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The chromomagnetic dipole moment (CMDM) and chromoelectric dipole moment (CEDM) of the top
quark are calculated at the one-loop level in the framework of the two-Higgs doublet model with four
fermion generations (4GTHDM), which is still consistent with experimental data and apart from new scalar
bosons (H°, A°, and H*) and quarks (b’ and ¢') predicts new sources of CP violation via the extended 4 x 4
CKM matrix. Analytical expressions for the CMDM and CEDM of a quark are presented both in terms of
Feynman parameter integrals, which are explicitly integrated, and Passarino-Veltman scalar functions, with
the main contributions arising from loops carrying the scalar bosons accompanied by the third- and fourth-
generation quarks. The current bounds on the parameter space of the 4GTHDM are discussed and a region
still consistent with the LHC data on the 125 GeV Higgs boson and the oblique parameters is identified. It
is found that the top quark CMDM, which is induced by all the scalar bosons, can reach values of the order
of 1072-10~". As for the top quark CEDM, it only receives contributions from the charged scalar boson and
can reach values of the order of 1072°~10~"? ecm for relatively light 11,+ and heavy m,,, with the dominant
contribution arising from the b quark. The CEDM would be the most interesting prediction of this model as
it can be larger than the value predicted by the usual THDMs by one order of magnitude.
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I. INTRODUCTION other SM particles, spin observables, rare decays, etc. A top
quark factory also provides a laboratory to search for new
physics effects. Along these lines, the study of the new
contributions to the chromomagnetic dipole moment
(CMDM) and chromoelectric dipole moment (CEDM) of
the top quark is a topic worth studying as they could be at
the reach of experimental measurement in the near future.

In the context of the SM, there are many unsolved
problems. Among them, one of the most interesting is the
baryon asymmetry of the universe. According to
Sakharov’s criteria [4], CP violation is a necessary require-
ment for this phenomenon. In the SM, the complex phase of
the Cabbibo-Kobayashi-Maskawa (CKM) matrix [5,6]
gives rise to CP violation, though it is still not enough
to explain the baryon asymmetry, which means that new
sources of CP violation beyond the SM are required. It is
therefore necessary to search for evidences of any CP-
violating effects. We are thus interested in looking for
evidences of such effects through the t7g vertex, whose

anomalous contributions can be written via the following
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Since its discovery in 1995 by the CDF and DO experi-
ments at Fermilab’s Tevatron [1,2], the top quark has
played a special role in the study of the phenomenology
of the standard model (SM), which stems from the fact that
its mass is of the order of the electroweak symmetry
breaking scale. Even more, the top quark is unique as it
does not hadronize unlike all other quarks, due to its tiny
lifetime 7, =5 x 107> s, but it also can decay semi-
weakly and has a Yukawa coupling of the order of the
unity. At the CERN Large Hadron Collider (LHC), the top
quark is pair produced mainly via the processes qg — tf
and gg — 7. At a center-of-mass energy /s = 14 TeV,
about 90% of the top quark production arises from gluon
fusion and the remainder from gg annihilation [3]. The
LHC is thus a top quark factory, which opens up a plethora
of opportunities to test its properties: mass, couplings to
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where G, is the gluon strength tensor and 7 are the SU(3)
generators. The anomalous couplings a, and d, are known
as the CMDM and CEDM, respectively, though alternative
definitions for the latter are also used in the literature [7].
The existence of a CEDM implies time-reversal violation,
which is equivalent to CP violation because of the CPT
theorem, so any evidence of a CEDM of the top quark
would indicate a CP-violating effect. In the SM, the top
quark CMDM is induced at the one-loop level and its value
at the leading order is —5.6 X 1072, with the electroweak
(EW) and quantum chromodynamics (QCD) contributions
being —6.4 x 1072 and 7.5 x 1073, respectively [8]. As for
the CEDM,, it arises at three loops [9] and its value has been
estimated to be negligibly small, of the order of
1073% g, cm [10], therefore a sizeable CEDM would hint
new sources of CP violation.

Constraints on the top CMDM and CEDM has been set
[11] using the ATLAS data on the 7¢ production cross
section through the lepton plus jet channel. The corre-
sponding bounds are —0.034 < a, < 0.031 and |d,| <
2.17 x 10710 ecm [11]. Tt is expected that the LHC data
on o(pp — t) at /s = 14 TeV would allow to place the
bounds —0.016 < a, < 0.008 and |d,| < 3.6 x 1077 ecm.
Even more, a sensitivity to the CEDM of the top quark of
about |d,| < 1.6 x 1078 ecm would be reached through
the measurement of a T-odd correlation in the process
pp — 1t with 10 fb~! [11]. It is worth contrasting these
values with the electromagnetic properties of the top quark,
namely, the anomalous magnetic dipole moment (MDM)
and the electric dipole moment (EDM), which have also
been calculated in the literature in the framework of the SM
and several of its extensions. In the SM, there are three
types of contributions to the top quark MDM, namely,
QED, EW, and QCD contributions, with the total SM
contribution being 3.5 x 1072 [12]. As far as the top quark
EDM is concerned, it has not been calculated yet but an
estimate of about 1073 ecm was obtained by scaling the
value of the electron EDM [10,13].

Apart from the SM calculations [8,14], the top quark
CMDM and CEDM have been studied in several SM
extensions, such as little Higgs models [15,16], two-Higgs
doublet models (THDMs) [8,17-20], the minimal super-
symmetric standard model (MSSM) [19,21-24], unparticles
[25], technicolor [8], 331 models [8], and models with
vectorlike multiplets [26]. Furthermore, phenomenological
analysis of the f7g anomalous couplings has been performed
in the context of single top production [27-30], top pair
production [31-42], top pair plus jet production [43], direct
photon production [44], spin correlation in top pair produc-
tion [45], CP violation in top pair production [46], etc.

In this work, we study the one-loop contributions to the
CMDM and CEDM of the top quark in the THDM with a
fourth family of fermions (4AGTHDM), which was proposed
by Bar-Shalom et al. in 2011 [47]. A fourth SM-like fermion
family was introduced in the past in the so-called sequential

SM (SM4) [48], which is the most simple extension of the
SM with additional up-type and down-type quarks denoted
by ¢ and b/, respectively. The introduction of a new quark
family requires a 4 x 4 CKM matrix, which can be para-
metrized by six real parameters and three complex phases.
The latter imply new sources of CP violation as those
required to solve the baryon asymmetry puzzle. Although
there is no symmetry that prevents the SM from being
extended with extra SM-like fermion families, a fourth
generation of such fermions has been ruled out by the
measurement of the invisible decay width of the Z gauge
boson, which is consistent with three flavors of light
neutrinos [49], though extra neutrinos with mass m, >
my /2 are still allowed. However, the SM4 is not compatible
with the LHC data on Higgs boson production [50-54] as an
extra family of quarks with SM-like couplings would
increase the Higgs production via gluon fusion [55] at a
level not consistent with that experimentally observed [56].
In contrast, the 4AGTHDM is still consistent with the 125 GeV
Higgs boson discovered in 2012 [57]: the theoretical pre-
diction for Higgs boson production at the LHC agrees with
that observed in a certain region of the parameter space of the
model. This was shown by the authors of the 4GTHDM in
Refs. [57,58], where they perform a fit to the parameters of
the lightest scalar boson h° with the LHC data on the
125 GeV Higgs boson to constraint the masses of the quarks
of the fourth family and other parameters of the model. Along
this line, other versions of THDMs with a fourth-generation
of fermions that are still compatible with LHC data have been
considered in the literature [59,60]. At the LHC, the ATLAS
and CMS collaborations have searched for new heavy
quarks, but the corresponding bounds are model dependent.
The current lower bound on chiral fourth-generation quarks
is very stringent, namely, m, ;,; 2 700 GeV [61,62], which is
above the unitarity bound m, < 550 GeV [63,64]. However,
the experimental constraint, obtained by assuming that the
main decay channels of the heavy quarks are b’ — Wt, bh,
bZ and t' — Wb, th, tZ, can be evaded by tuning the model
parameters [65] and thus masses within the interval of about
350-600 GeV are still allowed.

