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Predictions from warped flavor dynamics based on the 7’ family group
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We propose a realistic theory of fermion masses and mixings using a five-dimensional warped scenario
where all fermions propagate in the bulk and the Higgs field is localized on the IR brane. The assumed 7’
flavor symmetry is broken on the branes by flavon fields, providing a consistent scenario where fermion
mass hierarchies arise from adequate choices of the bulk mass parameters, while quark and lepton mixing
angles are restricted by the family symmetry. Neutrino mass splittings, mixing parameters and the Dirac CP
phase all arise from the type-I seesaw mechanism and are tightly correlated, leading to predictions for
the neutrino oscillation parameters, as well as expected Ovff decay rates within reach of upcoming
experiments. The scheme also provides a good global description of flavor observables in the quark sector.
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I. INTRODUCTION

Understanding flavor from first principles is one of the
greatest challenges in particle physics. The coin has two
sides. On the one hand there is the problem of under-
standing the observed hierarchies of quark and lepton
masses, explaining why is the muon about 200 times
heavier than the electron, or why does the top quark seem
to play such a special role in being the heaviest.

On the other hand comes the problem of finding a
rationale for the observed pattern of mixing parameters.
This problem has only become trickier after the discovery
of neutrino oscillations [1,2], which implies not only the
need for neutrino masses—and understanding their small-
ness with respect to the charged fermion masses—but also
the need to understand why the pattern of neutrino mixing
is so special when compared to that of quarks [3].

The Standard Model (SM) lacks an organizing
principle to account for the observed flavor properties.
The existence of flat extra dimensions has been suggested
as a way to shed light on the possible nature of the family
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symmetry [4]. In particular, six-dimensional theories com-
pactified on a torus have been suggested [5,6] and a
successful model has recently been proposed [7,8] in which
fermions are nicely arranged within the framework of an A4
family symmetry, with good predictions for fermion masses
and mixings, including the “golden” quark-lepton unifica-
tion formula [9-13]. Although intriguingly successful, this
orbifold theory of flavor [7,8] remains far from giving a
complete description of mass hierarchies.

As a possible alternative to the flat-extra-dimensions
approach here we turn to the possibility of warped extra
dimensions. These have been proposed by Randall and
Sundrum [14] in order to address the hierarchy problem
without the need to invoke supersymmetry. The funda-
mental scale of gravity gets exponentially reduced with
respect to the Planck scale by having the Higgs sector
localized near the boundary of the extra dimensions. Here
we assume the standard model fermions to propagate in the
bulk, though peaked towards either brane. This allows us to
address at once both aspects of the flavor problem: the
fermion mass hierarchy problem, as well as their mixing
pattern, with the help of a family symmetry group. This
follows the general approach suggested in Ref. [15]. In
such scenarios fermion mass hierarchies are accounted for
by adequate choices of the bulk mass parameters, while
quark and lepton mixing angles are restricted by the
assumed family symmetry, broken on the branes by flavon
fields.

Our present scenario employs a T’-based family group
and predicts the neutrino mixing parameters and the Dirac
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CP violation phase in terms of only two independent
parameters at leading order. T is the double covering of A,.
Besides the triplet representation 3 and the three singlet
representations 1, 1/, and 17, in common with Ay, it has
three doublet representations 2, 2/, and 2”. We will exploit
the presence of the doublet representations to describe the
quark sector, by assigning the three quark families to a
reducible singlet plus doublet representation. In contrast to
Ref. [15] where neutrinos were Dirac particles, here a
viable description of neutrino oscillations requires neutri-
nos to be Majorana particles. Moreover, given the predicted
regions for the oscillation parameters, it follows that there
must be a lower bound on the neutrinoless double beta
decay rate even if the spectrum is normal ordered. We show
that the model also provides a successful global description
of flavor, consistent with the observed CKM quark mixing
matrix, in which the successful Gatto-Sartori relation
emerges in leading order.

The paper is organized as follows. After sketching the
theoretical framework in Sec. I we move on to describe the
lepton sector in Sec. III, and the quark sector in Sec. IV,
giving the corresponding field content and quantum
numbers. In Sec. V we give a numerical analysis of the
resulting flavor predictions. The subleading corrections to
the mass terms and mixing parameters are studied in
Sec. VI. Finally, in Sec. VII we comment briefly on a
variant construction in which the Higgs lives in the bulk. In
Sec. VIII we conclude, giving complementary material in
the Appendixes, as follows. The group theory of T’ is
summarized in Appendix A. The 5D profiles of fields are
presented in Appendix B, while, in Appendix C, we
investigate the vacuum alignment of the flavon fields.

II. THEORETICAL PRELIMINARIES

Here we study the implementation of a flavor
symmetry within a warped extra dimensional theory con-
text. The bulk electroweak gauge symmetry is extended to
SUR2), @ SU(2)r ® U(1),_,, ensuring consistency with
restrictions from the electroweak precision measurements
[16]. We denote the gauge fields and gauge couplings
associated with the gauge groups SU(2),, SU(2)g, and
U(l)p_y as Wi,, Wg,, X,,, and g, gg, gx, respectively,
with a = 1, 2, 3. The extended electroweak gauge group
SU2), ® SU(2)r ® U(1),_, is broken down to the SM
group SU(2), x U(1), by orbifold boundary condition
on the UV brane [16]. This symmetry breaking pattern can
be achieved by the following assignment of boundary
conditions,l
B,(++). Z,(—+). (1)

Wi (++). Wi (—+).

'"These boundary conditions can be naturally obtained by
adding a SU(2), scalar doublet or triplet field on the UV brane
[17,18], if they acquire nonzero vacuum expectation value (VEV).

where the first (second) sign in the bracket stands for the
boundary condition on the UV (IR) brane, and “+4” (“=")
refers to the Neumann (Dirichlet) boundary condition. The
fields B, and Zj, are linear combinations of the original

fields W, and X,

(&)= W) @

The hypercharge coupling of U(1), is given by

9rIx (3)

gy = X
V Ik + 9%

Only the fields with (4++) boundary condition have zero
modes upon the Kaluza-Klein (KK) decomposition. The
zero modes of the 5D fields W]Lﬁ’3 and B, are identified
with the SM gauge bosons. The fields with (—+) boundary
condition only have massive KK modes, the mass of the
first KK gauge bosons is of the order zke %%, and as usual it
is around 3 TeV within the reach of the LHC. Furthermore,
the gauge group SU(2), x U(1), is broken down to
U(1)gy by the VEV of the Higgs localized on the IR
brane. The Higgs field is a SU(2), ® SU(2), bidoublet
and it obtains the following vacuum expectation value,

ey = (o). @)

with v =174 GeV. The SM-like neutral electroweak
gauge bosons are defined in the usual way Z, =
(gLWiﬂ - 9B)/NVIL + 5 A= (QYW%,, + g.B,)/
V9% + g% The Z boson and photon arise as the zero
modes of Z, and A, respectively. For the family symmetry
we choose the 7" group. The 7’ flavor symmetry has been
studied in the literature [19-28]. We introduce four flavon
fields in our model. The flavons ¢, and p, are localized on
the UV brane, while the flavons ¢; and o, are localized on
the IR brane. The fermion fields live in the bulk, and the
profiles of their zero modes in the fifth dimension are
displayed in Fig. 1.

