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ABSTRACT: For a RS model, with SM fields in the bulk and the Higgs boson on the
TeV-brane, we suggest two specific structures for the Yukawa couplings, one based on a
permutation symmetry and the other on the Universal Strength of Yukawa couplings hy-
pothesis (USY). In USY, all Yukawa couplings have equal strength and the difference in
the Yukawa structure lies in some complex phase. In both scenarios, all Yukawa couplings
are of the same order of magnitude. Thus, the main features of the fermion hierarchies are
explained through the RS geometrical mechanism, and not because some Yukawa coupling
is extremely small. We find that the RS model is particularly appropriate to incorporate
the suggested Yukawa configurations. Indeed, the RS geometrical mechanism of fermion
locations along the extra dimension, combined with the two Yukawa scenarios, reproduces
all the present experimental data on fermion masses and mixing angles. It is quite remark-
able that in the USY case, only two complex phases of definite value 3 are sufficient to
generate the known neutrino mass differences, while at same time, permitting large leptonic
mixing in agreement with experiment.
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1. Introduction

Lately, there has been great interest in extra dimension models. Extra dimension models
are inspired by string theory, which itself is based on the existence of additional spatial
dimensions [l]. As known, string theory [H] is a main candidate for an all-including quantum
theory which allows for gravity, thus unifying all elementary particle interactions.

There exist several models of extra dimensions: universal extra dimension models in
which all Standard Model (SM) fields may propagate in extra dimensions [JJ], brane universe
models in which the SM fields live in our 3-dimensional spatial subspace [[, fj, or interme-
diate models in which only gauge bosons and the Higgs fields propagate in extra dimensions
while fermions are ‘stuck’ at fixed points along these dimensions [f]. Amongst the brane
universe models two different scenarios have attracted much attention: one suggested by
Arkani-Hamed, Dimopoulos and Dvali (ADD) with large flat extra dimensions [{f], and the
other by Randall and Sundrum (RS) with a single small warped extra dimension [§, f]].!

Extra dimensional models have some advantages over supersymmetric theories [[L].
Besides the fact that they lead to the unification of the gauge couplings, either at high
10'6 GeV scales for small warped extra dimension models [[(1], or at the lower TeV scales
for large flat extra dimension models [[J], they (the ADD and RS brane models) also

See also [@] for extensions of the RS model.



address the long standing puzzle of the gauge hierarchy problem, i.e. the huge discrepancy
between the gravitational scale and the electroweak scale. Furthermore, there is a viable
Kaluza-Klein WIMP candidate for the dark matter of the universe [[J. In addition, extra
dimensional models explain the large mass hierarchy of the different types and generations
of the SM fermions through a geometrical mechanism. In both, the ADD models [[4]-{[[7]
and in the RS models [1§, [[9], the SM fermions have different localizations along extra
dimension(s), which depend on the type and the flavour of the fermions. This mechanism,
which supresses certain entries in the effective mass matrices, does not rely on the presence
of any new symmetry in the short-distance theory, as in the case of the conventional
Froggatt-Nielsen mechanism, which introduces a ‘flavor symmetry’ [R(].

One finds in the literature many higher-dimensional models which have been proposed
for generating the SM fermion mass hierarchy [RI]. e.g. several frameworks explain the
lightness of neutrinos relatively to other SM fermions within the ADD 3], the RS [, P4
or RS extensions [RF].

We concentrate on a RS model, which in contrast with the ADD, does not need of
any new energy scale in the fundamental theory. In this RS model, the SM fermion mass
hierarchy arises mainly from the dependence on the location, within the warped geometry,
of each (type and family) fermion. However, to obtain the correct quark and lepton (masses
and) mixing, one must have appropriate Yukawa coupling structures, because, even if the
Yukawa couplings do not induce the main features of the fermion mass hierarchy (coming
thus from the geometrical mechanism), the structure of the Yukawa texture is still of
crucial significance, especially for the mixing. Within the context of the different SM
fermion locations along a warped extra dimension, diverse cases have been studied [R],
e.g. models with Majorana neutrinos [7], or models with Dirac neutrinos where the charged
lepton Yukawa couplings are assumed to be diagonal [2§], or models with small Yukawa
fluctuations [29, BJ]. In all these cases, however, the Yukawa couplings did not come from
any principle or symmetry, but were chosen in such a way as to merely justify the data.

