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Flavor structure with multi-moduli in 5D supergravity
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We study five-dimensional supergravity on S!/Z, with a physical Z,-odd vector multiplet, which yields
an additional modulus other than the radion. We derive four-dimensional effective theory and find
additional terms in the Kéhler potential that are peculiar to the multi-moduli case. Such terms can avoid
tachyonic soft scalar masses at tree level, which are problematic in the single modulus case. We also show
that the flavor structure of the soft terms are different from that in the single modulus case when
hierarchical Yukawa couplings are generated by wave function localization in the fifth dimension. We
present a concrete model that stabilizes the moduli at a supersymmetry breaking Minkowski minimum

and show the low-energy sparticle spectrum.
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I. INTRODUCTION

Supersymmetry (SUSY) is one of the most promising
candidates for physics beyond the standard model. It solves
the gauge hierarchy problem in a sense that it stabilizes
large hierarchy between the Planck scale Mp ~ 10" GeV
and the electroweak scale M., ~ 10> GeV under radia-
tive corrections. Especially the minimal supersymmetric
standard model (MSSM) predicts that the three gauge
couplings in the standard model are unified around Mgy =
2 X 10'® GeV, which suggests grand unified theory
(GUT). It also has a candidate for cold dark matter if the
R parity forbids decays of the lightest SUSY particle.
Besides, the existence of SUSY is predicted by the super-
string theory, which is a known consistent theory of quan-
tum gravity, together with extra spatial dimensions other
than the observed four-dimensional (4D) spacetime.

Since no SUSY particles have been observed yet, SUSY
must be spontaneously broken above M,,.,. Such effects in
the visible sector are summarized by the soft SUSY break-
ing parameters. Arbitrary values are not allowed for these
soft parameters because they are severely constrained from
the experimental results for the flavor changing processes.
This is the so-called SUSY flavor problem.

Models with extra dimensions have been investigated in
a large number of articles since the possibility was pointed
out that the gauge hierarchy problem is solved by the
introduction of extra dimensions [1,2]. Extra dimensions
can play many other important roles even in the case that
the gauge hierarchy problem is solved by SUSY. For
instance, they can generate the hierarchy among quarks
and leptons by localized wave functions in extra dimen-
sions [3]. In fact, SUSY extra-dimensional models have
attracted much attention as candidates for physics beyond
the standard model.
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In many works on extra-dimensional models, the size
and shape of extra-dimensional compact space are treated
as given parameters of the models. However, they should
be considered as dynamical variables called the moduli and
should be stabilized to some finite values by the dynamics.
In order to discuss the moduli stabilization in SUSY extra-
dimensional models, we have to work in the context of
supergravity (SUGRA). The moduli belong to chiral mul-
tiplets when a low-energy effective theory below the com-
pactification scale is described as 4D SUGRA. Vacuum
expectation values (VEVs) of the moduli determine quan-
tities in the 4D effective theory such as Mp,, the gauge and
Yukawa couplings. Moduli stabilization is also quite rele-
vant to the soft SUSY breaking terms because moduli
multiplets generically couple to the visible sector in the
effective theory, and their F-terms are determined by the
scalar potential that stabilizes the moduli themselves.

Five-dimensional (5D) SUGRA compactified on an or-
bifold S'/Z, is the simplest setup for SUSY extra-
dimensional models and has many interesting features
which are common among them. Furthermore, it has an
off-shell description that makes the SUSY structure mani-
fest and also allows us to deal with the actions in the bulk
and at the orbifold boundaries independently [4—6]. There
is another advantage of SD SUGRA models, that is, the
explicit calculability of 4D effective theory. This is in
contrast to the superstring models whose 4D effective
theories are complicated and difficult to be derived explic-
itly. On the other hand, the 4D effective theory of 5D
SUGRA models can be easily calculated by a method
which we call the off-shell dimensional reduction [7].
This is based on the N = 1 superspace' description [8,9]
of 5D conformal SUGRA and developed in subsequent
studies [10,11]. This method has the advantage that N =
1 off-shell SUSY structure is kept during the derivation of
4D effective theory. Furthermore, this method can be ap-

!N =1 SUSY denotes four supercharges in this paper.
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plied to general 5D SUGRA models. For example, we
analyzed some class of 5D SUGRA models by using this
method, including the SUSY extension of the Randall-
Sundrum model [12] and the 5D heterotic M theory [13]
as special limits of the parameters [14]. The effective
theory approach makes it easy to discuss the moduli stabi-
lization in these models.

In 5D models, there is only one modulus that originates
from the extra dimension, that is, the radion. Most works
dealing with 5D SUSY models assume that it belongs to a
chiral multiplet as the real part of its scalar component
(see, e.g., Ref. [15]). However, this is only true for models
that have no zero mode for the scalar component of a 5D
vector multiplet. If there exist such zero modes in 4D
effective theory, the radion must be mixed with them to
form a chiral multiplet. In this sense, those zero modes are
on equal footing with the radion,” and thus we also call
them moduli in this paper. They actually correspond to
shape moduli of the internal compact manifold when the
5D SUGRA model is the effective theory of heterotic M
theory compactified on a Calabi-Yau three-fold [ 13]. In this
paper, we will consider 5D SUGRA with multi-moduli and
investigate its effective theory, focusing on the flavor
structure of soft SUSY breaking parameters. Such flavor
structure was studied in Ref. [16] in the single modulus
case. The main results there are the following. First, the
soft scalar masses tend to be tachyonic at tree level. This
problem can be solved by sequestering the SUSY breaking
sector from the visible sector because the quantum effects
dominate over the tree-level contribution in such a case.
However, the generation of the Yukawa hierarchy and the
sequestering of the SUSY breaking sector cannot be
achieved simultaneously if they are both realized by local-
ized wave functions in the fifth dimension.

The essential difference from the single modulus case
appears in the Kéhler potential in 4D effective action. This
difference comes from contributions mediated by the
Z,-odd N = 1 vector multiplets. Although they have no
zero modes and do not appear in effective theory, the
effective Kihler potential is modified after they are inte-
grated out. We show that this contribution can save prob-
lems in the single modulus case, which are mentioned
above.

In the multi-moduli case, it is generically difficult to
explicitly calculate wave functions in the fifth dimension
for 4D modes because the mode equations are complicated
coupled equations. This makes it hard to derive 4D effec-
tive theory by the conventional Kaluza-Klein (KK) dimen-
sional reduction. In the off-shell dimensional reduction,
however, 4D effective theory is obtained without calculat-
ing wave functions explicitly. This is also one of the
advantages of our method.

’In fact, the radion is regarded as a zero mode for the scalar
component of the graviphoton vector multiplet in the off-shell
5D SUGRA description.
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Moduli stabilization and SUSY breaking are discussed
in a specific model. We consider a situation where SUSY is
broken by the F-term of one chiral multiplet X in the
effective theory. By utilizing a technique developed in
Ref. [17], we find a vacuum where moduli are stabilized
properly and the F-term of X is certainly a dominant source
of SUSY breaking. We also examine the flavor structure of
soft SUSY breaking parameters at M, in this model by
using the renormalization group equations (RGEs).

The paper is organized as follows. In Sec. I, we give a
brief review of our method to derive 4D effective theory of
5D SUGRA on S'/Z,. In Sec. III, we discuss generic
properties of the soft SUSY breaking parameters in the
multi-moduli case. In Sec. IV, moduli stabilization and
SUSY breaking are discussed in a specific model, and
soft SUSY breaking parameters at M, are evaluated
by numerical calculation. Section V is devoted to the
summary. In Appendix A, we comment on how the
Z,-odd part of the 5D Weyl multiplet appears in 5D action.
A detailed derivation of the effective Kéhler potential is
provided in Appendix B.