III. LEPTON SECTOR

The transformation properties of the lepton and scalar
fields under the SU(2); x SU(2)z x U(1),_; gauge sym-
metry and 7’ X Z5 X Z, flavor symmetry are summarized
in Table I. The zero mode of ¥ is the left-handed lepton
doublet, and the zero modes of ¥, , ; and ¥, are the right-
handed charged leptons and neutrinos, respectively. Their
bulk masses are given by c,, ¢, , ., and c,, respectively, in
units of the anti—de Sitter (AdS) curvature. The vacuum
expectation values (VEVs) of the flavon fields are
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FIG. 1. Zero-mode profiles of the lepton fields in the fifth

dimension. The flavon fields ¢;, 6; and ¢,, p, are localized on the
IR and UV branes, respectively.

<(,01>=(1,0)U¢l, <61>:U¢717 <g0b>=(1,—20)2,—20))11%,
<pb> = (17_20)’_2&)2)1),0”7 (5)

where w = e%, Vs Ug» Uy, » and v, are arbitrary complex
numbers. As shown in Appendix C, the alignment in
Eq. (5) is the minimum of the scalar potential.

The leading order charged lepton Yukawa interactions
respecting both gauge and flavor symmetries are of the
following form,

VG e ;
Ly = 255 e PP HY, +3,(07%)) HY,

+ y.(07¥)) H¥,]6(y — L) + Hec., (6)

where G = ¢7%% is the determinant of the 5D metric.
Inserting the vacuum configuration of Eq. (5) into Eq. (6)
and noticing that

<€01€01>3 = (0, 0, 1)”30,’ (7)

then one can read out the charged lepton mass matrix in the
zero mode approximation as

Ve 1)5,] 0 0
vl 0 Fup 0. (8)
0 0 y,v;,

A7

TABLE 1.

T' x Zy x Z, flavor symmetry, with @ = ¢>7/3,

where v is the vacuum expectation value of the Higgs
field and

- Yepu,
ye,y,ﬂ: = Lf«’//;/T fL (Lv cf)fR (L7 ce,y,‘r)' (9)

Here f; y are the zero-mode wave functions of fermion
fields, their explicit forms are given in Appendix B. One
sees that the charged lepton mass matrix is diagonal with

2 2 2
- P - P _ = P
m, =5y, A2 v, m, =3, A2 v, m, = yT—A’Z v. (10)

The correct values of m,, . can be naturally achieved
via the wave function overlaps in the usual way. In our
model, neutrino masses are generated by the type-I seesaw
mechanism. The corresponding terms invariant under the
flavor symmetry T’ X Z5 x Z, are given by

VG -
Ly = Yu, N (‘P,HY,)6(y - L)
1VG, — — —
+ AT e, (NCN)1 (@7)1 + 0, (NEN) 1 (074

+ 30, (NN )3 (92)3,), + Yus (NCN)3 (p2)3)J8 ()
+He., (11)

Here N is the SU(2), doublet partner of the charged lepton
e shown in Eq. (B4) and it is neutral under the SM gauge
group with N¢ = CNT, where C is the charge conjugation
matrix (we could also use directly the more fundamental
two-component spinor formalism [29]). Notice that the
bulk gauge symmetry SU(2), x SU22)gx x U(1)p_, is
broken down to the SM gauge group SU(2), x U(1)y.
Thus the lepton number is broken only on the UV brane,
and it is preserved in the bulk and on the TeV brane. As a
consequence, a UV brane-localized Majorana mass term
for the right-handed neutrinos N is allowed, as shown in
Eq. (11). Given the vacuum aligment of ¢, and ¢, in
Eq. (5), we can read out the Dirac and Majorana neutrino
mass matrices as follows

The transformation properties of the lepton sector under the SU(2), x SU(2), x U(1)y_; gauge group and the
The flavons ¢;, 6, and ¢,, p, are localized on the IR and UV branes, as indicated.

Field ¥, y, v, Wy '3 H @(R) o (IR) ¢,UV) p,(UV)
SU(2), xSUQ2)pxU(1)p, (2.1,=1) (1,2.-1) (1,2.=1) (1,2,—=1) (1.2.—1) (22,0) (1,1,0) (1,1,0) (1,L,0) (1,1,0)
T 3 1 1” 1 3 1 2 1” 3 3
Z5 w? 1 1 1 w? 1 1) 10) @ ®
Zy i i i i i 1 -1 -1 i —i
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1 00
mp=9,v[0 1 0],
0 0 1
2 5 1 00
my = <5)y2 K" + ~y3 Kv> O 0 1
010
, [ 2 20 20°
v
+ 3, K 20 —4a? -1
207 -1 —4w
5 2 20 2w
v
+ . X 200 4o -1 |, (12)
20 -1 —4e?
m, = —mpmy'mkb,

1-2y,—2ys—15y3+18y,ys—15y2

—20(wys+ys+3wy;+90%y4ys+3y3)

with
- Yy,
Yo, = me (L,co)fr(L,c,),
- Yu
yyzsA.s = ZX‘S f%?(o? Cu)' (13)

Notice that the form of the Yukawa interactions imply that
both charged lepton as well as the Dirac neutrino mass
blocks are flavor-diagonal. Therefore the nontrivial mixing
and CP violation parameters required in the physical
neutrino mixing matrix must emerge from the type-I
seesaw mechanism at the scale my.

By performing the seesaw diagonalization procedure
[30], one gets the effective light neutrino mass matrix
expressed in the usual way as

—20(ys+wys+3yi+90? ysys+3wy?)

(3(yatys)+1)(18(y4=ys)*+3(ys+ys)—1)
—2w(wys+ys+3wy;+90%y4y5+3y3)

(3(yatys)+1)(18(ys=ys)*+3(ya+ys)—1)
4wy, +0’ys +3wy§+3mzy§)

(3(yatys)+1)(18(yv4=ys)*+3(ys+ys)—1)
1+y,+ys—6yi—6y2 (14)

=m,
O BOatys) +D)I8(a=y5) +30atys)=1)  Batys) T 1)(18(ya=ys)>+3(atys)=1)  (B(atys)+1)(I8(a—ys) 30atys)=1) |’
—20(y4twys+3y;+90° yays+3wy?) 1+y4+ys—6y;—6y2 Hayy+oys+30’yi+30y3)
(B(yatys)+D)(18(ya=ys)?+3(vat+ys)—1)  Bratys)+1)(18(ya=ys)?+3(vat+ys)—1)  (B(vat+ys)+1)(18(ya—ys)*+3(ya+ys)—1)
2 2 2 |
v, Av 3,05 . ..
where mg = L “2 — and ys = three neutrino masses and also lead to predictions for the

