couplings as

€7 R, = €Ly m, TIEL R (4.47)

where the bar (tilde) denotes the real (imaginary) part of each coupling. The C P-violating phase
can then be written as

-7
€L, R,

arctan (QﬁLmRij) = 5. (4.48)
€Lij Ry

We thus can write the real and imaginary terms that enter into the fr and fgf (V=n,2, Z/)

form factors [Eqs. (4.27)-(4.31)] as follows

i 2 1 . _ 2 B _ 2
Wad =1 ([ 2eh) + (4, £4,)"). (1.49

ij* ij e 2 _ 2 ~ 2
o siats) = ()"~ () + ()

- (eﬁj)Q) (4.50)

ij* ij _Z -Z _Z -Z
2Im (922932) = <6L7‘,j€Ri]‘ — eRijELq‘,j> . (4.51)
Below we will analyze the behavior of the fX 5 form factors as functions of the Eij, R, and €ij’ Ry,
parameters as well as the transfer momentum q2 of the V' gauge boson.

4.5.1 ZZ~" coupling

It is convenient to assume small phases of the FCNC Z couplings, namely, we consider that the
imaginary parts of the left-handed couplings are smaller than ten percent of their real parts:

-7

€L, -1
b1, ~ 2L <O (10 ) : (4.52)

ij
€L,;

whereas for the right-handed couplings we assume by simplicity that ¢, =0 (6123“ =0). As far
as the size of the chiral couplings €fij, R,, We consider the bounds shown in Table to obtain
an estimate of f7, which is the only non-vanishing ZZ~" form factor.

We show the behavior of the FCNC contributions to fi as a function of the photon transfer

2 . . I . N
momentum ¢~ in Fig. where we only plot the non-negligible imaginary and real parts
arising from each fermion loop as well as their total sum. We find that the only non-negligible
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contributions arise from the up and down quarks, though the former are the only ones yielding
a non-negligible imaginary part, which thus coincides with the total imaginary contribution. We
have considered the parameter values of Table [£.3] but the curves shown in Fig. [.4] exhibit a
similar behavior for other parameter values: there is a shift upwards (downwards) when the chiral
couplings values increase (decrease) as f7 is proportional to Re gi{}ggz . We then conclude
that the contributions to fi arising from FCNCs Z couplings are expected to be considerably

smaller than the SM contribution, which is of the order of 1072,

0.00121
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Figure 4.4: Behavior of the FCNC contributions to the fJ form factor as a function of the
momentum of the photon for ¢y, = 0.1, ¢ =0, |e§ij| = 0.9|eij| and the |efj| values shown
in Table Ounly the non-negligible contributions are shown: up quarks (tc¢, tu and cu) and

down quarks (bs, bd and sd). The total imaginary contribution coincides with the respective up
quark contribution since the down quark contribution (not shown in the plot) is negligible.

4.5.2 ZZZ" coupling

. z z s . . . .
In this case both fi and f5 are non-vanishing. For our analysis we find it convenient to consider
two scenarios:

e Scenario I (Left- and right-handed couplings of similar size): \EIZ%”| = 0.9|Eij l, ¢r,, =01,
and ¢Rij =0.

e Scenario II (Dominating left-handed couplings):
€%, | =107 x [¢f |, 61, = 0.1, and ¢, = 0.

We do not consider the scenario with dominating right-handed couplings since there is no sub-

stantial change in the magnitude of the ZZZ" form factors as that observed in Scenario II. We
show in Fig. the behavior of the FCNC contributions to f5Z as a function of the virtual Z

transfer momentum ¢° in the two scenarios described above. Again we only show the real and
imaginary parts arising from the up and down quarks along with the total contribution, though
the imaginary part of the down quark contribution is negligible and is not shown in the plots.
We observe that the largest values of f5Z are of the order of 1076, which are reached for smaller

q2 but decrease by one order of magnitude as q2 becomes large. Again, the contribution to f5Z
from FCNC Z couplings is smaller than the SM contribution.
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Figure 4.5: Behavior of the FCNC contributions to the f5Z form factor as a function of the
momentum of the virtual Z gauge boson in the two scenarios discussed in the text. Only the
non-negligible contributions are shown: up quarks (tc, tu and cu) and down quarks (bs, bd and
sd). The total imaginary contributions coincide with the respective up quark contributions since
the down quark contribution (not shown in the plot) is negligible.

We now analyze the ff form factor, which is absent in the SM up to the one-loop level, which
means that any sizeable excess can be attributed to new physics effects. We find that the only
non-negligible contributions to ff arise from the loops induced by the Zic coupling, with the
remaining up and down quark contributions being several orders of magnitude smaller. We thus
show in the left plot of Fig. the Ztc contribution to the f42 form factor as a function of the
virtual Z four-momentum, whereas in the right plot we show the Zbs and Zbd contributions.

We have extracted the factor Im (gf{lqz* gg/qz), so for the Ztc contribution f{ is of the order of

71 = i (g%579%2) | < 1077, (4.53)
for relatively small ||¢|| ~ 200 GeV, but there is a decrease of up to two orders of magnitude
as ||q|| becomes of the order of a few TeVs. All the remaining contributions are considerably
suppressed.

4.5.3 ZZZ " coupling

We now turn to the analysis of the C' P-conserving f5Z l and the C P-violating f4Z l form factors for
an off-shell Z' boson. For the FCNCs couplings mediated by the Z gauge boson we consider the
same scenarios analyzed in the case of the ZZZ" vertex. We thus use the constraints presented
in Table which were obtained from the data on Zf; f; decays. Furthermore, for the Z'
couplings we use the interaction of Eq. (4.22)), with the values of Table [4.2|for the chiral charges,
along with z = 0.1 and ¢ Lij = 0.001. Here z stands for the parameter characterizing the size

of Z' FCNC couplings and ¢ L is the C'P-violating phase of the Z’ couplings to left-handed up

quarks. Since all the models summarized in Table [£.2) give rise to similar results, we will only
present the numerical results for the Z, model.

We first analyze the behavior of the C'P-conserving form factor f5Z in the scenario with

no FCNCs (diagonal case). We show in Fig. the behavior of f5Z as a function of the
heavy Z' gauge boson transfer momentum ¢ (left plot) and the m, mass (right plot). We
observe that the dominant contributions arise from the light quarks and leptons, whereas the
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Figure 4.6: Behavior of the f4Z form factor as a function of the momentum |g| of the virtual Z

gauge boson. We have extracted a factor of Im (gff} gg/qz) from the respective contribution. All

other contributions not shown in the plots are well below the 1071 level.

top quark contribution is the smaller one as its coupling with the Z’' gauge boson is proportional
to the x parameter, which is taken of the order of 10!, This behavior is also observed in the

CP-conserving ZZZ" form factor in the diagonal case [124]. We also note that f5Z decreases
for increasing transfer momentum |g|, but it increases for large values of m,/. Since f5Z is
proportional to m . [see Eq. (4.33))], a similar behavior is expected in the non-diagonal case. In
Fig. we present the contour lines of the total real (left plot) and imaginary (right plot) parts
of f5Z in the |g| vs m,/ plane. It is observed that at high energy, both real and imaginary parts

of f5Z , are considerably small, of the order of 1072 and 1072, respectively, which is true even if
the mass of the heavy boson is very large. For m s > 3000 GeV and intermediate values of |q|,

the value of the real part of f5Z " can be of the order of O(1), whereas the imaginary part is of
the order of 1072,

|lql|=500 GeV
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Light quarks
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Figure 4.7: Behavior of the fZ form factor as a function of the transfer momentum |g| (left plot)
and the m,/ mass (right plot) in the diagonal case .
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Figure 4.8: Contour lines of the f5Z form factor in the |g| vs m,+ plane in the diagonal case.