II. 4D EFFECTIVE THEORY WITH MULTI-
MODULI

In this section we briefly review off-shell dimensional
reduction [7] and derive 4D effective action of 5D SUGRA
compactified on an orbifold S'/Z, with an arbitrary norm
function. The 5D metric is assumed to be

ds* = e27Vg,, dxtdx” — (e, *dy), (2.1)

where w, v =0, 1, 2, 3, and eV isa warp factor, which is
a function of only y and determined by the dynamics. We
take the fundamental region of the orbifold as 0 =y =
7R, where R is a constant.’

A. N = 1 off-shell description of 5D SUGRA action

Our formalism is based on 5D conformal SUGRA for-
mulation in Refs. [5,6]. 5D superconformal multiplets
relevant to our study are the Weyl multiplet Ey, vector
multiplets V/, and hypermultiplets H¢, where [ =
,2,---,nyand a = 1,2, -+, nc + ny. Here nc and ny
are the numbers of compensator and physical hypermul-
tiplets, respectively. These 5D multiplets are decomposed
into N =1 superconformal multiplets [6] as Ey =
(Ew, L%, Vg), VI=(VI,3), and H® = (P>, ),
where Ey, is the N = 1 Weyl multiplet, Vg is an N =1
real general multiplet whose scalar component is ey4, Vs
an N =1 vector multiplet, and 3/, ®¢ (a=
1,2,---,2(nc + ng)) are chiral multiplets. An N = 1

*In principle, R has nothing to do with the radius of the
orbifold r, which is given by proper length along the fifth
coordinate.
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complex general multiplet L («: spinor index) in Ey
consists of Z,-odd components and is irrelevant to the
following discussion (see Appendix A). Thus we neglect
its dependence of the 5D action in the following.

The 5D SUGRA action can be written in terms of these
N =1 multiplets [8,9]. Then we can see that Vy has no
kinetic term.* After integrating V out, the 5D action is
expressed as [11]

£ = —%[/dzﬁj\f”(z)wle + HC] + -
— 320 [d49N1/3(V){daé(i)ﬁ(efzigt,v’)&6(1)6}2/3
— e3”|:[d20®&d&5p56(8y —2igt;31)0 . + H.c.]

U=0,7

(2.2)

where d,* = diag(1,,., —1,,,) and p,; = ic2 ®1, ., .
Here o, acts on each hypermultiplet (®2¢~ !, ®29), N is a
cubic polynomial called the norm function, which is de-
fined by

N(X) = C]JKXIXJXK. (23)

A real constant tensor Cy;x is completely symmetric for
the indices and N ;;(X) = 9> N /oX'9X’. The superfield
strength W' and V= -9,V + 3/ + 3/ are gauge-
invariant quantities. The generators #; are anti-Hermitian.
The ellipsis in (2.2) denotes supersymmetric Chern-
Simons terms that are irrelevant to the following discus-
sion. The boundary Lagrangian L4 (9 = 0, 7) can be
introduced independently of the bulk action. Note that
(2.2) is a shorthand expression for the full SUGRA action.
We can always restore the full action by promoting the d*6
and d0 integrals to the D- and F-term action formulae of
the N = 1 conformal SUGRA formulation [18], which are
compactly listed in Appendix C of Ref. [6].

The vector multiplets V' are classified into (V' V!") by
their orbifold parities so that vl =1,2-- -, nj,) and
v = ny, + 1, -+, ny) are odd and even, respectively.
As for the hypermultiplets (®2¢~!, ®2¢), we can always
choose the orbifold parities as listed in Table I by using
SU(2)y, which is an automorphism in the superconformal
algebra.

As explained in Ref. [7], n{, moduli come out from > in
4D effective theory. In the case of nj, = 1, the correspond-

“This does not mean that ey4 is an auxiliary field. It is also

contained in 3/ (I = 1,2, - - -, 'ny), which have their own kinetic
terms.
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TABLE I. The orbifold parities for N = 1 multiplets.
v sr v s P2a-1 P2a
- + + - - +

ing modulus is identified with the radion multiplet. The 4D
massless gauge fields, such as the standard model gauge
fields, come out from V", For a gauge multiplet of a non-
Abelian gauge group G, the indices I” and J” run over
dimG values and N ;» ;v are common for them. The index a
for hypermultiplets are divided into irreducible represen-
tations of G. In the following we consider a case that nj, =
2 and ne = 1 as the simplest case with multi-moduli. An
extension to the cases that n|, > 2 is straightforward.

In 5D SUGRA, every mass scale in the bulk action is
introduced by gauging some of the isometries on the hyper-
scalar manifold® by some vector multiplets V''. For ex-
ample, the bulk cosmological constant is induced when the
compensator multiplet (®!, ®?) is charged, and a bulk
mass parameter for a physical hypermultiplet is induced
when it is charged for V!'. Of course, we can also gauge
some of the isometries by V'". This leads to the usual
gauging for chiral multiplets by a 4D massless gauge
multiplet in 4D effective theory. In the following we will
omit the V" dependence of the action except for the kinetic
terms because it does not play a significant role in the
procedure of the off-shell dimensional reduction and can
be easily restored in 4D effective action. In this paper we
consider a case that only the physical hypermultiplets
(P21 P2) (@ =2,-++,ny + 1) are charged for V'
(I' = 1,,2). This corresponds to a flat background geome-
try of 5D spacetime. We assume that all the directions of
the gauging are chosen to o5 direction for (P21, ®2¢)
since gauging along the other directions mixes ®¢~! and
®2“, which have opposite parities. Namely, the generators
and gauge couplings are chosen as

(igt[/)g = 03 ® dlag(O, Coyl, Capty * 0, C(”H+1)1l)’ (24)

where o5 acts on each hypermultiplet (®2¢~! ®2¢), and
cqr (@a=72,---,ny+ 1) are gauge coupling constants for
v

Then, after rescaling chiral multiplets by a factor e
we obtain

30/2
b

>The hyperscalar manifold is USp(2,2ny)/USp(2) X
USpQ2ny) for ne = 1, and SU(2, 1)/SU(2) X U(1) for no = 2.
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ny+1

L= —%Udzw\r,,(z)WWJ + H.c.] T fd493\r1/3(1/){|q>1|2 F 2P = § (@ g2V

ny+1

a=2

_ 2/3
+ q>2ae%«~Vq>20)} - z[ ] d29{<blay®2 ~ S @21, + 2, E)qﬂa} " H.c.]
a=2

+ 3 | [eo@pwod) + e
9=0,7

where ¢,V =32_, ¢,V and & = P2 /P2, For
simplicity, we have introduced only superpotentials W?
in the boundary Lagrangians. The hypermultiplets appear
in W only through ®** because physical chiral multip-
lets must have zero Weyl weights in N = 1 conformal
SUGRA [18] and ®2¢~! vanish at the boundaries due to
their orbifold parities.

B. 4D effective action

Following the procedure explained in Sec. 3 of Ref. [7],
we can derive the 4D effective action. First, we remove all
3. from the bulk action by 5D gauge transformation. Since
3! are even under the orbifold parity and thus have zero
modes, the gauge transformation parameters A’ must be
discontinuous at one of the boundaries. In the notation of
Ref. [7], A" are discontinuous at y = 77R. The gaps cor-
respond to zero modes for 3. Such zero modes are called
moduli 77" in this paper and are defined by®

! 7TR !
' = 2[ dy>l(y). (2.6)
0
Namely,
. )d — _ — —l I
61_1}110/\ (y=7R — ¢€) 5T, 2.7)
which means
11T0V"(y =7R— €)= —ReT, (2.8)

where V' are the N = 1 vector multiplets after the gauge
transformation. Since A’ are continuous at the other
boundary (y = 0), V! obey ordinary Dirichlet boundary
conditions there,

VI =0)=0. (2.9)

Next we neglect the kinetic terms for parity-odd N = 1
multiplets because they do not have zero modes which are
dynamical below the compactification scale. Then the
parity-odd multiplets play a role of Lagrange multipliers
and their equations of motion extract zero modes from the
parity-even multiplets.” In fact, V", ®2, and $** become y
independent and are identified with 4D zero modes after
the parity-odd fields are integrated out. By performing the

5The normalization of 77" is different from that in Ref. [7] by a
factor 7.