7 =7 =
T 0 VAT SR 0

—>>—"—. It is remarkable that, apart from an overall
ybz vw,, +yb3 Up,,

mass scale m, the mass matrix m, only depends on two
complex input parameters y4, ¥s. These will describe the
|

% 2
yl’5 Uﬂv

=1
14+3(y4+ys)

1 gt * _
my, = Uggym, Urgy, = Mg 0

0

where Urgy is the well-known tribimaximal mixing
matrix,

2 1
v B
= 1 1 1
UTBM - _76 7§ —7§ (16)
1 1 1
V6 V3 V2

Since m,, is a block-diagonal symmetric matrix, it can be
exactly diagonalized as

U,'m,U* = diag(m,, m,, m3), (17)

lepton mixing matrix. We first perform a tribimaximal
transformation on the neutrino fields. The resulting light
neutrino mass matrix becomes

0 0

1=3(y4+ys) =3V2i(ys—ys)

18(y4=ys)2+3(va+ys)—1

18(y4=ys)2+3(vat+ys)—-1 | » (15)
—3V2i(y4=ys) -1

18(y4=Ys)*+3(ys+ys)—1

18(y4=ys)*+3(vatys)-1

[
where U/, can be generally denoted as

1 0 0
Uu,=|0 sin@,e |. (18)

0 —sinf,e cos 0,

cos 0,
—i5,

Since the charged lepton mass matrix m; is diagonal in this
case, the lepton mixing matrix is determined to be’

We notice that the first column of the lepton mixing matrix is
fixed to be (2,—1,—1)7/1/6.
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’
U= UTBM Ul/’
2 1
\@ 5 0 1 0 0
= | L 1 _1 0 cosd sin @, e’
VARV A v v
IR 0 —sinf,e”®  cosé,
Vo V32
2 cos b, sin @, e
3 V3 V3
— | _ 1 cosf, | sine ™ _ cosd, | sinfe (19)
N V2 V2 V3
_ 1 cosb, _sinfe®  cosh, + sin @, e
NEE V2 V2 V3

A. Predictions for neutrino oscillations

We start this section by noticing that, in the absence of
the Majorana terms in Eq. (11), in this model neutrinos
would be unmixed, since both charged lepton and Dirac
mass terms are simultaneously diagonal. They would
also be degenerate in mass. Hence the neutrino mass
differences, as well as mixing and CP violation parameters,
all result from the seesaw mechanism. This is in sharp
contrast with the warped standard model extension pro-
posed in Ref. [15].

From the lepton mixing matrix obtained in Eq. (19),
one can easily extract the following results for the
neutrino mixing angles as well as the leptonic Jarlskog
invariant,

0,/

FIG. 2. Contour plots of sin? 8}, sin” 6,5, and sin® 63 in the 6, —

. 29
Sin2 013 = Sln3 v s (20)

4
inf,=1-——— 21
SO 5+cos20,’ (21)

1 V/65in20,cos s
in?0y; = - ———— ¥ 22
s = T T s T eos20, (22)
sin 26, sin §,

Jep=—"F7 (23)

6v/6

One sees that the three neutrino mixing angles as well as the
Dirac CP violation phase are all expressed in terms of just
two parameters, 6, and §,. Therefore there are two relations
between these mixing angles and the Dirac CP violation
phase, that can be expressed analytically as

2
c0s%0,,c08%0,5 = 3
(3 c0820;, —2) cos 2603

Sep = .
0% 0P = 3 in 20,5 sin 20,5 sin O3

(24)

In Fig. 2 we display the contour plots of sin® @, ,, sin” 6,3,
sin? @,; and Dirac CP violation phase 5cp in the 6, — &,
plane. The shaded regions are the ones allowed by
individual measurements of the three mixing angles,
according to the global oscillation analysis in Ref. [3].
One sees that the parameter 6, is constrained to lie within

1'0 T T II T T T T T T T T T T T T T T T T T T T T T T T
0.8

0.6

&
-~
o I
0.4
L sin2923
0.2 [ sin2912
[ i sin?e;
0-0 -_I n 1 1 I I I P | I |i I 1 I I P 1 I I II I 1
0.0 0.2 0.4 0.6 0.8 1.0
0,/r

0, plane. The red, green, and blue areas denote the 3¢ regions of

sin® @3, sin® @;,, and sin? @3, respectively, and the dashed lines refer to their best fit values taken from [3].
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FIG. 3.

0.0 0.2 0.4 0.6 0.8 1.0

0.7F T T T Ty

— BF(NO)
-= BF(I0)

0.6

0.5

|6cel/m

0.3

0-2 -_I IR SR TR S I T S TR T I T T ST |I PR S T S I S T S I_-
040 045 050 055 060 0.65
sin2923

Contour plots of §.p in the §, — &, plane (left) and correlation between |5p| and sin? 0,5 (right). The black areas correspond to

the 3o allowed regions of lepton mixing angles [3]. The vertical solid and dashed lines in the right panel represent the best fit values of

sin® @,3 for NO and 10, respectively.

quite narrow regions around 6, ~ 0.082z and 6, ~ 0.918x.
The left panel in Fig. 3 shows the contour plots of §-p in the
6, — o, plane. The black bands denote the regions in which
all the three lepton mixing angles lie in the experimentally
allowed 3o ranges [3]. As in most flavor models, for

1 E T T TTTTTT T T TTTTIT T T T TTTT Ll T TTTLH

oL GEROAPhasel _ _ _ _ ____ _____ Gy

107 EGiore T B
CKamLAND-Zen("°°Xe) g 7

= [ SNO+Phasell _ _ _ _ _ _ __ . R
2 10_2 | LEGEND1000 "~ - O "
3 E nEXO10y _ _ _ & 3
E 2 = ]
L (] -

-

= g -

-3 s ]

10 z2 3

/A ]

10_4 1 1 IIIIIII 1 1 |||||I| 1 11 111 II 1 11 1111l
107 107 1072 1071 1

Myightest [eV]

FIG. 4. Expected mass parameter characterizing the Ovpf
amplitude, where the red and blue regions are for IO and NO,
respectively. The values of the neutrino oscillation parameters are
taken from [3]. The vertical grey exclusion band denotes the
current bound coming from the cosmological data of X;m; <
0.120 eV at 95% confidence level obtained by the Planck
collaboration [31].

example those based on modular symmetries, the sign of
Ocp can not be fixed uniquely, the predicted correlation
between |5cp| and sin? 6,3 is shown in the right panel
of Fig. 3.

B. Predictions for the absolute neutrino mass scale

As we already saw, in our model the neutrino mass
differences as well as mixing and CP violation all result
from the seesaw mechanism. This is in sharp contrast with
the warped standard model extension proposed in Ref. [15].
This implies that in our present model neutrinos must be
Majorana particles, leading to the existence of neutrinoless
double beta decay, or Ovff for short.