We now show in Fig. the form factor f5Z , as function of the transfer momentum |q| of the
Z' gauge boson in the non-diagonal case. For the FCNCs couplings of the Z gauge boson, we
consider both scenario I (left plot) and scenario II (right plot), which were also considered in the
analysis of the ZZZ" vertex. As we are assuming only flavor violation in the up quark sector for
the FCNCs mediated by the Z’' boson, we only plot this class of contributions. As in the analysis
of the ZZZ" form factor, we only show the non-negligible contributions, which are those where
the top quark runs into the loops. We observe that in both scenarios the real parts of the Z'tc
and Z'tu contributions are of similar size, although the largest contribution is distinct in each
case. We also find that in scenario I the real parts of the Z'tc and Z'tu contributions are of the
same sign, but they are of opposite sign in scenario II. Thus, they tend to cancel each other out.
As for the imaginary parts of the partial contributions, they exhibit a similar behavior in both
scenarios, nevertheless there is a peak in the 600 GeV< |g| < 900 GeV region, which is present
in a distinct contribution in each scenario. We also show in Fig [£.10] the contour lines in the |q|
vs m,, plane of the real (left plot) and imaginary (right plot) parts of fZ in scenario II, where
it is manifest the cancellation effect between the real par/ts of the Z'te and Z'tu contributions for
|l¢| around 900 GeV. In this scenario the form factor fZ can be of the order of 10™°, though for
intermediate |¢| and large m , it can reach values one order of magnitude larger. As for scenario

I, the real and imaginary parts of f5Z are of the order 10 * in general, but they could be larger
for small energies and an ultra heavy Z’.

It is also possible to induce the C P-violating form factor ff via FCNC Z and Z’ couplings.
We find that the only non-negligible contributions arise from the Z'tc and Z'tu couplings, though
the dominant contribution to both real and imaginary parts of f4Z is the Z'tc one, which is one
order of magnitude larger than the Z'tu contribution. We present in Fig. the form factor
f& as a function of |g|. We observe that the real and imaginary parts behave in a rather similar
way. As was the case for the ZZZ* C P-violating form factor, there is no considerable distinction
between the results for scenario I and scenario IT of the FCNC Z couplings, thus we only consider
scenario I in our analysis. We also show in Fig. the contour lines of the real part of f4Z
in the |q| vs m s plane. The behavior of the imaginary part is similar as already stated. We

60



4.6. REMARKS

~_

104 L '~~....- - —_—

......... - _— ———
........ - — — —
................ - -
.....................................

g e
N 100

. Scenario |

mz= 2000 GeV
10

T ——

tc (Re)
wgm | 3107
— - — tu (Re)
tu (Jm)
.--....-..:. ............... ] 10-5
Joe N
Scenario Il 3107
my= 2000 GeV
4107

1200 1400 1600 1800 2000

llall [GeV]

600 800 1000

1200 1400

llall [GeV]

600 800 1000

1600 1800 2000

Figure 4.9: Behavior of the f5Z form factor in the non-diagonal case as a function of the transfer
momentum |g| of the Z' gauge boson.
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Figure 4.10: Contour lines in the |g| vs m, plane of the real and imaginary parts of the f5Z
form factor in the non-diagonal case and scenario II.

note that at high energy f4Z can be of the order of 1077 — 1078, though it can be one order of
magnitude larger at low energy and for an ultra heavy Z’ gauge boson. In our numerical analysis

we did not extract the complex phases as in the ZZZ* case, since the f4Z factors depends on
five distinct combinations of all of the involved phases [see Eq. (4.35)].

4.6 Remarks

We have presented a calculation of the TNGBCs ZZV™ (V = ~, Z, Z') in models where FCNCs
couplings mediated by the Z and Z’ gauge bosons are allowed. These TNGBCs are given in terms
of one C P-conserving form factor f5V and another C'P-violating one ff , for which we present
analytical results in terms of Passarino-Veltman scalar functions. Such results reduce to the
contributions with diagonal Z couplings already studied in the literature. To asses the behavior
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Figure 4.11: Behavior of the f4Z form factor as a function of |g| in the non-diagonal case and
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Figure 4.12: Contour lines of the real part of ff in the ¢ vs m, plane in the non-diagonal case

and scenario 1.

of fX and f5V , for the numerical analysis we obtain constraints on the FCNCs couplings of the
Z gauge boson to up quarks, which are the less constrained by experimental data: it is found
that the current constraints on the ¢ — ¢Z branching ratios obtained at the LHC translate into

the following constraints on the vector and axial Z couplings ‘g{f Z‘ < 0.0096 and ‘g{f z

< 0.011.
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As far as the ZZ~" coupling is concerned, it is found that the only non-vanishing form factor
is the C'P-conserving one f7, whose real and imaginary parts are of the order of 102, with the
dominant contributions arising from the heavier up and down quarks. On the other hand, as
for the ZZZ"* coupling, both the CP-conserving and the C'P violating form factors are non-
vanishing. We consider two scenarios for the FCNC Z couplings (scenario I and scenario II)
and find that the magnitude of the real and imaginary parts of these form factors are of the

order of \f52| ~107°% and |f42| ~ [Im (gff}g%fz) | x 1077, with the dominant contributions arising
from the non-diagonal top quark couplings. Our estimates for the FCNC contributions to the
CP-conserving f7 and f5Z form factors are smaller than the prediction of the SM, whereas the
f4Z form factor is not induced in the SM up to the one loop level.

We also consider the case of a new heavy neutral Z’ gauge boson with FCNCs and obtain the
TNGBC ZZZ /*, for which we present analytical results in the case of both diagonal and non-
diagonal Z' couplings in terms of Passarino-Veltman scalar fl/mctions. In the diagonal case we find
the following numerical estimate for the C'P-conserving fE,Z form factor, which is the only non-
vanishing, \Ref5Z/| ~ 107" —107% and \Imf5zl\ ~107% = 10™?, with the dominant contributions
arising from the light quarks and leptons. In the non-diagonal case we also consider two scenarios
for the FCNC couplings of the Z gauge boson (scenario I and scenario II). It is found that both

the real and imaginary parts of fg,Z are of the order of 10 * in scenario I, whereas in scenario
II \Refg)Z | ~ 107 and |Imf5Z | ~ 107°. In general, in the non-diagonal case the magnitude
of both real and imaginary parts of the f5Z form factor are one order of magnitude larger for
moderate energies and an ultra heavy Z’' gauge boson than for high energies, with the dominant
contributions arising from the Z'tu and Z'tc couplings. The real (imaginary) part of the non-

diagonal contributions to f5Z are at least two (one) orders of magnitude smaller than the real
(imaginary) parts of the diagonal contributions.

As far as the C'P-violating form factor f4Z / is concerned, we obtain similar estimates for its
real and imaginary parts, of the order of 1077 — 10~® in both scenarios of the FCNC couplings
of the Z gauge boson. In closing we would like to stress that FCNC couplings can also yield C'P
violation in the TNGBCs of a new neutral gauge boson, which may be on interest.
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Appendix

A.1 Analytic results for the loop functions

We now present the results for the loop functions appearing in the contributions to the CMDM of

quarks discussed in Sec. [I.I]in term of Feynman parameter integrals, Passarino-Veltman scalar

functions, and closed form functions. For sake of completeness we also include the results for
2

q =0.

A.1.1 Feynman parameter integrals

We note that this calculation was done via the unitary gauge as the result are gauge independent,
which was explicitly verified via the Passarino-Veltman reduction scheme. Therefore, in the EW
sector we only computed by this method the Feynman diagrams (a) through (c) of Fig.

