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Abstract. The quark mass matrices ansitze proposed by Fritzsch, Du—Xing and Fukuyama—Nishiura in
the framework of the general two Higgs doublet model are studied. The corresponding Yukawa matrices
in the flavor basis in the various cases considered are discussed. The corresponding Cabibbo-Kobayashi—-
Maskawa matrix elements are computed in all cases and compared with their experimental values. The
complex phases of the ansdtze are taken into account, and the C'P violating phase ¢ is computed. Finally,
in order to observe the influence of the various kinds of texture of the Yukawa coupling matrices considered,
some issues in the phenomenology of the two body decays of the top quark, the lightest Higgs boson and the

charged Higgs boson are discussed.

1 Introduction

Despite all its success, the standard model (SM) of the
electroweak interactions based on the SU(3)¢ ® SU(2)L, ®
U(1)y gauge symmetry has many unexplained features.
Most of them are linked to the fermionic sector, such as
the origin of the fermion masses and the mixing angles [1—-
11]. These features lead one to consider the SM not to
be the most fundamental theory of the basic interactions.
It should be considered as an effective theory that re-
mains valid up to some energy scale of the order of TeV,
and eventually it will be replaced by a more fundamen-
tal theory. In the framework of the SM, the values of the
Yukawa couplings are parameterized in a phenomenolog-
ical way. The quark masses and mixing matrix are de-
scribed by 10 free parameters: six quark masses, three fla-
vor mixing angles and one C'P violating phase. The form
of the Yukawa couplings is not well understood, and nei-
ther are their origin nor the underlying principles; this is
known as the flavor problem. Attempts to compute these
10 phenomenological parameters have been made within
the framework of the extensions of the SM, including grand
unification theories, supersymmetric theories and super-
string theories [12-15]. There are two basic approaches
to study the patterns of Yukawa couplings: one way is to
adopt the unification hypothesis of matter multiplets, and
the second one is to assume a specific form for the Yukawa
couplings, called texture [16,17]. The two approaches are
strongly related, because the mass matrices gotten using
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textures could be incorporated into grand unified theo-
ries [12,13]. The use of quark mass matrix textures is
motivated by the observed large hierarchies of the quark
masses and the Cabibbo—Kobayashi-Maskawa (CKM) ma-
trix elements [22—-25,27—29]. The phenomenological quark
mass matrices have been discussed from different points of
view. For example, quark mass matrix ansatze have been
used in an analogous way in the leptonic sector, trying to
get the lepton mixing matrix in order to explain the neu-
trino anomalies [18—21, 28-34]. Also, new texture ansétze
have been proposed motivated by more precise results on
the elements of the quark mixing matrix [1-4,22-25, 35].
Quark and lepton mass matrices have also been discussed
in the context of SO(10) grand unification theories [13].
The understanding of the discrete flavor symmetries hid-
den in such textures may be useful in the knowledge of
the underlying dynamics responsible for quark mass gener-
ation and C'P violation.

One possible simple extension of the SM is to add
a new Higgs doublet, and this is called the two Higgs dou-
blet model (2HDM). This extension has the following dir-
ect consequences: it increases the scalar spectrum, and it
gives a more generic pattern of the flavor changing neutral
currents (FCNC). FCNC at tree level can be considered
a problem that was solved in the earlier versions of the
two Higgs doublet model (2HDM type I and II) by impos-
ing a discrete symmetry that enforces the restriction that
each fermion be coupled at most to one Higgs doublet [36].
But if the discrete symmetry is not imposed, then FCNC
at tree level remains; it is the so-called two Higgs doublet
model type III. The 2HDM type III and its phenomenol-
ogy have been extensively studied in the literature [37-41].
In 2HDM-III, for each quark type, up or down, there are
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two Yukawa couplings. One of the Yukawa couplings is
for generating the quark masses, and the other one pro-
duces the flavor changing couplings at tree level. But in any
case both Higgs doublets have the same quantum numbers;
then if the one ansatz is assumed for the Yukawa coup-
ling that generates the quark masses, it is valid to associate
the same structure for the other Yukawa coupling, which is
generating the flavor changing couplings. This is the main
hypothesis of this work.

In this manuscript, different kind of textures of the
Yukawa coupling matrices are discussed in the framework
of the 2HDM type III model. In Sect. 2, the principal fea-
tures of 2HDM type III are reviewed; next, in Sect. 3, the
different kind of texture anséitze are introduced. First of all,
the Fritzsch ansatz and the Du—Xing ansatz are reviewed.
Then, the Fritzsch and Du—Xing ansétze are combined,
searching for better agreement with the experimental re-
sults. After that, two different assignments of the Du—Xing
ansatz are combined. A brief review of the Fukuyama-—
Nishiura mass matrix ansatz is presented, and finally a new
ansatz is proposed. The new ansatz presents the feature
that the top quark does not have any mixing, and there-
fore it does not show any flavor changing neutral process
at tree level. The corresponding Yukawa coupling matri-
ces in the mass basis in the framework of 2HDM type III
are gotten for all the ansétze discussed. This means that
the intensity of the couplings that lead to FCNC processes
are obtained. Also, the numerical values of the correspond-
ing CKM matrix elements are obtained. In Sect. 4, some
phenomenological aspects of the two body decays of the
top quark, the lightest Higgs boson and the charged Higgs
boson are discussed. Finally, in Sect. 5 our conclusions are
presented.

2 Yukawa interaction Lagrangian
for the two Higgs doublet model

In the most general form of 2HDM, the Lagrangian for the
Yukawa interaction in the quark sector is given by [42, 43]

—Ly= @EUU’O@ US+ (jEnD’Ogle%
+ V00U + 2P0, D% +he., (1)

where 70 and ¢/9 are the Yukawa interaction matri-
ces, and where ¢ = in¢*, fO=U° D% ¢ = (U°, D)y,
are the quark doublet states in the interaction basis, and
U% = (u? %1%, D% = (d° 0, b?) are the quark interaction
eigenstates. The two Higgs boson fields, after spontaneous
symmetry breaking, have the following form:

_ o —
br = (\%(vﬁq&gﬂ)\g)) with k=1,2, (2)

where v; and v are the vacuum expectation values of the
two Higgs fields ¢; and ¢, respectively. There is no ex-
tra discrete symmetry for the Higgs fields. This means
that they can mix, because they have the same quantum

numbers. Furthermore, both Higgs doublets can simultan-
eously give mass to the down- and up-type quarks. How-
ever, the Higgs fields can be rotated to a new base, where

