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ABSTRACT: We examine the possibility of building a natural non-supersymmetric model of
spontaneous CP violation equipped with the Nelson-Barr (NB) mechanism to address the
strong CP problem. Our approach is to utilize a doubly composite dynamics where the first
confinement of the CFT occurs at the scale of spontaneous CP violation (SCPV) and the
second confinement at the TeV scale. A holographic dual description of this 4D set-up via
a warped extra dimension with three 3-branes provides an explicit realization of this idea.
In this model, radiative corrections to the strong CP phase are well under control, and the
coincidence of mass scales, which we generally encounter in NB models, is addressed. Our
model also provides an explanation to the quark Yukawa hierarchies, and a solution to the
gauge hierarchy problem just as in the usual Randall-Sundrum model with the Higgs being
localized on the TeV brane.
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1 Introduction

The strong CP problem, namely why CP violation in the strong interaction is so small,
i.e. § < 10719, is one of the outstanding puzzles in particle physics. There is no symmetry
protecting # to be small within the Standard Model (SM), similar to the case of the Higgs
mass. But, even worse than the case of the Higgs mass, there is no known direct anthropic
solution to it. The most well known solution is the Peccei-Quinn solution with the QCD
axion [1, 2]. As an alternative, spontaneous violation of the CP symmetry [3-13] is a
promising paradigm of physics beyond the SM, which also realizes the Cabibbo-Kobayashi-
Maskawa (CKM) phase of the quark-mixing matrix.! The most popular realization of the
idea is known as the Nelson-Barr (NB) mechanism [8-10] where the QCD vacuum angle 0
is protected under the spontaneous CP violation at the classical level by the structure of
an extended quark mass matrix. A minimal model was proposed by Bento, Branco and
Parada (BBP) [17], which introduces a vector-like pair of SU(2)y, singlet quarks and SM
singlet scalar fields breaking the CP symmetry spontaneously.

However, the NB models encounter several theoretical challenges (see, for example,
a well documented summary in [18]). First, to suppress higher-dimensional operators
destroying the NB mechanism, the scale of spontaneous CP violation must be hierarchically
smaller than a cutoff scale of the theory. In non-supersymmetric models, fine-tuning caused
by quadratically divergent radiative corrections to the masses of the CP-violating scalar
fields is even worse than that of the original strong CP problem. Second, although the
NB mechanism works at the classical level, an unacceptably large value of 6 is generated
radiatively in general. These issues can be addressed when we consider supersymmetric NB
models where supersymmetry breaking is provided by gauge mediation. Loop effects on 6

1Spontaneous CP violation also plays a role in suppressing contributions to electric dipole moments in
supersymmetry [14-16].



in this case have been estimated in ref. [19] (see also refs. [18, 20-23]). Another approach to
protect a hierarchically small scale of spontaneous CP violation is to utilize a strong dynamics
which makes the CP-violating scalar fields composite, while additional gauge symmetries
may be introduced to suppress the contribution to @ (see e.g. [24, 25] for recent works).

In this paper, we explore a non-supersymmetric NB model based on the BBP model [17]
to realize a hierarchically small scale of spontaneous CP violation and to sufficiently suppress
radiative corrections to . We introduce a warped extra dimension with three 3-branes
whose typical energy scales are given by the Planck scale, the scale of spontaneous CP
violation and the TeV scale, respectively. Warped extra dimension models with multiple
branes have been explored in various studies [26-49] and the radion stabilization for multiple
branes has been established [50]. According to the AdS/CFT correspondence [51-53], a
5D three-brane model is dual to a nearly-conformal strongly-coupled 4D field theory where
spontaneous breaking of the conformal symmetry takes place via confinement twice [42].
Three branes are essential to forbid dangerous operators leading to a large 6. We find that
the model can solve the strong CP problem without fine-tuning. Furthermore, the model
accommodates the mechanism to explain fermion mass hierarchies through localized profiles
of bulk SM fermions [54, 55]. This feature does not exist in supersymmetric models and
delivers a unique advantage to our model.