In this paper, we consider Dirac fermions and give two specific structures for the
fermion Yukawa coupling texture, which seem to be particularly appropriate for the RS
model, and which account for the experimental data on masses and mixings of all fermions,
leptons and quarks. We focus on a permutation symmetry structure and on the Universal
Strength for Yukawa couplings (USY) [BI]. In USY, all Yukawa couplings have equal
strength and the difference in the Yukawa structure lies in some complex phase. In both
scenarios, all Yukawa couplings are of the same order of magnitude. The main features of
the fermion mass hierarchy comes thus from the geometrical mechanism, but the correct
mixings and masses are obtained from Yukawa textures which have a definite structure
(USY) or a (permutation) symmetry .

In section fl, we describe the RS model and the geometrical mechanism, which allows
for different localizations along the warped extra dimension, together with the resulting
fermion mass matrices in 4D. In section [, we make a short review of the experimental
constraints on the RS scenario parameters. In section @, we concentrate on the structure
of the Yukawa couplings and their importance for the mixing. Two appropriate structures
for the Yukawa couplings in the RS scenario are introduced: a permutation symmetry and



USY. Then, in section [, predictions are given for fermion masses and mixing angles based
on the two proposed texture scenarios. Finally, we conclude in section f.

2. Theoretical framework

2.1 The RS geometrical scenario

The RS scenario consists of a 5-dimensional theory, where the extra spatial dimension,
parameterized by ¥, is compactified on a S'/Zs orbifold of radius R, such that —7R <y <
mR. Gravity propagates in the bulk and the extra spatial dimension is bordered by two
3-branes with tensions Ay—o and Ay—rg (vacuum energy densities) tuned in such way that,

Ay—o) = —Ayerr.) = —N/k = 24kME, (2.1)

where A is the bulk cosmological constant, M5 the fundamental 5-dimensional gravity scale
and k a characteristic energy scale (typically of the order Mpj,). One finds a solution to
the 5-dimensional Einstein’s equations which respects 4-dimensional Poincaré invariance.
This solution corresponds to a zero mode of the graviton localized on the positive tension
brane (the 3-brane at y = 0) and the non-factorizable metric,

ds* = e_ZO(y)nuydx“dx” + dy?, with o(y) = kly|, (2.2)

where z# denotes the coordinates of the familiar 4 dimensions and 7, = diag(—1,1,1,1)
the flat metric. The bulk geometry associated to the metric in eq. (R.9) is a slice of Anti-
de-Sitter (AdSs) space with curvature radius 1/k.

From the fluctuations on the metric of eq. (£.9), one derives (integrating over y) an ex-
pression for the effective 4-dimensional gravity scale as a function of the three fundamental

RS parameters k, R and Ms:
3
M3, = —%5 (1 — e 27k, (2.3)

On the Planck-brane (the 3-brane at y = 0), the gravity scale is equal to the (reduced)
Planck mass: Mp; = 1/v/87Gx = 2.44 10'¥GeV (G = Newton’s constant), while on the
TeV-brane (the 3-brane at y = wR), the gravity scale is affected by the exponential “warp”
factor w = e~ ™ Feand becomes much smaller:

M* =w MPI, (24)

Clearly, for a small extra dimension with radius R ~ 11/k, with k of order Mpj, one has
w ~ 1071% and thus M, = O(1) TeV. Hence, the gravity scale M, on the TeV-brane can
be of the same order of magnitude as the electroweak symmetry breaking scale.

In addition, on finds a solution for the gauge hierarchy problem: if the SM Higgs boson
is confined on the TeV-brane, it feels a cut-off at M, = O(1) TeV which guarantees the
stability of Higgs mass with respect to divergent quantum corrections.



2.2 The fermion mass matrices in 4D

In this RS scenario, the SM fermion mass hierarchy is generated through a geometrical
mechanism: the fermions reside in the bulk? and the SM (zero mode) fermions are given
different localizations along the warped extra dimension. Each type of SM fermion field ¥;

(¢ is the flavor index) is coupled to a mass m; in the 5-dimensional fundamental theory:

mi W, W;, (2.5)
To have different localizations for the zero mode fermions, one must have a non-trivial
dependence of the m; on the fifth dimension, i.e. the m;, which could be the vacuum
expectation values of some scalar fields, must have a ‘(multi-)kink’ profile [{, BJ].