$1\ _ [ cosB sinf) (1 3)
o " \—sing cosB) \¢2 )’
in which case tan 8 = vy/v; and the vacuum expectation
values are (@) =v = /v?+0v3 and (¢4) = 0. In this art-
icle, we do not consider spontaneous C' P symmetry break-
ing in the Higgs sector. In the new base mentioned, the

Yukawa Lagrangian can be written in exactly the same way
asin (1), but the matrices n7:?, £/° will be rotated to a new

base:

O\ _ (cosB —sinB) ()P (4)

&ro sin3 cosf o)
In general, the quantum system will be in the primed base,
where only one vacuum expectation value is different from
zero [37—41]. We are going to use this base for the Yukawa
sector, but from now on we will omit the prime symbol.
In this new base, it can be shown that in the scalar sector
there are five scalar bosons,

¢:|: _ H:I:

)‘g = A07 ? ) ¢g ’ (5)

where ¢, ¢ are rotated; in terms of mass eigenstates they

are
RO\ [ cosa sina\ [¢Y 6
H°) ~ \—sina cosa ) \ 49/’ (6)

where the parameter o can be taken in the range —3 < a <
T [42,43]. Thus, from the scalar potential five Higgs boson
mass eigenstates arise; they are H?, h%, H* and A°.

From the terms of the Lagrangian of (1), we see that the
mass matrices for the fermions are given by

v

M7 =
7"

Also, the Hermitian mass matrix M is diagonalized by a ro-
tation matrix, according to

7o, (7)

_ :|:’ITL1 0 0
ViMV =0TPTMPO=0TMO= 0 Fmy, 0 |,
0 0 ms

(8)

where M = PTMP is a real symmetric mass matrix, O is
an orthogonal matrix, P = diag(1,e %, e~ 1(¥+9) and m,,
mg and mg correspond to the fermion masses. The upper
signs are associated to the Fritzsch and Du—Xing ansétze,
while the lower ones are used for the Fukuyama—Nishiura
ansatz (see Sect. 3).

The fermion mass eigenstates are related to the interac-
tion eigenstates by bi-unitary transformations [37-41],

v =v"uy,
DY =ViPDy,

U3 =VYUg,
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and therefore the CKM matrix will be defined by

— ()" = 0F PupOp,

Pyp = P[;PD = diag(1,e'7,e'"). (10)
Here 0 =4y —¢p and 7 =Yy —v¥p+ 6y —0p. 'QZJU,D and
0u,p are the phases of the mass matrices for the up- and
down-type quarks, respectively. Further, when the transi-
tion to the mass eigenstates is performed in the Yukawa
Lagrangian (1), the following relations, corresponding to
the “rotated” coupling matrices, are gotten [37-41]:

Jdiag _ VUT UOVU’ Mrdias _ LVDT D,OVD7
U \/— R D NG LN R
£U _ VLUTgU,OVPE] , ED _ VLDTgD,OVPP . (11)

Then eliminating 7¥° and ¢/°° using (11), the Yukawa
Lagrangian corresponding to the quark sector for the
two Higgs doublet model type III takes the following
form [37—-43]:

—Ly = UMSiagU—I— %UMgiagU( cos aH? —sin aho)
+ %U({UPR + (V)T PL)U (sin aH® + cos ah?)
+DMP*ED + %5MgiagD( cosaH —sinah®)
+ %5(§DPR +(¢P)1PL) D(sinaH® + cos ah?)
+ iUMSiag%UGO - %EM?,“%DG%

U(EYPr—(¢V)'PL)UA°

A
7
\%5( PPy — (£P)TPL) DA

£ U(K My Pr — M **K PL) DGY;,

- iﬁ(KTMSiagPR — MUKt P UG,
v

+U(K¢PPr— (¢V)'KPL)DH™

~D(K'¢VPr— (€)' KTPL)UH . (12)

Notice that if ¢V and ¢P vanish from this Yukawa La-

grangian, 2HDM type II is reproduced. The new terms lead

to flavor changing processes at tree level.

3 Different kind of ansatze

In this section different mass matrices ansétze are pre-
sented. The Yukawa coupling matrices in the mass ba-
sis are obtained, assuming that the Yukawa coupling ma-
trices have the same structure that the mass matrices.
In the framework of 2HDM type III the flavor chang-
ing couplings at tree level will depend on the ansatz pa-
rameters. The Fritzsch ansatz is the first one reviewed,

because it is the simplest one, and it was the motiva-
tion for the widely known and used Cheng—Sher ansatz in
the 2HDM-III phenomenology. Next, the Du—Xing ansatz
is discussed and it is followed by combinations of the
Fritzsch and the Du—Xing ansitze,where we look for the
best fit of the CKM elements. Furthermore, two differ-
ent assignments of the Du—Xing ansatz are combined; the
Fukuyama—Nishiura ansatz is explored, and a new type
of ansatz, which controls the FCNC processes in the top
quark sector, is proposed. It is worth to mention that
phases are explicitly involved, since the mass matrices
are hermitian, and therefore they can always be written
as M = PMP', where M is a real and symmetric ma-
trix, and where P is a diagonal matrix that contains the
phases [23-25].

3.1 Fritzsch ansatz (FA)

For the three family case, a mass matrix ansatz proposed
by Fritzsch has been widely discussed [1-4,22, 28, 29]; it is

0 D O
M=|D* 0 B
0 B* A
10 0 0 |D| 0
=(0oe™ 0 ID| 0 |B|
0 0 e i@t+o) 0 |B|
10 0
x|0e¥ 0
0 0 e@t+0)
= PMP' (13)

Motivated by the Fritzsch texture mass matrix, Cheng and
Sher have proposed an ansatz for the Yukawa flavor chang-
ing coupling matrices in the interaction basis according
to [22,28,29]

0 dD 0
ero_ Y2 (ap+ 0 B
v\ 0 bB* aA
1 0 0
:Q 0 e ¥ 0
v \o 0 e i¥t9)
0 dD| o 10 0
x [dD| 0o bB[|[0e?¥ 0
0 bB|l aA) \0 0 ei¥+0)
= PEHOPT, (14)

where f =U, D, the coefficients a, b, d are of the order of
one, and the parameters A, |B| and | D| are given by