One can determine the expected ranges for the Ovff
decay amplitude, taking into account the allowed neutrino
oscillation parameters obtained from experiment [3]. In
Fig. 4 we plot the expected values for the mass parameter
|m,.| characterizing the Ov amplitude. In a generic model
the regions expected for inverted-ordered and normal-
ordered neutrino masses are indicated by the broad shaded
regions indicated in Fig. 4.

The current experimental bound from KamLAND-Zen
[32] as well as the estimated experimental sensitivities are
indicated by the horizontal lines [33—38].3 We now show
how, within our model, the predictions for the oscillation
parameters imply important restrictions on the effective

*Note that for all of them we have assumed “optimistic” values
for the corresponding nuclear matrix elements.
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TABLEII.  The predictions for the effective neutrino mass m in
p decay and the sum of neutrino masses. The latest experimental
bounds on my and X;m; are taken from KATRIN [39] and Planck
2018 [31], respectively.

Parameter Experimental results Predictions
mg [meV] (NO) <1100 10.62
mg [meV] (10) 52.07
%;m; [meV] (NO) <120 66.81

Majorana mass |m,,|. In fact, the allowed ranges are quite
narrow. If the neutrino mass spectrum is inverted-ordered
(I0), the effective Majorana masss has a lower limit
|m,.| >0.0162 eV, while the lightest neutrino mass sat-
isfies myjgpiese = 0.0133 eV. In contrast, in the case of
normal-ordering (NO), the effective mass |m,,| lies in
the narrow interval [5.2 meV, 9.6 meV], and the allowed
region of Myighiey 18 [4.8 meV, 7.2 meV].* As indicated in
the figure, we expect that these predictions will be tested by
the next generation Ouvff decay experiments.

The predicted neutrino mass parameters relevant for
endpoint # decay studies as well as cosmology are also
interesting, as indicated in Table II. These should be
compared with the recent limits from the KATRIN experi-
ment [39], and the 95% confidence limit for the sum of
neutrino masses set by the Planck collaboration [31].

IV. QUARK SECTOR

We now extend our model to the quark sector. The
classification of the quark fields under the flavor symmetry
T' x Z5 x Z, is given in Table III, and no new flavon fields
are required. We show the profiles of the zero modes of the
quark fields in Fig. 5. It is straightforward to read off the
down-type quark Yukawa interactions

VG

= AR [Vas, (WycH q"ds)sfﬂfz + Vs, (WycH lpds)l/"?2
+ y,(YrHY,)p07]6(y = L) + He + - -+, (25)

Ly

where dots stand for higher dimensional operators.
Similarly, the up-type quark Yukawa interactions take
the form

Ly = A N (PrHY,)po, + y N (PycHY,),0;
+ yu(PycHY,) 10101 + (quH\Pc)l”Glz
+ yi(P7HY,)y0728(y — L) + He + - - - (26)

*As shown in Fig. 4, the neutrino mass spectrum could
possibly be quasidegenerate as well; however, this region is
disfavored by both KamLAND-Zen and Planck.

In the zero mode approximation, we integrate over the fifth
dimension and then obtain the up-type and down-type
quark mass matrices as follows:

ydsz Ufs,z/Alz 0 0
md =0 ydsl U;;%/Alz S)dsz ’Uc*r,z/A/z 0 5 (27)
0 0 3 v,/ A
Fulp, Vo, | N 0 0
m' = 0 0 Jou, /N |, (28)
Y vo /N F 03 /N 0 NP
with
- Yu.tds,
Yutds,, = MLAT,I - fr (L, CUC)fR(Ls Cu,z,ds)»
y, b
Viers = ZX, fr(L,cr)fr(L, Cucrp)- (29)

. .. .. d
For simplicity, we denote the ij element of m" (m“) as mj;

(m§’]-). The down-type quark mass matrix is block diagonal
with m{, = m4,, and it can easily diagonalized by a unitary
transformation U ;,

cos 8, sin@ e 0
U;= | —sin@ze=  cos@; 0|, (30)
0 0 1

with
tan 20, = [2m¢{, /m3,|, @q = arg(mfym3p).  (31)

The down-type quark masses are determined to be

Mas = \/|m‘111|2 +ms, /2 + |mgl|\/|mf1|2 +[ms,[*/4.

my = |mb]. (32)

The product of the up-type quark mass matrix with its
Hermitian conjugate is of the following form

|, [ 0

mumuT — 0

u u*
myms,

|mL2l3|2 My3myy
miimy, mysmly |m >+ [mb, P+ [mi ]

(33)

The resulting up-type diagonalization matrix can be para-
metrized as

095014-7



CHEN, DING, LU, and VALLE PHYS. REV. D 102, 095014 (2020)

TABLEIII.  The transformation properties of the quark fields under the bulk gauge group SU(2), x SU(2), x U(1)_, and the flavor
symmetry 7’ x Z3 x Z4. Note that no new scalars are needed beyond those in Table 1.

Field Yy Yr Y, Y. ¥, s Y, H  ¢/(IR) o/(IR)
SUQ2), xSUQ2)gxU(1)p_, (2,1,1/3) (2,1,1/3) (1,2,1/3) (1,2,1/3) (1,2,1/3) (1,2,1/3) (1,2,1/3) (2,2,0) (1,1,0) (1,1,0)
T 2 1 1 1” 1 2 1” 1 2 1”
Z5 @? ) 1 @* 1 10) w? 1 1) ®
Zy 1 -1 1 -1 -1 1 -1 1 -1 -1
1 esinf,e” —ecosb, We find the up-type quark mass eigenvalues are
U,~| 0 cos 6, sin@,e? |,  (34)
€ —sin@,e % cosO, 5 :
|m3s | |mj, |
my = mt [y )1 = =R
where w [y m2m?
2|m4 m4 1
(an 26, — M3y , Mer ==\ X* £ (X - AlmtPlms P (36)
L m P m P+ [y P = mbs)? “ V2
6 — —my, miy
mu 2 _|_ mu 2 + mu 2 — mu 27
s |3l iy = | with X* = [m4;|* + |m¥, > + |m4,|* + [m4]?. As a result,
— U U 35 33 32 31 23
¢, = arg(mzzms3). (35 the quark mixing matrix is given by

Verw = Uiy,
cosf, e sin 6, €
~ | —e~icos,sin@, — e sinf, cos Ot cosB,cos b, — e @ut?dsin@, sinfuet  —eusing, |, (37)
—e~ivated) sin @, sin O, — cos O, cos Bye* e~ cos B, sin 6, — e cos O, sin O,¢* cos @,

from which we can extract the expressions of CP violation
phase and Jarlskog invariant in the quark sector as follows,

Stp = —arg(e) + @q + Qo (38)

1
Jip zZ|e| sin 20, sin 20, sin §¢.p. (39)

Besides, we can find that in this case 8, ~ 8,. With the fact
that the down quark mass matrix is block-diagonalized and it

v | R
ds? = e~ My, dx" dx’ dy?
Yy Py $1 0] H
— == UC,T q
— - 0 e e u , c , l’ !
— -- ds,b /
i
i
¢
¢
4
L4
7
y=0 y=L
=0 e
FIG. 5. The wave functions of the zero modes of the quark

fields.

satisfies the relation m¢{, = m4,, we can obtain the celebrated
Gatto-Sartori relation for the Cabibbo angle [40], i.e.,

mg
—% ~tan? 4,
mS

(40)

V. GLOBAL FIT OF FLAVOR OBSERVABLES

We have already discussed the predictions for the
oscillation parameters, summarized in Eq. (24). They are
shown in Figs. 2 and 3. Likewise, the predictions for the
absolute neutrino mass scale relevant for neutrinoless
double beta decay, tritium beta decays and cosmology
were discussed in Fig. 4 and Table II. Finally, the quark
sector prediction for the Cabibbo angle is given in Eq. (40).

