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ABSTRACT: In certain class of flux compactification, moduli mediated supersymmetry
(SUSY) breaking preserves flavor and CP at leading order in the perturbative expansion
controlled by the vacuum expectation value of the messenger modulus. Nevertheless there
still might be dangerous flavor or CP violation induced by higher order Kéahler potential.
We examine the constraints on such SUSY breaking scheme imposed by low energy flavor
and/or CP violating observables. It is found that all phenomenological constraints can
be satisfied even for generic form of higher order Kahler potential and sparticle spectra
in the sub-TeV range, under plausible assumptions on the size of higher order correction
and flavor mixing angles. This implies for instance that mirage mediation scheme of SUSY
breaking, which involves such modulus mediation together with an anomaly mediation of
comparable size, and also the modulus-dominated mediation realized in flux compactifica-
tion can be free from the SUSY flavor and CP problems, while giving gaugino and sfermion
masses in the sub-TeV range.
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1. Introduction

Weak scale supersymmetry (SUSY) is one of the prime candidates for physics beyond the
standard model at the TeV scale [l which will be probed soon at the LHC. One key question
on weak scale SUSY is the origin of the soft SUSY breaking terms of visible gauge and
matter superfields in low energy effective lagrangian [@]. Those soft terms are required to
preserve flavor and CP with high accuracy, which severely constrains the possible mediation
mechanism of SUSY breaking. There are certain schemes such as gauge mediation [ and
anomaly mediation [[l] in which the standard model gauge interactions play a dominant
role for the mediation, thereby automatically yield flavor and CP conserving soft terms.
On the other hand, it is commonly thought that gravity mediation [[] generically leads
to dangerous flavor and/or CP violation, and therefore needs an additional ingredient in
order to be consistent with low energy observations.

The messenger scale of gravity mediation is near the Planck scale Mp; = 2.4 x 1018 GeV
which might be identified as the scale of quantum gravity. As string theory is the only
known candidate for a theory of quantum gravity, it is natural to ask if string theory can
provide a framework for flavor and CP conserving gravity mediation. In compactified string
theory, moduli (including the dilaton) which determine the 4-dimensional (4D) gauge and
Yukawa couplings are the most plausible candidate for a messenger of SUSY breaking, giv-
ing a gravity mediated contribution to gaugino and sfermion masses [f]. Then, constraints
from low energy flavor and/or CP violations imply that the dominant messenger modulus
should have flavor universal and CP conserving coupling to the minimal supersymmetric
standard model (MSSM) chiral matter fields. As the mechanism of moduli stabilization
determines which modulus is the dominant messenger, this in turn leads to a nontrivial
constraint on the possible moduli stabilization scheme.



Moduli mediated SUSY breaking and its phenomenological consequences have been
studied before while regarding the moduli F' components as a generic background without
specifying the underlying stabilization scheme [f]. It has been noticed that a particular
form of mediation dominated by the heterotic string dilaton gives universal and CP con-
serving soft terms at string tree level. If such dilaton domination can be realized while
keeping the quantum correction to the Kéhler potential small enough, the resulting soft
terms would satisfy the constraints from flavor and CP violation with sparticle masses in
sub-TeV range [f.

Recent progress of flux compactification suggests that string flux might play key roles
to achieve a phenomenologically viable string vacuum state [§]. Flux can stabilize moduli
while producing a huge landscape of vacua which contains a de Sitter vacuum with nearly
vanishing cosmological constant. Flux compactification can also provide a SUSY breaking
scheme in which soft terms preserve flavor and CP at leading order in the string coupling
gst or the slope parameter o [J-[l1]. In this SUSY breaking scheme, only a particular
modulus which is unfixed by flux and whose vacuum expectation value controls the gy or
o’ expansion of 4D effective action can be an important messenger of SUSY breaking. The
couplings of such messenger modulus to chiral matter fields are naturally flavor universal
and CP conserving at leading order since the perturbative expansion is controlled by the
messenger modulus itself.

While providing a good starting point, this scheme does not assure yet the absence
of dangerous flavor or CP violation even when all other mediations in the model preserve
flavor and CP. There can be higher order correction to the messenger modulus-matter
couplings in the Kihler potential, which is expected to be flavor non-universal in general [f].
Then the modulus mediation itself associated with such higher order term might lead to
a flavor or CP violation exceeding the current experimental bound. In this paper, we
first discuss some features of flux compactification leading to a SUSY breaking scheme
which preserves flavor and CP at leading order in the perturbative expansion controlled
by the messenger modulus, and then examine the constraints on the scheme coming from
flavor and/or CP violation induced by higher order Kéahler potential. It is found that all
phenomenological constraints can be satisfied even for generic form of higher order Kéhler
potential and sparticle spectra in the sub-TeV range, under plausible assumptions on the
size of higher order correction and flavor mixing angles. This implies for instance that
mirage mediation [[L0, [3—[[4] involving such modulus mediation together with an anomaly
mediation of comparable size and also the modulus-dominated mediation [§, [L5, [[] realized
in flux compactification can be free from the SUSY flavor and CP problems, while giving
gaugino and sfermion masses in the sub-TeV range. Same statement applies also to the
axionic or deflected mirage mediation [I7] in which gauge mediation of comparable size is
added to mirage mediation.