The contributions to the MDM of a fermion were
calculated in the 4GTHDM framework prior the Higgs
boson discovery [66], with a post-discovery update presented
in [58]. Furthermore, several decay modes of the top quark
have been studied within this model [66-68], and the
inclusion of a fourth generation of chiral fermions was
studied in [65]. We present below an analysis of the
contributions of the new heavy scalar bosons of the
4GTHDM to the CMDM and CEDM of the top quark,
along with the implications of the presence of the quarks of a
fourth family.

The rest of this work is organized as follows. In Sec. II
we present a brief outline of the framework of the
4GTHDM, with particular emphasis on the Yukawa
Lagrangian, from which the couplings of the new scalar
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bosons with the SM and fourth-generation fermions are
extracted. Section III is devoted to the analytical results for
the CMDM and CEDM of the top quark in terms of
Feynman parameter integrals and Passarino-Veltman scalar
functions. In Sec. IV we discuss the most up-to-date
constraints on the parameter space of the model, and
perform a numerical analysis of the behavior of the
CMDM and CEDM of the top quark for the still allowed
parameter values. The concluding remarks and outline are
presented in Sec. V.

II. THE TWO-HIGGS DOUBLET WITH A
FOURTH GENERATION OF FERMIONS

The study of THDMs, which only add an extra doublet to
the SM, is well motivated as they are simple but offer a
great variety of new physics effects, such as new sources of
CP violation, new neutral and charged scalar bosons, tree-
level scalar flavor-changing neutral currents (FCNCs), etc.
In addition, the MSSM scalar sector and axion models
require two Higgs doublets, which have also been used to
conjecture that the top quark mass is very heavy due to a
disparity between the vacuum expectation values (VEVs)
of the two Higgs doublets, namely, v, > v,, where v}, is the
VEV of the Higgs doublet that only couples to the (heavy)
top quark and v, is that of the Higgs doublet that only
couples to the remaining (light) fermions [69].

A variant of the usual THDMs is the so-called
4GTHDM, obtained by adding a fourth family of fermions,
for which we present a short overview and refer the
interested reader to the original Refs. [47,57] for a more
detailed discussion. Following the notation of Ref. [69], the
two Higgs doublets of the 4GTHDM are denoted by ®,
and @,, with VEVs v, and v, respectively. We use the

definitions v = /v + v7 and tanf = v;,/v,. As already

mentioned, apart from the extra Higgs doublet, in the
4GTHDM a fourth fermion family is introduced, which can
still be in accordance with the LHC data on the 125 GeV
Higgs boson [57] and can lead to very interesting new
physics effects such as new sources of CP violation. In this
model, the Yukawa Lagrangian of the quark sector can be
written as follows

Ly = =0, (OF - (1= 15"") + &,F - 137
-0, (®,G - (1 -10") + &,G - 19" )up + Hec.,
(2)

where g (¢ = u, d) is aright-handed quark singlet, Q; is a
left-handed SU(2) quark doublet, F and G are general
complex 4 x 4 Yukawa matrices in flavor space, I is the

Sy . 5 . .
4 x4 identity matrix and ng/ “ are diagonal matrices

defined as I(,;"ﬁ" = diag(0,0, a,.5,). The Higgs doublets
can be written as

TABLE I.  Z, charges for the Higgs doublets and quarks in the
4GTHDM [47].

Fleld q)f q)h QL dR’ SR, UR, Cp tR? bR t}?’ blR
Z, charge — + + - (_1)l+a,.z, (_1)1+ﬂh/.,/

o
i = <i> 3
V2

with ®; = ic?®; (i = ¢, h).

The 4GTHDM is a variation of type-Il THDM, therefore
the Yukawa Lagrangian (2) has a Z, symmetry, with the
fields transforming as shown in Table I.

The fermions of the fourth family can get their masses
via the following three scenarios [47]:

) (ap, B>y, Br) = (0,1,0,1): @, gives masses to the
fermions of the fourth family only, whereas ®, gives
masses to the remaining fermions.

(i) (ap, By, By) = (1,1,1,1): @, generates the
masses of both the third and fourth families, whereas
®, generates the masses for all other families.

(i) (ap, Py, as,pr) = (0,1,1,1): @, only couples to the
fermions with masses at the electroweak scale.

In this work we only consider the case (i), which is still
compatible with the LHC data on the 125 GeV Higgs
boson [57,58].

The physical fields H*, h°, H°, A° (it is customary to
assume that 40 is lighter than H°) are obtained after the
diagonalization of the neutral and charged Higgs mass
matrices:

d) =Gt —szHT,
¢y, = 5G4 cpHT,
9 = coH® = 5,h° + i(csG® — 5,5A°),
) = sH® + c,h° + i(55G° + c5A°), (4)

where G* and G° are the charged and neutral Goldstone
bosons, a is the mixing angle in the CP-even neutral Higgs
sector. From now on we use the shorthand notation
c, =cosa, s, =sina, t, = tana, for any angle a.

In this model, flavor-changing neutral currents arise at
the tree level in the scalar sector. After introducing the mass
eigenstates, the Yukawa interactions can be written as [47]

g b = b b

L= =4S + Plys)gyb + He  (5)
My

where ¢ = h°, H°, A° and H*. For the neutral scalar

bosons, the subscripts i and j run over up or down quarks,
whereas for the charged scalar boson H" i (j) runs over up

(down) quarks. The coupling constants f¢, S;/; and Pj/;
depend on the model parameters and are shown in Table II.
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TABLE II.  f¢ constants along with the scalar S?} and pseudo-
scalar Pg- couplings of the physical scalar bosons of the 4AGTHDM.

The subscripts i and j run over up or down quarks for neutral scalar
bosons, whereas i (j) runs over up (down) quarks for the charged
scalar boson. Here I, is the weak isospin (I, = —3, I, = 1),
whereas Z’i‘jd are elements of the new complex mixing matrix X<,
and U;; are elements of the 4 x4 CKM matrix. In addition,
fH=3m,zl + my,25;), with ¢ = u (d) for up (down) quarks,
and A = (15 + i)(mukizi* Uij + mg T{,Uji). We use the short-

hand notation s, = sina, ¢, =cosa, and t, =tana (a = a, f).

¢ £ st Py

HO o — Ty + £ fij

A 2l (1 + ) i — i g8+ [

H* % %tﬂU,-j(md/. —m,) %t/;‘Uij(md, +my,)
+h;; ~h3;

In general Sf; and P;’; are given in terms of the complex

entries of the 4 x4 CKM matrix elements U;; and the
u,d
ij
above, the matrices =*¢ are given as [58]

mixing matrix elements Z::“. In the scenario (i) described

2 = 20,1, Dg) = Dy 4;Dra,.
S = 30,1, Ug) = Up ;U 4. (6)

where Dy and Uy are the unitary rotation matrices that
diagonalize the quark mass matrix. Note that ¢ and X“
depend on the elements of the fourth row of Dy and Uy,
respectively. Since Dy 4; and Up 4; parametrize the mixings
between the quarks of the fourth-generation and those of
the first three generations, 25’]» and Z}‘j (i, j=1,2, 3) are
expected to be very small. This fact becomes evident in the
parametrization introduced in [70] in terms of one complex

parameter €, = | sin @,|e’®

0| 0
ey €Z(1 —%> .

o(1-4) (1)
b 2 2

where 0 is the 2 x 2 zero matrix. A similar expression

for X% is given in terms of the complex parameter

€, = |sinB,y|e®. Furthermore, we will assume below a

similar parametrization for the mixing matrix of the lepton

sector X7, which will be given in terms of the parameter .
In the alignment limit, which is given by

¥~

Cpq =cos(f—a) =0, (8)

the 1° couplings to the SM particles are identical to those of
the SM Higgs boson. So, it is natural to use as free
parameters 7z and c4_,.