The rest of the paper is organized as follows. In section 2, we review the NB mechanism
and the BBP model. Section 3 presents our warped extra dimension model with three
3-branes to solve the strong CP problem without fine-tuning. In section 4, we discuss
corrections to @ in our model. Section 5 is devoted to conclusions. Details about a 5D
fermion in the three 3-brane setup are summarized in appendix A.

2 Nelson-Barr mechanism

Let us start with a review of the NB mechanism [8-10] and the BBP model [17] as its simplest
realization. We assume that our Lagrangian is invariant under the CP transformation. The
CP symmetry is only spontaneously broken by vacuum expectation values (VEVs) with
nonzero phases of SM singlet complex scalar fields 7, (a > 2). We also introduce a vector-like
pair of quarks qg, gz where gy is in the same representation as the right-handed down-type
quarks d under the SM gauge group. To suppress unwanted terms, a Zy (N > 3) symmetry
is imposed. The newly introduced fields qq4, g4, 7 have charges +1, —1, —1, respectively, i.e.
mi/Ng g — e 2m/Ng, Ng — e_ZWi/Nna, while the SM fields are

neutral.? The relevant part of the Lagrangian is then given by

LNB = patada + Y 0% adady + > YinHQpdy (2.1)
a,f I

where 4 is a real parameter with a mass dimension one, f = 1,2, 3 denotes the flavor index

they transform by ¢ — e

and agf, def, are real dimensionless couplings. The third term is the ordinary Yukawa

2We may consider a Zs symmetry instead of the Zy (N > 3). In that case, a CP phase can be provided
into the SM sector with only one 1, (a = 1) by £ ~ Zf(afm + a/sn7)qady. In addition, e.g. the first term
in eq. (2.4) is not dangerous anymore with only one 74, but now we have another dangerous operator like
LD Bnidaqa.



interaction with the left-handed quark @ and the Higgs field H. We focus on the parameter
space with pg, agf(na> > 1TeV. Then, the first and second terms in eq. (2.1) make one
linear combination of ¢ and d massive, while the other combinations give the SM down-type
quarks that obtain nonzero masses from the third Yukawa term.

The observed CKM phase is provided when p is comparable to |ad #Nal [24, 56]. On the
other hand, the QCD vacuum angle,

0 = 0 — arg(det M, - det My), (2.2)

is not generated at the tree level. Here, M, is the 3 x 3 up-type quark mass matrix and My
denotes the 4 x 4 down-type quark mass matrix including the vector-like quark components,

T (ud > 0 (na) ) _

= (5 S (2.3)

Note that only one off-diagonal block includes complex phases due to (n,) while the other
off-diagonal block is zero, leading to a real det M.

The BBP model, however, suffers from corrections to the down-type quark mass My
which generally induce a non-zero #. The discrete Zy symmetry cannot forbid higher
dimensional operators such as

£5 Pnadaga + 5 HQGa, (2:4)
where A denotes a UV cutoff scale and coefficients of the terms are omitted. If A is given
by the Planck scale Mpy, the absolute values of (n,) must be much smaller than the Planck
scale, |(na)|/Mpy < 10710, to satisfy § < 10719, Since the theory is non-supersymmetric,
this leads to another naturalness problem which is more serious than the strong CP problem
itself. Furthermore, a large 6 can be generated by radiative corrections. We can write down

LD vt H'H + Yapeananpning + h.c. (2.5)

where v, and Ygpeq are dimensionless coupling constants. The first and second terms in
eq. (2.5), respectively, lead to corrections to # at one and two loops with the interactions in

eq. (2.1), which may be estimated as [18§]

57 | 2ocar e (2.6)
16m2Mep |’ '

50 92’7abcdagfagf77;"7d (2.7)
167202y | |

where Mcp represents the scale of spontaneous CP violation, g denotes a SM gauge coupling
and the complex phases of 7, are assumed to be O(1). In the next section, we will present
a simple solution to suppress these dangerous contributions to 6.
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Figure 1. A schematic picture of the setup. Here, ¢ denote ¢, and ¢4 while ¢ denote ¢, and gq.