~

attractive possibility is a parameterization of the masses as [Bq],

== C; /{?, (2.6)

where o(y) is defined in eq. (.9) and the ¢; are dimensionless parameters. This parameteri-
zation is compatible with the Zy symmetry (y — —%) of the S'/Zs orbifold: the masses are
odd under the Z, transformation Defining the fermion parity with Uy (—y) = vV 1 (y),
one finds that the product W ¥’ is also odd under the Zy transformations, and thus, the
whole mass term in eq. (2.) is even.

The equation of motion for the 5-dimensional fermion fields ¥; includes the mass term
in eq. (2.§) and the ¥; decompose as,

(2t y) = Zw (@) Fiy), (2.7)

ﬂ

where n labels the tower of Kaluza-Klein excitations. The zero mode wave function admits
the following solution along the extra dimension [[[§, B3], with normalization factor Nj:
e(2—ci)o(y) . i mkR(1-2¢;) _q
fO( ) N' ) NOZ - eQWkR(l*QCi) . (28)
From eq. (2.§) one finds that the zero mode of a fermion is more localized towards the
Planck-brane if ¢; increases. Subsequently, the zero mode of the fermion is more local-
ized towards the TeV brane if ¢; decreases. We shall see that localization differences are
important to generate the fermion mass hierarchies.
The SM fermions acquire a Dirac mass through the coupling to a Higgs field. After

spontaneous symmetry breaking, and integrating out the extra dimension one obtains:

/d4x/dy VG (A H WL+ he) = /d4x My D00 + he. +. (2.9)

2Gauge coupling unification and 5-dimensional gauge invariance require the SM gauge bosons to live
in the bulk [@, @] A Kaluza-Klein WIMP candidate (within the RS model) also requires bulk fermions.
See [@]7 for the behavior of fermions in the bulk.



where G = ¢ 870 is the determinant of the RS metric. The )‘S‘)) are the 5-dimensional
Yukawa coupling constants and the dots stand for the mass terms of the Kaluza-Klein
(KK) excited modes. The effective 4-dimensional mass matrix is given by the integral:

NO

My = [y VG 32 HW) £i) R (210)

Following the motivation from the equation of motion for a bulk scalar field [B7], we assume
an exponential form for the Higgs field:

H(y) = Hy e**vl=mR), (2.11)

which is shape-peaked at the TeV-brane. As mentioned in section P.1], this is a crucial
ingredient in obtaining a solution for the gauge hierarchy problem. The amplitude Hy
can be expressed in terms of the W boson mass, kR and the 5-dimensional weak gauge
coupling constant ¢(®).

After integration of eq. (R.1(]), one obtains an analytical expression for the fermion

mass matrix,

kR(4—ci—c;) _ | (1 - 26;)(1 — 2¢;) 2
oy e — — 2¢)(1 - 2¢; ’
MZ] B AZ] Myr < 4—c — cj ) ((eka(l—Qci) _ 1) (eka(172c]~) _ 1)) ’ (212)

where

1 67kR
Mg = §MW o6TkR _ |
It is assumed that )\S.)) = \ij g®). Consequently, there is no ¢® dependence in the expres-
sion of eq. (R.19), which is exactly compensated by the ¢® dependence in the amplitude
Hj. For each type of fermion, one obtains a different (Dirac) mass matrix ,

a __ a a A a
M5 = M5 (kR,\j, ci, ¢f) (2.13)

ij7 )

In this notation, a = [, v together with A = L for the leptons, while for the quarks, a = u,d
with A = Q. The ¢ parameterize the 5-dimensional masses of the SU(2), doublets of the

leptons while the cé», ¢j parameterize the 5-dimensional masses of the right handed charged
Q

leptons or neutrinos. The ¢;° and c;?, c;l apply to the quarks. For each type of fermion we

l u
57 177
From the exponential character of the functions in the expression of M;; in eq. (2.19),

have different Yukawa couplings: A;;, Aj; for the leptons and A )\fj for the quarks.

it is clear that the fermion masses can differ greatly (spanning several orders of magnitude)
for each flavor i, j, depending on the values of ¢;, ¢;. This dependence resulted from the
overlap between Higgs profile H(y) and zero mode fermion wave function f;7(y) which also

varies with flavor through the ¢;, ¢; parameters (see eq. (2.9).