The organization of this paper is as follows. In section 2, we discuss the relevant
features of flux compactification leading to the SUSY breaking scheme under consideration.
In section 3, we examine the structure of soft terms induced by higher order Kéhler potential
together with the constraints from various flavor and/or CP violating observables. Section
4 is the conclusion.



2. Relevant features of flux compactification

2.1 Moduli mass hierarchy

In this paper, we will be focusing on flux compactification which can realize the weak scale
SUSY together with the high unification scale! Mgyt ~ 2 x 10'6 GeV. In such compacti-
fication, both the string scale Mg and the compactification scale Mkk are comparable to
the 4D Planck scale Mp; ~ 2.4 x 10'® GeV or Mgyr. This results in a big mass hierarchy
between the heavy moduli U stabilized by flux and the light moduli 7" unfixed by flux.
In this subsection, we briefly discuss this moduli mass hierarchy, while ignoring the little
mass hierarchies of O(10 — 10?) between Mp;, My, and Myk, i.e. while regarding

Mg ~ Mgk ~ Mp. (2.1)

If one introduces nonzero flux over a cycle C in compact internal space, the modulus
parameterizing the size of C is stabilized generically with a SUSY preserving mass my
comparable to My [§. In the language of 4D effective theory, one finds

82VVﬁux
my ~ (T ~ 22)

where Wy is the flux-induced superpotential. (More precisely, my is given by my ~
MPlGK/za?JWﬁux/aUaﬁK ~ gst Mg // MSV, where g and V denote the string coupling
and the compactification volume, respectively.) Most string compactifications allow the NS
or RR 3-form fluxes over the 3-cycles of internal space, which would stabilize all complex
structure moduli. Depending upon the model, string dilaton or Ké&hler moduli might
be stabilized also by flux. For instance, in type IIB compactification, the dilaton can
be stabilized by RR 3-form flux [ig]. It has been noticed that Kihler moduli in heterotic
compactification might be stabilized by intrinsic torsion flux [[[J], suggesting the possibility
that all complex structure and Kéhler moduli in heterotic compactifications are stabilized
by nonzero NS and torsion fluxes.

In many flux compactifications, there remains a modulus 7" which can not be fixed by
flux. One example of such modulus is the volume modulus in type IIB flux compactification.
The dilaton in heterotic string compactification can be another example. Eventually, this
modulus should be stabilized by other means, e.g. nonperturbative dynamics [0]. It is ex-
pected that the resulting modulus mass mr is tied to the scale of SUSY breaking, and thus

mr ~ m3/2 (23)

up to a little hierarchy of O(10 — 102).

In order to realize the weak scale SUSY, the gravitino mass mg/, is required to be
smaller than Mp; by many orders of magnitudes. For Mg ~ Mpy, this is nontrivial to be
achieved in flux compactification as generic flux configuration yields (Wg,x) = O(1) (in the
unit with Mp; = 1) due to the quantization of flux. On the other hand, if SUSY is broken

In fact, our analysis of flavor and CP constraints in section 3 applies also to the intermediate string
scale scenario proposed in @]



by nonperturbative dynamics such as gaugino condensation R1], or warped dynamics [RZ],
the resulting SUSY breaking scale is hierarchically lower than Mpy:

Msusy ~ e “ Mpy, (2.4)

A

where e is an exponentially small nonperturbative or warp factor. In 4D effective theory,

the vacuum energy density at leading order is given by
Viac = MélUSY - 3m§/2M1%1, (2.5)

where mg/y/Mp; ~ (Whux). As a result, in nonperturbative or warped SUSY breaking
scenario, only a particular class of flux vacua with an exponentially small vacuum value of
the flux-induced superpotential, i.e.

<Wﬂux> ~ €_2Aa (2.6)

can have a (nearly) vanishing cosmological constant.

With the above observation, one can make the following assumptions to achieve a
phenomenologically viable vacuum state with weak scale SUSY: (i) the underlying com-
pactification involves a large number N > 1 of cycles each of which can carry a quantized
flux in the range [—L, L] for L > 1, which would allow a huge number of different flux
configurations of O(LY), (ii) such flux configurations provide a fine discretum of (Wpyy)
varying from O(1) to a nearly vanishing value, (iii) SUSY is broken by nonperturbative or
warped dynamics, yielding an exponentially small Msygy /Mp; ~ e ~ 1075 —10~7. To
be able to tune the vacuum energy density to the observed value ~ (3 x 10712GeV)4, the
spacing between different values of (W) should be as small as

Mpr\ (3% 1072GeV\" o
< ~
O (Whux) S <m3/2> ( Vo 107104, (2.7)

Such extremely fine spacing might be achieved in flux compactification with N ~ L =
O(100) as in the case of flux energy density discussed in [J).