3 The model

We consider a 5D model whose extra dimension is compactified on the S'/Z5 orbifold. The
spacetime geometry is described by the metric,

ds?® = e_ZA(y)nw,d:c“da:“ — dy. (3.1)

Here, y € [0, yir] denotes the fifth coordinate and A(y) is a function of y. Three 3-branes
are introduced: two of them are located at the orbifold fixed points y = 0, yig which we call
the UV and IR branes, respectively. The other brane is at y =y (0 < y; < yir), which we
call the intermediate brane. The subregions 1,2 are defined as the bulk region of 0 < y < y;
and the region of y; < y < yr, respectively. The warp factor A(y) is different for each
subregion,

(3.2)

k1y (subregion 1)
Aly) = on 1)
ko(y —y1) + kiyr  (subregion 2)

where k12 are constant with mass dimension 1 and we assume ko > k1 to avoid a tachyonic
radion corresponding to the intermediate brane tension. See ref. [50] for a more detail
discussion about the three 3-brane setup and the radion stabilization.

To implement the NB mechanism, we assume that all the complex scalar fields 7, are
localized at the intermediate brane. These fields obtain CP-violating VEVs around the
mass scale ~ k1e 1Y% owing to the warped geometry.

As for the vector-like quarks, we introduce ¢4 as a chiral zero mode from a 5D fermion
¥, living in the subregion 1 and ¢4 as a 4D fermion localized at the UV brane. The 5D
down-type quarks ¥ d including d ¢ as zero modes live in the subregion 2. In addition to
those quarks, we introduce another vector-like pair of quarks by putting a 5D fermion ¥,
in the subregion 1 and a 4D fermion ¢,, which has the same charge as the right-handed
up-type quarks, at the UV brane. The 5D up-type quarks W3, including uy as zero modes
live in the subregion 2. The SM gauge fields live in the whole bulk region. The other SM
fermions, and the SM Higgs field live on the IR brane. A schematic picture of our model is
shown in figure 1. The reason that SU(2); doublet quarks @ live only on the IR brane is



to avoid potentially large radiative corrections to 6. For the same reason, we assume that
\Ilgf and Wz, live only in the subregion 2 instead of the whole bulk region. It is also noted
that a naive extension of the BBP model only requires ¥ ds live in the subregion 1 and the
right-handed up-type quarks w live at the IR brane. However, again, to suppress corrections
to @, we do not take this option. We discuss in more detail about the motivation to adopt
our setup in the next section.

The first term in eq. (2.1) is introduced by a UV brane-localized coupling,

5D /d490\/ |9inl fatbg,da +hec.|

) / d*x pgqaga + h.c. (3.3)

Here, gi, denotes the determinant of the induced metric on the UV brane, i.e. |gin| = 1,
and g, is the left-handed component of ¥,,, which contains g, (x,vy) 3 f4,(y)gi(z) with
the bulk profile of the zero mode f,,(y) whose normalization is determined so that g4
is canonically normalized. The parameter fi4 is naturally given by fig ~ ki/ 2, while the
parameter g can be hierarchically different from ki depending on the bulk profile of ¢q,

_ (1= 2¢4)kn
Ha = lu'ded(O) - Md\/e(IQqu)klyI -1 ) (34)

with a dimensionless bulk mass parameter c¢,, when the bulk mass of v, is parametrized in

units of k1. See appendix A for more details about a 5D fermion in the three 3-brane setup.
The second term of eq. (2.1) is obtained on the intermediate brane,

S5 /d%«, Nowl 3t pnatbgutog, + e
a7f

D Z/d41‘ agfnaqdczf + h.c., (3.5)
a.f

=Y1

where dg 7 is a constant with mass dimension —1 and ¢ d; denotes the right-handed component
of the 5D fermion ¥ d; The order of magnitude of ]ag fna\ may be suppressed compared to
14| = k1e~*1¥1 depending on the bulk profiles of ¢g and d ¢- As discussed in the previous
section, the observed CKM phase can be provided for ug = ]ag fna\. In fact, in our setup,
the mass parameter py can be much smaller than the Planck scale by assuming that g is
localized toward the intermediate brane, so that we can realize |a% fna\ ~ tq- The Yukawa
interaction terms in eq. (2.1) are obtained on the IR brane where the Higgs is localized.?