3. Experimental constraints and Parameter space

Next, we describe several constraints on the parameters of the model. The parameter space
includes the scales k, M5 and the radius of the extra dimension R, together with the CZ-L ,



cé, ¢j for the leptons and c?, s c? for the quarks, which parametrize the 5-dimensional

masses.

The bulk curvature must be small compared to the higher-dimensional gravity scale, i.e.
k < Mj if one is to trust the RS solution for the metric (c.f. eq. (2.2)) [[]. For the limiting
situation (as in [R§, BY, BY]) where k = M3, there is just one energy scale and M5 = Mp).
This results from eq. (R-J) and the fact that one must have kR ~ 11, to have a sufficiently
small wrap factor for gravity to be of the order of the TeV scale on the TeV brane. We
shall keep k = O(Ms5). Indeed, for kR = 10.83, consistent with a 5-dimensional gravity
scale (on the TeV-brane) of M, = 4TeV (c.f. eq. (4)) and in agreement with the solution
proposed for the gauge hierarchy problem, a typical mass value for mgyk is obtained?® of
mkg = 1TeV if one chooses k£ = 0.1Mp;. Once the k and R parameter values are known,
the Mj value is fixed by eq. (2.3). For these k and R values, M5 = 1.13 10'8GeV. Thus,
the two values of the fundamental energy scales k and Mj5 in the RS model are quite close.
However from eq. (R.3), it is clear that any choice of k such that 0.1Mp, < k < 10Mp,
results in fundamental energy scales k and M5 which are close. This enables us to choose
other kR values (keeping kR ~ 11). Here, we do not focus on the precise value of kR.
Indeed, slightly different ¢; parameters can be found, in agreement with the permutation
and USY setup of this paper, if one cares to choose other kR or mkg values.

Precision electroweak (EW) data constrain the RS model [BQ] [A0]-[AF]. All fields have
KK excited states and these lead to new contributions to physical quantities []. Here, we
name a few. e.g. the mixing between the top quark and its KK excited states contributes to
the p parameter, which might exceed the bound set by precision EW measurements [0, [I].
However, if one chooses certain localization configurations for quark fields (i.e. certain
values for ¢; quark parameters), some of these problems may be circumvented []

The mixing between the EW gauge bosons and their KK modes also induce deviations
for some precision EW observables. These go typically as (my/mkxk)?, where mgx =
m%)((Wi) is the mass of first KK excitation of the W gauge boson.* Deviations to the
weak gauge boson masses and the W boson coupling to fermions on the Planck-brane
(TeV-brane) lead to experimental bounds on mgk. These depend on the localization of
the SM fermion fields in the bulk (i.e. the values of mass parameters ¢; for SM fermions).
Typically, one finds mxy = 4TeV [, but lower values, down to mxk = 1TeV, are allowed
for certain ¢;. A global analysis of these constraints can be found in [29, BJ].

Experimental bounds on Flavor Changing (FC) processes constrain the RS model,
since significant FC effects can be generated with bulk SM fields P, B9, {7]. The exchange
of heavy lepton KK excitations leads to deviations from unitarity for the leptonic mixing
matrix, which contributes to FC processes like lepton decays: u — ey, 7 — pvy and 7 — ev.
In @] we showed that, even for a small value such as mkgkg = 1TeV, there exist suitable
values for the mass parameters ¢; for which the branching ratios for these three rare decays
are below their experimental upper limit.

With regard to the values of the ¢; parameters, we assume |¢;| &~ O(1). Thus, the

3The mass of first gauge boson KK excitation is given by mkk = 2.45 k e~ "*Fc in the RS model [@]
“The difference between mg{(Wi) and mg( (Z°) is insignificant in the RS model.



natural values of 5-dimensional masses m; (c.f. eq. (R.6)) appearing in the original action
are of the same order of magnitude as the fundamental scale of the RS model, namely the
bulk gravity scale M5, and we avoid the introduction of new energy scales in the theory.
For k = O(M5), the absolute values of the ¢; parameters should be of the order of unity.
Typically, here we take,

ol 5. (3.)