We introduce the definition 7,;, = m,/m; and present the loop functions for the QCD
contributions to the CMDM of quarks. Feynman diagram (a) yields the loop function [Eq.
(1.11))]:

1 1-u
QCD 2) 2 (u—1)u
F (q ) = mq/ / 3 E— dvdu, (A1)
o Jo  my(u—1)"+q¢v(ut+v-1)
whereas Feynman diagram [1.2(b) gives [Eq. (1.16)):
1 1—u
-1
ﬁfc% (qz) = mg / / 55 (u2 Ju dvdu, (A.2)
o Jo  muu” —qv(l—u-—wv)
which for q2 = 0 reduces to
QCD b U)2
F2(0) = ———du. (A.3)
q o W

As far as the EW contributions to the CMDM of quarks are concerned, the Feynman diagram
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with photon exchange of Fig. [[.3|(a) gives [Eq. (L.19)]:

1 1-u -1
o) =mi / / ; (u=Du dvdu, (A4)
o Jo  my(u—1)"+q¢v(ut+v—1)

whereas the Z boson exchange diagram gives [Eq. (1.25))]

1 1—u
c)= [ [ 5 <<3u—1>AZ log (A§)+2 (m2(u—1)* — 2m3u) +2q2uv<u+v—1>>,
0o Jo z ]

(A5)

/ /1 fdudv o 1y, (A.6)

where A, = mZ (u—1)*> +myu+¢*v(u+v—1) and p is the scale of dimensional regularization,
which cancels out after integration.

and

For q2 = 0, the last two loop functions give:

2u +r% qu—4)(u— 1))
/ du 5 , (A7)
ry Ju—1)—u
and
zZ _ ! u93/27“%q(u 1)u2
7Z(0) = /0 il (A.8)

As for the W boson exchange contribution of diagram [I.3|(b), it is given by [Eq. (L.30)]:

Y[ (s () aw a7 iy

—miy(u+3) +2¢%0(u+y — 1))), (A.9)

with the following result for ¢ =0:

Z(0) =

qaq

/1 u [u ((u —1)+ ri/)q(u + 1)) + 2TI2/{/,q(u —2)(u— 1)] du, (A.10)
0

rvglu—1—u(@=1)+r2,)
where Ay = u (mi(u -1+ m%) - mz/ (u—1) 4+ ¢°v(u+ v —1). Again this calculation was
done via the unitary gauge.

Finally, for the Higgs contribution [Eq. (1.32)] we obtain:

1-u 2
fh 2 =m // ) (w ~1) dvdu, (A.11)
(u—

Lums + ¢v(u+ov—1)

which for q2 = 0 reduces to

Y uw
Z(0) = /Od 17u)2+mhq. (A.12)
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A.1.2 Passarino-Veltman results

We now present the above results in terms of Passarino-Veltman scalar integrals, where we use
the standard notation for the two- and three-point scalar functions. Our calculation was done
via a renormalizable linear R, gauge and the BFM to verify that the dependence on the § gauge
parameter drops out. The loop functions are thus gauge independent and read

£ () = om0, ) B () 2}, A

where we define 7(x,y) = \/2° — 4y°. Also

25 (1) = 2 () (B0 B (0

llqll, myg)
— 6m3 (q2C0 (mg,mg,q2;0,mq,0) 74) }, (A.14)
FA0P: () = %{BO(O;mq,mq) 3}, (A1)
5{;‘ (q2> = W{BO (O;mq,mq) - B, (qQ;mq,mq) + 2}, (A.16)

2
quZ (q2) = “L <q2 (mQZ — 8m3) + 10m2 (2m3 — m2z) )BO (mg;mq,mz)
mgn (llgll, mq)

2
m
£ (g (om —2m) + (s 24w+ m ) ) By (i, )
(2m3 +m%) o (lall, m,)
my

+ 2(2(]2 <3m22 — 7m3) + 2q4 +3 (sz — 6m¢21m22 + mé) )m?ICO (mz, m? q2;mq,mz7mq>

+

(m2Bo(0: g mg) — My By (03m7,m7) )

4 4_ 4 2
| (am mizg <||q||,mq>}’ (A.17)
A

2
m 2
()= mn(Hqu){ (o (s 2m) 2 (a3 ) ) Bo (1 )
q 7
2 2 2 2 2. 2 2 . 2 .
+mq 2 3mZ_2mq +q BO q Mg, My, +n (||q||7mq) quO(Oamqamq)_mZBO(OamvaZ)

+ (4q2 + 2 <3m22 — SmE) )mzmQZCO (mi,mi,q% mq,mz,mq) + (2m2 — mQZ)n2(||q||,mq)},
(A.18)
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%Z(()) = ;’:31{ <10m3 — 5m22)B0 (mg;mq, mz) (sz — 14m )BO(O; My, M)
q

+ 2(2m3 + m2Z)BO((); my,my) + 3<m§ - 6m§m2z + 8m3) Cy (m?], mg,(];mq, mZ,mq)

4 (i — am) } (A.19)
z
7/(12(0) = ;nn%l{ (4m3 — 5mQZ)BO (mg; mq,mz) + <3m22 — 4m3)B0(0; My, M)
q

+ 2m3By(0;my, my) + <3m22 — Smg)mQZCO (mg,mg,O;mq,mZ,mq) +2 (m2Z — 2m3) },
(A.20)

1
y;;/; (QQ) = 24—{ (llgll, mg) (mg +m ’ +2mW) (mz’Bo(();mq',mq’) - m%/VBO(O3mW7mW))
mqn” (llqll, mq)

o (i
_ [q2 (mjl1 +my (9mW — 2mq ) mz' + mz/m%V — 2m§V) + 2m,21 (mé + m?l (4m5/ — 9m%y>
-5 (m - m? /mW 2mW) )] 0 (mg;mq/,mw) + mg [qz (mg — 3m3/ + 10m%,v)
+2 (m +my <6m r— 11mW) -3 (mi: —|—m§rm%;[/ — 2mév>> }BO (qz;mq/,mq/)
— 2m3 [mz (mé —my (5mq/ + 12m%[/) + (7m2/ — 12m3/m%4/ + 17m§[/)) -3 (mgz — Smjmév + 2mgv)

2
_ q2 <m3 - 2m5 (mjf + 477’7;%}[/) + m;lz — 6m{21/m%1/ + Sm?;[/) - 2m€v (q2) }CO (mg,mg, q2; m, My, mq/)

772(Hq“’m‘1) (mi + mz/ — m%v) (mi + mj + 2m%v) }, (A.21)

1
9’3";/(0) = 8—4{2m%‘/ (mg + mz/ + 2m%/v) By (0; myy, myy) + [m +m (4m r— llmW>
m,

- 5m4/ - 7m3/m%,v + Gm%V}BO(O;mq/,mq/) - [m +my (4m r—= 9mW)

-5 ( r+ mirm%;y — 2mév) ]BO (mg; mqr,mw) + [12mqmw (mq + mq:)

q

4
q
2
m <l7m§ + 9m3/> — (mg — 3m2/) (mg - m?) + Gmgv} Cy (mg,mg,o;mq/,mw,mqr)
2( 24 m / m%v) (mi + m?lf + Zm%V) }, (A.22)
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1
(@) = < {7 Ulall.my) (m3Bo (0 my,,my) = miBo(05mg,m,) )
" (llall, mq)

+ (4m2n? (lallmg) + mh (10m; — ¢*)) By (i mg,my,) = 3me (1 (lall, my) = 2m7) By (a5 mg,m, )

_ 6mim3 (772(||q||7mq) + mi) CO (mi,mz,qQ;mq,mh,mq> + (mi — 2m2)n2(||q||7mq)},

(A.23)
and
f;(O) = —8—;2{ (Bmi — 8m3) By (0;my,my) + <8m§ — 5m,21> B, (mg; mg, mh)
q
+ 2m3 B (0;my,, my) + 3mi (mi — 4m(21> C, (mg,mg, 0; mq,mh,mq)
+2(m3 — 2m§)}. (A.24)

A.1.3 Closed form results

We also present the explicit solutions for the two-point scalar functions in terms of closed form
2 2

functions. Below Cj, (mi M, q2; my,mg, mn) stands for a three-point Passarino-Veltman scalar

function.