/2
mimaims
A:ms—m2+m1, |D|: - )
ms — mo+mq
1/2
mimeoms
|B| = m1m2—|—m3m2—m1m3—7 .
mg+mi—ma

(15)
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Table 1. The CKM matrix elements and C P violating phase ¢ for the different ansétze considered

FA DXA DXFA FDXA XA FNA NTA

| Kual 1.00189 1.00189 1.00189 1.00189 1.00189 0.97467 1.00051
| Kus| 0.22720 0.22720 0.22720 0.22720 0.22720 0.22361 0.22720
| Kub| 0.00797 0.00090 0.00734 0.00359 0.00181 0.00308 0.00190
| Kcql 0.22710 0.22721 0.22710 0.22710 0.22718 0.22341 0.22720
| Kcs| 1.00144 1.00194 1.00146 1.00144 1.00178 0.97381 1.00051
| Kb 0.15512 0.01746 0.14277 0.06986 0.03562 0.04221 0.03197
| K4l 0.03559 0.00401 0.03275 0.01603 0.00817 0.01002 0.00735
| Kts]| 0.15512 0.01746 0.14277 0.06986 0.03562 0.04112 0.03203
| Kbl 0.99955 1.00004 0.99956 0.99955 0.99988 0.99910 1

) 86.61° 86.66° 86.62° 86.66° 82.18° —87.55° 80.68°

But taking into account the mass hierarchy m; < mo <
mg, the expressions (15) reduce to

A%mg, |B|%\/m2m3, |D|%\/m1m2. (16)
The rotation matrix that diagonalizes M is given by
1 - /20
m2
~ my [ma
O - mo 1 m3 (17)

_ fm . [m2 g
m3 m3
Then using the mass matrix (13) for the up-type and down-

type quarks and (10) and (17), the following expressions for
the CKM matrix elements are gotten:

ir (M4

i mymq
Kuyg~1+e9, /——+e ,
mcms m¢Mmp
; My mq i mums
Kys~e'? - +e'T [ ——,
me Mg mymp
My i U i M
el N ,
Me mp my
i mq ™My i meimd
Keq~e'? — ) — FeT —,
Mg me mymp
mMamq : MM
+elT ,
cMs mymp
eia ms _ ei‘r Mc
my, mi

Kubﬁ

K ~e'7 +

ch ~

mq m m,
th ~ io c_ elT S
ms my mp
me ms
ioc ir
Kts =~e —_ )
my mp
i M
K~ el e, [ (18)
mgMp

In order to get the best agreement of the |Kys| and |K.q|
elements with their experimental values, we use o = 81.57°
and 7 = —11.78°. Hence ¢y = ¥p +81.57° and 0y = 0p —

93.35°. The numerical values shown in Table 1 for the
CKM matrix elements are obtained using the mass values
listed in Appendix B. From these results, considerable dis-
agreement of the |Kyup|, |Kcp|, |Kta| and |Kis| elements
with their experimental values is noticed. On the other
hand, the C'P violating phase § for the Fritzsch ansatz is
obtained as § = 86.61° by using [23—25]

1—|Kwl?)J
sing— — L Kwl) (19)
|KudKusKuchbKtb|
where J is the Jarlskog invariant given by [23—26]:
J = Im(K Ko K KL) . (20)

This C'P phase § presents a discrepancy of about 30.54%
with respect to the experimental value 6 = 60.16° & 14°.

On the other hand, the Yukawa coupling matrices in the
mass basis are given by [22]

gU,D — OE,DEU7D7OOU,D , (21)

where £U’D’0 = pte¢UDOp, Therefore, taking into ac-
count the mass hierarchy and using the expression (VP =
PO[TL pEYPO0y p PT, the Yukawa coupling matrices in the
mass basis are given by

U U U
X§1)mu X§2)\/mumc Xi:z)\/mumt
gU:Q X(U) — ), )
) 21 ullc X2z M X23 Mt | >
U U U
X((gl)\/mumt X;(gz)\/mcmt X;(gg)mt
(22)
Xima X3y vmams xig)/mams
DN\/ﬁ (D) (D) (D)
3 =y | X2t vmdms Xo2 Ms X23 A/ MsMp | »
D D D
X:(z,1)\/mdmb X;(),z)\/msmb X;(z,g)mb
(23)
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where
X(U D) _ 9qU.D) _ gp(UD) 4 ((UD)
ng D) _ (Xg{ D)) = (@D +d(U7D) —2p(UP))eivu.D
UP) — ((U.D) _ gp(UD), (24)
Xg D) _ (X(U’D))* = (bUP) — q(U:D))ei(¥u.0+0u. D)
X;s’ ) _ (X:(z,lzj D)) = (BUP) — q(U:D)yel0v.D
Xss P = aUP), (25)

Equations (22) and (35) reproduce the expression obtained
by Cheng and Sher [22] if the complex phases vanish.
Further, we can see that the hierarchical structure of
the Yukawa coupling matrices in the mass basis is dom-
inated by the fermion masses and the (€V'7);; elements
are proportional to ,/m;m;, which is the usual Cheng-Sher
ansatz [22].

3.2 Du—Xing ansatz (DXA)

In order to accommodate all the current data of quark
masses and mixing angles in the framework of zero tex-
tures, the following ansatz for the mass matrix was sug-
gested [1-4, 22, 28,29]:

0 D 0
M=|D* C B|=PMP'with |A|>|B|, |C|> |D|,
0 B* A

(26)

where A ~mg, |B| ~|C| ~ mg, and |D| ~ ,/mimg. The ro-

tation matrix for this case is [22]

1 2L
m2
~ | - /1 m2
O~ |- /2 1 m (27)
mima  _ m2 1
ms ms

The CKM matrix elements obtained from the mass ma-
trix ansatz given in (26) are [28, 29]

/M McMaMms
ud ~1+ elo )
ms memyp
N M 5 Mey/Mue
B megmy

[m M ms
Kub ~ < en‘ ew> ,

ms
cd —=
mymp
K em’_|_ Mumd + MM eiT
Ccs —
mems  mgmy
me - Me
K~ —e'7——e'",
my mg
Kiar~ |24 (_ms ir e ei">
- b
ms \ Mp my
me me
Kts ~ Celo _6177
my mp
: MM
Kip~e'™ + 7 (28)
mymp

The best agreement of the |Kys| and |Kcq| elements
with their experimental values is gotten when o = 81.09°
and 7 = 29.97°. In this case we obtain ¥y =¥ p + 81.09°
and 0y = 0p — 51.12°. The numerical values of the CKM
matrix elements are shown in Table 1. There is consider-
able disagreement between the magnitudes of the |Kl,
|Keb|, |Kia| and |Kis| elements and their experimental
values. On the other hand, the C'P violating phase ob-
tained for the Du—Xing ansatz is § = 86.66°. This result
has an inconsistency with the experimental value [44] of
about 30.58%.