A precise analysis on the possible values and restrictions on mgk and the allowed values
for the ¢; is outside the scope of this paper. The ¢; values (or the exact kR value) that we
shall use in this paper are not screened for their ElectroWeak precision compatibility, as
we merely wish to illustrate that it is possible, in a first anylisis, to incorporate the data
on masses and mixings. We refer to [R9, B(], for more details on these, as well as many

other effects caused by the diverse KK states.

4. Yukawa couplings and mass matrices

4.1 The structure of the mass matrices

Next, we give an analysis of the fermion mass matrices M}% which result from our RS

scenario. From the expression for the M;; given in eq. (B13), we find that, to a good
approximation, the M;; can be written as

A —~

M5 = g,(ci’) - K5 - 9,(c§) (4.1)

This splitting of M;; is valid in large regions of the parameter space spanned by cf‘, cj.
The g,, g, are suitable functions for certain regions. e.g. for the region 1/2 < e, ct < 3/4,

the functions are equal, g, = g, = g, with

2z — 1
g(x) = ( X ) eﬂch(Q—l'). (42)
2—z
where A is some parameter dependent on kR and My, (but irrelevant for the following).
The splitting-structure of M;;, however, has important consequences. To see this, take
as an example all x;; = 1. Then, from the structure in eq. (L.1]), we obtain, e.g. for the

neutrinos and the charged leptons, the following expressions for the mass matrices:

M, =Dy -A-D, 111
. A=|111 (4.3)
M, =Dy -A- D 111

where Dy, ;, = diag(a1,a2,a3)r1,,, and the a’s are obtained from the g, and /g\j functions
in eq. (). In this approximation, only the tau and one neutrino eigenstate have mass.
However, the point is, that the resulting squared matrices H, = MVMJ and H; = MlZMlJr
are of the same form

H,=p, D.-A-Dy pv = \/az, +ai, +az,
Hy=p Dr-A-Dp, pL=/a; +a} +aj

(4.4)



Thus, the matrices V,, and Vj, which diagonalize respectively H, and H;, are equal; there
is no mixing: Vyng = VZTV,, = 1, and although small deviations from /@ifj” = 1 may be
sufficient to generate the masses of all other charged leptons and neutrinos, this scenario
only leads to small deviations from Vying = 1, for the mixing.

It is clear, in RS scenarios, even if the Yukawa couplings do not induce the main features
of the fermion mass hierarchy (coming thus from the geometrical mechanism described),

the structure of the Yukawa couplings is of crucial significance for the mixing, and at least
l,v

for the leptons, some of the Ky

must be very different from each other (although the ’lii]V’

can be of the same order).

4.2 Successful scenarios for the Yukawa structure

It may be pointed out, that any general appropriate rank 3 Yukawa coupling configuration
ki; is compatible with the RS model. However, in that case, you do not need the geometrical
mechanism of the RS model to explain any of the features of the fermion mass hierarchy
and mixing matrices, all except one, i.e. the RS geometrical mechanism would only be
needed to set the general overall scale of each fermion matrix (and, one would still have
to explain why certain Yukawas |x;j| are much smaller that others to obtain the correct
masses and mixing). On the contrary, if one takes all |s;;| of the same order, or even all
|kij| equal, one exemplifies the fact that the RS geometrical mechanism may play an overall
important role in explaining the subtle mass hierarchies within the families and the mixing.

In this subsection, we give two possible structures for the Yukawa couplings, which
are compatible with our RS scenario. We focus a permutation symmetry structure and
the Universal Strength for Yukawa couplings (USY) texture [B]]]. In both scenarios, all
Yukawa couplings are of the same order of magnitude. Thus, the main features of the
fermion hierarchies are explained through the RS geometrical mechanism, and not because
some Yukawa coupling is extremely small. Explicitly, we choose 1/2 < |k;;| < 2.

(A) Permutations. Imposing the following permutation structure on the fermion fields:

U — v W wd s vy
(4.5)
U¢— Vg Vg — 0 U — U

(remember the notation: a = I, when A = L for the leptons, while for the quarks, a = u,d
with A = Q). Then, all Yukawa couplings have the following structure:

1 AB
k=|B1 A (4.6)
AB 1

In addition to this, the ¢;’s and m; ’s in eq. (R.6) of each type of field would be equal.
However, at this point, we break the symmetry by some mechanism, e.g. by having different
vacuum expectation values for the scalar fields which give rise to the m;. Thus, we take
cf‘ #+ 03»4 and ¢ # cj for i # j. It is known that in the SM, Yukawa couplings of the type
in eq. ({.4) lead to masses and mixings which are non realistic.