2 2 2
QCD, 2\ _ m‘l ||‘1||77(||(I||>mq) + 2an —q
2 ) =~ o8 ( : , (A.25)

! ”(I”vmq) 2mq

3

2
Gm?ZCO (mz,mg,qQ;O,mq,()) + log ( q) +2+im
q

e ‘

2
m
ng(;QCDQ (qz) =—— q qz
- (llgll,myg)

2
—|—8m3[log <m2q> — 14 }, (A.26)
q
11 w?
F3P2(0) = 2{6 +log (mQ> +3}, (A.27)
q
2 2 2
+2m, —q
FA(2) = Ma o (Nalndlall,mg) + 2m, ’ A28
M7 = ~allatmy o’ (4.28)
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 (¢)

7 ()

q

2 m2Z mg (mi — 2m22) <2m3 — mQZ) . s 5 A m2
7 (0) = — 5 + (—2mq +4mgmy — mz) log —g

2

2 2my <m2Z —8m

2
m Q>q mz +n(mg,mg)
- “Z{ <20mz (2m3 — mzz) + 5 )n(mz, m,) log ( 4
2mgn(llall, my) my

2m,

2 2
2mg — g~ + llqlin(llgll, mq)

2

q

(QmQZ - 2m3) (8m3 - 24m22m3 + 6m3 )
+2
2m

Z 2
2 + 2 2 )mq||q||77(||q,mq)log (

mz mzq

4 2 2 4\ 2
A s o A (—4mq — 10mzmy + mZ> q mg
+ {2 (8mq + 1dmzmy — 5mZ> + 5 log | —
mq myg

2
+ (8 (qQ) + 12 (Smg — 6m2Zm,21 + mé) + 8 <3mQZ — 7m§> qz)mflCo (mg,mz, q2; mq7mz,mq>

+2 (2m; +m3) n2<||q|,mq>}, (A:29)

2
myz

T o2 A
2mgn” (llgll, mq)

4 (3m22 - sz) 2 12 2m} — ¢” + llaln(llqll, m,)
+ q—2+2 my|lalln” (|, mq) log 5

{oui (o =302 -0 (o 5, 0z,

2my,
2 2 2 2 m2Zn2(mZamq)q2 m3
+ 2mn(llgll mg) + ( 2m% (8m2 — 5m%) + . log | —
mq my
) ) 2my (mzz - ng) 7 my +n(my,m,)
+ (4my (4mq - 5mZ> + 5 n(mz,mq)log< 5 — ) )
my mq

= 5 5
mq my myg

2@%‘“%%W%W1<W+Wm%»}
— og )

A.31
n(mz,my) 2m, ( )
m
%IZ(O) = 2Z6{m§ (mi — 2mZ> - mQZ (mQZ — 2m3) log (;J)
my mz
4 2 2 4
2 (qu —dmgmy + mZ) n(mz,my) +my
— log , (A.32)
n(mZa mq) qu
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agW

w
yqq, (0) =

4 2 2 4 2 9 4 6 2 4 6 my'
- (mqmq/ +my (—qu/ + 2mq/mW - Smw> +my — 3mq/mW + 2mW) log (;

x log

1
o (q2> =—3————4 —4m (m6 —my (5m /+ 12mw) + mg <7m3/ — 12m3/m%,v + 17m“f‘,)
2mgn”([lall;my)

— q2 (mé - 2m§ (mz/ + 4m%[,> + m;l/ — 6m3/m%4/ + 8m%v) -3 (mgl - Smjmév + 2m?/v)

2
— 2miy <q2) )C’o (m Ve my, My, m /) +20%(|lqll, my) (my + 3mimiy, — mé' *mz/m%/v +omib,

o2m?
—|—q—2q||q||n(||q||,m;)< (i +mi; (6m2 — 11miy ) =3 (s +m2miy — 2miy ))

my) + 2mL21/ - q2>

2
2me,
q

llgllnCllall;
i q2< — SmZ/ + mg + 10m%v)> log (

2 /\2 2 ’\2 2 2

— —51\/((mg —my)” —my)((my, +my)” — mW)<q2(m3 +my (9mW —2m /> —|—m - m? /mW

L

— Qm?,v) + 2m§ (m + my (4m ;- 9mW) -5 (mél + mz/m%;y — Qm?,V)) >

2 2 2 2 2 2 2
V(mg =i =) (my + i —midy) + i — m2 iy

qu/mW

x log

1
— —Q(qQ(mg - 3m3 (miz — 4m%,v) —|—m (3m ,—8m> /mW + llmw)
m

s}

— mg/ + 3m? /mW 2mW) +2m (mg + 3m;L (mq/ 4mW> + mg (—9m3/ + 4m(21/m%;v — 7mév)
6 2 4 6 mi’
+5 (mq/ = 3mmy + 2mw) )) log 5 , (A.33)
my

1 2 4 2 2 2 4 2 2 4
me;{mq( — Mg — My (3mq/ — 4mW> +2 (mq/ +mymyy — 2mW) )

myy

2
- - - - (mgm?{ + m3 <73m3/ + mzlm%,v + 3mév)
! /
V((my = mi)? —miy)(mg +mi)? —miy)

3
+ m?] (Smg/ - 2m3/m%;v + 4mjm§v — 5m€V) — (mj — m%,v) <m2/ + Zm%V) )

q

V((mg —mi)? —miy)(mg +mi)? —miy) +m? —m2 +mi, "
2m myy ’ '
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1

2 4 2 2 2 2 2
q (q ) = —224— 12mgmy, (77(||(1||7mq) +mh) Co (mq’mq’q ;mQ’mh’mq)
mgn”(llqll, myq)

4 2 2
m <||q||n<||q|,mq> +2m2 g )

6
2 2 2 2
+ 2mimin(lallmy) + =5 allnClal me) (12 lal my) +2mi) o ;

2mq

2

m
+ mi (24171;L +q° (mi - 6m3) — 10m3mi) log <mg>
h

mp,m +m
= 2mp1(ma, my) <—16m3 — ¢*n(my,m,) + 10m§mi> log (Wt) }

2mq
(A.35)
and
1 m,)+
ﬁqh(()) = 4{m3(3m3 - Qmi) + 2my, (mg - mi) n(mp,,m,)log (W)
2m,, mg

2

+mp (Smi — mi) log (mg> } (A.36)
mp,
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A.2 Feynman rules

We now present in Tables and the coupling constants that enter into the Feynman rules
[911, 95, [77] that follow from Egs. (3.13) and (3.16]) and are necessary for the evaluation of the
CMDM and CEDM of the top quark in the RM331.

Table A.1: Coupling constants for the interactions between gauge bosons and quarks in the
RM331. We follow the notation of Lagrangian . Here (Kp);, are entries of the complex
mixing matrix K, where the subscript ¢ runs over u and ¢. This matrix is given in terms of the
unitary complex matrix V7 that diagonalizes the mass matrix of up quarks, and can be written
as (K1)1g = (Vi)ig(VE) ge. Here hyy =1 — dsiy.