Under the assumptions specified above, the fine tuning for vanishing cosmological
constant selects a particular class of flux vacua with (Wquy) ~ e=24. For such vacua,
still the moduli mass my ~ (0?Wiyuy/OU?) is generically of order unity due to the flux
quantization. This results in a big moduli mass hierarchy:

mr (Whux) m3/2 —24

my . (PWaa/0UZ) ~ Mp c (28)

where again the little hierarchy factors of O(10—102) are ignored. It should be stressed that
this moduli mass hierarchy is an outcome of the fine tuning of the cosmological constant
and the assumed hierarchy (R.4) between the SUSY breaking scale and the Planck scale.

Generically, both the heavy moduli U and the light modulus T couple to SUSY break-
ing sector, therefore developing nonzero F-components. However, regardless of the details
of SUSY breaking, the F-component of the flux stabilized U is given by

2
39
my

FY ~ : (2.9)



which is negligibly small for my; comparable to the string or GUT scale. (Note that moduli
are normalized to be dimensionless, so their F' components have a mass dimension one.)
On the other hand, the light modulus 7' can develop a sizable FT, e.g.

ms/2

In(Mp1/m3/2)’ (2.10

FT ~ mgjy  Or

and therefore can be an important messenger of SUSY breaking [0, [[5, [§].

2.2 4D effective action expanded in the inverse powers of the messenger mod-
ulus

Quite often, the messenger modulus T which is unfixed by flux has the following features:
(a) 1/Re(T) is proportional to certain powers of the string coupling g or the inverse of
the compactification radius (in the unit with o/ = 1), thus its vacuum expectation value
controls the gy or o/ expansion of the 4D action, (b) Im(7') is an axion whose non-linear
PQ symmetry

U(1)p: Im(T) — Im(T) + constant (2.11)

is respected at any finite order in the gy and o/ expansion. As a concrete example of such
messenger modulus, one might consider the volume modulus and its RR axion partner in
type IIB flux compactification or the dilaton-axion in heterotic flux compactification.

For such messenger modulus 7', the couplings of moduli to the visible gauge and matter
fields are given by

/d49 V(T +T%,U0,0%)Q' Q™

+ ( / 20 E £ (T, UYWo T 4 %AUK(U)QIQJQK} + h.c.) (212)

where W and Q! denote the visible gauge and matter superfields, respectively. Here the
matter kinetic function Y77 is given by

Yy =e K375 (2.13)
for the Kéhler potential
K = Ko+ Z;7:Q'Q”", (2.14)

where K is the moduli Kahler potential and Z; 7 are the matter Kahler metrics. Expanding
the 4D action in powers of gg or o/ while preserving the non-linear PQ symmetry U(1)r,
the matter and gauge kinetic functions can be written as

A (U, U*)
[8w2<1%+T*>]kff o ) ’

Yy; = (T + )T, (U, U") (1 -

1
W= kT + —= A (U),
fo = kaT + —8u(U)



where n; 7, k; 7, and k, are all rational numbers. The successful unification of the MSSM
gauge couplings at Mgyt ~ 2 x 10'® GeV suggests that k, are universal for the MSSM
gauge group. In the following, we take the normalization of T for which k, = 1, and thus

1
(Re(T)) =~ (Re(fa)) =~ ——- (2.15)
gdcur
As was noticed before [[L0, P4, BF], if the MSSM chiral matter fields with same gauge
charge originate from branes with same world volume dimension, the matter modular
weights n;; are automatically flavor universal (see appendix A for a more discussion of

matter modular weights):
n;j = flavor universal n;. (2.16)

Also, in view of that T determines the 4D gauge coupling, it is expected that the messenger
modulus expansion of 4D action is controlled by

1 aguT
~ 2.1
812(T + T*) 4’ (2.17)
and thus

In the following, we will assume this feature of the messenger modulus expansion, and
examine its phenomenological consequences. Note that the non-linear PQ symmetry U(1)p
and the holomorphicity assure that \;jx are independent of T

At leading order in the messenger modulus expansion, the non-linear PQ symmetry
U(1)r and the flavor universality of matter modular weights n; assure that

0 ny .
3T In(Y;5) = T real and flavor universal,
0
8_T ln()\[JK) = 0,
d kaGa
3T In(Re(f,)) = —5 = real, (2.19)

with which the T-mediated SUSY breaking preserves flavor and CP [[Id, [[5, R§]. On the
other hand, % In(Y;5) and % In(A;sx) are flavor non-universal and complex, so the U-
mediated SUSY breaking violates flavor and CP in general. However, as we will see shortly,

2 2
M35 Mg
_32 32

FU ~
my Mp1

(2.20)
regardless of the details of SUSY breaking, and thus the moduli mass hierarchy (R.§)
assures that the U-mediated SUSY breaking is absolutely negligible. Still there might be a
dangerous CP violation associated with the phase of Higgs 1 and B parameters. Even for
this, the non-linear PQ symmetry U(1)r is useful as it allows the relative phase between
FT and msg /2 to be rotated away. With real F' T Jmg /2, if p is generated dominantly by



the Chun-Kim-Nilles mechanism [R7], or by the Giudice-Masiero mechanism [Rg, or by
a singlet vacuum value as in the next to minimal supersymmetric standard model, the
resulting Higgs mass parameters preserve CP [[[J].