Table 2 shows the error percentages of the CKM ma-
trix elements and the C P violating phase § for the different
ansitze. The deviations of the CKM matrix elements ob-
tained from the Du—Xing ansatz are higher than the corres-
ponding ones of the Fritzsch ansatz. Therefore, the Fritzsch
ansatz leads to a better prediction of the CKM matrix

Table 2. Error percentages of the CKM matrix elements and C'P violating phase ¢
for the different ansétze considered. The experimental values used are those reported

by [44]

FA DXA DXFA FDXA XA FNA NTA
| Kual 2.80 2.80 2.80 2.80 2.80 0.09 2.67
| Kus| 0.00 0.00 0.00 0.00 0.00 1.60 0.00
| Kb | 50.32 341.21 46.03 10.30 118.31 28.72 108.64
| Kcql 0.00 0.05 0.00 0.00 0.03 1.65 0.04
| Kcs| 2.84 2.89 2.84 2.84 2.88 0.09 2.75
| Kb 72.79 141.69 70.44 38.58 18.50 0.00 32.01
| Kiql 77.13 103.16 75.15 49.21 0.39 18.80 10.77
| Kts]| 73.18 138.25 70.86 40.44 16.81 1.20 29.91
| Kb 0.04 0.09 0.05 0.04 0.08 0.00 0.09
1 30.54 30.58 30.55 30.58 26.79 168.72 25.43
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elements than the Du—Xing ansatz. For the C'P violating
phase, the Fritzsch ansatz leads to approximately the same
prediction as the one obtained from the Du-Xing ansatz.

On the other hand, by using the Du—Xing ansatz (26)
and taking into account that ¢U"P = PEY:P Pt we see that
the Yukawa coupling matrices in the mass basis are

U U U
W ma s vimame x5y

U V2 U U
§ ~ v X21)\/ MuMc Xé2)mc Xés)mc )
U) (U) (U)
X31 VMuMe X392 M X33 MMt
(29)
xﬁ?)md x%’)\/mdms Xi?) mams
€0~ Ve T ppm——— D),
» X21 dMs Xo2 M X23 Ms )
(D) ™ (D) (D)
X31 dMs  X32 Ms X33 b
(30)
where
xir?) = () —2d®P),
U,D U,D)\ * i
X5 = (PP = @) - U Peiven,
U,D
AUP) (WD), (31)
ggﬁD) ( (UD)) =(a (U,D) _p(, ))ei(ilJU,D-i-é’U,D)7
U,D U,D i
é3 = (X§>,2 )) = (0P —alVP)eiov,
Xy =a®P), (32)

Therefore, the Du—Xing ansatz leads to the same struc-
ture for the Yukawa couplings for the first and the second
generation fermions. Also, the couplings to the third gen-
eration fermions in (29) and (30) are weaker than the ones
predicted by the Fritzsch ansatz.

3.3 Combination of the Fritzsch
and the Du—Xing ansatz

3.3.1 The Du—Xing ansatz for the up sector
and the Fritzsch ansatz for the down sector (DFXA)

By using the Fritzsch and the Du—Xing ansétze for the
down-type and up-type quarks, respectively, the following
expressions corresponding to the CKM matrix elements
are obtained:

Kud ~1— eig maqmy T mymemqg
msMc mt\/
my 7V Tulltcllts MyMcMs
us — IR
mc mt\/

B
R

Koo Nelo’_|_elT / [m
chﬁe“TM
thﬁe mc1) 1}

Ktb =~ e ’
mt mp
ir | ieMc [Ms
Kip ~e'™ + ewm—t — . (33)

With the aim to get better agreement of the |K,q4| and
|Kcq| elements with their experimental values we obtain
o =81.09° and 7 =29.97°, and then ¥y = ¢¥p +90° and
0y = 6p —51.12°. The numerical values of the CKM ma-
trix elements for this case are shown in Table 1. In this
case, there is good agreement of the CKM matrix elements
with their experimental values, with the exception of the
| Kubl, | Kcbl|, |Kta| and |Kis| elements, which present dis-
crepancies of about 46.03%, 70.44%, 75.15% and 70.86%,
respectively, to their corresponding experimental values.
On the other hand, we obtain the result that the C'P violat-
ing phase is § = 86.62°. This result presents a discrepancy
of about 30.55%.

For the Yukawa coupling matrices in the mass basis for
this case we have

()

X35 e x5 /i

X11 my
¢V~ V2 W ) )
-0 X21 v/ MuMc X2 Mc Xa23 Mc )
U U U
Xi(Bl ) MuMc X1(32 )mc ng )mt
(34)
X ma iy ymams x5y y/mams
P~ V2| () (D) (D)
=y | X2t vmdms Xo2 Ms X23 A/ MsMp | »
Xg?)\/mdmb X;(;?) mgmy, X:(J,é))mb
(35)
where
xiy) = () —2d®),
U U) i

ng) _( ( ) = (dV) — )iV

x%‘;’ (xé‘f>) = (@ —p)elvutou),
U i

ng) = (X:(az)) = (V) —aV)elv,

X(U) = a(U), (37)

W(2) = 24(P) _ 9p(P) 4 (D)

8 = (4P)" = alP) ) 2Py,
Xsy) = a®) —2pP), (38)
<D> = (D))" = (3P — a(P)ei @ +0n),

Xg?) (XgD)) = (bP) — a(P))elfp
G =a®. (39)
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3.3.2 The Fritzsch ansatz for the up quark sector and the
Du—Xing ansatz for the down quark sector (FDXA)

In this section we use the Fritzsch and the Du—Xing ansatze
for the up-type and down-type quarks, respectively. It is

contrary to the DXFA case discussed before. The expres-
sions for the CKM matrix elements are