7

Coupling g“ﬁqq quq
7't 1—2s5y 1—2s3;,
2y/12hy 2/ 12hyy
— 2 2
Ztq Y (K1), Y (K7)4,

;
;

12hy, 12hyy

V 7ty \/ECW(Vg)33 \/ECW(VLH)%

Table A.2: 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 . Here (n"),, are entries of the complex mixing matrix
n", where the subscript ¢ runs over u and c¢. This matrix is given in terms of the unitary
complex matrices V7 and Vj‘—f that diagonalize the mass matrix of up quarks, and can be written
as (")ig = (Vi )qe(VR)iq and (n)ge = (VE)1g(VR )44 since the matrix " is not symmetric.

Ggqq' G;‘?qu'
hy Tt 2 (o5 — 2esg) -
s 3: x * 3: *
it =208 () + (1")ge) =22 (0")eg — (1")q2)
- v
tht 7;”‘;/ (5,8 — icﬁ) -

hotq 2208 ((0)eg + (0")qr) T2 ((0")eg — (1))

A.3 Analytical results for the loop integrals

In this appendix we present the loop integrals appearing in Eqgs. (3.14)), (3.15), (3.17)), and
in terms of Feynman parameter integrals and Passarino-Veltman scalar functions both for non-
zero and zero q2. We have verified that all the ultraviolet divergences cancel out. Furthermore,
contrary to the QCD contribution, all the contribution of the RM331 are finite for q2 = 0.

A.3.1 Feynman parameter integrals

The ”I/q‘(;/(qz) function of Eq. (3.14) can be written as
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/ /1 u dudv (w—1)2u+ (1 — ry) (2q w(u+v—1)+ (3u—1)Ay log (AV))

—ry(u— 1)? (2u -1)- (27“3/ (u—1)° + riu(u+ 3)) +ry (T{?/ (u—1)° —r(u— 5)u)} ,
(A.37)

where Ay = u ((u -1+ r%) - rj(u — 1)+ ¢o(u+v—1), with ¢* = qg/mi and r, = m,/m,.

For q2 = 0 we obtain

0= [ g () st )

Fard - rq,)] . (A.38)

As far as the @(XZ/ (q2) function of Eq. (3.15) is concerned, it is given by

1—u
) =r, / / d“d” 3u—1)Avlog(Av)+(2u+1)(u—1)2—r§/(u—1)2

+u<rv(u75)+2q v(u+v— 1))], (A.39)
which leads to
1 — 72 —
~ B u (u(l TZ )+ 413 (u 1))
Dy (0) =1, /0 - ((u o rj/) T 1)du. (A.40)

The W;/(qQ) function of Eq. (3.17) is

//1 ’ (w = D —ry) dudv, (A41)
u—l +TS> (u—1)+q v(u+v—1)

which for ¢° = simplifies to

1 (1 —u)—r,
P2 0(0) = / (2 =w = ry) du. (A.42)
0 u((ufl)Jrrz/) —r3(u—1)
Finally, the loop function of Eq. (3.18]) reads
I-u ry(u—1)
/ / dudv, (A.43)
u—l +r5) —r /(u—l)—i—q v(u+v—1)
which yields

~ 1 ro(1—u)?

75(0) = Sl du. (A.44)
qaq 2
0 (1—w) (rq/ —u) + rgu
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A.3.2 Passarino-Veltman results

We now present the results for the loop functions in terms of Passarino-Veltman scalar functions,
which can be numerically evaluated by either LoopTools [46] or Collier [47], which allows one to
cross-check the results. We introduce the following notation for the two- and three-point scalar
functions in the customary notation used in the literature:

B, = By(0,m2,m2), (A.45)
By, = By(mg,my,mp), (A.46)
B,y = Bo(d®, mj, mj), (A.47)

C, = mgCO(mz, mg, qz,mj,mz, mzf). (A.48)

fora=V,8,¢ and b=V, S. We also define §, =1 —r, and x, = 1+ 7.

For non-zero ¢°, the loop functions of Eqs. (3.14)) and (3.15) are given by

”f/q‘q// (qz) = (21>2 [ (cjz — 4) (7’5/ — 7"2/ + 1) (53/ + 27’%) + (tf — 4) (53/ + 27“‘2/) (ri/Bq/ - r%/BV>
G —4

52 x, (<q2 . 10) ry+ @+ 2) +rd <q2 (rq/ - 3) 2 _or, (5rq, - 6) - 18) —2 (qQ - 10) ré)Bq,V
2
q

+ (82 (2@27«‘1, — 2, (3rq, + 4) +§ 4+ 2) — 2 (@2 (4rq, - 5) +ry <3rq/ - 10) n 11) n 12r4V)Béq,
+ (5;’;;(3, (37"q/ — @+ 1) +6,r% ((542 - 8) rd - (qQ - 4) ry -2 ((42 - 4) @+ 6)
_rt (4@2 <rq, - 2) - (10 - 9qu) ry - 17) + GT?/)CqIV} , (A.49)
and
~ T
IV = = - [(rj T 1) (Bq/V - qu/) v (7’\2/ (2@2 — 5% - 3) + (rj — 1) 24 4ré)cqlv]
(A.50)

As far as the results for q2 = 0 are concerned, they read
1
% 6 4 2
77(0) = oy [8rv 4 (rq/ (37"q/ + 2) n 2) rd 42 (rq/ (rq/ <2rq/ n 7) n 4) - 5) r2
14 q
+2 (7‘2/ — 1) 2 (2rq/Xq/ + 1) — (462/7“(1,;(2/ + 47”q’X¢21/7’l2/ —4 (rq/ (31"(1/ + 2) + 3) ré + 8r€>Bq,V
- (45q/rq/xi/7“‘2/ +4 (rq/ (rq/ + 2) + 3) ré - 87"?/)3‘/ + 4rq/ (63)(2/ + Tq/Xi/T\Q/ - 27°q/r§1/) Bq/},
(A.51)
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and

’

~ r
7Y .(0) = d [ (7’2/ o 1) (41";1/ - (51"2/ + 3) re + (7“2/ - 1) 2)
“ (1 - (rq/ - TV)Q)(I - (rq/ + TV)2) e e a
+ (47‘517"%; + (—5r31 + 47‘3/ + 1) r‘z/ + (7"5/ — 1) 3)Bq/ + ( <5r§/ + 3) r%/ — (rs/ — 1) 27‘\2/ — 4r$/)BV

- (3 (3@ + 1) ri - 6r (rz - 1) 2+ (rj - 1) - 47“?,)Bq/v}. (A.52)

The loop functions of Eqgs. (3.17)) and (3.18]) are given by

s 1 . K
gzqq,(qz) =, [ (4 — q2) (7’5/ — r% + 1) + (q2 (2rq/ — 1) + 67"2/ —8ry — 67’% — Q)qu/
(¢ -4)
+ (253, Xy (1 ~3r, - 42) +or2 (42 (rq/ - 2) + 62— dr o+ 2) - 67"45) Cg
+ (6, ((@=10) ry =@ —2) = (¢ = 10) 13) Byg + (¢ — 4) (v3Bs — 2B, ) |,
(A.53)

and

@i}/(qz) _ d;q' . [Bq’s - By, + (7“;/ —rE— 1) qus]. (A.54)

For q2 = 0 we obtain

1

i) )