One can now integrate out the heavy moduli U to derive the effective action of the
visible fields and the light messenger modulus T". Let us start with the full 4D action which
is generically given by

/ 0 CcCc U, U*, &, %) + [ / d?0c? (Wﬂux(U) +W(U, c1>)) + h.c.] . (2.21)

where C' is the chiral compensator superfield and ¢ stands for all light superfields in-
cluding the visible gauge and matter fields as well as the light modulus 7. Here Wyyy is
the flux-induced superpotential depending only on U, and W denotes the other part of
superpotential which might include a U(1)7 breaking non-perturbative term, e.g.

W= A(U)eT + %/\UK(U)QIQJQK. (2.22)

To integrate out U, we note that flux quantization implies

_ O*Wiux (U = Up)

M,
v U2

~ My, (2.23)

and the fine tuning of the cosmological constant in the presence of non-perturbative or
warped SUSY breaking requires

Wau (U = Up) ~ e 24, (2.24)

where e 4 = Mgygy /Mp) is an exponentially small non-perturbative or warp factor and
Uy is the globally supersymmetric stationary point of the flux-induced superpotential:

MWaux (U = Up)
ou

= 0. (2.25)

Apparently the physical moduli mass my is dominated by the globally supersymmetric
mass My in the limit when My > mg /2 and Uy and My are independent of light super-
fields.

The heavy moduli U can be integrated out by replacing U in the action (R.21)) with
the solution of the following superfield equation of motion:

1 o0

—p? (CO*—) + SR AL (2.26)

4 ou ou
where D? = DD, denotes the supercovariant derivative, W = Waux + W and all light
fields ® and also the compensator C' are considered to be generic background superfields.
In the limit with mg/Q/MU ~ e 24 <« 1, the solution can be expanded in powers of D2 /My
and W /My both of which are of the order of ms,,/My. Note that 9"W /OU™ ~ myg,, for
arbitrary n > 0 if the mass scale of the visible sector, e.g. the weak scale, is determined



by SUSY breaking. In the perturbative expansion in powers of D?/My and W/MU, the
solution is given by

1 F@z <C_89(U0,U0,<I>,‘I> )> L (U, @) . (2.27)

U=Uo— 31~ 7 C? oU oU

where My is given in (R.23), and the ellipsis denotes higher order terms. One immediate
consequence of this superfield solution is

ms3 /2 m3 )

FU B2 pe 732

2.28
R (2.28)

which assures that FU is negligibly small compared to F® ~ mg /2 when My ~ Mg.

It is now obvious that, upon ignoring the small corrections suppressed by ms/,/My,
the low energy effective lagrangian can be obtained by replacing U in (R.21) with Uy. After
this, one can make a proper redefinition of Q! under which

LU0, Uy) — 615, Apj(Uo,Ug) — Ardy g (2.29)

After such field redefinition, the effective couplings of the messenger modulus 1" to the
visible gauge and matter fields are given by

/ d0Y;Q"Q™+ < / d?0 E faWaWa+1AIJKQIQJQK] +h.c.> +0 <@> , (2.30)

6 My
where
Ar

Yi=T+TY"(1—- ——mm—=—

1= (T+T) < 87r2(T+T*)>’

1

a:kaT Aaa 2.31
f + g (2.31)

where A7 and A, are constants of order unity, and A;jx are constants with which the
canonically normalized Yukawa couplings are determined as

_ Ak ALIK (2.32)
YK VY Yk (T + T2’ '

The soft SUSY-breaking terms of canonically normalized sfermion fields Q! can be

written as
Loty = —%m?!@f\z - %AIJKyIJKQIQJQK + h.c., (2.33)
which include the modulus mediated contribution [f] at Mgyt as
m? = —FTFT9p0:1n (Y7) + - -

2
_ gGutr 2
= (S ) 0



A[JK = —FT8T1n< AIJK >+

V1YY
:[(nI—FnJ—FnK)—F%(AI—FAJ—FAK) Mo+, (2.34)
where
My = Ti TT* (2.35)

corresponds to the modulus mediated contribution to the gaugino mass at Mgy, and the
ellipses stand for the contribution from other mediation in the model.

The matter modular weights n; are typically flavor universal, however there is no a
priori reason for the higher order coefficients A; to be flavor universal also. Even when
A are flavor non-universal, there would not be any dangerous flavor or CP violation
if sfermion masses are much heavier than 1TeV, which actually happens for instance in
the scheme proposed in [2g]. In this paper, we are concerned with the possibility that
modulus mediation including higher order effects satisfies the flavor and CP constraints
with sparticle spectra in the sub-TeV range. To see this, we will examine in the next section
the constraints on Ay imposed by low energy flavor and/or CP violating observables under
the assumption that they are the dominant origin of non-minimal flavor or CP violation.