(B) USY. Another possible structure for the Yukawa couplings is the so called Universal
Strength for Yukawa couplings. In USY, all Yukawa couplings have equal strength, |k;;| =
1. The difference in the Yukawa structure lies in some complex phase:

kij = [e%} (4.7)

We shall see that this structure is particularly useful for the neutrinos, as a minimum of
two (indeed, curious) complex phases is already sufficient to generate the known neutrino
mass differences.

5. Results on fermion masses and mixing

5.0.1 The experimental data

Next, we present the data on fermion masses and mixings. In principle, we consider
running masses at the cutoff energy scale of the effective 4-dimensional theory, i.e. the TeV
range. This scale is also of the order of the electroweak symmetry breaking scale. The
predictions for the fermion masses are fitted with the experimental mass values taken at
the pole [B(]. We allow for an uncertainty of 5% in order to take into account the effect of
the renormalization group from the pole mass scale up to the TeV cutoff scale. This is only
a few percent [IJ]. In accordance with this uncertainty, we do not determine experimental
values with high accuracy. e.g. we take the experimental data on neutrino masses and
leptonic mixing angles at the 40 level [ig].

With respect to the neutrinos, a general three-flavor fit to the current world’s global
neutrino data sample has been performed in [I], which includes the results from solar,
atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K) experiments. The
values for oscillation parameters obtained in this analysis at the 40 level are contained in
the intervals:

6.8 < Am3; <9.3 [107%eV?],

1.1 < Am3, <3.7 [1073eV?], (5.1)

2 _ .2 2 2 _
where Am3; =my, —m; and Amz; =m

33 — ml%l are the differences of squared neutrino

mass eigenvalues, and,
0.21 < sin% 05 < 0.41,

0.30 < sin? fa3 < 0.72,
sin @13 < 0.073, (5.2)

where 6019, 023 and 613 are the three mixing angles from the standard parameterization of
the leptonic mixing matrix. The data on tritium beta decay [FJ provided by the Mainz
and Troitsk [5J] experiments give some experimental limits on the effective neutrino mass
at 95% C.L.,

mg < 2.2 eV [Mainz|,

mg < 2.5 eV [Troitsk], (5.3)



with mg defined by, m% = 25’:1 |Vei|2m,2,i, where Vg; is leptonic mixing matrix.
At My, the renormalized charged lepton masses are [51]

me = 0.48684727 + 1.4 10~7 MeV
my = 102.75138 £ 3.3 1074 MeV (5.4)
m, = 1746697000050 GeV

The quark masses and CKM matrix parameters at My are give by [B1],

mg = 4.697080 MeV ;  m, = 2.3375:42 MeV
ms = 9347128 MeV ;. m, = 677730 MeV (5.5)
my, = 3.00 £ 0.11 GeV ; my = 181 + 13 GeV

and by
|Vus| = 0.2205 £ 0.0018
[Vis| = 0.0373 £ 0.0018 (5.6)
|Vaun/Vep| = 0.08 £ 0.02.

5.1 Results for two Yukawa scenarios

Next, we give 4 examples of the parameter values for the ¢;’s and Yukawa couplings for the
two scenarios (permutations and USY), which together with the RS mechanism described,
reproduce the known experimental data on fermion masses and mixings.

(A) Permutations

Taking the following values for the ¢, ¢, ¢/

3° %3
Abv B in eq. ([6)

=02 =0.862 ¢} =1.485

and the permutation matrix parameters

Al =15 AY = —0.6

_ I _ _ .
ci =0.2 ¢ = 0.698 c§ =L725 5 o e g (5.7)
ck =02 ¢ =0.647 ¢§ = 1.585
one obtains the leptonic observables,
me =050 MeV ~ Am3, =88 107°eV?  sin?(f12) = 0.29
m, =103.9 MeV; Am3, = 3.1 1073 eV?; sin?(fa3) = 0.49 (5.8)