: mam
Kpyg~1—eo, /2 —
msMc Mp/M
mq i my ir Ms my
Kuszﬂ +e 1/——i—e”—,/—,
my

io
m
eiT VMcMMdMms

Koq o~ —e' ﬂ_ Mu _ir VMM
cd = ’
me Mp+/My
‘r mC
mp
_e —_—
my

ei" AV MaTgms

b_e

10' 1
KCS
o Ms
Ko, ~ eld =

th:e S 1/
m
Ky ~el?, [ =< —¢l7
my mb
ms Mme

Ky, ~ elm 4 elv — (40)

mp

In order to get the best agreement of the |K,s| and
|Kca| elements with their experimental values, we should
have 0 = —98.93° and 7 =52.19°. Yy = ¢¥p —98.93° and
0y = 0p +151.12° are found. Then, in accordance with the
previous results, we have the numerical values presented in
Table 1. In this case, there is good agreement of the CKM
matrix elements with their experimental values, with the
exception of the |K¢p|, | Ktal, | Kts| elements, which present
discrepancies of about 38.58%, 49.21%, and 40.44%, re-
spectively, to their corresponding experimental values. On
the other hand, we see that the C'P violating phase for this
case is 0 = 86.66°. This result deviates by 30.58% from the
experimental value.

In Table 2, the error percentages of the CKM matrix
elements are lower than the ones corresponding to the
|K;;| elements given by the DFXA case. This is an indi-
cation that, when the FDXA prescription is used, we ob-
tain better agreement with the experimental values of the
CKM matrix elements than in the combinations considered
before.

On the other hand, the following Yukawa coupling ma-
trices in the mass basis are obtained,

U U U
Xgl)mll X§2)vmumc ng)

\/_ MyMmy

2

¢V = o ng) Tl Xoa'me  Xo)v/mamy | »
X31 \/mumt ng)\/mcmt Xgl?{)mt

(41)

Ly [ X 8 )
D, D D D
£~ v Xél )\/ Mg X;2)ms Xés)ms ’
X31 )\/ ms X:(J,l;)ms X:(>,3 )mb
(42)
where
X(U) — 240 _9p(0) _|_a(U)
Xg) _ (X(U)) ( ) 4 qu Qb(U))eil/JU7
(U) =q¥ —2pU (43)
ng) — (XgU))* - (b(U) —aW))elWuttv),
Xég) (X;(:,U)) = (V) — qW))el
Xy =al”, (44)
WD = (P 24,
U = () = @) - e,
Xs5) =P, (45)
ng) _ (Xng))* = (D) b(D)) i(¥p+0p)
D = () = (0o
D) — D), (46)

3.4 Combination of different assignments
in the Du—Xing ansatz (XA)

It is known that taking M91%& = diag(—m;y, ma, m3), the
following relations between the components of the M ma-
trix given in (26) are satisfied [28, 29]:

C+A:—m1+m2+m3,
—|B|2—

A|D|2 = mimsaoms.

|D|? = —maima +mams +mamy
(47)
The assumptions A > |B| and |C| > |D| define the as-

signment type A, and the assumption C' = my defines the
assignment type B. For assignment type B, the parameters

are
mimsams

A=mg—my, |D|=,/——,
m3g—1mq

mimsz(ms —mag —myq)
1B :\/ :

m3—miy

and the rotation matrix O is [18—21]

_1 \/27;\/7

my
O~ ™y for mg > mo >m; .
2
™ 1
mam3 m3

(49)
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The assignments of type A and B are used for the up-
type and down-type quarks, respectively. Then the follow-
ing expressions for the CKM matrix elements are obtained:

a4 1+ela mumd +el7‘
u mem,

S
K o~ md mu
me Me

mumc

7V MuMcmqg

MM A/ My

msm Mymq /Mg me
Kub ~ d el u +el” \/ ,
memyp
-~ mu md
cd —
Me msmb ms 7
mumd md
Koo ~el? +
mcms

mq & i mumJnd
M mems
md
Kiq >~ el”
msmb mb
mq
K~ el —
mt mp
. m mq
Ky, ~elm+—, | —e'. (50)
my y Mp
In this case, o = 81.09°, 7 = —98.91° are obtained,

getting good experimental agreement of the |K,s| and
|Kca| elements with their experimental values, and then
Yy = ¥p +81.09°, 8y = 6p — 180°. The obtained numeri-
cal values for the CKM matrix elements are in Table 1. The
C P violating phase is § = 82.18°, presenting a discrepancy
of 26.79%. From Table 2, notice that the error percentages
of the magnitudes of the CKM matrix elements are lower
than 10.00% with the exception of the ones corresponding
to the |Kubl|, [Kcb| and |Kis| elements, which are equal to
118.31%, 18.50% and 16.81%, respectively.

The corresponding Yukawa coupling matrices ¢V and
¢P in the mass basis for this case are given by

)

VB AN e

X11 Mu
R N e ),
v 21 u’lftc X22 c X23 c y
U U U
XS Ve X me Xs5 M
(51)
§D ~ @
T ow
D D D)m
Xgl)md X§2)vmdms Xg:s)m_: msMyp

x xé’f)\/—s xéﬁ”ms Xgs) vmams |
(D)m

D
X31 msv X32 vm ng)mb
(52)

where
XgllJ) — (C(U) _ 2d(U)) ,
W = ()" = (@ -,
X(U) =), (53)
NCN G
ng) (ng)) _ (b(U) _a(U))eWU7
)=o) (59
Xir) = (P —2d®)),
) = ()" = (@) — e,
(D) = D) (55)
XE?) _ ( glf))* = qP)el(¥D+0D)
B = ()" = 02) a2,
A2 —al®), (50

From (51) and (52), we observe that the Yukawa cou-
plings to the first and the second generation fermions
have the same form as predicted by the Fritzsch and the
Du—Xing ansitze. The couplings to the third generation
fermions are stronger than the ones predicted by the Du—
Xing ansatz and weaker than the ones obtained by the
Cheng and Sher ansatz. This fact has consequences in the
phenomenology, as we will show in Sect. 4.