3Note that there does not exist terms involving only the down-type quarks and 7q,

S~ | &xy/lgin|(naVq, ¥q,8(y —y1) +hec),

because of the Dirichlet boundary condition for ¥ ; , on the intermediate brane.



We also have the similar couplings for ¥g,, ¥,, and gy, i.e.

SD /d%@ﬂu%ﬂu + h.c. ’

y=0
D /d4x HuQuGu + h.c. (3.6)
SD /d4aj, /| Gin | Z&ana¢qu¢ﬂf + h.C.)yin
a7f o
> Z / d'z g fMaQutly + h.c. (3.7)

a,f

Here, f[i, ~ KL/2, Iy 1S & mass parameter determined via fi,, and agf are dimensionless
couplings.

We encounter the coincidence of two apparently uncorrelated mass scales, namely
v and aqf(n), in a generic NB model.? However, in our framework, the existence of the
intermediate brane together with the localization of the g-field towards that brane provides a
prescription to the coincidence problem. The intermediate brane naturally provides the mass
scale of (). Meanwhile, the overlap of the UV brane-localized ¢ and (quasi-)intermediate
brane-localized ¢ determines p, which is controlled by the intermediate brane mass scale
as seen in eq. (3.4) for ¢, = —O(1). Furthermore, in terms of the dual 4D description, ¢
is elementary whereas ¢ is (mostly) composite. Hence, the prescription to the coincidence
problem is similar in nature to the solution for the hierarchy problem in warped extra
dimension models.

Compared to the original BBP model, our model contains KK excitation modes
corresponding to g, 4, d, @, and the SM gauge bosons. These KK excitation modes lead to
new diagrams contributing to 6 together with flavor violation effects as we will discuss in
detail in the next section. To avoid potentially large corrections to @ and make our analysis
simple, we introduce a flavor protection mechanism in the basis shown in egs. (3.3), (3.5).%
We assume U(1)? = U(1); x U(1)3 x U(1)3 gauge symmetries in the whole bulk region where
each U(1) rotates quarks with the same flavor index f (= 1,2,3). Under the U(1);, ds has
charges (nds1,nd 2, ndyr3) with a positive integer n, @ has charges (—ndsi, —nd e, —ndys3),
and s has charges (ndfi,nd s, nd3). The U(1)? symmetries are spontaneously broken in
the subregion 1 by VEVs of three flavons ¢ living only in the subregion 1. Here, ¢ has
charges (81,027, d3¢) under the U(1);. The U(1)® symmetries are also explicitly broken
on the UV brane.® Since the U(1)® symmetries are unbroken in the subregion 2, the
quark Yukawa couplings are given by diagonal matrices.” The intermediate brane-localized
terms in eqgs. (3.5), (3.7) are suppressed by the flavon VEVs. By taking e.g. n = 5 and
(¢§)/Ms|y—y, ~ 1071, we obtain aZ’d ~ 10~° which is enough to suppress corrections to 6

4See [25] for a recent attempt to address the coincidence problem.

5The kinetic terms are canonically normalized. We call this basis as the gauge basis.

STf the explicit breaking terms are suppressed, we have axions [57, 58].

"Note that the Yukawa couplings after integrating out the heavy vector-like quarks are not diagonal, and
the CKM structure is obtained from the diaognal Yukawa terms and the ¢ — d (¢ — u) mixing terms on the
intermediate brane.
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Figure 2. A schematic picture of our setup for the U(1)? flavor symmetries. The U(1)3 are
spontaneously broken by VEVs of flavons in the subregion 1. The quark Yukawa couplings on the
IR (TeV) brane are given by diagonal matrices due to the unbroken U(1)3 symmetries. At the
intermediate brane, the flavons couple to @ and d, which lead to the terms in eqs. (3.5), (3.7). The
U(1)? symmetries are explicitly broken on the UV brane.

as we will discuss in the next section. Figure 2 shows a schematic picture of our setup for
the flavor symmetries. At the intermediate brane, we can write down flavor off-diagonal
kinetic terms of the SU(2), singlet quarks with some powers of the flavon VEVs. However,
these terms are suppressed well for e.g. n = 5 and (¢)/Ms|y—y,, ~ 107!, i.e. the ratio of
the diagonal and off-diagonal kinetic terms is given by ~ 10710,