We now present a global description of all flavor
observables in the theory, including the quark and lepton
mass parameters as well as the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing parameters.

A. Global flavor fit

In our numerical analysis, we assume that the funda-
mental 5D scale is k> A~ Mp, with Mp; ~2.44 x 108 GeV
the reduced Planck mass. In order to account for the
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hierarchy between the Planck and the electroweak scales
we also set the scale A’ = ke ~ 1.5 TeV. This allows for
the lowest Kaluza-Klein gauge boson resonances (with
masses mgg = 3—4 TeV) to be within reach of the LHC
experiments. The Higgs VEV is identified with its SM
value v ~ 174 GeV, and the ratios v,, /A, v, /N, v, /A,
and vy, /A are all fixed to 0.2, assuming real flavon VEVs.
We now give a set of benchmark values for the bulk mass
parameters and coupling constants of the model. In the
lepton sector, we can choose

c;=0460, c¢,=-0725, ¢, =-0.553,
c,=-0117, y,=10, y,=10, y. =10, (41)
and

NO: ¢, =-0404, y, 1 =y,=ys3=1,
¥4 =0.235+0.0770i, y,s=0.340+0.0710i, (42)

[0:¢,=-0383, y,1=yo=y,3=1,
Ve =—0.354+0.275i, y,s=—0.562+0.270i. (43)

The resulting predictions for neutrino and charged lepton
masses as well as lepton mixing parameters are given as
part of Table IV, and they reproduce very well current
|

experimental data. The numerical values of the right-
handed neutrino masses are about 10'2 GeV-10'* GeV.
For the quark sector we take

cuc =0.587, ¢y =—-0.980, c,=-0.516,

¢, =—0.555, ¢,=0.966, cg4=-0.503, c,=-0532,
v, =6.321, y,=6.20, y,=4.00, y.=1.00,
V=830, yu1 =400, yu=0.892, y,=4.00. (44)

Thus the numerical fitted results of quark mass matrices are
given by

0.109 0 0
m,=| 0 0 7.407 ,
29.532 0.589 —145.433 — 88.418i
0.0198 0 0
my= | 0.0443+0.0769i 00198 0 |, (45)
0 0  4.180

in GeV units. The fitted values of fermion masses and the
mixing parameters are summarized in Table IV. In particu-
lar the fitted CKM matrix is given as

0.974 4 0.0175i —-0.0331 + 0.223: —0.00367
Vekm = 0.0329 + 0.222i 0.973 - 0.0176i  —0.0359 + 0.0219: |, (46)
—0.00010 4 0.00879i 0.0353 + 0.0215i 0.999

while the fitted value for the Jarlskog invariant is
Jip=314%x1075. (47)

The phenomenological implications of the Randall-
Sundrum model with custodial symmetry have been ex-
tensively studied in the literature [16,41,42]. The mass
scale of the KK excitations can be as low as a few TeV
consistent with electroweak precision measurements, flavor
changing neutral current processes in rare Kaons and B
mesons as well as lepton flavor violation processes. Some
simple discrete family symmetries such as A4, S4 have been
implemented in a warped extradimensional setup with
custodial symmetry [43—-45]. It has been shown that the
discrete flavor symmetry can improve over the generic
Randall-Sundrum models, and it can greatly weaken
bounds from lepton flavor violation, since the lepton
doublets are usually assigned to a triplet of the flavor
symmetry group and, consequently, their bulk wave func-
tions are universal [43-45].

In the present work, we construct a warped model based
on the T’ flavor symmetry to explain the observed pattern

[

of quark and lepton masses and mixings. Our basic setup is
similar to previous flavor models [43—45]. Therefore we
expect that the phenomenology related to KK resonances
will be qualitatively similar, the constraints from electro-
weak precision parameters and measurements of flavor
violation in rare decays of Kaons, B mesons, and charged
leptons can be saturated for KK mass scales of the order of
afew TeV. The flavons ¢;, 6; and ¢,, p, are localized on the
IR and UV branes, respectively. Thus the masses of the
physical modes of the ¢,;, o; and ¢,, p, are naturally of
order TeV and Planck scale, respectively. Since all the
flavons are gauge singlets, they do not participate in the
gauge interactions. Their couplings to quarks and leptons
arise from higher dimensional operators suppressed by the
flavor scale, hence they are typically very small.

VI. HIGH ORDER CORRECTIONS

The above predictions for lepton and quark masses and
flavor mixing will receive corrections from higher dimen-
sional operators consistent with the symmetry of the model.
In the following, we analyze the next-to-leading order
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TABLE IV. Global warped flavor dynamics fit: the neutrino
oscillation parameters are taken from the global analysis in [3],
while the quark parameters are obtained from the Particle Data
Group [46].

corrections to Li}”’d’” in Egs. (6), (11), (25), and (26) and
estimate their contributions to the fermion masses and the
mixing parameters.

We first discuss the charged lepton sector. The cubic
flavon terms in charged lepton interactions are forbidden by

Parameters Best-fit 1o Predictions ’

— the Z, symmetry. Thus the next-to-leading order correc-
s 9}}2 0.22500 £ 0.00100 0.22503 tions to the charged lepton masses are coupled with quartic
st 0313 0'002375 i 0.000095 0'82;628 flavon interactions. Neglecting terms whose contributions
Zlqn 9/203 0.0 ggg i().;)0059 62.2 0 can be absorbed into the leading-order Yukawa couplings,

CP . . . . . l
m, [MeV] 2161049 16 we can write down the subleading corrections to £} as
m, [GeV] 1.27 £0.02 1.27 , VG - -

m, [GeV] 1729 £ 0.4 172.90 oLy = N (x.(pip;07¥) p HY, + x,(00;07Y ) HY,

my [MeV] 467701 4.21 « 2 (026720

m, [MeV] 9311 93.00 +x:(@igjor VY ) HY, +x. ()07 W) )y HY,

m, [GeV] 4181003 4.18 +x,(0}2072))  HY , + X, (972072 Y))  HY )8 (y - L)
sin” 6},/10~" (NO) 3.204070 3.19 H 48
sin® 01,/107! (10) 3.18 +Hec. (48)
sin’ 6;/10~" (NO) 54755 547 The correction to the charged lepton mass matrix is given as
sin” 04,/10~" (10) 5517040 5.51 )

s 2l 102 +0.083 2.160 X, X.
sin® 0,/107> (NO) 2.1607 060 oo\ 4 W
sin20!,/1072 (I0) 2.220+0074 2220 sm; = <ﬁ) X0 X |, (49)
8p/m (NO) 1.32702] 1.567 % % 0
Stp/m (10) 1.561013 1.571
m, [MeV] 0.511 +3.1 x 107 0.511 where X,,. =% fr(L.c/)fr(L.Cop.) and X,,. =