2 2 4 2 2 2 ( 2 2
+ 2 <5q/7“q’Xq’ —ry (2rq/ + 1) rg + rs) Bq/S + 21y (rq/rs — 5q’Xq’) Bq/ + 2rg (rq/ +r, - r5> BS},

s 4 ; 4
Z,0(0) = [ (47’5/ +2r, — 1) re — 2r, — 21"2/ + r:‘;/ —2rg—1

(A.55)
and
O = rs>2>1<1 ~(ry +75)%) (b erd) e (8 (1=l r2)) (Bs - Bys)
+ (27’5 - (1 —rd ré) (1 - rj)) (Bq/S - Bq/> ] (A.56)

A.3.3 Two-point scalar functions

In closing we present the closed form solutions for the two-point Passarino-Veltman scalar func-
tions appearing in the calculation. The three-point scalar functions are too lengthy to be shown
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here.
m> 1
BO(O,mZ,mZ) = —log <;> + p + log(4m) — vg, (A.57)
“
- ¢ —ary  (a\J@ iy =+ 2y m%\ 1
BO(q 7m’am’)7 ~ IOg 2 +2710g 2 +7+10g(4ﬂ—)77E3
! 1] 2rq/ m €
(A.58)
A (m?,x%,w%) + (ri + % — 1) 2
By(mZ,m> ., mj) = /A <x2 xy x2/) lo ’ ! + E (1 — 7+ r2/> log [ 2
0 g Mg 1) — q>tbr g g 2Tb7nq/ 2 b q g T‘Q/
mi 1
+ 2 —log <2b> + p + log(4m) — vg, (A.59)
“

where \(z,y,2) = 2° +y° + 2° — 2(xzy — xz — yz). The scale p and the pole € of dimensional
regularization cancel out in the final result.
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A.4 Analytical form of the TNGBCs ZZV* (V =~,Z,Z')

In this appendix we present the analytical expressions for the loop functions appearing in the
contributions to the TNGBCs ZZV™ (V = ~, Z, Z') arising from the FCNC couplings mediated
by the Z gauge boson and a new heavy neutral gauge boson Z’. For the calculation we use the
Passarino-Veltman reduction scheme.

A.4.1 Passarino-Veltman results
ZZ~" coupling

There are only contribution to the f; form factor, which is given in Eq. (4.27), where R;; reads

=02 (o 0d) (5 () - 3 1) + 26 203) ¢ - o)
i (205 (50 (7) 3, () 28, ()
+4 (q2 — mQZ) (m;1 + m? +my — 2m?m? — 2mimy — 2m§m22) (Ciji ( ) +Cjyj ( ))
+ 2q2 (q2 + 2m2z) (m Ciji ( ) + m?Cjij <q2)) , (A.60)
where we have introduced the shorthand notation
Byj(c ) By, (c m?,mf)
Cijk (q2) =Cp (mzz,m%,qQ,m?,m?,mi) ) (A.61)

with By and Cj being the usual two- and three-point Passarino-Veltman scalar functions. It is
useful observe the following symmetry relations

By;(¢®) = Bji(c),
o ) - un ().
Cus (%) = Ci (4°)
Ciji (qQ) = Cyi; (qQ) (A.62)

In Eq. (A.60) it is evident that ultraviolet divergences cancel out. We have also verified that
R;; vanishes for an on-shell photon.

ZZZ" coupling

There are contributions to both the CP-conserving form factor f5Z and the C P-violating one
f42 . They are given in Eqgs. (4.31)) and (4.29), with the Ry,;, and S;; functions given in terms of
Passarino-Veltman scalar functions as follows
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R»»:1+2(m27m>(2mZ+q> By; (my) — By, (m%
et ECR) 3, o), o)

1
T 2 2 2
(q —4mz) (q —mz)

2
+4q2m2z (m?m? — Qm?mQZ — m?— + m%) + 4m§ (mf — m?) — 2q6m?>

1
qﬁciij (qz) (—q4 (mf (mzz - m?) — m2Z (7m? + 3m? — 4mQZ))

—Ciji (qz) (q2 ( 3m m — 3m? mZ +m —om? mZ—|-2m +2mz>

—&—2m2 (mf+2m mQZ—m —mz)—l—qm)

(3 )0 (o) (- 03) o +) - )
(5, () - (n2)) (0 - 202) (oo + ) 02 (- 202)) |- a0

+

_|_

Ry;j :qznlz?z { (mf - m? - mQZ) (Ciij <q2> — Ciji (q2>) + (QQ - m2z) Ciiz <q2>

5 () -2 ) 42 (5, () - 3 () ). (o

g =2 (o 20 ) [0 (7)o ()] 420 2) €14

mgz

ol () - ()] 4 5 () - 02)]] e

5, (i a0) [, (n2) -3, ()
o) -5 ) - o) ot~ ) (1)
et o) ) o)

+4° [q2 -2 (m? — m? + mz)} i ( 2 (A.66)

ZZZ* coupling

The contributions to the f5Z and f4Z form factors are given in Eqgs. (4.33)-(4.35)), with the L;
Ty;; and Uy,; functions given as follows
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Lis =2 (2 (a° (m + ) =y (4mf +m%)) Ca ()

— (2m% + @) (Bis (m%) - Bii (¢))) = 6a°m3 + 8m% + ¢, (A.67)
Ly = =4 (mz — q) (mz +q) (m (¢ = 4m3) +m%) Ci (¢
-2 (4m12 <q2 —4m22> +mZ (QmZ +q )) (B ( QZ> — By, ( )) —6q2m2Z +8m42 -i-q47
(A.68)

Ly =2(2 (m ( 6¢°m% + 8my + q ) 2m’, (mzz — qz)) Ciii <q2>
—2m% (sz +q ) ( ( ) (qQ)) 64°m3 + 8my +q*). (A.69)

Uiy = _1112 [Bn- (mQZ) (q4 (2mi (mi — mj) + m2Z + 2q2m2Z (mQZ 2 (m — mJ)2)

)
y (q2)) (q2 ((m - m]) + mZ> 4my (mi; — mj)2

J
(q6mi (m; — 3m;) + q4(m2Z ( i(13m; — 4m;) + 3m; ) 2m; (m; — mj)2 (m; +m;)

2
- 4mz) +4¢°m7% ((m - mj)3 (m; +my) — Amimy + mz) + 4my, (mlz - m?) )
+ (6q4m2Z —8¢°my — q6) } + (i < j), (A.70)

=2 [Bn‘ (q2) (q2 (2(m3 —m; ) + mz) +2m% (mf - m? + m2z)) —my <2m22 + q2) B;; (mQZ)
+Ciji <q2) (2q2 (mZ —m3 (Qmi + mj) + (mf — m?)2> —2m7 ((mZ + mj)2 — m2Z> ((mZ — mj)2 — mQZ)

1
+¢'m?) = 3¢>m% + 4my + §q4} + (i o ), (A.72)
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Uy = ;{mQZB“» ( ) (2q (Zm f2m +mZ) 4mQZ (m —m; ) +q )
+q2 <m2Z (2m2z+q2 (B ( 2) <q2>>+(6q mZ—8mZ+q>)
+ Cyj (qz) (qﬁmi (mj —m; ) q mZ (Sm M — m? — Sm? + 4m2z>
— 4¢°m?% ((ml — mj)2 - mQZ) ((ml + mj) + mz) + 4my, (mf - m3)2 )] + (i ¢ ),
(A.73)
Usij = Ugij(m; — —m;), (A.74)

Ugi: = —Z[B“- <q2> (—q2 (2m (m +m; ) + mz) + ZmQZ (mi + m]—) (3mi + mj) — 2m§)
B;; (mQZ) (q2 ((m +m; ) +mZ> 4mZ (m +m; )2 +2mé>

+Ciji (2) q4m (m +m)+2q (mz(3mm + m; +m)+m (m?—mj) (miJij)*m%)