"The effects of the parity-odd multiplet L% in the 5D Weyl
multiplet on effective theory are negligible because it couples to
matter multiplets only in derivative forms (see Appendix A).

2.5)

I
y-integral, the following expression is obtained:

L6 — % [ f 2OC T W' WK+ H.c.]
TR—€ 2 1/3 -
—3fd4e|¢|2{[0 dy N3(=a,7)
ny+1 o 2/3
><(1 -5 eZCa'V|q>2a|2) }
a=2
+ [ j LOGHWO D) + W (e Td)} + He. ]

(2.10)

where ¢ = ($2)?/3 is the 4D chiral compensator multiplet,

and 2\ is a truncated function of the norm function defined
by

NX) = CpppX" X' XK', (2.11)

Notice that V! (I’ = 1, 2) still have y dependence while the
other fields are now y independent. In the single modulus
case (i.e., nj, = 1), the y integral in (2.10) can be easily
performed because the integrand becomes a total derivative
for y [11]. On the other hand, in the multi-moduli case (i.e.,
ny, = 2), V! must be integrated out by using their equa-
tions of motion [7]. To simplify the discussion, let us
assume that each hypermultiplet is charged for only one
of V' (I' =1, 2). Namely, we can classify the physical
hypermultiplets ®* (@ =2,-+,ny + 1) into Q; (i =
1,2,--+,n) and S, (@ =1,2,--+,n,) so that Q; are
charged for V' and S, are charged for V2. Here ny =
ny + n,. Then the parenthesis in the second line of (2.10) is
rewritten as

) - 712 _ 2/3
(1 =S eVl -y ez%vzlsalz) L (212
i=1 a=1

Detailed calculations are summarized in Appendix B. The
result is

1
L0 = Z[ [ d2ag FAT) (W W) + H.c.]
+ [ 401120, ISP, Re T)
+ Ud20¢3W(Q, S, T) + He. ] (2.13)

where the vector multiplets are summarized in matrix
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forms for the non-Abelian gauge multiplets and the index r indicates different gauge multiplets. Each function in (2.13) is

defined as

2
fr = Z krl’TI/y

I'=1

1—e

Q= -3N"3Re T){l -y

—2¢;Re T!

i 3C,-Re 711

~2¢, Re T?

1 —e
o - Zwlsalz}

+ ZQij|Qi|2|Qj|2 + ZQia|Qi|2|5a|2 + Zﬁﬂaﬂ|5a|2|53|2 + O(d°),
i,j ia «a,

W= WO(dD) + WP(e~<Td), (2.14)
where k,; are constants determined from Cj g, b= Q,;orS,, and
a - jV'4/3jV'11 1— e—2(c,-+cj)ReTl W1/3W‘% (1 _ e—ZC,ReTl)(l — e ReT')
YOOBNN, -2 N2 2(ei +e)ReTH 3NN — 2N 6¢cic;(ReT')? ’
o .’f\f4/3f\f12 1 — ¢ 2¢iRe T'-2c, Re T? B jvl/3jA\f1:fV-2 (1 — ¢ 2iRe T])(l — ¢~ 2aRe T2)
O3RN N, 2N N, GReT' + cuRe T2 3NN, — 2N, N, 3c;c, Re T Re T2 ’
j\[4/3j§f22 1 — ¢~ 2catep)ReT? j\/'mj\f% (1 — e 26 ReTz)(l _ e—chReﬂ)
Qa = - —— ~ (215)
A 3NN —2N3 20cy +cpReT? 3NN, — 2N3 6¢,cp(ReT?)?
|
Here ,’f\f,/(X) = dN/dx" and .’f\fw/(X) = _ (R . 7R 3
d* N /dX"dX”. The arguments of N, N, N, are = dyey” = _L dy N (Re %)ly=o
nderstood as (Re T!, Re T2). .
! ( ) ~ NP (Re T)lg—p. 2.17)

When all the gauge couplings c;, ¢, vanish, the exact
form of () is obtained as (B20). We can easily check that
the above result is consistent with (B20) by taking the limit
of ¢;, ¢, — 0.

Some of the non-Abelian gauge multiplets may con-
dense and generate superpotential terms at low energies,
which have a form of exp{—a,.f,(T)} where a, = O(47?),
because the gauge kinetic function f, is proportional to the
inverse square of the gauge coupling [see Eq. (4.3).]

Before ending this section, we note that there is no
“radion chiral multiplet” in the multi-moduli case. In 5D
conformal SUGRA, we have to fix the extra symmetries by
imposing gauge-fixing conditions in order to obtain
Poincaré supergravity.8 The dilatation symmetry is fixed
by a condition:

N(M) = C]JKMIMJMK = 1, (216)

in the unit of 5D Planck mass, where M! is a real scalar
component of V! and is related to a scalar component of 3/
by M' =2Re X/|,_y/e,*. This means that the size of the

orbifold 7rr is determined by

8In the procedure of the off-shell dimensional reduction, we do
not impose such gauge-fixing conditions to keep the N = 1 off-
shell structure. They should be imposed after the 4D effective
action is obtained.

The last equation holds when the background geometry of
5D spacetime is flat and the backreaction to the geometry
due to 5D scalar field configurations is negligible. In the
single modulus case (i.e., N = N = (M')3), the above
relation is reduced to

mr = Re T'|,—, (2.18)
which means that T! is the radion multiplet. In the multi-
moduli case, on the other hand, we cannot redefine a chiral
multiplet whose scalar component gives the size of the
orbifold by holomorphic redefinition. It is given by a
combination of VEVs of all the moduli. In other words,
the radion mode cannot form an N = 1 chiral multiplet

without mixing with the other moduli in the multi-moduli
case.

III. SOFT SUSY BREAKING TERMS

A. Flavor structure of soft parameters

In this section we discuss the flavor structure of soft
SUSY breaking terms. We introduce a chiral multiplet X
that is relevant to SUSY breaking in addition to the MSSM
field content which consists of gauge multiplets V" (r = 1,
2, 3) and matter chiral multiplets S;, where / runs over
quark, lepton, and Higgs multiplets. Each chiral multiplet
S, can be either Q; or S, in (2.14). We identify X as one of
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0, without loss of generality. We take the unit of 4D Planck
mass, i.e., Mp = 1, in the rest of this paper.

The Yukawa couplings among S; can be introduced only
at orbifold boundaries due to N =2 SUSY in the bulk.
Here we assume that they exist only at one boundary (y =
0), for simplicity. Namely, we introduce the following
boundary superpotential:

w©

yukawa

_ Z)‘ L DD
abc ’

a,b,c

3.1

where A, are constants.’

Here we focus on the gaugino masses M, (r = 1, 2, 3),
the scalar masses m;, and the A parameters A,,,,,, which are
defined as

~ 1 -~
-[:soft = _Zn’llzlgll2 - Z{ZMrAr)\r

1 Y
e D VinnAimnSiSnS, + Hc} (3.2)

L,m,n

where Sl, A" are canonically normalized sfermions and
gauginos, and y,,,, are the physical Yukawa coupling con-
stants for canonically normalized fields. These soft SUSY
breaking terms are generated through the mediation by
moduli 7/ (I' =1, 2) as well as the direct couplings to
the SUSY breaking superfield X.