The quark mass hierarchies and the CKM structure are given from the diagonal Yukawa
terms on the IR brane, and the terms on the intermediate brane of egs. (3.5) and (3.7)
in which the flavor symmetries are broken. As a demonstration, we assume the following
couplings,

(Y, Yah, Yih)
(Y17, Ya3, Yag
(a1 (na)s aga(na), ags(na)
(ag1(Ma)s ag2(Na)s aq3(Na

1.8 x 1074, 9.4 x 1074, 4.3 x 107?),

2.0 x 1074, 2.6 x 1072, 1),

0.19 +40.092, — 0.091 +40.18, 0.65 —i0.41)my,
—0.27 — 90.0084, 0.81 +i0.39, 0)my,

pa ~ 0.034my, py, ~ 0.0093my, (3.8)

~
~
~
~

~—~ —~ ~~

)
) &
)

)) ~

where Yﬁf/ denote the up-type quark Yukawa couplings, the off-diagonal elements of
Y4 are zero due to the flavor symmetries, and m; is a mass parameter given by m; ~
(Na)({@Df)/Ms5)"|y=y; - These couplings are reasonably reproduced by taking e.g. ki =~ kg =~ k,
kyir = 33, kyr = 17, n = 5, (¢5)/Ms|y=y, ~ 107!, and the following dimensionless bulk
mass parameters of T/JJfaT/fa ; and 9, , in units of k,

cam {1,0.93,0.66}, ¢, ~{1,0.7,0}, ¢4, ~—12. (3.9)

With the assumption of eq. (3.8), the up and down-type quark masses and the CKM



matrices are, respectively, given as

my ~ (1MeV, 1.3GeV, 173 GeV),
mg ~ (5 MeV, 120 MeV, 2.7GeV),

[Vadl [Vaus| [Vas|
[Vexm| = | [Veal [Ves| Vel (3.10)
[Vial [Vis| [Vial

0.98 0.18 0.0074
0.18 0.98 0.039
0.015 0.037 0.99

%

We also get the Jarlskog invariant, J ~ 1.2 x 1075.

4 Correction to 0

Let us first discuss how our warped extra dimension model can suppress contributions to 6
which are problematic in the non-supersymmetric BBP model. The model forbids the higher
dimensional operators presented as in eq. (2.4) at the tree level because ¢, 4 and 7, live on
different branes. The first term in eq. (2.5) is also forbidden at the tree level by the same
reason. The quartic interactions of 7, in eq. (2.5), however, cannot be erased in the similar
way because they live on the same brane. The contribution to 6 from those interactions
was estimated in eq. (2.7), and a simple solution to satisfy the condition 60 <1010 is to
assume the coefficients aZ}d are much smaller than O(1) like as}cd <1073, Such small aZ}d
are realized by the flavor symmetries as discussed in the previous section.

We now explore radiative corrections to 6 that are specific to our 5D multi-brane model.
It is important to note that all CP phases given from eq. (3.5) can be moved into the
up-quark sector of eq. (3.7) completely (or vise versa) by a phase rotation, Q@ — €'/ Qy,
Jf — e*io‘fczf and @y — e "%y where o are determined to erase the phases in agf<na>.
Note that only a pair of vector-like quarks is introduced in each of the down- and up-type
sectors, and the parameters pi, ¢ are 1 x 1 matrices, which make it possible to move all the
CP phases in the down-sector into the up-type sector. This implies that one needs both
up and down-type quarks in a diagram to obtain a non-zero correction to 8. We define
corrections to the tree-level up and down-type quark mass matrices M, q as 0M,, 4 so that