3.5 Fukuyama—Nishiura ansatz (FNA)

Recently, the following mass matrix ansatz has been pro-
posed for quarks and leptons [18—21]:

0AA
ABC
ACB

M= (57)

This form has originally been used for leptons (neutrinos)
in order to reproduce nearly bi-maximal lepton mixing.
Moreover, the mass matrix M is diagonalized by a rotation
matrix according to

OTMO = diag(—mq, ma, m3), (58)
where m1, my and ms correspond to the fermion masses
with m; < ma < m3. By taking into account that tr(M)
and det (M) are invariants, and using the eigenvalue equa-
tion for M, we get

1
A=+ m12m2, B:§(m2+m3—m1),
1
C:—i(mg—m2+m1). (59)

The case where B —C' takes its maximum value corres-
ponds to assignment type C. Assignment type D is ob-
tained by exchanging me and mg in the already mentioned
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type C; see (59). For assignment type D,

msmi

A= ,
2

1
B= §(m3—|—m2—m1),

[

O = (m3 —mo —ml) . (60)

2
The assignments of types C and D are used for the down-
type and up-type quarks, respectively. The rotation matri-
ces that diagonalize M for assignments of types C and D
are

c s 0 C 0 s

S c 1 s’ 1 !
O=|"vav: vi|, O=|"Vv2 V&3
_s < 1 s’ 1 c

V2 V2 V2 V2 V2 V2

(61)
respectively, where
ma . mi
C=COSp = _, S=sIny = _
\/ mo +Mmq \/ mi+meo
d=cosp =+, B J—sing =4,/ 2
m1 +ms mi+ms

In order to get good agreement of % Z?:l | ;5| with their
experimental values, we should have ¢ = —180° and 7 =
4.84°. From this result, the numerical values corresponding
to the updated magnitudes of the CKM matrix elements
for the Fukuyama—Nishiura ansatz are obtained [18—21]
(see Table 1).

From Table 1, we see that there is very good agree-
ment of the CKM matrix elements with their experimental
values, since the corresponding error percentages are lower
than 2%. Exceptions are the |Kyu,| and |Kyq| elements,
which present discrepancies of about 28.72% and 18.80%,
respectively, to their corresponding experimental magni-
tudes. It is also important to point out that the Fukuyama—
Nishiura ansatz leads to a much better prediction of the
CKM matrix elements than the ones obtained from the
Fritzsch and the Du—Xing ansétze. The C'P violating phase
0 = —87.55° in this case is inconsistent with its experi-
mental value, because it presents a discrepancy of about
168.72%. Furthermore, 0 = 0p + 184.84 and ¥y = ¢p —
4.84° are obtained.

Finally, the Yukawa coupling matrices in the mass basis
are given by

V2

U ~
&= v
Xglf)mu 0 ng) MyMmy
X 0 X/2(2U)mt + xég)mc 0 ,
X((gllj) vV myTmyg 0 ng) me
(62)
/3 X1 ma X\ iy, 0
2
D ~ — m
Tl P CTURY A I IR vy R
0 0 Xi(%?)mb

(63)

where
O = pO) 4 () _4q0)
X5 = x5 = b 4+, (64)
A = ()" = (2a® 4 5O) — D)eiu+00),
X/2(2U) =pW) — ), (65)
Xﬁ)) =2(bP) —24(P)),
D) =P =P 4.9, o0)
2= ()" = 00— P,
X/2(2D) —pD) _ (D) (67)

From the above expressions, the couplings between the
neutral Higgs field h° and the quark pairs u—c, c-t, d-b
and s—b are vanishing. This means that there are no flavor

changing neutral currents involving terms like hOac, hOct,
hOdb, h%b.

3.6 Non-mixing top quark ansatz (NTA)

We propose the following mass matrix ansatz for the up-
type quarks:

M= (68)

cQw
octoQ
oo

which is diagonalized by a rotation matrix O given by

cyp —S¢ 0
0= Sp Cop 0 (69)
0 0 1

in accordance with OTMO = diag(mq, —mso, m3). In this
case the condition tan ¢ = , / z—i has been posed, and using

the expressions

det M = A(BD—C?), ttM=B+D=—my+mi,

we obtain
mims — m%
A=mg3, B=——"-—=
mo +ms
m1+ma mip—ms3
C=——=/mom3z, D=mg——— (70)
ms +ms mg +ms
and, therefore, the rotation matrix is
m3 _ ma
ma+ms3 ma+m3
0= ma m3 (71)
mo+m3 mo+m3
0 0 1

By using the mass matrix ansatz given by (68) for the up-
type quarks and the assignment of type B of the Du—Xing
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ansatz for the down-type quarks (26), the following CKM
matrix elements are obtained:

mq ;
Kuwa ~cy —suy[/—e€7,
Mg
mq .
KHSNCU” +5Ue

ub—CU 3 “_e
my
d w

ch —Su —Cu )
ms
10
Ko ~cye' —sy ,
msg
d m2m
S
Kep ~cyy | —e° d3 ,
my mb
2
m .
th ~ d el™
msp
mq
Kig~—€e",/—,
my
Ktb ~e (72)

where

my me
U= —_—, == - .
M + My M + My

In order to get the best agreement of the |Kys| and |Kcq|
elements with their experimental values, we should have
0 = —99.24°. On the other hand, by adjusting the 7 pa-
rameter in order to get the best agreement of Im m(Ks)
with its experimental value, we should have 7= 90.00°.
Therefore we obtain the magnitudes of the CKM matrix
elements shown in Table 1. Moreover, for this case we have
Yy = ¥p —99.24°, 8y = 0p +189.24°. For the C'P violat-
ing phase we obtain § = 80.68°. This result roughly agrees
with the experimental value, presenting a discrepancy of
about 25.43%.

Table 2 shows the error percentages of the magnitudes
of the Cabibbo—Kobayashi—-Maskawa matrix elements and
the C P violating phase § with respect to their experimen-
tal values. In this table we observe that the error percent-
ages of the magnitudes of the CKM matrix elements are
lower than 11.00% with the exception of the ones corres-
ponding to the |K |, |Kcb| and |Kis| elements, which are
equal to 108.64%, 32.01% and 29.91%, respectively. For
this reason, the Cabibbo-Kobayashi-Maskawa matrix ob-
tained by using the above prescription exhibits good agree-
ment with the experimental results.