Let us rewrite () in (2.14) as

Q= QyReT) + Y YReT, |XIP)S|> + OS*), (3.3)
l

where

QyReT) = -3N"3ReT), ¥,(Re T, |X]?)
= N'3ReT)Z,(Re T")

+ Qx(Re 1)IX]> + O(X]*), (3.4)
with
|—¢ 2c/ ReT!
= _———  when S; € {Q;
ZReT)={ “ReT Sl
%, when Sl S {Sa}

and

Oy jmi + Qizy j=x =2Qj—x j=; When S, €{0Q;}
when S, €{S,}’

(3.6)

QIX = [‘Q‘—X -

Then the physical Yukawa couplings and the soft parame-
ters in (3.2) are expressed in terms of Y;(Re7, |X|?) as
[19,20]

°In general, A, can depend on X, but we do not consider this
possibility, for simplicity.
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A
Yimn = —— Mr = FAaA ln(Ref,),

\/YlYmYn,

m} = —FAFBa,a5mY, Ay, = —FA9,In(Y,Y,Y,),

(3.7)

where indices A, B run over all the chiral multiplets. The
hierarchical structure of the Yukawa couplings is realized
by varying ¢; in an O(1) range (see, e.g., [21,22]). The
small fermion masses for S; are obtained by taking c;
negative so that Z, are large enough.'” For the Higgs
multiplets, ¢; is taken to be positive in order to realize
the large top quark mass.

Let us assume that F¥ is a dominant source of SUSY
breaking, i.e.,

|[FX| > |FT'|, |FT°|. (3.8)

This is indeed the case in the model considered in Sec. I'V.
Then the soft scalar masses are given by

aXaXYl= _|FX|2 QZX

m = —|FX]2 L
: Y, N3z,

(3.9)
We have assumed that |X| << 1 in order for the expansion
of Y;in (3.4) to be valid, which is also realized in the model

in Sec. I'V.
In the single modulus case, () is calculated as

1 — e—2(c,+cx) Re T!
3(c; + cx)ReT!

—2(c;+cx)Re T!

Q= N'BReTh

_1—e
3(C1+CX)

(3.10)

Notice that this is always positive'' irrespective of the
values of ¢; and cy. This means that the soft scalar masses
are tachyonic [16]. The tree-level contribution (3.9) is
exponentially suppressed when e 2¢ReT' > 1 and
e 2xReT'" « 1 which corresponds to the case that the
visible matter multiplets S; and the SUSY breaking mul-
tiplet X are localized around opposite boundaries. In such a
case, quantum effects to the soft scalar masses become
dominant and may save the tachyonic masses at tree level.
However, the large top quark mass cannot be realized in
this case because the top Yukawa coupling is suppressed by
large Y;.

This problem can be evaded in the multi-moduli case
because (),;y is modified. We explain the situation by two
examples of the norm function. In the following we assume

!
that ¢y > 0, i.e., e 2xReT" « 1.

'°In general, Re 7" can be negative as long as N (ReT) is
positive. However, we assume that Re ! >0 (I' =1, 2) in the
following.

"Since T is the radion in this case, Re 7! must be stabilized at
a positive value.
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Example I:

N(X) = (X")? + (x2) (3.11)

In the case that S; € {Q,}, the first term of ),y is positive
while the second term is negative since 3NN 1n-
2N % >(0. For the first and second generations,
e 2ReT! 5 1 to realize the small fermion masses. Then
the second term dominates and the soft squared masses
become positive. Furthermore, the soft masses are almost
degenerate because the ¢; dependence are cancelled in
(3.9) when the second term of ),y dominates. For the
top quark, on the other hand, we have to take ¢; such that
e 2aReT! < ©(1) in order to realize the large top quark
mass. Thus )y is positive, which leads to the tachyonic
stop masses.

In the case that S; € {S,}, the sign of ),y becomes
opposite because of the identity (B19). Therefore the stop
masses are now nontachyonic.

In summary, if we take S; € {S,} for the top quark
multiplets and S; € {Q,} for the other multiplets, all the
soft masses are nontachyonic and they are almost degen-
erate for the first two generations. Since the severest con-
straints on soft masses come from the flavor changing
processes for the first two generations, this setup can solve
the SUSY flavor problem.

Example 2:

NX) = (x'yx°

In this case, the situations for S; € {Q;} and S; € {S,} in
Example 1 are interchanged since now 3NN, —

(3.12)

2N % < 0. In summary, we can construct a phenomeno-
logically viable model if we take S; € {Q;} for the top
quark multiplets and S; € {S,,} for the other multiplets. We
comment on the possibility to choose N such that Q) x 18
negative for any values of ¢; and cy. From (2.15), such N
must satisfy .’f\fll <0 and 3.’]V.’f\f11 - 2.’7A\f% >0 in the
case that S; € {0}, or N 1,/ BN N, — 2N | N,) <0
and NN/ BN N, — 2N, N,) > 0 in the case that
S, € {S,}. However, the two conditions are incompatible
in either case. Therefore the first two generations and the
top quark multiplets must be charged for different gauge
multiplets V' in order to avoid tachyonic soft masses.

As for the A parameters, the contribution from FX is
negligible because it accompanies with the VEV of X,
which is assumed to be tiny. Thus the dominant contribu-

tions come from F ' (I' = 1, 2) and are, in general, flavor
dependent. The resultant A parameters are much smaller
than the soft masses m; due to the assumption (3.8).
Furthermore, the flavor dependence of the A parameters
can be small if there is a hierarchy between F7' and FT".
For instance, let us assume that |[F7'| > |FT’| and Y, are
almost independent of the first modulus 7. These condi-
tions are satisfied for the first two generations in Example 2

PHYSICAL REVIEW D 79, 045005 (2009)

[see Eq. (4.29)]. Then the A parameters are estimated as

P _FT1<aT1 Y OpYy O Y,,)
Imn Y[ Ym Yn
. N
= =3F" 9, {N"PRe T)} = —F' ==~ (ReT),
QN3

(3.13)

which are almost independent of the flavor indices.

The gaugino masses are estimated to be the same order
as the A parameters because the gauge kinetic functions f,
only depend on the moduli 7'. The situation can be
changed by introducing gauge kinetic functions that de-
pend on X at the boundaries.

The soft SUSY breaking parameters obtained by (3.7)
should be understood as those at the compactification
scale, which is close to the Planck scale Mp when ReT! =
O(1). Thus we have to evaluate the soft parameters at
M .. obtained by RGEs in order to check whether the
tachyonic sfermion mass problem and the SUSY flavor
problem are really solved or not. We will discuss this issue
by numerical calculations in a specific model in Sec. IV C.

B. Interpretation of Q;y from 5D viewpoint

The essential difference between the single and multi-
moduli cases appears in the form of (};x. Especially the
second term of ),y in the multi-moduli case has a peculiar
flavor structure. Here we give an interpretation of it from
the 5D viewpoint.

The condition under which the second term of )y

dominates, i.e., e 2¢ReT" 5 1 and e 2xReT" « | cor
responds to a situation in which the zero modes S; and X
are geometrically separated from each other. In fact, in
such a situation, the contact interactions {),;y are exponen-
tially suppressed in the single modulus case [16]. This
suggests that in the multi-moduli case, there exist some
heavy modes that couple to both S; and X, which induce
contact interactions after they are integrated out. Such
heavy modes are identified with the parity-odd vector
multiplets V'’

Specifically, the part of €,y when
e 2R 55 1 and e 2vRe T « | comes from diagrams
depicted in Fig. 1.