3. Constraints from flavor and/or CP violation

Let us first set up the notation. We start with the field basis for which the matter kinetic
functions are diagonal as in the effective action (2.3(}). The MSSM matters and their N = 1
superspace kinetic functions are denoted as

QI = {qi,uf,df,li,ef},
Yr = {Y4 v v v e, (3.1)

where ¢; (i = 1,2,3) are the SU(2)y doublet quarks, uf and df are the SU(2)y singlet
anti-quarks, l; are the SU(2)y doublet leptons, ef are the SU(2)y singlet leptons, and the
matter kinetic functions include higher order correction as

¢
}/;d) = (T+T*)n¢ (1 L) (¢ = Q7u7dvl7e)' (32)

 8m2(T +T¥)
Here we are interested in the flavor or CP violations associated with Af’ — A? # 0 fori #j
as the higher order correction to the gauge kinetic function, i.e. A, of (R.31)), obviously
preserves flavor, and also does not give any CP violation.
Yukawa couplings and soft SUSY breaking terms of the canonically normalized MSSM
matters at the weak scale are parameterized as

EYukawa = y?]Hu%uj + y;i]HdQZdj + yiedelie§ + ’{;/]Huleulj + h.C.,

Loon = = (Al HUGT + ALyl diHads + Ay Halid + e )

- (mfﬁ’q;*qj +mpPagas + ml Ddeds + ml VT +mlOges ) . (3.3)



where we include the D = 5 operator for neutrino masses in Lyvykawa. S0t parameters can
be decomposed as

!

S
I

ij j q,u,
Ay = A + DAL (¥ = u,d,e), (3.4)
where mg((’b) and Ag} stand for flavor universal sfermion masses and A-parameters, respec-

tively, while Amfj@) and AA;-Z;- represent flavor non-universal part. Depending upon the

)

underlying SUSY breaking scheme, mg(d) and Ag’ might receive contributions from various
sources, e.g. modulus mediation, gauge mediation, anomaly mediation, renormalization

group effect, e.t.c., whose relative importance will depend on the details of the model.

Here we do not specify the full origin of the flavor universal mgw) and Ag, however the fla-
vor non-universal part is assumed to be dominated by the modulus mediated contribution
associated with non-universal Af’:

. A?
FTFT9r071n (1 7>

A 2((5) ~ — — ”
i 87T2(T+T*) J

12

2
g
%AfMg% (¢ =q,u,d,l,e),

AAY ~ FTorn (1 A 1 i
i g 8n2(T + T*) 8n2(T + T*)

2
9
JGUL (A 4 AY) Mo,

AAY ~ FTorm (1 Al 1 A9
i 4 8m2(T + T%) 8m2(T + T%)

2
ICUT (A7 1 AY) My,

12

12

1672 l AC
AAS; ~ FTorin <1 - m> <1 B WLN)
= S5UT (AL L A, )
where
My = TI_T_TT* (36)

corresponds to the modulus mediated contribution to the gaugino mass at Mqgyr. In fact,
there are renormalization group (RG) corrections to the above non-universal part of soft
parameters at the weak scale, which are mostly due to the 3rd generation Yukawa couplings.
However such RG corrections can be safely ignored here as all the meaningful flavor and
CP constraints on the modulus mediated SUSY breaking under consideration come from
the first two generations for which the Yukawa induced RG corrections are negligibly small.
To examine the flavor and/or CP violating observables induced by Am*? and AAY

(4] j?
it is convenient to use the super-CKM basis in which the quark and lepton mass matrices

— 10 —



are diagonal [B{]. Starting from the Yukawa coupling matrices yf}j (v = u,d, e) defined in
the field basis for which the matter kinetic functions are diagonal, the super-CKM basis
can be achieved by the unitary rotations of the matter superfields under which the Yukawa

matrices become real and diagonal:

3
Rg), (3.7)

where VLd’ r and V} are unitary matrices.
In supersymmetric limit, flavor and/or CP violations are all described by the CKM
and PMNS mixing matrices given by

Verm = VIAVE Veuns = VTV (3-8)

However, in the presence of soft SUSY breaking terms, there can be further flavor and/or

CP violations induced by non-universal Am?]@) and AA;Z;-. Most of those non-minimal
flavor violations can be described by the following mass-insertion parameters with i #

j BT, BI):

d ~
(VLTAm2(Q)Vg)i gGUT Mo

(%L)ij = m2 = 812 m2 (ALL)ZJ,
q q
(VdTAm2(J)Vd*) g M
(6%R)ij = —2 2 B~ gf{ m(f (A%R)ijs
q q
d
(5d ) . (VLdTAAdV}g)ij<Hd> ~ QQGUT% (Ad ) m; (A )
LR m2 1672 m2 ”M R ’
(6 )i = (VLeTAmz(z)Vf)ij N ggUT%g( Vo
LL)ij 2 = 9n2 2 \PLL)is
i i
(0%5)i; = (VE"Am*OVE); ~ 9euT %3( e i
RR)ij 2 = 8n2 2 \PRR)ij
i i
. (VGTAAeVe)i'<Hd> g2 M2 . me_ mle .
(0 R)ij = ~—= ng ’ ~ 1%[;5?8 ( LL)Z]M Mo (ARp)ij | (3.9)
i i

where mg and mj; denote the average squark and slepton masses, mgl and m§ (i = 1,2,3)
are the down-type quark and charged lepton mass eigenvalues, and