—6 ’

m, [MeV] 105.658 £2.4 x 10 103.658 L’{f fr(L.cg)fr(L.c,,.). For simplicity of notation, in
m, [MeV] 1776.86 £0.12  1776.86 e
Am2, [10-5 eV2] (NO) 7 554020 755 Eq. (49) we have used v to represent the VEVs of IR
Amgl 1075 eV?] (10) Troole ' localized flavons ¢;, ¢, and their complex conjugates. In the

TN neutrino sector, the zero mode of the right-handed neutrinos is
|Am2,|[1073 eV?] (NO) 2.50 +0.03 2.50 , :
|Am2,[[1073 eV?] (10) 5 47003 242 exponentially localized towards the UV brane. As aresult, the

) (liIlO) o0 765 subleading operators involving the IR-localized flavons ¢,

jz (10) o 766 and o, are highly suppressed and can be neglected. The next-
to-leading-order corrections to £ are of the following form
v \/6 NY * I *
Ly = 3 [, (VY. )3, (90100))3) + 50 (FiHY, )3, (0097)3),J6(y = L)
1IVG, | —= —
+ EF [xzzl ((NCN)I”f((pw pv)l’)l + xvz((NcN)l’f((pw pu)l”)l
+ 2, (NN)3 £ (@0 £)3 )1 + 20, (NN )3 (9. £,)3,)1]8(y) + Hec., (50)

where f(g,,p,) represent the flavon combinations ¢2p,p},

% %3

Pl ), ips, and pig;>. As aresult, the corrections to the
Dirac and Majorana neutrino mass matrices are

(%, 0
Smp=1v (%) 0 -%.,-%, 0 |. (1)
0 0 —%,+%,

\ 001 010
5mN:”[‘\J—3V s lo10|+5,[100
100 001
2 e A R B
1Z 'xl/
-2 e 2 2| ] )
~1 -1 2 1 =2 =2
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whereicbm:%fL(L,cf)fR(L,c )and %, = 74 f%(0,¢,),

and vyy in 6my denotes the VEVs v, , v, , v, , and v . To
show the contributions of the above subleading terms, we
perform a numerical analysis for the case of normal ordered
neutrino masses, treating all coupling constants in Egs. (48)
and (50) as random complex numbers of absolute value
between 0 and 1. We find that the corrections to the lepton
masses and mixing parameters are small, and their order of
magnitudes are

|6m,| ~0.0003 MeV, |5m, | ~0.04 MeV,

|6m,| ~1MeV, [6(Am2,)|~0.3[1075 eV?],
16(Am32,)| ~0.2[1073 eV2], |65, ~0.005, [853,] ~0.06,
6535 ~0.02, [8(5¢p)| ~0.037. (53)

The next-to-leading order corrections to the quark mass
terms involve three flavon fields. Ignoring those terms
whose contributions can be absorbed by the leading order
operators, the subleading operators of the quark Yukawa
interactions are

VG _
oLy = G [xe, (WucHY, )y (9167)2);

+ X, ((@UCHTC)Z’((p?O-TZ)Z’)I
+ X ((PucHY)2 (91077 2 1)6(y = L),
N
oLy = F[xbl((‘PUcH‘Pb)z (9107)2)1
+xp, (PucH®,)y (9707%) )1
+ xay, (PrHY45) 2 (0107)2)1
+ X4, (PrHY )y (0707) 2 )1]6(y = L).  (54)
Notice that the above operators with the combinations
@07, @;o;* replaced by @7 and ¢** are also allowed by
symmetries of the model but their contributions are
vanishing for the leading order alignment in Eq. (5). The

higher terms in Eq. (54) induce the following corrections to
the quark mass matrices,

0 %, %
VR 3 ~
om' = N 0 x, 0,
0O 0 O
0 0 %,
smi = oY [ 0 0
m® = v| 7 X, |- (55)

dez del 0

. ~ x?',CiJ
with % ¢ = 75 fL(L cuc) fr(L, Cpoes)
z”/’;", fr(L,cp)fr(L,cag). A numerical analysis similar to
the lepton sector is performed, in which all couplings in

Eq. (54) are taken to be random complex numbers with

and X4, =

absolute value in the range of 0 and 1. We find the order of
magnitude of the corrections to the quark masses and CKM
mixing parameters are
|6m, | ~ 0.4 MeV,
|6m,| ~0.002 MeV,
|6mg| ~ 0.1 MeV,
|6(sin 61;)| ~ 0.0002,
|6(sin 045)| ~ 0.0006,

|6m.| ~ 0.2 MeV,
|6mg4| ~0.04 MeV,
|6my) ~ 10 MeV,
16(sin 6%,)| ~ 0.002,
16(8Lp)| ~ 0.0097. (56)

VII. VARIANT MODEL WITH BULK HIGGS

In this section, we consider another scheme in which the
Higgs field lives in the bulk. We assume that the flavons ¢;
and o, are localized on the UV brane, the flavons ¢, and p,
are localized on IR brane, while their vacuum alignments
stay the same. Since the Higgs field and all fermions live in
the bulk in this model, we extend the flavor symmetry to
T’ x Z3 X Zg in order to forbid unwanted Yukawa terms.
The transformation properties of fields under 77 x Z5 are
the same as those in Tables I and III. The Zg charge
assignments are given as follows

"P[,lPe,lPﬂ,"PT,lPD: Cl)g, ‘PT,‘PC,LP,,IPb,qm,Gl: a)‘g‘,

lPUCleu’lPds’H: 19 @, . wg, Pv- CUg’ (57)
where wg = ¢”/*. Within this new setup, the quark and
lepton mass terms are still given by Eqgs. (6), (11), (25), and
(26) with 6(y) and 6(y — L) interchanged. As a result, both
quark and lepton mass matrices are determined to be of the
same forms as Eqgs. (8), (12), (27), and (28). Hence the
excellent global fit to the observed values of quark and
lepton masses and mixing parameters discussed in Sec. V
can be reproduced for adequately chosen values of the
coupling constants and bulk mass parameters. A basic
difference is that the right-handed neutrino masses would
be as low as 300 GeV in this scenario. The Dirac neutrino
Yukawa couplings would be correspondingly smaller so as
to keep the correct neutrino masses.