The internal line in this figure corresponds to the nth KK
mode of V/', which should be integrated out. The effective

gauge couplings g%") and gg?) are defined as

¢ /0 ™ dy{f10)PFY ),

dominant

gV

(3.14)

&

cx [ ™ dy{fxPFP ),
0

where f;(y), fx(y), and fg}’)(y) are wave functions in the

extra dimension for S, X, and V'™ respectively. Thus the
contribution in Fig. 1 disappears when either of ¢; or cy
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FIG. 1. Feynmann diagrams contributing to ),y in the multi-
moduli case. The index n labels the KK excitation number.

vanishes. In fact, we can easily check from (2.15) that ),y
is reduced to

_ ,—2cxReT!
Q= W1/3(Re T)leixl
3cyReT
when ¢; = 0. This is the same form as the single modulus
case (3.10) with ¢; = 0. Namely, the additional contribu-
tion corresponding to Fig. 1 disappears.
Now let us consider the flavor dependence of the con-
tribution from Fig. 1, which appears through the c¢; depen-

, (3.15)

dence of gg"). The wave function f;(y) has an exponential
profile whose power is proportional to c¢;. We focus on the

situation in which e 2¢ReT" > 1. Then £,(y) is localized
around y = 77R. In contrast, f 5}1) vanishes at the boundaries
because V' are odd under the orbifold parity, which means
that f 3') behaves as a linear function around y = 7R. Thus
the ¢; dependence of gE”) in (3.14) is estimated as O(1/¢,)

when f;") is localized around y = 7R strongly enough.
Therefore the flavor dependence of the effective coupling
gg”) is cancelled and the contribution from Fig. 1 becomes
flavor universal.

Finally, we comment on the physical degrees of freedom
of the vector multiplets that contribute to €);y. Suppose n,
vector multiplets V' = (V!', 3!y (I' =1, - - -, n},). Then
n}, moduli 7" come out from X', and the remaining
degrees of freedom in 3/ are absorbed into V' as longi-
tudinal components of the massive KK vector multiplets.
However, not all V/' are independent degrees of freedom.
For example, only nj, — 1 gauginos are independent be-
cause of the gauge-fixing condition for S supersymmetry in
the superconformal algebra, that is,'

N (M)A =0, (3.16)
where M" and A" are the gauge scalars and gauginos. As
for the vector components of I ’, one of their combinations
is identified with the graviphoton, which belongs to the 5D
SUGRA multiplet. It has been noticed that the SD SUGRA
multiplet does not generate the contact interactions be-
tween S; and X [23]. In fact, only nj, — 1 equations are

2T6 sim lify the discussion, here we consider a case that there
are no VI, namely nl, = ny.
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independent among the equations of motion for V" as we
can see from (3.24) of Ref. [7]. As a result, the number of
independent V' that contribute to €, is n{, — 1. Therefore
the contribution from Fig. 1 exists only in the multi-moduli
case.

IV. MODULI STABILIZATION AND FLAVOR
STRUCTURE

In this section, we investigate stabilization of the moduli
and flavor structure of the soft SUSY breaking terms in a
specific model.

A. A model for the hidden sector

For the moduli stabilization and SUSY breaking, we
introduce the following boundary superpotentials in addi-
tion to the Yukawa couplings in (3.1):

WO = JoH + WOW), W™ =—J.H  (4.1)

where Jj and J, are constants, Wé%) denotes terms relevant
for SUSY breaking, and H, W8 € {S}, where the index
agp runs over hypermultiplets in the SUSY breaking sec-
tor. Then, including the nonperturbative effects such as
gaugino condensations, the 4D effective superpotential is
obtained as

W = (Jy — J,e s T)H + WO(W) + wiw) (4.2)

where W) denotes terms coming from the nonperturba-
tive effects and is assumed to have a form of

WP = ¢ — AeaT' (4.3)

where A = O(1), a = O(47?), and Inc™! = O(47?). The
T'-dependent (constant) term originates from, e.g., a bulk
zero-mode (boundary) gaugino condensation. The effect of
the tadpole terms in w) (9 =0, 7) is discussed in
Ref. [24] in the single modulus case, and they stabilize
the (radius) modulus at a supersymmetric Minkowski vac-
uum. We will see that the first term of (4.2) stabilizes T2
just like in the single modulus case. We can choose the
O’Raifeartaigh model [25] as the SUSY breaking sector
Wé%), for example. It is reduced to the Polonyi-type super-
potential after heavy modes are integrated out. Namely,
below the mass scale of the heavy modes A,

W (W) — piX, 44)

where X is one of W9 that remains at low energies. The
constant y is supposed to be around the TeV scale. When
heavy modes are integrated out, the Kéhler potential also
receives the following correction at one loop [26]:

YA

where Z()' = O(1) is a constant.'?

When the SUSY breaking sector is introduced both in W(©
and W™, Z() depends on the moduli 7',
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Therefore the effective superpotential below A becomes

W= (o—Jpe "™ )H+c—Ae™ T + p3X + -,
(4.6)

where the ellipsis denotes irrelevant terms to moduli stabi-
lization and SUSY breaking, such as the Yukawa couplings
for the MSSM fields. From (2.14) and (4.5), the effective
Kihler potential K is

K= —3ln(—%) + AK

= —InN + Zy(Re TH)|H|? + Zy(Re TH)|X|?

7
+ ;z,(Re |S)|? — F|X|4 4o 4.7
where
1 — e 2cu Re T? 1 — e~ 2¢x Re T!
Iy=—75—"5—) Iy=——"—7—. 4.8)
CH ReT CX ReT

As we will see in the next subsection, the one-loop correc-
tion AK is necessary to obtain a small VEV of X.

B. Moduli stabilization and SUSY breaking

Now we search for a vacuum of the model by solving the
minimization condition for the scalar potential, which is
obtained by the formula

V = eX{K*BD,WDzW — 3|W|*}, 4.9
where D,W = W, + K,W. The indices A, B run over all
the chiral multiplets in the effective theory, but it is enough
to take A, B=T', T?, H, X in the following calculations
since the MSSM multiplets do not contribute to the moduli
stabilization or SUSY breaking. The lower index A of each
function denotes derivatives of it for A.

Following Refs. [16,17], let us define a “‘reference
point” which seems to be close to the genuine stationary
point of the scalar potential. We define the reference point
(T', T2, H, X)|, such that the following conditions are sat-
isfied there:

DpW = aAe T + KpW =0,
DpW = cywe 4T H + KpW =0,

. (4.10)
DHW = JO - J,n-e_cHT + KHW = O,
VX = O
Here we assume that
1> My = cyd e T |y > ade T | = O(u?),
Re Tllo, Re T2|0 = @(1), |X||0 < 1. (411)

From the first two conditions in (4.10), we obtain

PHYSICAL REVIEW D 79, 045005 (2009)
Ky ade T

1%
ol
Kpicyd e T | My

Wlo = —KTfllaAef"T] |0 = @(/.L%)

H|, =

(4.12)

From the third condition,

4
Jo— JoemonTt| o —Z,, W], = @(%) < 0.
H
(4.13)

We have assumed that ¢y = O(1) >0, ie., Zy < O(1).
Thus, the values of the moduli at the reference point are
determined as

1 Al —K.'a 1. J

TIPSRt T [T L 3

a ¢+ uxX 0 cg  Jo
(4.14)

The first equation is consistent with (4.11) since In(A/c) =
O(47?). The second equation is similar to the relation in
Ref. [24] if T?|, is replaced by the VEV of the radion.
Besides, T? and H have a large supersymmetric mass of
order O(Mp), just like the situation in Ref. [24].

From (4.9) and (4.10), we obtain

Vg = K{KXX|IDyWI? — 3|W|?}

~ eM{Zy uxl* = 3IWP), 4.15)
Thus we can make V|, = 0 by tuning uy as
| px]* = 3ZyIWI>. (4.16)

This is consistent with the second equation in (4.12) when
cy > 0.