According to the mass matrix structure given by (68),
we propose the following ansatz for the Yukawa coupling
matrix in the flavor basis:

b(U)BU C(U)CUein 0
¢U0 = - dCye Wu 4Dy 0 (73)
0 0 a ) Ay

Hence, when the new ansatz and type B assignment of
the Du—Xing ansatz are used for the quarks U and D, re-
spectively, the Yukawa couplings matrices in the mass basis
are given by

X§1)mu ng)% memy 0
U_ V2 U) me ()
& = e mevmems Xap Me o |,
0 0 Xg[?{)mt
(74)
D V2
&= v
Xivma Y mams x5 mm
x Xéll)) mqms Xéé))ms Xé?) mqmp )
XS0 TSI, Xe /T, XS T,
(75)
where
WD =40, D a0, D )
X5 = (x57))" = (V) —d)etvv, (76)
) = (P) —24(P)y |
B = (D) @1,
(D) _ (D) (77)
XE?) — (X;(s?)) a( ) (¢D+9D)
Xé?) = (x (D)) = (bP a(D))eleD,
x5 =a®). (78)

From the previous expressions, the couplings between
the neutral Higgs field h° and the quarks pairs u-t and c—t
are vanishing, which implies that there are no flavor chang-
ing neutral currents involving terms of the form h°1it, h9ct.

4 Two body decays
of the top quark, h® and H*

Consider the top quark decay to an up-type quark plus the
lightest neutral Higgs boson h°. The interest in FCNC is
expected to increase since this issue will be examined at
both the LHC and ILC, where one hopes to reach sensi-
bilities of the order of B(t — gh®) 2 1075. In the frame-
work of the SM, the branching fractions are strongly sup-
pressed, B(t — ch®) ~ 1071° and B(t — uh®) ~ 10717, In
the framework of 2HDM type III, enhancement is expected
due to the presence of FCNC at tree level. The decay width
takes the form

It —qh®) =

Grm ( (79)

o >|)\|cosa

where )\U is the coupling tqh®. Therefore, there are two
possible decays t — uh® and t — chO.
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In Fig. 1, the branching fraction B(t — ch®) as a func-
tion of the lightest neutral Higgs boson mass for the
Fritzsch ansatz is plotted and results of the order of 1073
are gotten. In Fig. 1, a decrease of the branching ratio with
the increase of the Higgs mass is observed, but notice that
the branching ratio rises with increasing magnitudes of
the coefficients a(Y) —b(U) of the coupling tch®. Also, the
branching ratio decreases with the reduction of the mixing
angle o between the neutral Higgs fields h° and H. These
coefficients and the mixing angle o were taken to be equal
t00.75,1.00 and Z, = and 2T, respectively. The branching
fraction B(t — uh?) is two orders of magnitude lower than
B(t — ch?), and its behavior is quite similar.

In order to consider the different ansétze, the following
ratio is useful:

2

0 U
pm — B2 ah)a | Nea | (80)
B(t—»ah®)r | Al g

which is with respect to the Fritzsch ansatz (F), with ¢ = u,
c and A =DXA, FDXA, DXFA, XA, FNA, NTA. It does
not depend on my, my, or cos a, but it depends on the ex-
plicit form of the masses in the different kind of ansétze
discussed. This ratio is typically of the order of 10~3, but
in the case of the FNA and NTA such a kind of top quark
decay width is zero, because the top quark is completely
decoupled from the two lighter generations.

Now, let us turn attention to decays of the lightest neu-
tral Higgs boson h°. The h° decays to the quark pairs db,
sb, ds and bb are considered. In the framework of the SM,

the channel h$,; — bb is the channel most studied, be-
cause it plays a central role in the possible detection in the
range 120-140 GeV, and its signature will be clear enough.
On the other hand, decays like h® — sb are interesting to
study, because FCNC in the Higgs sector would be clear
evidence of physics beyond the SM. In order to look for dif-
ferences, the ratio between the decay widths I'(h° — bb) 4
and I"(h® — bb)sy is defined according to

_ I'(h® = bb)a

N F(ho —>bB)SM ' (81)

Tbb

Since for all ansétze considered in this work, the Yukawa
couplings of the neutral Higgs boson h° and the quark pair
bb have the same intensities; the ratio 7, has the same
value for all ansédtze. However, the ratio rp, gets the max-
imum value when cota = —a”; then for a = —7/4 and
aP =1, the ratio is 2, and this means that the decay width
for these ansétze can be twice the decay width predicted by
the SM.
Another possible definition is the ratio

0 _
75 = Ilj(hoiw : (82)
(h9 — bb) 4
From Table 3, the relative decay widths for the process
h® — sb predicted by the Fritzsch ansatz are at least one
order of magnitude bigger than the ones corresponding to
the assignments of type A and type B of the Du—Xing
ansatz. This is due to the fact that the intensity of the

0.0024
T T T T T T T
b — adf) =0.75, a=x/15
~. bW — ) =100, o= 715 wr we o
e bW — @) =075, a=m/4 =e=——
0.002 “e bW —a™ =100, a=n/4 ennunr_|
.'0.. b — W) =075, o =4r/9
. b —a) =1.00, «o=4r/9 -=---
0.0016
N
B
1 0.0012
s
0.0008
0.0004
0 : 1
115 120 125 130 135 140 145 150 155 160

Masa del Higgs h° (GeV)

Fig. 1. Branching ratio B(t — ch®) for the process t — ch® in the Fritzsch ansatz and using different values of the Yukawa

coupling parameters and «
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o -
Table 3. Relative decay width Ws(é ) = %
cess h® — sb in the different ansitze with Mo = 120 GeV and

the Yukawa coupling coefficients of the order of one

for the pro-

a=3 a={g a=F
(EA) 720%1072  2.88x107%2  8.95x107%
7 {DXA) 710x107%  561x107%  4.71x107°
A {EDXA) 710x107*  561x107*  471x107°
(DXFA) 720%1072  2.88x107%2  8.95x107%
XA 192x107%  151x1073  471x107°

Yukawa couplings to the third generation fermions for the
Fritzsch ansatz is stronger than the one corresponding to
the assignments of type A and type B of the Du—Xing
ansatz, which implies that the Fritzsch ansatz leads to
a higher probability of finding the decay processes h® — sb
than the ones obtained by these assignments of the Du—
Xing ansatz.