III. CHROMO DIPOLE MOMENTS OF
THE TOP QUARK IN THE 4GTHDM

The mostrelevant contributions to the CMDM and CEDM
of the top quark arise from the heaviest quarks, thus we only
consider the contributions from the quarks of the third and
fourth families. From the general Lagrangian (5), one can
deduce that the one-loop level scalar boson contributions to
the CMDM and CEDM of the top quark arise through the
generic Feynman diagram of Fig. 1, where Q = ¢, ¢ for the
neutral scalar bosons, whereas Q = b, b’ for the charged
scalar boson. After writing out the corresponding invariant
amplitude for the 7zg vertex, we have used both the Feynman
parameter technique and the Passarino-Veltman reduction
scheme to solve the loop integrals, which turn out to be free of
ultraviolet divergences. We thus write the contribution of the
Feynman diagram of Fig. 1 to the top quark CMDM and
CEDM as follows:

2 2
tmg) = (5 ) L (5t r(rg

2}"W 871'2

+ |PlpPPF(=rg.14)). ©)

2
b _ 9 (9 \* 1S4l b Hob
dy (mg) = m, (2”W) Y Im(S87,Pjp)G(rg.74),  (10)

where for convenience we introduce the dimensionless
parameters r, = m,/m,, S’;’; = S;/)j/mt, and P;’} = P;/;/mt.
Our result is consistent as the CEDM requires a complex

t o t

FIG. 1. One loop contribution to the CMDM and CEDM of the
top quark in the 4GTHDM, where QO = u; for the neutral scalar
bosons ¢ = H® and A°, whereas Q = d; for the charged scalar
boson ¢ = H*, with i = 1...4. In our calculation however we
will only consider the contributions of the quarks of the third and
fourth families.
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phase to be nonvanishing, whereas a nonzero CMDM does
not require such a phase. The F(x,y) and G(x, y) functions
are given in terms of Feynman parameter integrals as follows

e (1-2)7*(z+x)
F(x,y)—[) dz(l—z)(xz—z)—l—zyz’ (11)

and

N (1-2)?
G(x,y)—xA dz(l—z)(xz—z)—l—zyz’ (12)

for which explicit solutions are presented in Appendix A,
whereas the respective expressions in terms of Passarino-
Veltman scalar functions, obtained with the help of the
FEYNCALC package [71], are given as follows

Flxy) = 55- (2y*(y* = x(x = 1))A,(x,y)

—2x(x(y* = x(x = 1) + 1) = 1)A,(x,)
+ (P =32y =2(x=Dx+ 1)+ 1), (13)

where &5, = y? — (x + 1) and

G(x,y) = ——(2xy2(3? = + 1)A, (x, )

5Oy
+2x((2 = 1)2 = (32 + 1)y?) A (x,y)
+2x(y* = x* + 1)?), (14)

where A, (x,y) = By(0.m7z*, m;z*) — Bo(mi.mix*, miy?),

with By(a, b, ¢) being two-point Passarino-Veltman scalar
functions written as usually. These alternative expressions
are useful to cross-check the numerical results. Furthermore,
in Appendix A we present closed expressions for the F(x, y)
and G(x, y) functions, and analyze their asymptotic behavior
atx > y, namely, for an ultraheavy fourth-generation quark,
which are useful to analyze the decoupling properties of the
CMDM and CEDM.

To obtain the total contribution of the 4GTHDM to a,,
we must sum over all the scalar bosons, along with the
third- and fourth-generation quarks. However, as discussed
below, d, only receives contribution from the charged scalar
boson. It is worth noting that since cz_, < 1, the con-
tribution to the top quark CMDM from the loop with the
lightest neutral Higgs boson 4° and the top quark does not
deviate considerably from that of the SM Higgs boson A2y,
which follows straightforwardly from Eq. (9) after sub-

stituting ¢ — th, ro=1f,= S‘g =1, and P;ﬁ, =0:

ath = GFm? /1 dZ
! 427% Jo

which agrees with results reported previously in the
literature [8,72] and is also in accordance with the corre-
sponding contribution to the top quark anomalous MDM.

(1+2)(1-2)7?
(1 -2+ zrﬁgM

. (15)

By using m, = 173 GeV and My = 125 GeV, we can
obtain the following numerical value

ai™ =378 % 1073 (16)

0
As aZSM is proportional to m2/mj,, the CMDMs of light
quarks are considerably suppressed, thus the top quark
offers the best opportunity to study this property.

IV. NUMERICAL ANALYSIS AND DISCUSSION

We now analyze the parameter space of the 4GTHDM
and the most up-to-date constraints from experimental data.

A. Constraints and parameter space of the 4GTHDM

According to the results given in Egs. (9) and (10) along
with Table II, we need the following parameters for our
calculation: 74, c4_,, the masses of the heavy scalar bosons
and the fourth-generation quarks, the 4 x 4 CKM matrix
elements U;; (i = ¢, ¢ and j = b, b'), and the mixing matrix
elements Z;‘j and ij (i, j =3, 4). We turn to discuss the
constraints on these parameters from current experimen-
tal data.

1. Masses of the fourth-generation quarks

The ATLAS and CMS collaborations have searched for
signals of heavy quarks Q at the LHC via pair production
pp — 00, though their results are model dependent and
focus mainly on vectorlike quarks, which do not contribute
to Higgs boson production via gluon fusion, thereby being
compatible with LHC data. Such analyses assume that
vectorlike quarks with SM-like electric charges decay
dominantly into one of the following channels B — Wi,
Zb, or Hb, for a charge —1/3 quark, and T — Wb, Zt, or
Ht, for a charge 2/3 quark [62]. Such searches have also
been used to constrain the masses of new chiral quarks. In
particular the ATLAS collaboration found that new chiral 5’
quarks with masses below 730 GeV are excluded at
95% C.L. if b’ — W is assumed to be the main decay
channel with a 100% branching ratio, but such a limit is
considerably relaxed, up to around 400 GeV, when one
assumes that BR(b' — ¢W) ~ 1 [73]. Another recent report
by the ATLAS collaboration [61] focuses on the search for
pair production of vectorlike and fourth-generation chiral
quarks Q decaying exclusively as Q — Wq, Zq, and hq
(g = u, d, s). It was found that new chiral quarks with
masses below 690 GeV are excluded at 95% C.L. provided
that BR(Q — gW) ~ 1. Following Ref. [65], for our
analysis below we will assume that the decays Q — Wy,
Zq, and hq are suppressed due to suppressed values of the
mixing matrices X9 and the 4 x 4 CKM matrix U. In this
way, the lower bounds on the fourth-generation quark
masses could be evaded and one can consider much lighter
b' and ' quarks. As for the my , upper values, unitarity
constrains the mass of a chiral quark doublet around
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550 GeV [63,64]. Furthermore, since the 4GTHDM is
inspired in the idea that it is the low-energy effective limit
of a strongly interacting theory valid up to the TeV scale
[47], we will refrain from considering the scenario with
ultraheavy quarks as unknown nonperturbative effects
could turn relevant, thereby rendering our calculation
unreliable. We will thus consider the interval 350—
600 GeV for the fourth-generation quark masses, which
was used in Ref. [57], where the 4GTHDM parameter
space was analyzed in view of the LHC data on the 125
Higgs boson. In addition, we will see below that the mass
splitting of the fourth-generation quarks is restricted by the
constraints on the oblique parameters S and 7 [58].