(AT = D VeV DAL

k
d7e d,e d75 * dve
(ABR)ij = Z(VR ki (Ve )i A%
k
AU = ylenade, (3.10)

According to our assumption that the messenger modulus expansion is controlled by
1/8m2Re(T), all of the above mass-insertion parameters are suppressed by a factor of

— 11 —



(’)(géUT /872). In fact, the flavor changing mass-insertion parameters with i # j can be
further suppressed by small mixing angle in the unitary matrices VLdj r (Y =wu,dye). To
see this, we note that the observed quark and charged lepton masses and the CKM mixing
angles suggest that the Yukawa couplings take the form

d

q_ u d q e l e
Z-Ei 5 yl] ~ 62- 6]” yl] ~ eiej. (311)

Yij ~ €
This form of Yukawa couplings can be naturally obtained by assuming either the localiza-
tion of matter fields in extra dimension [B3-B3] or a spontaneously broken flavor symme-
try [Bf]. In the scheme utilizing localization, different flavors with the same gauge charge

are assumed to be localized at different positions in extra dimension, and then the flavor
®

parameters €; (¢ = q,u,d,l,e) determined by the wavefunction of matter fields show hier-
archical pattern. Similar result can be obtained also in the scheme which assumes a broken
flavor symmetry under which different flavors have different charges. In both schemes, the
above form of Yukawa couplings is maintained even after the kinetic terms of matter fields
are diagonalized. Note that neither localization nor flavor symmetry does provide a further
suppression of A? in the matter kinetic functions.

The Yukawa couplings of (B.I1)) give rise to the mass hierarchy:
Uiml ~ |eled] /| edel 4im? ~ |eled] /|eled ¢/mS ~ |ebes|/|e} el (3.12
mi'/mj ~ |ejei’|/|€jef |, mi/m§ ~ [ej€f|/|€je5],  mi/mG ~ |e;ei|/|€je€f], 12)
and also the mixing angle pattern for ¢ < j:

(V) ~ (V) ~ €l/e, (V) ~ (VE);: ~ eile;

Jt

(Vi) ~ (Vi) i ~ €l /e)s (¥ = u,d,e), (3.13)

where we have assumed the normal hierarchy structure:
SUSIENE (3.14)

This pattern of mixing angles implies for instance
‘(VLd)lz (Vi) 12‘ ~mafms, [(VE) (Vi) o] ~ me/my. (3.15)
Using the mass hierarchy (B.19) and the mixing angle pattern (B.13) together with
D ViVigAk = 6501 + VaiVa (Ao — Ay) + ViiVas(Ag — Ay)
k

= 0; 00 + Vi Vi (A1 — Ag) + V3 Vs (Asz — Ag), (3.16)

it is straightforward to find (for i # j)

2 2
g M,
(0% L)ij ~ g’;ng <—0> (AT = AD V),

2 2
g M
(0%r)ij ~ ;ng <—0> (AY = AN (VE)ij,
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e g Mg
(5LL)ij ~ SGFUQT (m—g) Al VL)ua
€ gG M2 e
(0RR)ij ~ 87TU?T (m—%]) — A9)(VE)ij,
(77)is ~ i (5 “)ij + o (512) (3.17)

2My 2M

Let us now consider the phenomenological constraints on the mass-insertion parame-
ters. For the quark sector, the most stringent constraint comes from the CP violating K-K
mixing parameter €x. Requiring that the SUSY contribution to ex should be less than the
standard model value,? while assuming the gluino mass mg ~ mg, one finds [B7]

— m~
\/‘ Im [(87;)12(8%p)12] | S 4> 107 <ﬁ> ’

\/( I (68 )] | S 8107 (725 ) - (3.18)

For the mass-insertion parameters of (B.17), the second bound is easily satisfied, while the
first bound leads to

Mg

[\

1/2 M-
<m > \/\ AL — AT (AL — Ad)sinny| S 7 x 1072 (1Teqv), (3.19)

q

where 7,4 is a CP violating phase coming from the unitary rotation matrices, and we have
used the relation |(V2)12(VE)12| ~ mg/ms. Due to the renormalization group evolution, the
squark mass mg at the weak scale is typically bigger than the modulus mediated gaugino
mass My at Mgur. Then, with the help from the small mixing angle |(V)12(VE)1a| ~
ma/ms ~ 1/20 and also an additional minor suppression by Mg /mé ~ 1/3, the above
bound can be satisfied even when |A‘f - A§| ~ 1, |sinng| ~ 1, and mg ~ 1 TeV.

One might consider the b — s7v process to see if the higher order matter kinetic
functions give rise to a contribution exceeding the current experimental bound. Requiring
that the SUSY contribution to the branching ratio of b — s should be less than 1072,
again with mg ~ mg, one finds [Bg

m-
o )| S5 107 (1) 3.20
|0 )as] L (3:20)
which is well satisfied by the mass-insertion parameters estimated in (3.17)).