Now, for the decays of the charged Higgs boson, two
cases are considered: a charged Higgs boson lighter than
the top quark, my = 150 GeV, and a heavier charged Higgs
boson, my =250 GeV. In the first case, the top quark
could decay into a charged Higgs boson, and this will be an
alternative to the usual channel t — Wb. Taking a light
charged Higgs boson, the interesting channels to detect
a Higgs boson would be Ht — cs, HT — cband t — H*b.
The decay widths were evaluated using phases different
from zero, ¢p = 6p = {5, but we also made an evaluation
with phases equal to zero, and the results do not change
in order of magnitude. In Table 4 the results are shown.
Notice that the channel HT — cb could compete with the
channel searched, H* — c§; however, in the FNA and NTA
ansitze the cs channel is bigger than the cb channel. As re-

gards the option t — H b, the branching fraction is of the
order of 107! in the different ansitze considered.

In the case of a charged Higgs boson heavier than
the top quark, I'(H+ — tb), I(HT —t5), '(HT — td),
I'(H* — c8) and I'(HT — cb) have been evaluated, and
they are shown in Table 5. It is worth to notice that the
most important channel would be H+ — tb, except for the
FNA, where it is H+ — c8.

5 Conclusions

The quark mass matrices ansétze proposed by Fritzsch,
Du—Xing and Fukuyama-Nishiura [1-4,13,28,29] have
been reviewed in the framework of the general two Higgs
doublet model and the corresponding Yukawa matrices in
the flavor basis. For these ansétze, the numerical values
of the CKM matrix elements and their experimental
values have been compared, obtaining the result that the
Fukuyama—Nishiura ansatz leads to the best agreement
with the experimental results. The CKM matrix elements
have also been obtained by combining the Fritzsch and the
Du—Xing ansétze for the up-type and down-type quarks
in different ways. For the CKM matrix obtained by using
the Fritzsch and the Du—Xing ansétze for the U-type and
D-type quarks, respectively, better agreement with the ex-
perimental CKM matrix elements is gotten than the ones
resulting when other Fritzsch and Du—Xing ansitze com-
binations are used. Moreover, the CKM matrix by using
two different assignments of the Du—Xing ansatz for the
U-type and D-type quarks has been computed, obtain-
ing very good consistency between the magnitudes of six
of their elements and their experimental values. In the
Fukuyama—Nishiura ansatz, the Yukawa coupling matri-
ces in the mass basis for both types of quarks have been
computed by using two different assignments for the U-

Table 4. The decay widths I'(HT — ¢§), I'(HT — cb) and the fraction B(t — H'b) using the mass matrices ansitze
s

discussed and setting up Mp+ =150 GeV, yyp = 0p = {5

I' (GeV) FA DXA FDXA DXFA XA FNA NTA

I'H'T = ) 4.83x107%  377x107°  6.11x107° 3.34x107°  3.49x107° 2.81 3.72x107°
I'(H' — cb) 1.04x 1072  3.87x107° 1.06x1072 1.12x10"% 441x107° 528x107% 3.15x1076
B(t—H'b) 1.22x107Y  1.24x107Y  1.24x107!  1.24x 107! 1.24x107!  1.24x107t  1.24x107!

Table 5. The decay widths I'(H™ — ¢5), I'(HT — ¢b), I'(HT — tb), I'(HT — t5) and I'(H' — td) in the different ansitze

using My+ =250 GeV and ¢Yp =0p = 177_8

I' (GeV) FA DXA FDXA DXFA XA FNA NTA
I'(HT — ) 8.06x107%  6.29%x107° 1.02x107* 557x107° 5.82x107° 4.68 6.21x107°
I'(HT — cb) 1.74x 1072 645x107° 1.76x1072 187x10°% 7.35x107° 880x107% 526x107°
I'(H — tb) 1.32 1.34 1.34 1.34 1.34 1.34 1.34
I'(HT — t3) 6.12x1072  457x107%  7.71x 1072  264x1072 1.38x107° 2.23x107° 1.38x10°°
I'(HT - td) 269%x107%  271x107° 6.44x107% 141x107% 6.90x107° 203x10"% 7.24x107°
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type and D-type quarks. In this case, vanishing entries of
the €Y and ¢P matrices are obtained; this implies the ab-
sence of flavor changing neutral currents involving terms
of the form h%ac, h%ct, h°db and A%sb. Finally, a new type
of ansatz has been proposed, in which the FCNC involv-
ing the top quark have vanished completely, and excellent
agreement with the CKM experimental elements is gotten,
with the exception of the |Kyp|, |Kcb| and |Kiq| elements.
Our results are shown in Tables 1 and 2.

On the other hand, a discussion of the phenomenology
of the two body decays of the lightest Higgs boson, the top
quark and the charged Higgs boson using the different mass
matrices ansétze in the framework of 2HDM type I1I is pre-
sented in Sect. 4, and our results are shown in Tables 3-5.
For the lightest neutral Higgs boson, the decays h® — bb
and h? — bs are interesting. In the different ansétze consid-
ered, the channel bb can be enhanced with respect to the
SM using appropriate values of the Yukawa parameters.
The channel bs would be more important in the Fritzsch
ansatz than in the other ansétze. For the charged Higgs
decays two options have been explored: a lighter charged
Higgs boson and one heavier than the top quark. Taking
a lighter charged Higgs boson is a possibility to get a big-
ger decay width for H* — cb than the decay width for
H™* — cs5, depending on the ansatz used. In the case of
a charged Higgs boson heavier than the top quark, if the
Fukuyama—Nishiura ansatz is used, the most important
channel would be HT — ¢5. Also in the case of a charged
Higgs boson heavier than the top quark, the channels with
a top quark in the final state would be relevant in an even-
tual search for the charged Higgs boson.
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the Fundacién Banco de la Republica.

Appendix A: CKM mixing matrix

The corresponding standard parametrization of the CKM
mixing matrix is [44],

K =

5136_16
523C13
C23C13

(A1)

S12€13
)
€12€23 — 512523513€"
)
—C12823 — 512€23513€"

C12€C13
)
—512€23 — C12823513€"
i
512823 — C12C23513€"

where C;j = COS Gij and Sij = sin Gijy with i,j = 1, 2, 3, and
where 0 is the C' P violating phase.
Appendix B: Quark masses

In the numerical computations, we used the central values
of the following quark masses at the energy scale of the

947
order of my [44]:
my(mz) =1.64+0.40MeV ,
me(mz) =620+ 30 MeV,
my(mz) =172.7£2.9 GeV, (B.1)
ma(mz) =2.92+£0.60 MeV ,
ms(mz) = 55.56 % 8.00 MeV
my(mz) = 2.85+0.18 GeV . (B.2)
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