2. Mixing angles t; and cg_,

Since the 4GTHDM lightest scalar boson 4° must be
identified with the scalar particle discovered at the LHC,
whose properties are compatible with those of the SM Higgs

boson, the 1° couplings are not allowed to deviate consid-
erably from those of the SM Higgs boson. The fit on the
Higgs boson coupling modifiers k7 = I'(h° — i) /T(hdy —
i) obtained from the combined data of the ATLAS and CMS
collaborations at /s =7 and 8 TeV [74] can place con-
straints on the 4AGTHDM parameters 3, ¢s_g, €4, €, and the
masses of the fermions of the fourth generation. We have
found that the coupling modifiers k; are highly sensitive to #;,
Cpq» and |¢,|, and thus fix the values of the remaining
parameters as follows my; = 350 GeV, m, = 450 GeV,
lep| =2 O(my/my) ~0.01, |e,| =0.1, m, =300 GeV,
and m, = 400 GeV. We then show in Fig. 2 the allowed
areas at 95% C.L. in the 15 vs c4_, plane (top plots) and 74 vs
le;| plane (bottom plots) consistent with the constraints on
Ky, Kz, Kis Kp, K;, Ky, and k, [74]. For the Higgs boson
coupling modifiers we have implemented our own code with
Kp=5q/cs (f =2, qy q) and ky = s45_, (V =W, Z) for

tp t
00 01 02 03 04 05 06 2 4 6 8 10 12 14
0.64" L B B B L B B L B B B B B T LN B B B B B S B S L B B B R BB R H "0.64
|€=0.3 v le1=0.2
0.56r _ _ __ |€]=0.2 \ = 10.56
\ - - — - |g|=0.05
— - — |&=0.05 \

048} \ {0.48
L o038 // {0.38 &
03 G 03
02/ .Ql’ 10-2

e
Ok e H01
0.4kv T T T T T T T T T T T T T A04
F Cﬁia:—0.48 CB_Q=OI39 4
[ === - cp=-03 - == 0pa=02 |
0.3F | — - — Gpq=-0.19 et \ ; 103
[ ; !t
] [l
— L & 1 —
S 0.2f Y : [ | {02 €
[ 4 , ]
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FIG.2. Allowedareas at 95% C.L. consistent with the fit on the coupling modifiers k; obtained from the combined /s = 7 and 8 TeV data

of the ATLAS and CMS collaborations [74]. The top plots show the allowed area in the 5 vs c4_, plane for several values of e,

, and the

bottom plots show the allowed area in the 4 vs ¢, | plane for distinct values of c4_,. We have fixed the values of the remaining parameters of
the model as follows m;, = 350 GeV, m, = 450 GeV, |¢,| =~ O(m;,/m;) ~0.01, |e,| = 0.1, m,, = 300 GeV, and m, = 400 GeV.
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the tree-level couplings, whereas for the one-loop induced
coupling modifiers «, and x, we use the formulas reported in
[75,76] for the leading contributions to the decays of a
CP-even Higgs boson into photon and gluon pairs, including
the contributions of a fourth generation of fermions (the
contribution of the charged Higgs scalar boson to I'(h — yy)
is negligible). We thus have:

-~ kw Fy (Tw) + D prr i oK N QFF 12 (7))
! |Fi(zw) +3F12(7))]

. (17)

with 7, = 4m3, /m3, N being the fermion color number,
SM ;

and
—20,(1+(1—-1,)f(z, =1/2,
T N T
2437, 4+37,(2—1,)f(z,) s =1,
where the f(x) function is given by
[arcsin (ﬁ)} : x>1,
flx) = P (19)
-1 [log(t\/i_;;“) m'} x<1
In addition, for k, we have
|Zq=t,t’,b’KqF1/2<Tq>|
Ky o , (20)
[Fij2(70)]

See also [60] for a similar treatment of the Higgs boson
coupling modifiers within a THDM with a fourth generation
of fermions.

In the top plots of Fig. 2 we observe that there are two
regions consistent with the constraints on the Higgs
coupling modifiers: in the first scenario (top-left plot)
the allowed area lies within 0.05 <173 $0.6 and
—0.59 < ¢p_y £ —0.16, depending on the value of |e],
whereas in the second scenario (top-right plot) cs_, is
constrained to lie in the interval from 0.16 to 0.58, while
3 <13 < 15. These results are in agreement with those
found in Ref. [65]. We observe that for 73 < 0.6, the
allowed area reduces considerably for smaller |cj_,]|.
This is evident in the allowed area in the 74 vs ¢, plane
(bottom left plot): when cy_, = —0.19, the allowed area
lies within two short narrow bands centered around
t5~0.1, where |e]<0.1, and 13~0.19, where
le;| <0.2. We observe that the height and width of the
allowed bands increases as |c4_,| increases. We also note
that for 7; > 3, smaller values of 74 require larger values of
Cp—q and vice versa, and the allowed area shrinks signifi-
cantly if |¢,| increases by one order of magnitude. For
instance, for c;_, = 0.2, the allowed band in the #; vs |e,|
plane shrinks significantly as |e,| increases (bottom-right

plot): for small |¢,|, #4 is constrained to lie within a narrow
band between 10 and 11, but the width of such a band
shrinks considerably as |¢,| increases up to 0.3. Below we
consider the following two set of values consistent with the
constraints on the Higgs coupling modifiers: (4, cs_,) =
(10,0.19) and (4. cp_q) = (5.0.40), dubbed scenarios
I and II, respectively, from now on.

3. Masses of the heavy scalar bosons

The existence of new scalar bosons has been explored by
the ATLAS and CMS Collaborations: a heavy scalar boson
HP has been searched for in the yy [77], ZZ [78], h°h° [79]
and 77 [80,81] channels, whereas the pseudoscalar boson
A has been looked for in the yy [77], Zh° [79,82,83] and 77
[80,81] channels. The corresponding bounds are model
dependent, focusing mainly on the MSSM and THDMs.
Along these lines, the ATLAS collaboration used the LHC
dataat /s = 8 TeV on the H — ZZ channel to search for a
heavy neutral scalar boson and their results were inter-
preted in type-I and type-1l THDMs [78]. As for the type-1I
THDM, a CP-even Higgs boson with mass my =
200 GeV was considered and the exclusion region in the
tg Vs ¢y, plane was found: for 73 < 1, only a very narrow
area centered around c;_, ~ 0 1is still allowed, but for 75 > 2
the allowed region expands considerably, so that values up
to cp_o ~ 0.6 are still allowed. Similar constraints were
found for a CP-odd scalar boson, which was searched for
using the A — hZ channel by the ATLAS [82] and CMS
collaborations [83], complemented with the search via the
A — 77 channel [84]: it was found that for m, = 300 GeV,
the region with 75 < 2 is forbidden for any cj_,, but there is
a wide area with 73>2 and —-0.2 < ¢y, <04 still
allowed. As for the charged scalar boson the direct search
at LEP imposed the constraint my= > 80 GeV [85], but the
search at the LHC is challenging as the QCD background is
very high: a charged scalar boson was searched for through
the decays t — H*h and H* — 7tv, [86], though the
results were interpreted in the context of the MSSM. There
are also indirect constraints on the mass of the charged
scalar boson in the context of THDMs, which can be
obtained through the bounds on the experimental measure-
ments on the Z — bb decay and low energy FCNC
processes. It turns out that the measurement of the B —
X,y branching ratio imposes the stringent lower bound
my= > 570 GeV, independently of 75, in the usual type-II
THDM [87].