m, = 1.74 GeV my3 = 0.047 eV sin?(A13) = 0.016

For the quarks, choosing for the cZQ, s c? and A%d Bd

¢ =0.100 ¢ = 0.365 ¢} = 0.619 A = 1.0072 000351 Agd — 1,105 ¢~0-017Li
¢ =0.475 % = 0.655 ¢4 = 0.652; (5.9)
¢ =0.100 ¢ = 0.448 ¢4 =0.731  B" =1.007 *093% B4 = 1,035 ¢ 00171

yields the following Voxn and masses (at My),

0.9755 0.2201 0.0036 my = 1.1 MeV mg=2.7 MeV
[Vekm| = | 0.2202 0.9747 0.0381 | ; m. =651 MeV m, =83.1 MeV (5.10)
0.0081 0.0374 0.9993 my = 185 GeV my =3.1 GeV

,10,



We have allowed for CP violation in the quark sector by choosing just two phases for
complex A%% B"? permutation parameters. As a result we obtain for the CP violation
parameter Jop = |Im (ViaVasVay Vi) = 2.8 1075, The experimental values for the angles
of the unitarity triangle § = arg(—Va1 V33Vy5V5) and v = arg(—Vi1VazVi5Vsy), which at
this moment measure sin(2ﬁ)exp = 0.687 £0.032 and Yexp = (63ﬂg)o, are near the values
found here: sin(23) = 0.76 and v = 73.5°.

(B) USY

In the case of the Universal Strength of Yukawa couplings hypothesis, choosing for the

leptons
cf =02c =0.729 ¢t =1.387 111 11 1
b =02¢,=0637=1423 ; kV=|1—-il|; kl=]102 1 (5.11)
k=02 c, =0.684 ¢y =1.423 11 11 0963

yields the leptonic observables,

me =048 MeV  Am3, =8.0 107° eV?  sin%(f12) = 0.25
m, =104.6 MeV; Am3; =24 1073 eV?; sin®(fa3) = 0.39 (5.12)
m; =175 GeV  my3 = 0.050 eV sin?(613) = 0.026

Note the peculiar phases in the Yukawa structure for the neutrinos. Taking for the quarks,

¢ =0.30 % = 0.466 ¢ = 0.631 1 1 001501l
g =018 ¥ =0.462 & =0.631; k"= 1 1 0015
¢ =0.30 ¢4 = 0.376 ¢ = 0.637 001501 o—0.015i —0.015
(5.13)
1 1 60.1471'
k:d — diag(l e—0.00Zi 6—0.0451') . 1 1 60.175i
60.1471' 60.1751’ 60.175i
results in the following Vegy and masses (at My),
0.9754 0.2202 0.0032 my = 1.3 MeV my =2.8 MeV
[Vekm| = | 0.2201 0.9747 0.0381 | ; me =654 MeV m, = 93.1 MeV (5.14)

0.0082 0.0374 0.9993 my =186 GeV my = 3.0 GeV
In the USY case, the Yukawa couplings are already complex. For the quarks and the
phases given above, one finds Jop = 2.6 107° together with sin(23) = 0.69 and v = 76.1°.
6. Conclusions

We have introduced, in a RS model with SM fields in the bulk and the Higgs boson on the
TeV-brane, two specific structures for the Yukawa couplings, one based on a permutation
symmetry and the other on the Universal Strength of Yukawa couplings hypothesis. In
both scenarios, all Yukawa couplings are of the same order of magnitude. Thus, the main
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features of the fermion hierarchies are explained through the RS geometrical mechanism,
and not because some Yukawa coupling is extremely small.

We have found that the RS model is particularly appropriate to incorporate the two
suggested Yukawa configurations. Indeed, the RS geometrical mechanism of fermion lo-
cations along the extra dimension, combined with the two Yukawa scenarios, reproduces
all the present experimental data on fermion masses and mixing angles. In particular, we
find it remarkable that in the USY case, only two complex phases of definite value -3 are
sufficient to generate the known neutrino mass differences while at same time permitting
large leptonic mixing in agreement with experiment. We also point out that for this RS
model, in the USY case for the quarks, the values for the CP violation parameters are
much inproved, in contrast with the SM-USY where CP violation is small.

We find it surprising that the RS model can incorporate the two suggested Yukawa
configurations, because, permutation and USY matrices are no at all successful in the SM,
as they do not lead to correct masses, mixings or CP violation.
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