The value of X is determined by the last condition in
(4.10). Under the condition that V|, = 0, Vy at the refer-
ence point is estimated as
e KVy = 0y KXX|DyW|* + KXoy D, WDz W

+ KXBDyWayDzW — 3WWy
=~ 9y KXX|DyW|* + KXXDyWaoyDxW — 3WWy

HuxlzV -
~ S T X - 2uiW. (4.17)
A2Z3, X
We have omitted the symbol |,. Therefore, we obtain
AN ZZwW
X|p=—2% = O(A?). (4.18)

- 2u2ZM |

The last assumption in (4.11) can be satisfied by assuming
that A < MPI =1.
The true vacuum is represented by

(A) = Al, + 84, (4.19)

where A =T', T?, H, X. Since T?> and H have a large
mass, 872 and §H are negligible [27] if we take M as
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around Mgyr or so.'* Thus 72 and H can be replaced with
their VEVs, which are equal to the values at the reference
point in the following calculation. Now we find a true
vacuum by solving the minimization conditions:

Vo= Vy =0. (4.20)

We can evaluate the derivatives of the potential as
e_KVTl ~ KT'T |WT1T1 |2|05T1 + ﬂ%KTITﬂKT,/ Worip |05X

+ 3K W2,
e KVy = pdKp WpT" + p3 K™ T Ky Wit |p 8T

2uiW _
+ZBXT 5% 4.21)
X o

Here we have used (4.16) and
IXllg<<1, |Wppl?>=0(ap?) > W], |Wn|=0O(u?).

(4.22)

Using the relation followed from the first condition in
(4.10):

Wpip = —a?Ae T = aKp W, (4.23)
we obtain by solving (4.20),
3
8T1 = — # y
77! 77 (4.24)
SX ~ 3X(K Ky + K Kfz)
B 2aKT'T 0

Thus we can evaluate D,W (A = T!, T2, H, X) as

W | _ o(B%
o= | = o)
T2 - 2 - TIT! - )
a‘K K 0 a
DyW =0, DyW = u?.

The F-terms are calculated from these by the formula
FA = —K2KABD W

In the case that the norm function is chosen as (3.11), the
inverse of the Kéhler metric is

AR 2Re T (ReT?)
- 1)3 2)3
KB~ | 2ReT!)(ReT?) 2=ReLI IR
Z!
Zy!

(4.26)

Thus the F-terms are estimated as

"“They are estimated as 872, 6H = O(uy/My).
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AT~ Iw _ (p,_%)
a{(Re T1)? + (Re T?)3}1/2 al
o 9(ReT")?*(Re TP )W

" a{(ReT")? + (Re T2)3}/2{2(Re T')3 — (Re T?)3}

a
FH =,

Cxﬂg( Re T‘1

FX ~ —
{(ReT1)? + (Re T2}/

= O(u3).

(4.27)

where we used the relation (4.16). Therefore, the relation
(3.8) holds in this model.

In the case that the norm function is chosen as (3.12), the
inverse of the Kéhler metric becomes diagonal, i.e.,

KB = diag(2(Re T")% 4(Re T2)2, Z5;', Zx"),  (4.28)
and the F-terms are estimated as
FT 3w _ (9<,u_§)
a(Re T")(Re T2)!/2 a
3(R. T2 l/ZW 2
FT* = % = @(#—f :
a (ReT ) a (4.29)
FH ~,
—2
X o SXPx 2
- (Re T2)1/2 @(IU*X),

where we again used the relation (4.16). Thus (3.8) holds.
In this case, further hierarchies exist between FT' and FT°.

Finally, we comment that the above moduli stabilization
with hierarchical F-terms is motivated by a type IIB flux
compactification [28], where a size modulus is stabilized
by a nonperturbative effect, while complex structure mod-
uli are stabilized at a high scale by a flux induced super-
potential. In our model, the terms with J, and J, in (4.2)
play a similar role to the flux induced superpotential if 7'
and (7?2, H) are identified with the size modulus and the
shape moduli, respectively.

C. A model for the visible sector and sparticle spectrum

Now we study some phenomenological consequences
such as the hierarchical Yukawa matrices and the soft
SUSY breaking parameters. The visible (MSSM) sector
consists of
(l. = 1) 2) 3)’

(i = 1) 2) 3))

(9,,U;, D,): quark supermultiplets
(L;, £;): lepton supermultiplets

(H ,, H ,): Higgs supermultiplets. (4.30)

As we saw in the previous subsection, the F-terms in the
SUSY breaking sector have a hierarchical structure. From
(4.27) or (4.29) with (4.16), we obtain
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FTI - 3m3/2 _ (Q(I’n3/2)

aReT! 4772

Re T!
4.31)
[3
FX = — Z 32 = O(ms ),
X
and
P [ for N(X) = (X' + (X2 @3
ReT? |l for N(X) = (x')2x2 o

where m3/, = eX/2W| is the gravitino mass. For simplic-
ity, we have assumed that W/, and uy are real and positive.
These relations hold also in the case that VEVs of the
moduli take values of O(10) as long as aReT! =
O4m?) (I =1, 2).

For numerical estimations in the following, we assume
that a = T'|, = T?|, = 2. We focus on the second case
in (4.32). Then contributions from F T can be neglected
due to the suppression factor 1/(472). We take Mg =
FT'/(2Re T") as a reference scale of SUSY breaking. The
gravitino mass is then expressed as ms, = (87%/3)Mgp.

We assume an approximate global U(1); symmetry that
is responsible for the dynamical SUSY breaking. We as-
sign R(X) =2, R(H,)=R(FH,)=1, RQ)=
R(U;) = R(D;) = R(L;) = R(;) = 1/2 where R(®D) is
the R charge of @, and assume that R symmetry is broken
only by the nonperturbative effects W) In this case, the
holomorphic Yukawa couplings and the u-term in the 4D
effective superpotential as well as the gauge kinetic func-
tions are independent of X. We further assume that the
Yukawa couplings and the w-term originate from only the
y = 0 boundary. Then they are parametrized as

fr = kr]Tl + erTZ:
Waissm = wH  H 4+ AH,Q,U; + A H ,Q,D;
+ A H  Lig), (4.33)

j
where r = 1,2, 3 for U(1)y, SU(2)., SU(3), respectively,
and k,i, k5, W, /\;f]td'e are constants. These constants are
understood as values at the compactification scale, which is
close to Mp;. The constant k,, is related to k,; by the
condition that the three gauge couplings are unified to a
definite value at Mgyr. In the following, we neglect the
RGE running between Mp; and Mgyr.

The hierarchical structure of the physical Yukawa cou-
plings vy, defined in (3.7) are generated with certain
choices of V! or V? charges, c,, for the visible matter
multiplets S, = (Q,, U, D,, L;, &;, H ,, H ;), which ap-
pear nontrivially in the superspace wave functions Y;
shown in (3.4). In this case, as discussed previously, the
tachyonic sfermion masses would be avoided by suitably
gauging S, by either the Z,-odd U(1) vector multiplet V!
or V2. In order to obtain a realistic pattern of Yukawa
matrices without inducing tachyonic sfermion masses, we
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adopt the gauging for quarks and leptons as (see Example 2
in Sec. IIT A)

Qi3 U,;—5 € {Q;} gauged by V', (4.34)

Q i3, Uiss, Dy, L, € €{S,}  gauged by V2, (4.35)

and employ a charge assignment given by Refs. [21,22],
that is,

co ReT = (—4.5,-3,3),

cq, ReT = (=7.5,-3,3),
cp,ReT? = (—4.5,—4.5,-3),
cr, ReT? = (4.5, —4.5,—1.5),
ce ReT? = (=6, — 1.5, —1.5),

(4.36)

where Re T in the first two lines represents Re 72 for the
first two generations and Re T for the third generation. For
the Higgs multiplets, we take the gauging

H,oef{s.)  Hie{oh (4.37)
and a charge assignment
cyr, Re T? =3, cyr, Re T' = 12. (4.38)

Note that only JH , is tachyonic with this gauging, which is
a sufficient condition for the electroweak symmetry break-
ing even when the gaugino masses are tiny compared with
the scalar masses, for which the radiative electroweak
breaking might be impossible. We choose ¢4/, as a larger
value than others to allow for a mildly large value of

tanB = <g-[u>/<g_[d> = 5: (439)

which is adopted in the following numerical evaluations.
The physical Yukawa matrices are found as

e & & g & &
yo= |7 & 2| yu=| et & & |
g & &° g2 &> &
gl et &
ve=| gl &t &*|, (4.40)
g & &

where € = (.22 is the Cabibbo angle. We have omitted an
O(1) coefficient )tl’-‘jd‘e for each element. These matrices
realize the observed quark and charged lepton masses as
well as the Cabibbo-Kobayashi-Maskawa (CKM) matrix
with @O(1) values of )\l'.‘]’.d’e.