VIII. SUMMARY AND CONCLUSIONS

We have proposed a realistic five-dimensional warped
extension of the standard model where all leptons and
quarks propagate in the bulk, see Figs. 1 and 5. We have
assumed a 7" ® Z3 ® Z, family symmetry broken on the
branes by flavon fields. These are also responsible for
inducing lepton number violation as well as lepton flavor
violation which are therefore connected. This is a nice
feature of the theory, and implies that all the flavor violation
needed to account for neutrino oscillations comes entirely
from the Majorana seesaw sector. We have shown that
the model provides a consistent scenario for the flavor
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problem, in which fermion mass hierarchies are accounted
for by adequate choices of the bulk mass parameters, while
quark and lepton mixing angles are restricted by the flavor
symmetry. Neutrino masses are generated by the type-I
seesaw mechanism, with the Majorana mass terms of the
right-handed neutrinos UV localized, so that the large scale
required by the seesaw mechanism is naturally accommo-
dated in Eq. (11). This is the only fermion mass term that
arises from a Yukawa coupling in the UV brane. Turning on
this Majorana mass term M is crucial in order to induce a
viable pattern of neutrino masses and mixings. Without this
term neutrinos would be mass degenerate and unmixed
Dirac fermions. The flavor transformation properties of the
heavy Majorana block are dictated by the corresponding
flavon fields. Once these acquire their VEVs one gets
predictions for neutrino oscillations. Indeed, neutrino
mixing parameters and the Dirac CP violation phase are
all described in terms of just two independent parameters.
The resulting predictions for the neutrino oscillation
parameters are summarized in Figs. 2 and 3.

Likewise, our theory predicts a Ovpf decay rate within
reach of the upcoming generation of experiments, as seen in
Fig. 4. We have also discussed the predictions for tritium
beta decays and cosmology, given in Table II.

Finally, our scheme also provides a good description of
the quark sector and the CKM matrix, as seen in Egs. (46)
and (47), recovering the successful Gatto-Sartori relation
for the Cabibbo angle in Eq. (40). In fact, we have actually
performed a global flavor dynamics fit in our warped
scenario, obtaining very good results, presented in Table IV.
We have also studied the higher order corrections, showing
that they are small enough to be neglected. Finally, we have
commented on an alternative variant of the model, in which
the Higgs field lives in the bulk. Even though the setup is
quite different, the predictions for quark and lepton masses
and mixing parameters are kept unchanged.
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APPENDIX A: GROUP THEORY OF T’

The T" group is the double covering of the tetrahedral
group Ay. It has 24 elements that can be generated by two
generators S and T obeying the relations,’

The T’ group can also be equivalently expressed in terms
of three generators S, 7, and R with S2 =R, RT = TR, and
(ST =T =R* =1 [21,23,47,48].

St= (ST} =713 =1, S2T =TS (A1)
The T’ group has seven inequivalent irreducible represen-
tations: three singlets 1, 1/, and 1”, three doublets 2, 2’ and
2", and one triplet 3. The representations 1’, 1”7 and 2, 2" are
complex conjugated to each other, respectively. The two-
dimensional representations 2, 2/, and 2” are faithful
representations of 7’ group, while the odd dimensional
representations 1, 1’, 1”7, and 3 coincide with those of A4. In
the present work we shall adopt the basis of [47,48]. For the
singlet representations, we have

1: S=T=1,
1: S=1,T = w,

1: S=1.T = o?, (A2)

with @ = /3. In the doublet representations, the gen-
erators S and T are given by
(5 1)
01)

5 g 1 < i \/zeiﬂ/u)
: \/§ _\/Ee—iﬂ/IZ —i ’

o g 1 < i \/Eem/u) <w2 O>
T B\ —2emin/12 —i ’ N0 w/
5. S:—L< i ﬁem/lz> _ (1 0 >
i\oyzemz i) 0 o
(A3)
For the triplet representation 3, the generators are
. -1 2 2 1 0 0
S:§ 2 -1 2], T=|0w O (A4)
2 2 -l 0 0 o

Notice that due to the choice of complex representation
matrices for the real representation 3 the conjugate a* of
a~3 does not transform as 3, but rather (aj,daj,a?)
transforms as triplet under 7”. The reason for this is that
T* =UITU; and S* = ULISU; =S, where U; is the
permutation matrix, which exchanges the second and third
row and column. Similarly, notice that the irreducible
representations 2 and 2" are complex conjugated to each
other by a unitary transformation U, with

U 0 -1
> \1 o)
ie, T = U;Tzn U, and S5 = U;Szn U,. Besides, the real
doublet representation 2’ and its complex conjugation are

(AS)

also related by the unitary transformation U,, i.e, T3 =
U;TZ/UZ and S5, = U;SZ/UZ. Thus we have
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b= (by, bz)T ~2,—> (—b? bT)T ~2",
b = (b, bz)T ~2" — (=b3, b]*)T ~2,

b= (by,by))T ~2',— (=b5,b1)T ~2. (A6)
In the following, we collect the Clebsch-Gordan coeffi-
cients for the decomposition of product representations in
our basis, all the results are taken from [47,48]. We use a; to
indicate the elements of the first representation of the
product, f; to indicate those of the second representation.
For convenience, we shall denote 1=1°,1'=1!, 1" =12
for singlet representations and 2 = 2°, 2’ = 2!, 2" = 22 for
the doublet representations.

The contraction rules involving singlets representations
in the product are as follows,

1°® 10 = 1a+b(m0d 3) o (Zﬂ, (A7)
19 ® 20 = 20+b(med 3) <aﬂ ! ) (A8)
af,
afs
1®3=3~|ap |, (A9)
ap,
af,
1"®3=3~| ap; |. (A10)
af

where a, b = 0, 1, 2. The contraction rules for the products
of two doublet representations are

2®2=2Q@2"'=31
U'~ap, —ap

e™bayp,
with ) All
3~ %eﬁnm(alﬂz +ap) |, (AlD)
ap
2®2/:2N®2//:3®1//
1"~ oy, — a5
ith “/ (A12)
1 .
W 3~ el”/éazﬂz ,
\/%en”/lz(alﬁﬂ'azﬂl)
2®2'=2Q@2 =31
1~af,—apf;
L oiTn/12(q B 4 o
with NG (a1 2b) (A13)
3~ a1 f
eiﬂ/60[2ﬁ2

The products of doublet and triplet representations are
decomposed as follows,

203=2¢2¢2"
2~ < aify —V2e" 2oy )
—arfy + V25 2a By )
2/~ ( afr— \/ieﬂﬂ/lzazﬁ_% )
—ayfy + V25 2a By )
2/~ < afs — \/Eenﬂ/lzaz/)]l )
—ayfy + V25 20, B, )

with (Al14)

2@3=20202
2~ < B3 —V2e" ey )
~aBy+ V265 2B, )
ap— \/Eeﬂﬂ/lzaz/}z
—ayf) + V2657 2, s >
2"~ ( a1y = V2 2y s >
~ayfy + V265 2 By )

with { 2/~ ( (A15)

2'R3=2¢2¢2"
2~ < a1y — V2e" 2 ay s >
—axfy + V25 20, By )
2~ ( a3 — V2 2y By >
—arfy + V25 2a B, )
2/~ < a1 — V2" oy b, )
—afy + V2 2 By

with (A16)