One might consider also the atomic and neutron electric dipole moments (EDMs)
induced by the imaginary part of the diagonal LR mass-insertion parameter [B9. However,

2In view of that the CKM phase explains rather accurately all the observed CP violating phenomena
including those of the B meson system, one might require a stronger condition that the SUSY contribution
to ex should be less than about 10% of the standard model prediction. This would result in a factor of few
stronger bound than ()7 but does not change our conclusion.
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in our case those LR parameters are given by

VITAAWS)(Ha)  geyr MG mi
5d i = ( L R/ ~ GUT 10 i A i Ad i
5 ~ = S L)ii RR)iil > 21
(67R)ii m12 1672 m12 My (AL L)ii + (ARg)iil (3.21)

which are manifestly real. As a result, the atomic and neutron EDMs induced by higher
order matter kinetic function are far below the current experimental limits.

In fact, the most stringent constraints on the modulus mediated SUSY breaking scheme
come from the y — ey process. Requiring that Br(y — ey) < 1.2 x 107!, while assuming
the Wino mass my; ~ m; and the Higgsino mass u ~ 2mj, one finds £, Byl

7% 1073

0Ll S — n 3 <3OOGeV) )
2 x 1072 m;
56
Orr)i2l S = n 3 <3OOGeV) )
(03 R, rE) 12| < 6x107° 200 GeV) (3.22)

For the mass-insertion parameters given by (B.17), the LR bound is easily satisfied. On
the other hand, the LL and RR bounds lead to

M02 e l l mj 2
m? ‘(VL)H(Al B A2)‘ S tanp <300GeV) ’
Mg e e e 3 my 2
2 (Vi) 1o (A1 - 29[ S g (300 Gev> . (3.23)

It is reasonably expected that My ~ m;, and also the lepton mixing angles which affect
1 — ey are related to the u to e mass ratio as

Me

‘(Vf)12(V§)12| ~o

- (3.24)
If tan 3 ~ 1, the above LL and RR bounds can be satisfied even when m; ~ 300 GeV,
\All’e — AIQ’E\ ~ 1, and (Vf R) 15 have generic values satisfying the above relation. However,
for large tan 3, the y — ey bound requires a small |(Vf)12‘ unless m; > 300 GeV or
|AY® — A5°| < 1. For the case with m; ~ 300 GeV and |A}* — A}°| ~ 1, which is actually
the case of interest for us, the p — ey bound can be satisfied with the following small
mixing angle pattern as long as tan 8 < 30:

(V)| ~ 08 |(VR) | ~ 07" (n=1,2), (3.25)

where 6c ~ 0.2 is the Cabbibo angle. In this case, the large neutrino mixing angles
in the PMNS matrix Vpyng should originate from the unitary matrix V' diagonalizing
the neutrino mass matrix as (B.7), and this might provide a nontrivial condition on the
mechanism to generate the neutrino masses. It is interesting to note that this lepton
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mixing angle pattern allows a sizable SUSY contribution to the muon anomalous magnetic
moment, [[H]—[J] which is given by [i4]

QEUSY N tan 3 300GeV \ 2 s (3.26)
1x10-9 — 6 my my '

for a Wino mass My ~ M.

To summarize the flavor and CP constraints on moduli-mediated SUSY breaking in
flux compactification, we find that most of the constraints other than those from ex and
1 — ey are well satisfied even for generic form of higher order Kéhler potential and sparticle
spectra in the sub-TeV range, if the size of higher order Kéhler potential in the messenger
modulus expansion is of O(g&;/872). The constraints from ex and 1 — e can be satisfied
also again for generic form of higher order Kéahler potential and sparticle spectra in the
sub-TeV range, if one makes a plausible assumption on flavor mixing angles motivated
by the observed hierarchical structure of quark and charged lepton masses, for instance
[(V2 (V2| ~ ma/ms and [(VE)12(VE)ia| ~ me/my, with [(VE)12| S 1/ tan 5.

4. Conclusion

Flux compactification can provide a SUSY breaking scheme in which soft terms preserve
flavor and CP at leading order in the perturbative expansion controlled by the vacuum
expectation value of the messenger modulus. In this paper, we have discussed some fea-
tures of flux compactification leading to such SUSY breaking scheme, and examined the
flavor and CP constraints on the higher order Kéahler potential. It is found that all phe-
nomenological constraints can be satisfied even for generic form of higher order Kéhler
potential and sparticle spectra in the sub-TeV range, under plausible assumptions on the
size of higher order correction and flavor mixing angles. This implies that various SUSY
breaking schemes involving such modulus mediation, e.g. mirage mediation and modulus-
dominated mediation realized in flux compactification, can be free from the SUSY flavor
and CP problems, while giving gaugino and sfermion masses in the sub-TeV range which
can be probed by the LHC.
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A. Matter modular weights