_|_

—2my ((m; +mj) —mZ) ((m —my) (3m, —|—m)+mz))—|—3q mZ—4m§—%q4} + (1 ¢ 7),
(A.75)

and

Ty = [3 (m; —m;) (¢ (m; +m,) (Bij (q2> (q2 - 2m2z) —m%B;; (m%)) + Ciij <q2) (¢* (2m (m; +m;)

J

— mQZ (SmA + m-) ) — 2q2m22 (m- + m-) (Qm- (m» + mj) - m2Z> + QmQZ (mi — mj)2 (mi + mj)3 + q6mi))

+ B;; ( ) (q mZ (12m im; + 7m — 3m —4mz) 6m2Z (mzz — m?)2 +q4 (mzz — 4m?>>
— 2¢B;;(0)m; (q - 4mz> } — (i< ), (A.TT7)
Tyi; = Ty5(m; — —m;), (A.78)
T3ij = 6q4mimj [Cijz' <q2> (2 <m$ - m? + mzz) - QQ) - 2B <q2> } — (i ¢ j), (A.79)
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2 2 2 2\ 2 6
X (2mi (mi — mj) — mZ) + 2m7y (mi — mj) (mi — mj> —q mi)
2
+ By (mQZ) (q4 (Qm,» (mi + Smj) + m2Z) — quQZ (12mimj — 7mf + 3m§ + 4m2z) — 6m2Z (mf — m?) )

=24’ By(0)m? (¢ — 4m3) | - (i & ), (A.80)

Tsi5 = Tysj(my — —my), (A.81)

A.4.2 Closed form results

We now present the closed form of the TGNBCs presented above. We only expand the two-
point scalar functions in terms of transcendental functions as the three-point functions are too
cumbersome to be expanded. We first introduce the following auxiliary functions:

n (x,y) = \/ £B4 - 4x2y2, (A82)

B (z,y,2) = \/2352 (y2 + z2> +2t + <y2 — 22) 2 (A.83)
[ 4 2 2 2 2
r —dx"y  +2y" —x

X (z,y) = log 2 , (A.84)

and

\/_23:2 (y2+z2)+x4—|—<y2—22>2+x2+y2—z2

2y

§(z,y,2) = log (A.85)

ZZ~" coupling

The R;; function of Eq.(4.27) can be written as follows
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R;; = f% [ - q2(2q2 ( mZ (2m +m; ) + (m2 - m2) erZ) 2m22 (—mi —m; +mz) (mz —m; +mZ)
q
X (—mi +m; + mZ) (mi +m; + mZ) + q2m m ( ) 2q <2m3 + m2z>
+4m22 (m? —|—m22) + q4) —|—2mi (q — mz) 2( ?—mQZ) 2 <m2Z —q ) )C’jij (q2)
2
+3¢* log (m;> (mj2 — mf) -7 (q,mj) log (X (q,mj)) <q2 <2m? — 2m§ + m2Z> + 2m2Z (—m? + m? + m%))
m;

+ 27’ (qvmz) log (X (qvmz)) (m2 —m; )(q - mZ) + 6(] mZ + 4ﬁ (mzvmjamZ) q mZ IOg (f (mzvm mZ))
— 0 (g;m;) ¢*mZ log (x (¢.;m;)) — 8¢°my — 21 (q.m;) mz log (x (¢,;m;)) — ¢° + 28 (my,mj,my) ¢*
x log (& (m;,m; mZ))} (A.86)

ZZZ" coupling

The Ry;; and S;; functions of Egs. (4.31) and (4.29) read

1 1
Rug = l_ ( 2){_q2m22(q2 (<2 (12 +d) i +2 (o 4 it )

2
q —Mmy

—2m7% ((mQ- — mQZ) - m?) +¢'m3)Cyj, <q2> +my(q* (m? (mj2 + 7m22) —mj +3mimy — 4my)
+4¢°m3, (mf (m? - 2m22> - m? + mé) + 4m (m,2 - m?) — 2q6m?)an (q2) —m3q’ (q4 —5¢°my + m%)
amm, (¢ (m? o3 )+ 2m, (m? 4+ 2 — 2 ) log o am)
1 (mz,m;) (mf (q4 - 4m4z) +my (4m]2- (mQZ - q2) +2¢°mz + q4)) log (x (mz,m;))
m;,m;, ) (q4 (mf + m? + 2m2Z) + 4m§ (m? — m?) + 4q2m22 (mQZ — 2m?)) log (f (ml,m mz))

+6(
(ml,m],q) mzz ( ? <6m2Z — 3q2) + (m? — 2m22) <2m22 + q2)> log (5 (mi,mj,q)) }

m 2

_ (mi;j){mg (100 — ¢?) = (3 +4m3) (20 +*) 1o (Z) 1 .

qg mgz mzz—q

Ry = ;n?g l— < ! 2) {q2m2z (mf - m? —2my + q2> Ciij (q2> +q°m7 (—m? + m? + mQZ) Ciji (qz)
+m (25 (miamjaQ) log (f (miamjvq)) + 1 (g,m;) log (x (¢;m;)) )

— (25 (my,mj,mz)log (& (mymjmz)) +n(mzm;)log (x (mz,m;))) } + (m2 —m; ) log <mi ) 1 ,
(A.88)
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m;m; 1 2

R3i; = — QJ - 3 5 {q m2z (me - ng + q2> Ciij (qz)
q mgz (mZ —q )

+ qzmzz (q2 -2 (m2 — m2. + m%)) Ciji (qz) + QmZZ (26 (mi,mj,q) log (§ (mi,m]—,q))

+ 1 (g,m;) log (x (¢,m;)) ) (251 log (f (mivmjamZ)) +n(mg,m;)log (x (mz,m;)) )}
+2 (mf — m?) log (2) ] , (A.89)
and

5= 0o (1) (o) (ot )+ () (2ot~ +02)
(q2—2m2z) (gm —2m? — q>+q C“(q2) (2m2—2(m +mz>+q)

2
) log (x (q,m;)) + 21 (¢,;m;) log (x )+4(q —mz) 10g< z)

m;

———={n(mzmi)log (x (mz;m:)) = n (mz.m;) log (x (mz.m;)) }. (A.90)
mgz

ZZZ"™ coupling
Finally, the L; T};; and Uy;; functions of Eqs. (4.33)-(4.35)) are given as follows

1
b= (st () (2 ()~ (s +m)) ' +2 (2 + ) G amg o x )

= (mzm;) g 1og (x (mzm:)) ) + 8¢°m +q°}, (A.91)

Ly; = qg:nQZ{ — 4’ m%Cy; (q2> (mgz - q2) (m? (q2 - 4mz) + mz) +2(4m; (q - 4m22)
+my (2m2z + qz) ) (n (q.m;) mzlog (x (g,;m;)) — 1 (mz,m;) ¢° log (x (mz,mi))) +q¢°my

—6¢*my + SquGZ}, (A.92)
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2
Ly, = 7{2q20m (q2> (mzz (*6q2m22 + 8m§ + q4) — 2m§ (m2Z — qz)) — 6q4m22

q
+2 (2m% +¢°) ((q.m) m% log (x (gm)) = 1 (mz7.m;) ¢ log (x (m7.m,) ) +8¢°m% +4° |
(A.93)

Uiij = —%{Cng‘ (qg) (q6mi (mj — 3mi) +q (mZ ( dm;m; + 13m + 3m; ) —2my (mi — mj) 2 (mi + mj) - 4m%)
q
—|—4q2m2Z ((mi - mj) 3 (mi + m~) — 4m?m2Z + m%) + 4mZ (m2 —m; ) ) +Cjji ( ) (quj (mi — 3mj)
+q (mZ ( dm;m; +3m + 13m;; ) —2m; (ml ) (mZ —l—mj) —4mZ) + 4q mZ( — (ml- —mj) 3 (mi —l—mj)