0 = argdet (M, + 0M,) det(My + §My)
= ImTr(R}6My, Loyt + RY6MyLauyt) + O(6M2,6M3, 6 M, My) , (4.1)

where R, 4,L, 4 denote unitary matrices diagonalizing M, 4, i.e. RLMULU = M, and
RZ,Mde = My where M,, and M are real and diagonal matrices. Note that M, 4 here are
different from Mu,d introduced around eq. (2.3), i.e. M, 4 are the up-type and down-type
quark matrices including ¢y 4, @u,q4, the SM up and down-type quarks and their KK modes,
respectively. The last line of eq. (4.1) denotes terms with higher orders of M, 4. Since we
have not found important corrections to 6 through these terms, we focus on corrections
through the leading order terms in the following discussion.
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Figure 3. A two-loop diagram involving h* and the first KK excitation of the gluon GV, Here, d,
u, qq and ¢, include KK excitation modes as well as zero modes. @, q, respectively, denote the up
and down-type quark components of ). We have omitted the flavor indices for notational simplicity.
The solid lines represent fermion lines, and the dashed lines denote boson lines including gauge
bosons and Higgs.

At the one-loop level, there is no diagram containing both up and down-type quarks
together with SM gauge bosons or their KK excitation modes. A correction to d My may
come from diagrams involving h* (NG bosons), which are however leading to [59]

o
0 oc Y TmTr (RYY, M (M, M])"YuLaM, ")
n=0
o
oc Y Im > (ML Py LaMZ ™ 2L PyLg)ii ) (Ma) i
n=0 7

=0. (4.2)

Here, Yy is the SM down-type Yukawa matrix and Py denotes a matrix projecting My on
vYy, ie. vYy = RdeLLPo. In the last equality of eq. (4.2), we have used the fact that
VijVjTi is real for a matrix V.® A one-loop correction to §M,, involving h* also vanishes
by the same reason. Therefore, we conclude that there is no sizable correction to 6 at the
one-loop level.

At the two-loop level, the number of diagrams which may contribute to 6 drastically
increases. To find relevant diagrams involving both up and down-type quarks, we require at
least one h* or W* in a diagram. In our warped extra dimension model, KK excitation
modes of the SM gauge bosons, up and down-type quarks and g, 4 can enter into a diagram.
Figure 3 shows a diagram which may lead to an important contribution to . The diagram
is given in the gauge basis and contains h* and the first KK excitation of the gluon G)
in the loops. A correction to 6 generated by this diagram is however suppressed by two
SM Yukawa couplings and three SM quark mass insertions. Moreover, the bulk profiles
of the down-type quark zero modes to explain the mass hierarchies give a suppression for
their couplings to the KK gluon whose profile is localized toward the IR brane. Therefore,
this diagram safely leads to # < 1070, Figure 4 is a diagram with different topology
which contains the first KK excitation mode of the down-type quark (the Dirac partner

8In other words, a one-loop diagram cannot contain both terms of egs. (3.5), (3.7).
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Figure 4. A two-loop diagram which contains the first KK excitation mode of the down-type quark
dM) (the Dirac partner of dV). The flavor indices are also omitted.

7(1)

of dV)). This diagram also includes 7d fl © )

qd, Mus ' qu and Ny’ Gu couplings suppressed by
their profiles. To obtain a sufficient suppression, we require exp(—kyr)/ exp(—kyr) < 107°
where we assume k; &~ ks = k. Consequently, we require two conditions to realize § < 1010
at the two-loop level: the mass hierarchies of SM quarks are explained by their bulk profiles,
and a distance between the intermediate and IR branes is large enough, ¥ —¥r) <« 1075,
Under these conditions, we have also investigated diagrams involving e.g. h* — h*, h* — b0,
hEt — W+, W+ — h% and found no dangerous corrections to 6.

The kinetic term of ¢, 4 can be modified by interactions with 7, on the intermediate
brane,

L > iZya (na/Mi, 15 /M) 4}, 15" Duttua (4.3)

where M; ~ kie "% represents a cutoff scale of the intermediate brane. Since
Zu.a((na) /My, (%) /M) is a real number, it does not provide a new correction to . However,
Zuy,d (Ma/Mz,n} /M) may contribute to 6 through diagrams such as the one shown in
figure 5. This diagram leads to a correction to the ugqqq term, i.e. a CP phase is provided

in the diagonal component of M. The correction to 6 is estimated as

~ 1 \? <77a><17b>aﬁfa§f
68 ~ | ( ) ‘ , (4.4)
abaf 1672 A

where we have assumed coefficients in Z; (1, /My, n};/Mi) are O(1). This correction can be suf-
ficiently suppressed by a¢ 7 < 1073 that is required to suppress the contribution from eq. (2.7).
We note that modified kinetic terms of 4 and d do not give relevant corrections because their
off-diagonal components are suppressed by the flavor symmetries introduced in section 3.