Although the above bounds are not directly applicable to
the 4GTHDM, we expect no considerable deviation in the
limit of |U,,| < 1, |Uy,| < 1, and small mixing between
the fourth-generation fermions and the SM ones, in which
the usual type-II THDM is recovered, so we will consider
scalar boson masses for the neutral scalar bosons above
400 GeV, whereas for the charged scalar boson mass we use
values above 600 GeV, unless stated otherwise. Constraints
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from direct searches can be complemented with those
obtained from vacuum stability and unitarity of the scalar
potential along with perturbativity of the Higgs couplings.
However, we do not take into account this class of
constraints as the 4GTHDM is an effective theory with
unknown scalar potential (the underlying fundamental
theory is unknown). Even if an effective scalar potential
is set up, its parameters would receive large radiative
corrections from the UV completion of the theory [58].
Other constraints arise from the oblique parameters S
and 7', which bound the mass splitting of the scalar bosons.
Since § and T also depend on the mass splitting of the
quarks (leptons) of the fourth generation, a more careful
analysis is in order here. We first define the splitting
between the masses of particles A and B as follows:
Ay_p = my —mp. The analytical expressions of the
oblique parameters necessary for our calculation can be
found for instance in [65,88-91] (for completeness we

present the corresponding expressions in Appendix B). To
obtain constraints on the mass splitting of the fourth-
generation fermions from the bounds on the oblique
parameters [62] we find it convenient to fix m, =
300 GeV and m; = 350 GeV. We then show in Fig. 3
the allowed values of the mass splitting at 95% C.L. in
some illustrative scenarios. In the top plots we show the
allowed areas in the A,_, vs A, _, plane for four sets of
(mpo, myo, my) values, whereas the bottom plots show the
allowed areas in the Ago_g= vs A o_g+ plane for a few sets
of (Ay_y,Ap_y) values and my+ = 600 GeV. In the left
plots we use (3, cs_,) = (10,0.19) and in the right plots
we set (14, cp_,) = (5,0.4). We highlight the following
features than can be drawn from the analysis of these plots:
(i)the heavy scalar bosons can have degenerate masses
provided that there is a nonzero A,_, lying in the interval
from 50 to 150 GeV, for 0 < A,_, <200 GeV; (ii)both
Ay_py and Ap_, can be small or large as long as there is
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FIG. 3.

Allowed areas at 95% C.L. consistent with the constraints on the oblique parameters [62] in the A,_; vs A, _,, plane for four sets of

(mpo, m o, mye) values (top plots), and the A po_p+ Vs A yo_p+ plane for a few sets of (A, _y, Ay_,) values and my= = 600 GeV (bottom
plots). In the left (right) plots we use (14, ¢5_,) = (10,0.19) [(t5, cp_o) = (5.0.4)]. We also use m,, = 300 GeV and m;, = 350 GeV.
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either nonzero Apo_g+ or nonzero Ajo_g=; (iii) if mgo
(myo) is relatively light, both my+ and myo (mgo) can
become simultaneously heavy. An interesting scenario
arises when A,_, ~ 100 GeV, A,_, ~200 GeV, and
mg+ = 600 GeV (areas with long-dashed borders in the
bottom plots) as a wide range of values of the masses of the
heavy scalar bosons are allowed, including degenerate
ones. However, the allowed area is considerably larger
for (5, cs_o) = (10,0.19) as shown in the bottom-left plot.
Below we consider values for the heavy scalar boson
masses fulfilling these constraints.

4. U and X7 matrix elements

The diagonal and nondiagonal elements of the 4 x 4
matrices U and X are involved in our analysis, consequently
a more detailed discussion is required. We first write the
corresponding matrix elements in exponential form

i ind.
U,’j = |U,’j|€lpij and Z?j = |2?j|€””, (21)

and discuss the implications of unitarity and Hermicity on the
moduli and phases.

A 4 x4 unitary matrix can be parametrized by six
mixing angles and three CP-violating complex phases
[92], but we only need the U;; (i =¢, t and j = b, b)
elements for our analysis. For the diagonal elements, p;; =
0 due to unitarity and we can assume |Uj;|=~1.
Furthermore, we can take |U,,| ~ |U,y|, pyp =0 and p,;y #
0 without losing generality [92]. Thus, |U,,| and p,, will
be the only free parameters involved in the CMDM and
CEDM. From the experimental data on Z, K, and B decays
as well as B-meson mixing, the upper bound |U | < 0.12
was extracted [70]. We will then use |Ugy|=~ 107!
and p,y € [-7, 7.

As X7 is Hermitian [see Eq. (6)], its diagonal elements
must be real (;11‘-’1- = 0), whereas its non-diagonal elements
must obey |X};| = [Z4] and 7}; = —n%;. This leaves |X5;],
|Z%|.|Z4,| and #%, as free parameters, along with an
identical number of free parameters associated with the
> matrix. As explained above, these matrices parametrize
the mixing between the fourth-generation quarks and those
of the first three generations. Instead of the parametrization
of Eq. (21), we will use the parametrization of Eq. (7) in
terms of the complex parameters €, and ¢,, which means
that n}; = 6, and njf3 = §,. However, there are no exper-
imental bounds on these parameters, though the authors of
[70] considered the values |e,|~ 0(}%) ~ 0(0.01) and

le;| = O() ~ 0(0.1), which we use in our analysis below.

5. Summary of benchmarks used for the evaluation of the
top quark CMDM and CEDM

In conclusion, in our analysis we will consider two
illustrative scenarios for the values of the parameters 75 and
Cp—q»> consistent with the LHC Higgs data:

TABLE III.  Values used for the parameters of the 4GTHDM in
the analysis of the top CMDM and CEDM, unless indicated
otherwise. Here ¢ stands for the heavy scalar bosons. For the
mixing matrix X%, we adopt the parametrization of Eq. (7), with
an analogue parametrization for X9, and two scenarios for the
values of 75 and cp_, consistent with the LHC Higgs data:
(15, Cpoq) = (10,0.19) (scenario I) and (14, cp_q) = (5.0.4)
(scenario II).

Parameter Value
my, my 350-600 GeV
A[’—b/ 120 GeV
mg 400-1000 GeV
|Urb ’ |Ut’b’| 0.99
Ul U | 0.1

Prp 0

led, |ep 0.1, 0.01
P> Os O /2, n/4, /4

Scenario I: (4, cs_,) = (10,0.19).

Scenario II: (4, cs_,) = (5.0.4).
For the remaining parameters we use the values shown in
Table III, focusing on values of the heavy scalar boson
masses consistent with the constraints discussed above.

B. Top quark CMDM and CEDM in the 4GTHDM

For the evaluation of the CMDM and CEDM of the top
quark we use the Mathematica routines for numerical
integration of Egs. (11) and (12). A cross-check was done
by evaluating the respective expressions in terms of
Passarino-Veltman scalar functions [Egs. (13) and (14)]
via the LooPTOOLS routines [93,94].