By evaluating one-loop RGEs for MSSM"? (including
the anomaly mediated contributions [29] which can be
sizable in gaugino masses and A-terms), we can estimate
the soft SUSY breaking parameters at M, =~ 90 GeV. For

>We neglect all Yukawa couplings except for the top Yukawa
coupling in evaluating MSSM RGEs.
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cxReT! = 7.5, the gaugino masses M, and the scalar
masses mi«[ at M, as functions of k = kj| = ky; = kg

normalized by Mgy are shown in Fig. 2. From the figure,
we find that the gauginos become heavier for larger |k|, and
the gaugino masses and scalar masses are comparable for
|k| = 5. For k = 1, the A-terms are evaluated at M, as

el g7l g7l g2 g7z g2
ﬂz el gl g1 iz e2 g2 g2,
Msp Mgp
el g7l g7l e g2 g2
A 1 1 1
—<~11 11 4.41)
Mg
1 11

We remark that A-terms in the quark sector are enhanced
by the radiative corrections mainly from gluinos, while
there is no enhancement in the lepton sector.

Rotating scalar masses and A-terms into the super-CKM
basis, we can estimate the mass insertion parameters at M,
which are defined by (see, e.g., [22,30])

_ ((V{)‘rmi V{)ij f . ((V{e')fmi;R V]);)ij

(& )ij: s
" \[(m?f-R)ii(mJZzR)jj

vA(VITA V) — py8ii(my);
_Ufr\rL fYRij fOVT S : (5]1;L)ij5(5{R):Tj’

(874)1=
LR/ij (mj;L)ii(m%R )Jli

2 2
(me )ii(mh ) i

(4.42)
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2

where m 7, are the diagonal sfermion mass matrices and

L,R
(Af),-j = (y7)ij(Ay);; are the scalar trilinear couplings. The
fermion index f and the sfermion indices f 1.r represent
f=(ude), fr="id @), and f; = (g, G, 1), and then
v, = (sinB, cosB, cosB)v, u, = (cotfB, tang, tanB)u, re-
spectively, where v =~ 174 GeV and u is determined by the
minimization condition of the Higgs potential. The unitary
matrices V{,  are defined by (V{)Jr yfV']’; = diag((my);/vy).
The mass insertion parameters are severely constrained
by the experiments of flavor changing processes. Among
these parameters, (8y),; might have the severest con-
straint from the observations of u — ey processes and
(84,)y3 from b — sy processes in our model. Although
b — sy is less restrictive than u — ey, the former can be
relevant because there are large mass splittings between the
third generation squarks and the first two generations with
our gauging (4.34) and the charge assignment (4.36). For
Mgp = 100 GeV and with O(1) values of the holomorphic
Yukawa couplings /\ﬁ’j!d"’, we find [(8¢ )21 = O(107°) and
[(8¢,)23(84 )33l = O(1073)  within  |k| = 10. Then,
roughly speaking, these parameters are typically within
the allowed region [22] for Mgz = 100 GeV. We would
study these issues in more detail in a separate work [31].

V. SUMMARY

We have studied 4D effective theory of 5D supergravity
with multi-moduli, focusing on the contact terms between
the hidden and visible hypermultiplets and a resulting
flavor structure of soft SUSY breaking terms induced at
tree level. The essential difference from the single modulus
case appears in the Kihler potential.

_ M,

My/Msg, sign(m?)~ | m2 | /Mgs B

100 f
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e 52

— 53

7_(“
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FIG. 2 (color online). The gaugino masses M, and the scalar masses m% at M, as functions of k = k|| = k,; = k3,. The parameters

are chosen as cy Re T! = 7.5.

045005-12



FLAVOR STRUCTURE WITH MULTI-MODULI IN 5D ...

In the single modulus case, induced soft scalar masses
by the contact term in the Kihler potential tend to be
tachyonic at tree level. This contribution becomes expo-
nentially small when the visible sector is geometrically
sequestered from the SUSY breaking sector. In such a
case, quantum effects to the soft scalar masses become
dominant and may save the tachyonic masses at tree level.
However, the hierarchical fermion masses by localized
wave functions along the extra dimension is incompatible
with such a sequestering structure [16].

In the multi-moduli case, on the other hand, due to the
exchange of Z,-odd vector multiplets there is an additional
contribution to the soft scalar masses that is not suppressed
even when the quark, lepton multiplets, and SUSY break-
ing multiplet are localized around opposite boundaries.
This additional contribution can save the tachyonic scalar
mass problem in the single modulus case and can be even
flavor universal. The tree-level contribution to the soft
scalar masses always dominates over quantum effects in
the multi-moduli case.

Based on these generic features, we constructed a con-
crete model that stabilizes moduli at a SUSY breaking
Minkowski minimum where hierarchical Yukawa cou-
plings are generated. We have shown the low-energy spar-
ticle spectrum of this model and analyzed the mass
insertion parameters which are relevant to some observ-
ables of flavor changing neutral currents. We should stress
that, in our model, all the nontrivial structures at low
energies are generated dynamically from the parameters
of O(1) (in the Planck unit), such as the coefficients of the
norm function for the vector multiplets, the charges asso-
ciated with the hypermultiplet gauging, and the boundary
induced holomorphic Yukawa couplings.

There are a lot of directions to proceed based on our
work. It would be interesting to study models with different
parameter choices from those we have chosen in this paper
[31]. We may also extend the following models to the case
with multi-moduli, e.g., the models with two compensator
hypermultiplets [14], a twisted SU(2), gauge fixing [32],
an anomalous U(1) symmetry [33], moduli mixing non-
perturbative effects [34] and the one in which both moduli
T! and T? remain dynamical at low energies [35], and so
on. Another direction is to consider higher dimensional
supergravity than five dimensional, e.g., magnetized extra
dimensions [36], magnetized orbifold models [37] which
can realize certain localized wave functions for the matter
fields with a more fundamental origin of the model, i.e., the
string theory.

Although our 5D model has no correspondence with a
certain string compactification known until now, the study
of our simple model would be helpful to understand some
basic nature of all the models where physics beyond (M)
SSM is governed by the dynamics in extra dimensions. Of
course, our model itself provides a concrete and dynamical
example of physics beyond the standard model.
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APPENDIX A: Z,-ODD PART OF 5D WEYL
MULTIPLET

In supergravity, coordinate derivatives are covariantized
for the local SUSY transformation by the gravitino. The 4D
derivatives d, appearing in (2.2) are covariantized by the
Z,-even gravitino lpijl in the N = 1 Weyl multiplet Ey,
when we promote the d*6 and d”6 integrals to the D- and
F-term action formulae of the N = 1 conformal SUGRA
formulation [18]. Here the index i denotes the doublet
index for SU(2)y. On the other hand, the derivative 9,
explicitly appearing in the superspace action should be
covariantized by an N = 1 multiplet which contains ¢ ;',ZRl.

Let us first consider d, appearing in the third line in (2.2).
As mentioned below Eq. (52) in Ref. [8], it should be
promoted to the “covariant derivative” éy written as

dy=09,+¥*D, +E*9,, (A1)
where W* and E# are N = 1 superfields with 4D spinor
and vector indices. In order for 5yCI>d to be a chiral super-
field, ¥« and E# should satisfy the conditions:

_ i

D,V = (, ye = gl}dE“é’ﬁ“. (A2)
The solution to these conditions is
Yo = D2Le, B+ = —diok ,D¥L", (A3)

where L® is a complex general multiplet with a spinor
index, which contains the Z,-odd components of the 5D
Weyl multiplet. Since the above solution has an ambiguity
of adding a chiral superfield Q* to Z#, we can devide Z#
into two parts as

Er=WH+ QK (A4)

so that W# contains the same component fields as W*. The
lowest component of W is identified with Lp;;l“.