Let us comment on corrections from KK modes of the U(1)? flavor gauge fields and
flavons. The former corrections are given by replacing the KK gluon in figure 3 with a KK
mode of the U(1)? gauge field. The corrections depend on the U(1)? gauge couplings, and if
the couplings are tiny, they are suppressed. The flavons ¢ couple to d, u in eqgs. (3.5), (3.7)
like £ ~ gb*%i/}g’tqu + ¢*5m/1711/1qu + h.c., as well as the d, @ kinetic terms. The corrections
are suppressed for small flavon VEVs, (¢)/Ms|,—,, < 1, and large flavor charges of quarks,
n > 1. Therefore, we conclude that the corrections from KK modes of the flavor gauge
bosons and flavons can be sufficiently small and hence do not pose a problem.

~10 -
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Figure 5. An example diagram contributing to . The wavy lines denote the SM gauge bosons.

5 Conclusions

We have explored a doubly composite dynamics via a holographic warped extra dimension
model with three 3-branes that realizes the NB mechanism to address the strong CP problem.
The scale of spontaneous CP violation was introduced as the scale of the intermediate brane.
We have shown that three branes are essential to forbid dangerous operators leading to a
large 6. With the help of flavor symmetries for quarks, the model can solve the strong CP
problem without fine-tuning. The SM quark masses and mixings are naturally explained by
the bulk profiles of the quarks.
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A 5D fermion in three 3-brane models

We consider a Dirac fermion ¥ living in the whole 5D spacetime whose metric is given in
eq. (3.1) in the main text. The action is

) 3 _ _ _
S :/ Idy/d4x\/§ [; (\I/I‘MGM\I/ - anerq/) - mmw}
0

Y = _ _
+ / "y / d'z./g B (TTM 05w — 9y WM W) mw\w} , (A1)
Y1
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where M = (u,y) and we have defined

FMEe]\g,YA’ MN _ M N  AB (AQ)

with the vielbein e} which is non-zero for diagonal components, i.e. e/, = eA(thg, ey = 1.

(27) e (3w

ot =(1, o), ot =(1,-0). (A.4)

The gamma matrices are

,YA

1]
)
_®

|
o~
)
N
-2
*
|

Here, o denote the Pauli matrices. Note that the dependence on the spin connection is
canceled in the equation of motion as in the case of the two 3-brane setup.
The bulk equation of motion is obtained from the variation of the action (A.1),

M2yl 9, U — 95Uy + k1a(—c12+2)0y =0, (A.5)
12Vl Uy + 050 — kia(cra +2)¥- =0, (A.6)

where my, , = c1,2k12 and W4 denote the left and right-handed spinors defined as

_ (Y _ (¥ (0
(i) e

\I’i = :F’Y5\I’:|: . (AS)

By using the Dirac equation iy“@u\lfi” ) = mn\Ifin ), the above equations are further reduced to

35¢$L) +kia(c12 — QWT) = €k1’2ymn¢(_n) , (A.9)
—950™ 4 kya(er o+ 2" = eFravm, (Y. (A.10)

In the variation of the action, the boundary terms on the UV and IR branes vanish when
U, V_=0 and 00_V¥, =0 (A.11)
are satisfied while the boundary term on the intermediate brane vanishes for
SV, [U_]|ymyy =0 and 6U_ [T ]]y—y, =0, (A.12)
where [X]|y—y, = limc0 X (yr +€) — X (yr — €). Thus, we require

w+|y:yUV,IR =0 or d}*’y:yUV,IR =0, (A'13)
[V4]ly=y =0 and [V-]ly=y =0, (A.14)

as boundary conditions at the three branes. By taking the Dirichlet condition on the
UV and IR branes for ¥ (¥_), the zero mode solution for W, (¥_) becomes trivial, i.e.
U, =0 (V_ =0) for the whole space. Then, only the right-handed (left-handed) spinor
appears as a massless mode as given in the two 3-brane case.
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