1. Top quark CMDM

In the 4GTHDM there are new contributions to the top
quark CMDM arising from all the scalar bosons, but in our
analysis we only consider the new physics contributions, so
we remove the pure SM Higgs boson contribution given in
Eq. (16). The total contribution of the 4GTHDM is thus
given as @iOTHDM — M | 5,4GTHDM = where the new

physics contribution a}°THPM is given as follows

5a?GTHDM — a?rd + a;lth (22)
where ;™ and a?" are the contributions of the loops with
internal quarks of the third and fourth generations, respec-
tively, which can be written as

ai = oal’(m)+ > al(m)+a" (m,),  (23)
¢:HO,AO

and

atth = a®(my) + a (my). (24)

(/):hO.HU,AO
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with 8a!’ (m,) = /" (m,) — ang being the new physics
correction to a?o arising from the loop with h° and ¢ quark
exchange. Notice that in this model the H~bt coupling
depends on my and my, so the third-generation quark
contribution also depends on the masses of the fourth-
generation quarks.

We start our analysis by assessing the impact of the
presence of the new heavy quarks on g, as they are the new
ingredient of the 4GTHDM as compared to the usual
THDMs. We first assume that all the heavy scalar bosons
have a degenerate mass mgy, which is allowed by the
constraints on the Higgs coupling modifiers and the oblique
parameters. In Fig. 4 we show the behavior of the partial
contributions of the light and heavy scalar bosons to a, as
functions of mg for the parameter values of Table III, with
(1. cp_q) = (10,0.19) (top plots) and (4, cp_,) = (5,0.4)
(bottom plots). The left plots show the partial contributions
to a;™ and the right plots those to /™ [Eqgs. (23) and (24),
respectively]. We observe that the main contributions to
5a{STHPM arise from the loops including the heavy scalar
bosons and the third-generation quarks (a;™), whereas all
other contributions are subdominant, with the lightest
Higgs boson giving the smallest contributions. In general,
all the heavy scalar bosons give contributions of similar
order of magnitude, though that of the charged scalar boson

is slightly smaller. Therefore, 5a*°THPM arises mainly

from the loops with the heavy neutral scalar bosons
accompanied by the top quark. However, due to their
opposite signs there are cancellation between the distinct
contributions, so 6a/S™PM is smaller than the partial
contributions. We can conclude that 5afS™PM can reach
values as large as 107" in the scenario with (15, c5_,) =
(5.0.4) and for relatively light m  ~400-500 GeV. We
also would like to point out that even in the limit |U,;,| — 0
and |U,|— 0, 6a}S™PM remains unchanged as the
charged Higgs boson contribution is subdominant. Also,
there is no considerable effect arising from the fourth-
generation fermions.

To analyze the behavior of a; for nondegenerate scalar
bosons, we consider the scenario with (t45,cs_,) =
(10,0.19), which gives the largest a, values, set
my = 350 GeV, A,_py =50 GeV, and use the values
given in Table III for the remaining parameters of the
model. We then show in the top plots of Fig. 5 the contour
lines of 6a}STHPM in the myo vs my+ plane for m 4 = 400
and 700 GeV, whereas in the bottom plots we show the
corresponding contour lines in the m4o vs my= plane for
mpo =400 and 700 GeV. The dashed lines enclose the
areas consistent with the constraints on the Higgs coupling
modifiers and the oblique parameters. We observe in these
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FIG. 4. Partial contributions from the heavy scalar bosons of the 4GTHDM to a, as functions of their masses, which are taken as
degenerate, for (4, cs_,) = (10,0.19) (top plots) and (4, cs_,) = (5,0.4) (bottom plots). We show separately the partial contributions
to a2 (left plots) and @™ (right plots) as well as the total contribution for each generation (dash-dotted lines). The total new physics

contribution §a¢THPM

the values shown in Table III.

is denoted by the solid lines in the right plots. We set m;; = 350 GeV and for the remaining parameters we use
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FIG.5. New physics contribution from the 4GTHDM to the top quark CMDM g, in units of 10~!. The top (bottom) plots show the |a,|

contour lines in the m o vs my= (m40 vs my=) plane for the indicated values of m 4o (m0). We consider the parameter values of Table III

in the scenario with (t,cs_,) =
parameters is enclosed by the dashed lines.

plots that there is a slight dependence of a/“THPM on mild

variations of the scalar boson masses, with the largest
values of 8a}“THPM reached in three scenarios: relatively
light degenerate scalar bosons (mpyo ~ mp: ~ myo~
400 GeV); both A° and H* heavy and H° light
(my= ~my ~900 GeV, myo ~400 GeV); both A° and
H* light and H® heavy (my= ~myo ~400 GeV, myo~

900 GeV). There can also be an increase of a*6THPM in

(10,0.19). The area allowed by the constraints on the Higgs coupling modifiers and the oblique

other regions of the parameter space, which however are
not compatible with the constraints on the Higgs coupling
modifiers and the oblique parameters. In contrast, the
smallest values of a}CTHPM of the order of 1072, are
reached in the regions where either all the three scalar
bosons are heavy (my: ~ m4o ~ mgo > 700 GeV) or A® is
light and both H° and H* are heavy (m,o ~ 400 GeV

myo ~ mys ~ 700 GeV). In general 5a{°THPM can be of
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the order of 1072~10~!, with a slight variation over the
interval 400 GeV < m, < 1000 GeV.

We also have analyzed the behavior of da/“™MP a5 a
function of m, for fixed scalar boson masses and the
parameter values given in Table III. We have found that
there is little dependence of §af°THMP on m, in the interval
350 GeV < my <550 GeV, so we refrain from showing
these results. This stems from the fact that the dominant
contribution arises from @;™, which depends only on m,
through the charged Higgs boson contribution via the H~ bt
coupling. However, this contribution is smaller than those
of the heavy neutral Higgs bosons. We also examined the
dependence of 5a}STHPM on other parameters of the model,

but an enhancement above the 10~! level was not found.

2. Top quark CEDM

As discussed above, new sources of CP violation can
arise in the 4GTHDM via the new phase of the extended
CKM matrix but also through the mixing matrices *“. The
analysis simplifies considerably since the contributions
from the neutral scalar bosons to d, vanishes due to the
Hermiticity of the mixing matrix X*¢, so there is only
contribution from the charged scalar boson. Therefore, d, is
highly sensitive to the module and phase of the U,, and
U,, elements. The 4AGTHDM contribution to the top quark
CEDM can be written as

dGTHDM. — G (Y 4 gl (). (25)

my: [GeV]

400 500 600 700 800 900 1000 400 500

In Fig. 6 we show the CEDM of the top quark in the
4GTHDM as a function of my= for fixed m,, (top plots) and
as a function of my for fixed my- (bottom plots). We
consider two values of the complex phase p,; entering into
the 4 x4 CKM mixing matrix and for the remaining
parameters we use the values shown in Table III, with
(tg. cpoq) = (10,0.19)  (scenario I) and (t45,cp_,) =
(5,0.4) (scenario II). We first note that in scenario I the
dominant contribution to d, is that of the b quark, with the
contribution of the b’ quark being slightly smaller.
However, these partial contributions are of opposite signs
and there are cancellation between them. Therefore, in
scenario I d/STHPM can reach values of the order of
107" ecm for relatively light my-, but it decreases up
to 10720 for my+ =1 TeV. As far as scenario II is
concerned, both b and b’ contributions are of similar size,
but again they can cancel each other out (the large dip
around my+ = 500 GeV in the top plots is due to the
vanishing of d,) so the total contribution can be rather
suppressed, reaching values of the order of 1072 ecm or
below. In the bottom plots of Fig. 6 is evident that the
largest contribution to df°THPM arises from the loop with
the b quark, which depends on m; through the coupling
H~bt. It is interesting to note that d, appears to increase as
my increases. Along this line, we have examined the
behavior of d; [Eq. (10)] for large my= and my in
Appendix A [see Egs. (A12) and (A13)]. We have shown
that d, decouples as my+ increases, but there is non-
decoupling as m,, increases. However, our results cannot be
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FIG. 6. CEDM of the top quark in the 4GTHDM as a function of my: for fixed m,, (top plots) and as a function of m,, for fixed m -
(bottom plots). We consider two values of the complex phase p,; and the parameter values of Table III, with (z4, ¢4_,) = (10,0.19) (I)
and (t4, cs_,) = (5.0.4) (I). The dot-dot-dashed and solid lines correspond to the total contributions in each scenario.
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considered valid for an ultra-heavy b’ quark as the
4GTHDM is a low-energy effective theory and unknown
perturbative effects would give large corrections for m;,
above 600 GeV.