Finally the contractions of two triplets are given by

33=3,03, 1011
200 — afp3 — azfr

3s~ | 20305 —aifr — oy |,
2a0 — a1 f3 — sy
mf3 — azf
with 3a~ | aify —apy |, (A17)
azfy — a1 fs

1~af) + axfps + azf,
V' ~a3fp5 + a1y + arfpy.
1" ~ oy, + a5 + sy,
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APPENDIX B: 5D PROFILES OF HIGGS
AND FERMION FIELDS

We formulate our model in the framework of Randall-
Sundrum model [14], assuming the bulk of our model to be
a slice of AdSs with curvature radius 1/k. The extra
dimension y is compactified, and the two 3-branes with
opposite tension are located at y = 0, the UV brane, and
y = L, the IR brane. The bulk metric is nonfactorizable,

ds* = e, dxtdx? — dy*. (B1)
In this paper we adopt the zero mode approximation which
identifies the standard model fields with zero modes of

corresponding 5D fields. If the Higgs field lives in the bulk,
its Kaluza-Klein decomposition is [49]

fu(y)

H(x*,y) = H(x*)~"=" 4 heavy KK Modes, (B2)

where f(y) is the zero-mode profile,

[2kL(0=P) 41 opioon
fuly) = l_e_weue(z Ak=L)  (B3)

with g = /4 + m%/k* and my as the bulk mass of the
Higgs field. For 5D fermion fields, the three families of

leptons and quarks and their SU(2), ® SU(2), assign-
ments are given as follows:

y[++] D[+—]
lei = e[++] ~ (2’ 1)7 lPei = e[__] ~ (17 2)7

(B4)

(BS)

where the two signs in the bracket indicate Neumann (+4) or
Dirichlet (—) boundary conditions (BCs) for the left-handed
component of the corresponding field on UV and IR branes,
respectively. The Kaluza-Klein decomposition for the two
different BCs are

2ky
wlH (e, y) = eﬁ{w () f1(y.c1) +heavy KK modes},

(B6)

2ky

y= (' y) = = {yr () fr(y.cx) +heavy KK modes},

N

(B7)
with v =v;, e;, N;, u;, d;. The 5D fields with [+4] BCs
only have left-handed zero modes, and those with [——]

BCs only have right-handed zero modes. The functions
fr(y,cp) and fg(y, cg) are the zero mode profiles [50-52]

1—2c¢; kL i
frlyer) =y e(“_zq#_le“’“‘%

(14 2cg)kL .
Fr(y.cr) = Mﬁe ", (B8)

where ¢; and cy represent the bulk mass of the 5D fermions
in units of k.

APPENDIX C: VACUUM ALIGNMENT

In this section, we will investigate the vacuum alignment
of the flavon fields ¢, o;, ¢,, and p,. At the IR brane
y = L, the scalar potential invariant under the flavor
symmetry 7’ and the auxiliary symmetry Z; x Z, takes
the following form

Vir :Mé((m(ﬂ}‘)l +Mf2;0107 +1(@0) v (@] 9] )y
+ f2e7 0 ((101)3 (0] 07 )3t
+ 30767+ f4(@19] 10107,
=M (pn @iy +0n9h) +Me0,67 + f2(0n @) +9neh)?
+£301077 + f40,0] (@n @} + 9n@h). (C1)

where the parameters M2, M2, f,, f. f3, and f, are real
free parameters. For the field configuration

(@) = (L.0)v,,.  (o1) = vg,. (C2)
the minimum conditions of the IR potential read
ov
a(pU?IV = U(/,I(Mi + 2f21}(/}[1]:;71 +f41]0'11}:71) =0,
oV
Wy,
Ipp
oV
Gor = Un(Ma 2300 vt favy ) = 0. (CY)
and the solution is
faMG=2f3M;, faMg=2f,M;
0 P = 0= (C4)

Afafs=13 Afafs—fi
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At the UV brane y = 0, the most general renormalizable scalar potential Vyy for the flavon fields ¢, and p, is given as

Vuv = M(0.00)1 + Ma(pupy)1 + 91((0,0.)1(@00)1)1 + 02((0u0) 1 (@300)1)1 + 93((0,0.) 1 (9503)1 )1
+ 94((0u0,)3s (@003, + 95(@.00)1(Pp2) )1 + 96((@.00) v (PuPY) 1)1 + 97((@0000) 1 (PPl )1
+ 98((0.00)3, (PP} )3g)1 + 90((@0.00)3,(PuP})3, )1 + G10((@.07)3, (PuPY)3); + 911 (@.07)3, (PPY)3, )4
+ 912((Pup )1 (PP 1)1 + 913((Pup) 1 (P2P3) 1)1 + G1a((Pup) v (P2p2) 1)1 + 915 (o )3 (PEP2)36),
+ [916((@.0)1(P2P0)1 )1 + 917 (@)1 (P2P2) 1)1 + 918((@ )1 (PPY )1
+ g19((@.0.)3,(PP})3), + Hecl, (Cs5)

where the coupling parameters M ; and g;_,5 are real, while the remaining coupling parameters g4 17,1319 are complex.
For the desired flavon vacuum alignments

(p,) = (1,20, 20)v,, (po) = (1,20, —20*)v,, . (Co6)

we find the minimization conditions are

%‘;I;I/ =A; —12(3g3 — 2i\/§glo)”<m|vm|2 = 724197, 75, = 0,

%VT;Z = —20%[A; + 3(6wg5 — (3 + iV3)g10)v,, v, [* + 360439}, v}, ] = O,

?9‘;[;: = “2w[A, +3(60gs + (3= iV/3)g10)v,, |v,,|* + 36w giov5, 12 ] =0,

88‘//)—;1\/ =A, —12(3g3 + 2i\/§g9>”pb|”wp ?- 729191];1]5’“ =0,

%‘[/’g’ = —2w[A; + 3(6w?gs — (3 - i\/§)99)vﬂy|”%|2 +360°g190;,v5,] = 0,

T 207l + 3(60s + 3+ V)l P+ 30010513 = 0. ©)

with

Al = Mlv(/zb + ]8(91 + 494)1](/)D|U(/7,,|2 + 9951}(/7,,|U/),,|2 + 1891667};;7,,7}/2)»7
U{pb |2 + 18(912 + 4915)U/)y|7}/)b|2' (C8)

A2 = Mz?)/)u -+ 189161};»”3& + 9951)/%

From above equations, we find that the nontrivial solutions can be achieved if the couplings gg ¢ 19,19 are vanishing. Under
such assumptions, the minimization conditions are simplified into

oV oV oV
N — A, =0, N = 20?4, =0, ¥ =-2w4, =0,
a(pyl 8(pl/2 agol/f’
)% oV )%
N —4,=0, N — 20A4,, N — 204,. (C9)
apyl ava pz/3

One sees that the assumed vacuum alignment of the flavon fields can, indeed, be achieved within certain regions of
parameter space.
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