2
—4m§m2z+m%)+4mé<m —m) 2( 6q mZ+8qm +q)} {5(m m; mz)

my
x log (f (ml,m mz)) (q2 ((ml — mj) L m2Z) — 4m22 (mz — 24 QmZ) } { mi,mj,q)
x log (€ (m;m;.q)) <q2( —my) 4 m) = dm (m; —m;)? +2mz) }
(m? B m2> (sz B q m; 2 ( 2 2
+ . (m) m—m) +2mz))—4mz(mz—(mi—mj))}
+ nlmz.m );"fn(z,z Tz { ( ( )+ mz)) —2¢°m3% (mZZ — 2 (m; —my) 2)
+ 4my (m?—m?) } n(mzm; )qfn (mz’ )){ (Qmj (mj—mi)+m2z>
z
+2¢°m3% <m2Z—2(m —my) >—|—4mz( 2—m?> }, (A.94)
Upij = Uyij(my — —my), (A.95)
Us;j = 2{(Ciji (q2> (2q ( my <2m +m; ) + (mf — m?) 2 —|—m%) —2m3, (—(mi - mj)2 +m2Z>
X (—(mi —|—mj)2 —|—m22) +q m; ) + Cjyj ( ) (mf (—2q2 (2m§ —|—mQZ> —|—4mQZ (m? +m2Z) —|—q4)
(A.96)
+ 2m} (q - mz) 2 (m - mzz) 2 <m2Z - q2) ) — 6q°m% + 8my + q4}
+ 20 (q7mi)loqg2 X (q,mi)){ ( 2m + 2m +mZ) +2m3 (mf - m? +m2Z) }
+ 20 (%mj) lc;% (X (q, mj)) {q2 <2m? . Qm? + mzz) + 2m2Z (—m? + m? + mQZ) }
+ 6¢° <m2 —m; ) log (mf) — 4B (mi,mj,mz) log (& (my,m;,mz)) (2m2Z + q2) , (A.97)
m;
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1
Uyj = —?{C’“j (q2) (qui (mj — mi) + q4m22 (78mimj + mf + 3m§ — 4m22) + 4q2m2Z (f(mi — mj)2 + mQZ)
X ((ml +mj) 2 —|—m2Z) +4m4§ (m2 —m; ) ) +Cji ( ) (quj (mi — mj) —|—q4m22( 8m;m; —|—3m +m§
4

—4m22) +4q2m22( (m; —m; ) —l—mZ) ((ml +mj) +m22> + 4m7, (mf —m?) 2) 2(— 6¢*m% + 8¢°m%

+q6)} B n(mz,mi)logz(x (mz,mi)){2qz (ng om? +mzz) g (mz 2 ) +q }

q
)1 .
— 1 (mz,m;) sz(X (mz,m;)) {2q2 (72m?+2m3+m22) +4m2 (mz —m2 ) +q }
m2—m 4qu—8mZ+q 2
+ ( ) ( q2 ) log (:Z;) — 20 (mi,mj,mz) log (5 (mi,mj,mz)) <2m2z +q2>
J
Sﬁ (mz7m]7q) m% 2
+1og (¢ (miym;.q)) { - + 48 (mismy q) m3 (A.98)

Usij = Ugij(m; — —my), (A.99)

Usi; = Q{C’iji (q2> (q4mj (mi + mj) —2¢° ( (Sm ;m; + m + m5 ) +m; (mz — mj) (mi + mj) - m%)

— 2m22 (—(mi +m.>2 +m22) ((ml — ) (3m +m; ) +mz) ) + Cji; ( ) (q4mi (mi +mj)

—|—2q2<— <3mm + m; +m)+m m; —m)(mi+mj)2+mz>—2m22<—(mi+mj)2—|—m2z)

x(mQZ—(mi— m +3mJ)) 6q mZ—|—8mZ+q }
4B (my,my,my)log (§ (my, my,m
( ) m%Z( ( Z)){q2 ((mi+mj)2+m22> — 4m3 (m¢+mj)2+2mé}
2n (g, m;) log (x (¢, m;)) (q2 (Zm (m +m; ) +mz) - 2m2Z (mi erj) (3m +m; ) + 2mz)
+ q2
2n (q,m;) log (x (g,m;)) (q2 (2mi (m;+m;) + mQZ) —2m% (m; +m;) (m; +3m;) + 2m4§)
+ q2
2 m? —m? 2
_ (méj)log (Z;) {4m2Z ((ml + mj)2 - mQZ) — q2 ((mZ + mj) 2y 2m22> },
j
(A.100)
Urij = Usij(m; = —my), (A.101)
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b 2m (g =) my+my)* +gPme) +3C,5 (¢) (0 (25 (st my) =y (i +-3m,) )
— 2q2m2Z (mi + mj) (Qmj (mi + mj) — mQZ) + 2m2Z (mi — mj) 2 (ml- + mj) 4 quj)
40" (mi +my) (¢ = 4m%) } +68 (miymymz) ¢ log (€ (miymy,my)) (m? —m?)

2 2

— 63 (mi,mj,q) log (§ (mi,mj, q)) (mi — mj> <2m22 — q2>

)1 .
+ n (mz, m;)log (x (mz, ms)) {q2m2Z (12mimj + 7mf - Sm? - 4m2Z) - 6m2Z (mf — m?) 24 q4 (mzz - 4m$) }

my
U(mz,mj)log (X (mZ,mj)) 2 9 2 2 2 2 2 2\ 2 4 2 2
+ 3 {q my (—12mimj +3m; — Tm; —|—4mZ) + 6my (mi — mj) +q (4mj — mZ) }
z
2
+ log <m’2> {q4 (3 (mz2 + mf) - m2Z) — 2q2m2Z (3 (m,» + mj) 2 2m2z) + 12m2Z (mf — m?) 2},
m,
J
(A.102)
Taij = Thij(my; = —my), (A.103)

2

+ 12q4ml—m]— log <m2
m;

(A.104)
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Tyi; = (mi +mj) {3C”»j <q2> (q4 (m2Z( +m]) + 2m;m; ( mz)) — 2q mZ (m —m; ) <2mi (mi — mj) fm2z)
+2m2Z(mi—mj)3(mi—|—m) —|—q )+3C’m( )( 4( m+m)+2mmj(mi—mj)>

q
—|—2qmz(m —m)(2m (m; —m4)+mz)+2mz( mj)3 m; +m ) +qm)

+ag (m; —m,) (q —dm Z)}+65 (ml,mj,mz)q log (& (my,mj,mz)) (mz—m2> (qg_mgz)

2 i J
myz

— 68 (my,m;, q) log (€ (ms,my, q)) (mz 2 ) <2mz +q ) n n(mz,mi)logQ(X (mz,mi)){q4(2mi (m; +3m;) +1

mz

)1 .
— qszZ (12m ;T 7m —|—3m —|—4mz) — 6m22 (mf — m?) 2} + il (mZ)mJ) (;fQZ(X (mZ’mJ)) {q4( — (Qmj

(3m +m; ) + mZ)) +¢*m3, (12mim]— +3m; — 7m§ + 4mQZ) + 6my (mf — m?) 2}

2

1 m;

+ — log ( 5
my m

%){qzl( (Gmmmz+3(m2—m2) +mZ>>+2q2mQZ( 3my, (m; —m;) > +3(m —m§>2
+2mb) + 12mY (m§ - m?) 2}, (A.105)

and

Tsij = Tuij(my — —my), (A.106)
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