We now analyze the dependence of d, on 743 and the
complex phases. We found that there is little dependence on
the phase ), appearing in £¢, so we refrain from presenting a
detailed analysis along this line and focus instead on the

dt4 GTHDM 10°

€

dependence on p,,, and §,, the complex phases of U and Z“,
respectively. Since these phases can interfere, we introduce
the phase 6 = p;;y + 0,. We first show in the top plots of Fig. 7
the contour lines of @“™PM in the ¢, vs 15 and & vs t4 planes,
for the indicated parameter values. We also show the areas
allowed by the LHC Higgs data for c4_, = 0.19 (dashed line)
and c4_, = 0.4 (solid line). In the top-left plot we observe that
for a charged scalar boson with a mass my= = 600 GeV,

[e cm]
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FIG. 7.

Contour lines of the 4GTHDM contribution to the top quark CEDM #S™PM ip units of 10~'° ecm. We define 6 = p,;, + &,

and for the remaining parameters we consider the values of Table III, with (#4, ¢4_,) = (10, 0.19) in the bottom plots. The dashed and
solid lines shown in the top plots enclose the area allowed by the LHC Higgs data when c;_, = 0.19 and ¢4_, = 0.4, respectively. The

whole areas shown in the bottom plots are allowed.
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d}S™HPM valyes of the order of 1072! ecm (1072° ecm) can be
reached for |¢,| = 0.1 (|¢,| = 0.3), with slightly larger values
for cs_, = 0.19. As for the top-right plot, we observe that
dfSTHPM reaches its largest values for § = 7/2 and large 15,
whereas its smallest values are reached for 6 = 0, = and
small 7.

We now turn to the bottom plots of Fig. 7, where we show
the contour lines of d#6THPM in the planes & vs m - (bottom-
left plot) and & vs my, (bottom-right plot) for (4, cs_,) =
(10,0.19) and the parameter values of Table III. We note that
d, reaches its largest values, of the order of 107! ecm, for
6 = n/2 and either my: relatively light or my close to its
upper bound. We thus conclude that 4#STHPM can have values
not much larger than about 107! ecm for § = 7/2, my-
relatively light, and m, close to its upper bound in the
scenario with (4, c4_,) = (10, 0.19), but values one order of
magnitude smaller are reached in the scenario with
(tg. cp—q) = (5,0.4). Also, there is little variation of d, with
respect to other parameters such as €, and A,_,,.

Finally, it is worth comparing the results for the CMDM
and CEDM of the top quark in the 4GTHDM with the
predictions of other popular extension models. In Table IV
we show the corresponding predictions, if available, of the
top quark CMDM and CEDM in the usual THDMs,
multiple Higgs-doublet models (MHDMs), 331 models,
technicolor, extra dimensions, little Higgs models, SUSY
theories, unparticles, and models with vectorlike multiplets.
We conclude that the 4GTHDM can give contributions to
the CMDM of similar order of magnitude than these
extension models, though the contribution to the
CEDM can be larger than that predicted by the usual
THDMs by one order of magnitude, which is in part due to
the presence of the new quarks via the corrections to the
H~bt coupling.

TABLE IV. Estimated order of magnitude of the CMDM and
CEDM of the top quark in several extension models. MHDM
stands for multiple Higgs doublet models with CP violation. The
empty cells indicate that there is no known estimate in the
corresponding model to our knowledge.

Model a, d, [ecm]
SM 1072 [8]

THDMs 1073-107" [8,18,19] 10720 [18,20]
AGTHDM 1072-107! 107201071
MHDMs <1077 [95]
331 1075 [8]

Technicolor 1072 [8]

Extra dimensions 1073 [8]

Little Higgs 1076 [15]

MSSM 10-! [19] < 10719 = 10720 [95]
Unparticles 1072 [25]

Vectorlike Multiplets 1071 [26]

V. CONCLUSIONS AND OUTLOOK

We have presented a calculation of the one-loop con-
tributions to the chromomagnetic and chromoelectric
dipole moments of the top quark within the two-Higgs
doublet model with four fermion families, which predicts
new sources of CP violation arising from the complex
phases of two mixing matrices and the extended 4 x 4
CKM matrix. Unlike the standard model with a sequential
fourth generation of fermions, which is already excluded by
the LHC data on the SM Higgs boson, there are still some
regions of the parameter space of the 4GTHDM that are
compatible with such data. These regions depend on the
specific assumptions made for the parameters of the model.
In particular we focus our calculation on two regions still
allowed by current constraints: the first one with 0.1 <
15 < 0.6 and another one with 3 <1z < 14. The new
contributions to the CMDM of the top quark arise from
loops carrying the new neutral scalar bosons H° and A°
accompanied by the ¢ quark and the fourth-generation 7
quark, together with loops carrying the charged scalar
boson H* along with the b quark and the fourth-generation
b’ quark. There are also new contributions from the lightest
scalar boson h°, which is identified with the SM Higgs
boson, via loops carrying the ¢ and ¢ quarks, with the
former arising from the new physics correction to the htt
coupling. On the other hand, the CEDM of the top quark
only receives the contribution from loops with the charged
scalar boson along with the b and b’ quarks. We present
analytical expressions for all these contributions in terms of
Feynman parameter integrals, which are explicitly inte-
grated, and Passarino-Veltman scalar functions. We focus
our numerical analysis of the behavior of the CMDM and
CEDM of the top quark on the region of the parameter
space of the 4GTHDM that is still consistent with the LHC
data on the 125 GeV Higgs boson and the experimental
bounds on the oblique parameters. In particular we con-
sidered two scenarios for 5 and cp_,: (f5.cp-) =
(10,0.19) and (t4,cp_,) = (5,0.4). In such regions the
top quark CMDM can reach values of the order of
1072 — 10~!, with the dominant contribution arising from
the loops with the heavy scalar bosons accompanied by the
top quark, whereas the fourth-generation quarks give a
smaller contribution. As for the top quark CEDM, in the
scenario with (t4,cs_,) = (10,0.19) the dominant contri-
bution, of the order of 10~'° ecm, arises from the loop with
the b quark, whereas the loop with the b' quark gives a
slightly smaller contribution. On the contrary, when
(1. Cp—q) = (5,0.4) the contributions to d, of both the b
and b’ quarks are of similar size. In both scenarios the b and
b’ contributions are of opposite signs and tend to cancel
each other out, with the strongest cancellation occurring in
the (#,cs_,) = (5,0.4) scenario, in which case the corre-
sponding contribution to d, can be smaller than 1072° ecm.
In general, the top quark CEDM can reach values of the
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order of 1072~107!° ecm for relatively light my- and m;
heavy. Therefore, the contributions arising from the
4GTHDM can be larger than those predicted by the usual
THDM, which is in part due to the presence of the new
quarks via the corrections to the H~bt coupling.
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APPENDIX A: ASYMPTOTIC BEHAVIOR
OF THE CMDM AND CEDM FOR
HEAVY SCALAR BOSONS AND HEAVY
FOURTH-GENERATION QUARKS