In order for the Lagrangian (2.2) to be invariant under
the gauge transformation: ®4 — (e2isA'1)a ;®”, we have to

modify the gauge transformation of 3/ as
ST— 3+ A (A5)

while that of V/ remains unchanged as V/ — V/ + A’ +
A’. Thus the gauge-invariant quantity V' defined below
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(2.3) should also be modified. The naive modification is
Vi=-§ v +3+3 (A6)

However, this is not real or gauge invariant. So we further
modify the definition of éy as

i

—_HKrFa
4)-

d,=0,+ VD, + V,D% + “p.D,

(AT)

+ %E 7 yaa DD,
which reduces to the previous definition (Al) when it
operates on a chiral superfield. With this definition of éy,
the quantity V' in (A6) is now real and gauge invariant.

Now we obtain the couplings of the Z,-odd part of the
5D Weyl multiplet to the matter fields by replacing 9,
explicitly appearing in (2.2) with §y defined in (A7). In
fact, the terms involving L“ are necessary for reproducing
the correct coefficient functions of the kinetic terms for the
gauge fields, —(1/2)(N;; — NN ;/N), where the ar-
guments of JN’s are the real scalar components of the 5D
vector multiplets. If 9, is not promoted to §y in the 5D
action, the reproduced coefficient functions become incor-
rect ones, —(1/2)N;;, as mentioned in Appendix B of
Ref. [9].° As a further nontrivial cross-check, we can also

see that the couplings of (), to the matter multiplets

reproduce the correct matter couphngs of V(]) + V(z)

which are the Z,-odd components of the SU (Z)U (auxil-
iary) gauge field, if the F-term of (), is identified as
2i(Vy) + V).

As we can see from (A7) with (A3), the Z,-odd part of
the 5D Weyl multiplet couples to the matter multiplets only
in derivative forms. Thus we can neglect their effects on
the low-energy effective theory.

APPENDIX B: DERIVATION OF THE EFFECTIVE
KAHLER POTENTIAL

Here we explain the derivation of the Kihler potential in
4D effective theory shown in (2.14) with (2.15). From
(2.10) with (2.12), the effective Kihler potential is written
as

Q

K/3
_ _3f dyj\fl/3(1 _ ZezciV1|Qi|2

_ 2/3
- Feris,p)
a

where the argument of N is (=a,V', —9,V?). The equa-

(BI)

'°This discrepancy does not cause a problem in the derivation
of the 4D effective action because N; are Z, odd for the
Z,-even gauge fields and are dropped in the procedure of the
off-shell dimensional reduction [7].
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tion of motion for V! is read off from (2.10) as
Sdc eV Q2
i

(1 _ 2620[\71 |Qi|2 _ 2626“‘72 |Sa|2)1/3

A

(B2)

2 1/3

In the absence of matter multiplets Q; and S, the above
equation is reduced to

i
{G) =

Note that Ny / N3 =1,2) depends only on the ratio
v=9,V?/o,V! ie.,

(B3)

A,

Frw) = W (B4)

Thus (B3) means that v = v, where v is independent of y.
Then, from the definition of v, we obtain a relation

a,V? =9,V (B5)

By integrating this for y over [0, 7R), the quantity ¥ is
determined as

Re T2
ReT!’

v =

(B6)

We have used (2.8) and (2.9). In the presence of Q; and S,
the ratio v is expanded in terms of them as

v=1+ Y Al07 + D BIS P+ D CilolPlo;”
i a i,j
+ Y Dl QiPISa? + Y EoplSaPISs12 + 0(D°),
i a,B
(B7)

where ® = Q;, S The coefficients A;, B, C;;, D;,, and

E,p are independent of Q; and S, Wthh satisfy
7R
fo dy(ZAAQiIZ + Y B,IS, 1P+ C;l0:1%10,1
i a ij
* SDulOFIS. P+ T EuplS, |2|s,3|2)a 71 = 0(&").

(B8)

From (B1) and (B7), we obtain
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QO

—2¢;Re T!

= —3j\fl/3(1, 17){RE:T1 - z%lQilz - Z

i t a

—2(c;+c,v)Re T!

1—e 1—e
I — 2 _
3¢, 1Sl z 18(c; + ¢;)

—2(cytcp) Re T2
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7TR— N - _ _ 2/3
3 [ a0 00,7 (1 T g, - Ferls, )
0 i o

—2c, Re T? —2(cj+c;)Re T!

10:I10,1?

i,j

1_
10,PIS 2= S —=

ia 9(Ci + Cal_}) a,B

+ 2204 00,7 o 1o + > [ ol Fioma,(§55) - P08, ()

+ s ioris+ 3 [* ol Fosa, (5
a,p

Here we have used the identity

F )+ vF,w) =3N"31, v). (B10)

In order to calculate the remaining integrals in (B9), we
will express A; and B, in terms of V! and V2. First, we
divide them as

A=Ay +AA,  B,=B, +AB, (Bl
where A,y = A;(y = 0) and B,y = B,(y = 0). In the ab-

sence of Q;, (B2) is reduced to

Gy{fl(v)<1 - Ze%aVﬂsaP)w} =0, (B12)
which means that
F i1 = Serls, )
2/3
=Rt -2sP) @)

where v, = v(y = 0). Comparing the coefficients of |5, |?
in both sides, we obtain

31 (D)
2F,(v)

Similar relations are derived for V! and AA,. In the pres-
ence of both Q; and S, they are modified as

. V2
eV =1 +

AB, + O(|S,|?). (B14)

A, =220 vy 1 oo, 15,02)

3:}:2(7})

o F (17) ) (B15)
AB, === —(e2V" — 1) + 010, IS, 2.

" 3F(v)

From (B8) with these relations, we can determine A;, and
B, as

18(cy + cp)v

7R echVI
S.P152} + 3 [T arl - Faomia (5 )
ij 0 Cj

2¢,V? eZc,Vl

CoU 3¢;

203\72 I (+ » N
) i) 15eaBBayV1}lsalzlsﬁl2 + 0(9°). (BY)
CBU 2

2F,() | — ¢ 2¢iReT! , )
0 - + .
A0 = (1~ erer )+ OUOR IS
2F (v) 1 — ¢~ 2¢aReT? . X
a -t . _
Bao 3‘7:/1(1-_]) (l 2ca Re T2 ) @(lel ’ |Sa| )

(B16)

Now we can calculate the remaining integrals in (B9) at
leading order of the |®|? expansion by using (B15) and
(B16). Since we can use arelation d,, V2 = 59 V! in front of
the quartic terms in (B9), the integrands can be rewritten as
total derivatives for y. After somewhat lengthy calcula-
tions, we obtain the expression of () in (2.14) with (2.15).
Here we have used the following identities:

Filw)+vFhw) =0, (B17)
N
F1(5) = Re T o, T(N—Z%)
=ReT'- 3NN;ZJA\;;3N‘N2, (B18)

SRR, — 2 A, = —%mwv” _2A)

(B19)

The arguments of N, Ny, and N, are (Re T, Re T?).
Finally, we comment on a special case in which all the
gauge couplings c¢;, ¢, vanish. In this case, V! appear in
the action (2.10) only through ay\?’ ". Then the equation of
motion (B2) is reduced to (B3), which means that v = v.
Thus the y integral in (B1) can be easily performed as
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7R N 2/3
Q=3f dya, V' N3 (1, 17)(1 —ZIQ,-IZ—ZISC,P)
0 i a
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Therefore we can obtain the full form of Q without ex-
panding by |®|? in this case.
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