We now examine the asymptotic behavior of the
CMDM and CEDM of the top quark for ultraheavy Higgs
bosons and fourth-generation quarks in the 4GTHDM. After
some algebra, Egs. (11) and (12) can be integrated explicitly
to give

F(x,y) = (= (x+1)*)((1=2x)xy?

x(x.y)

+ (= 12x(x 4+ 1) +3*) (f(0,y) + £ (y,x)

+2(x(2x+1)y2—|—(1—x)x(x+1)2—y4)ln<§>

+2x(x+1)=2y*—1, (A1)
and
Glvy) = (=220 )+ ()

+f(y,x)+2x<(x2—y2—1)1n<;>—1), (A2)
where

— aretann (LY
flxy) = arct h( x(x,) ) (A3)

and

¥y) = (=P = (G = 1), (Ad)

For x and y very large we can approximate the integrals
(I11) and (12) as

o
2(x2 =2

X <x4 —4x%y? + 4y*In (x) + 3y4> . (A5)
y

F(x,y) = =G(x,y) ~

which means that for y > x (an ultraheavy Higgs boson)
we obtain

4x1n(y)

F(x,y) = =G(x,y) ~ o

(A6)

whereas for x > y (an ultraheavy fourth-generation quark)
we have

1
F(x,y) = =G(x,y) S

(A7)
Using these expressions it is evident that both a, and d,
behave as 1/my for large my, and thus decouple for an
ultraheavy internal Higgs boson. For an ultraheavy fourth-
generation quark we need a more detailed analysis. We
have for large mg (neglecting my):

0 gm, \2 £ (1St = 1P )
ay (mg) = 3 . (A8)
2my ) 16m mmg
. 2|f e |2 Im (ST PI
le (mQ)z—& gm; |fH|2 ( tQ ' tQ )’ (A9)
m, \2my, ) 16x mmgp

where Sg. and P;j} are given in Table II. For a neutral Higgs
boson 4%, H°, and A° and an internal ultraheavy fourth-

generation quark Q = ¢, we have |S£,| ~ |Pf;,|. Therefore a,
vanishes automatically and there is decoupling for large m,.
Let us now examine the contribution to a, and d, arising from
the charged Higgs boson along with the b’ quark. According
to the parametrization given in (7) together with the defi-
nitions €, = sin,,e, U,y = |U,y|e ,and Uy, = |U,y|,
we obtain after some lengthy algebra

1
STy 2= 1Pl P =gy | Ui || U
B

sinf,,coss, (A10)

- 11
Im(SH PH *)25

w Py s—zmb/m,/|U,h/||U,Jh/|sinel,/siné, (A11)
p

with § = 0§, + p,,y. Thus a, and d, seem to behave as m, for
large mgy = my. However, it is natural to assume that
sin@,, = O(m,/m,) [57], thus for large m, we have
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2

+ gm 1

al™ (my>m,)~— (2m‘;> S |U | Uiy | cOs 8,
p

(A12)

gs [ gm; \?
@Fwy»m»z—;(M4)162gwmwwwma

(A13)

We then conclude that there is nondecoupling for large m,, in
the charged Higgs contribution.
Finally, we would like to note that (AS5) can be written as

m m
F(—Q,—¢> ~
m;  m;

with r = mQ /m? g > s =m 2/m? 4+ Our approximate result
agrees with previous results for the electron electric dipole
moment, which involves a similar function [96].

Vrs((r=3)(r—1) +In(r))
2(r—1)>3 ’

(Al14)

APPENDIX B: OBLIQUE PARAMETERS S
AND T IN THE 4GTHDM

In the 4GTHDM the oblique parameters S and 7 receive
new contributions from the fourth-generation fermions and
the heavy scalar bosons [65,88-91]. They can be written as

S4GTHDM

S+ Sgs (B1)

where Sy stands for the contribution of the fourth gen-
eration of fermions and S, for the contribution of the heavy
scalar bosons. Similar expressions are obeyed by T#GTHPM,
The corresponding expressions for the fourth-generation

fermions are [90,91]

1 1. /m? 1 1. [/m?
Sp=—(1—=In[ =~ —(14=m(=2)). (B2
F 2;:( 6n(m§,>>+6n< +2n<m§,>> (B2)

and
3 m2
Trp= Fy— \Upy|PF(m3, m3,) + |Upp|*F(m, m3)
TSy My
+ U |PF(mz, my]) = U |*F(m7, mj)
1
+§F(m;,,mg,)>, (B3)
where

XFY,

Xy _ g (5)
Py ={ 770

0 X =y.

(B4)

As far as the heavy scalar bosons are concerned, they give
similar contributions to those arising in the usual THDMs.
The corresponding expressions in terms of Passarino-
Veltman integrals are [88]

1
Sy = (sﬂ Baon(mz,m %10’ mio) — By (m2, méi, mzi)
wm%
+ 5o Baa(mz, miy, m3y) + By (m7, m, m3,)
= By (m. mz. mjy) — mzBy(mz., my, m)
+mzBy(mz, my, m)]). (BS)
and
Ty = e (F(y ) + 53 [F (2, )
= 167177’1%;3‘%11 My, Mo S I My s Mo
= F(m3o.mpp)] + cj_o[F(mp..mio) — F(m3. mp,)
+ F(m3, mio) — F(m}, mlzlo) - F(m2, m?_lo)
+ F(mz.mjo) + 4m3Bo(m7, . m,)
— 4m3,By(m3,, mz“, mio)}), (B6)
where
By(q? mi.m3) = By(g*.mi,m3) — Bo(0.mi,m3).  (B7)
By(mi,m3, m3) = By(0.m7, m3) = By(0.m7, m3),  (B8)

and

By (0, m7, m3).
(B9)

Bzz(q mpmz) Bzz(q ml,m2)

Analytical expressions for these Passarino-Veltman inte-
grals were presented in [89] and are given as follows

By(q?,mi,m3)
1"’%()‘)(—1:2—()‘1—)52))1“(%) +3f(x1.x) X #x,
2—2\/4x1—1arctan(w%)

X1 = Xp,

(B10)

where x; = m?/q?%, and
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—2\/A12(arctan (%) - arctan(%)) A, >0,
flxx) =40 Ap =0, (B11)
V=A;,1n (% V:ﬁZ) Ay, <0,
with A, = 2(x; +x,) — (x; — x,)? — 1. In addition
_ m?Inm? —m3Inm? m?Inm? —m3 Inm3
By(mi,m3,m3) = = ——F—F—— -2, (B12)
my —nj my —m;
e
By (q*, m},m3) = i (21n ¢* +In(x;x) + [(x] = x2) = 3(x? = x3)
10
+3(x; —x;)] In (;%) - |:2()C1 —x)% = 8(x; +x5) + ?]
= [(x1 = x2)2 = 2(x; +x9) + 1f(x1, %) — 6F(x17x2)>’ (B13)
for m; # m,, with
1
G(x) = —4v4x — 1 arctan ——. B14
) Vi (B
For my = my, By,(g*, m3, m3) reduces to
q° 10
By (q?, m3,m}) = 7 (21n > +2Inx, + <l6x1 —?> + (4x; — 1)G(x1)>. (B15)
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