In some class of compactification, the modular weights can be determined by a simple
scaling argument combined with the non-linear PQQ symmetry of the axion component [i5,
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R4, RJ]. In our notation, the modular weight n; is defined by the matter kinetic function as
Yy o< (T'+T%)™ (A.1)
at leading order in the messenger modulus expansion. Note that
Yy =e K037, (A.2)
where K| is the moduli Kéhler potential and Z; is the matter Kahler metric, i.e
K =Ko(T+T*)+ Z(T + T")QR™Q". (A.3)
At leading order, e=®° and Z; have a simple power-dependence on Re(T):
e Koo (T + T, Zp o< (T +T*)M, (A.4)
and then®
1
nr= 5o + k. (A.5)
Typically, the messenger modulus behaves (in the string unit with o/ = 1) as
Re(T) x R' /g%, (A.6)

where gg is the string coupling, R is the compactification radius, and [ and n are (model-
dependent) non-negative integers. The string coupling and compactification radius define
another modulus « R / ggt/ which might be fixed by flux. Here, we consider two simple
cases: the case (A) with n’ = 0, in which R is stabilized by flux, while g remains unfixed,
and another case (B) with I’ = 0, in which gs is stabilized by flux, while R remains
unfixed. In case (A), the messenger modulus expansion can be identified as a string coupling
expansion with g%t o 1/Re(T"). On the other hand, in case (B), the messenger modulus
expansion can be identified as a radius expansion with 1/R! oc 1/Re(T).

Case (A). Let us first examine the case that the messenger modulus expansion corresponds to
a string coupling expansion with

Re(T) x 1/g%, (A.7)

where n is a positive integer. For this case, we assume that the kinetic terms of

4D gauge and matter fields and also the trilinear Yukawa couplings are generated

at the same (leading) order in gg,and thus the gg-dependence of the 4D action is
schematically given by

1 1

L=— |-=

=¥ F,F 4 9,6 0" ¢! + ip o 0p’ + (Mg’ +hee) [, (A8)
st

4w

30ften —k; is also called the matter modular weight,.
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where (gbl Ll ) denote the chiral matter multiplets, N is a positive integer, and A7k
are independent of gst. We then have

N/2
t

N/2
gGuUT X gst/ » YLJK X Gt s (A.9)

where gguT and y;jx are the 4D gauge coupling and the canonically normalized
Yukawa couplings, respectively.

In N =1 superspace, this 4D action can be written as
1 1
/ d*0Y;Q'Q™ + { / d%0 (Z fJWOWe + 6/\1 JKQIQJQK> +h.c.] . (A.10)

where Q' = ¢! + 0y + 6?F'. The non-linear PQ symmetry U(1)7 of the axion com-
ponent Im(7") implies that the holomorphic Yukawa couplings A\;jx are independent
of T', while the gauge kinetic functions f, are either linear in 7" or independent of T'.
Combining those constraints from U(1)p with

1 ALK

Bor =Re(fs), vk = Ay (A.11)
one easily finds N = n, and
faxT, Yyoc(T+T%)™ (A.12)
with
nr+ny+ng=1 (A.13)

at leading order in the messenger modulus expansion. On the other hand, the uni-
versal gi-dependence of matter kinetic terms and Yukawa couplings suggests that
the T-dependence of Y7 is universal also, so

ny=1/3. (A.14)

To summarize, if the messenger modulus expansion corresponds to a string cou-
pling expansion, and the gauge and matter kinetic terms and the trilinear Yukawa
couplings are generated at the same (leading) order in this expansion, the matter
modular weights have a universal value 1/3. One such example is the case that the
messenger modulus corresponds to the heterotic dilaton, for which ng =1 and k; =0

in (A4), and thus n; = 1/3.

Quite often, string compactification involves an anomalous U(1)4 gauge symme-
try [[td] under which T' transforms as

U)a:T — T— %a(m)égs, (A.15)

where a(x) is the U(1) 4 transformation function and dgg is the Green-Schwarz coefi-
cient of O(1/872). In the presence of such anomalous U(1) 4, the messenger modulus
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should be redefined as it mixes with the U(1)4 vector superfield V. This results in
a shift of modular weight after the massive U(1)4 vector multiplet is integrated out,
as will be discussed below.

Models with anomalous U(1)4 give a modulus-dependent Fayet-Iliopoulos (FI) D-
term

1 0Ky

§r1 = =

Then, to satisfy the D-flat condition, one needs a U(1)4-charged MSSM singlet X
which has a large vacuum value (X) = O(&pr1) to cancel this FI term.

Let us consider the 4D action including such field X:
L= /d49 [Q(T + T —0asV) + Yx (T +T* — dasV)X*e VX
+Yi(T + T — dasV)Q™e* 1V Q'] (A.17)

where Qy = —3e¢~K0/3 and the U(1)a charge of X is normalized as gx = —1. For
das = O(1/87?), one can show [ that the mass eigenstate vector superfield V is
given by

Ve~V —h|X]| (A.18)

which has a superheavy mass M‘g/ ~ 5GSM1%1. It is straightforward to integrate out V
to obtain the effective action of the light modulus 7" and the visible matter fields Q*:

£eﬁz/d49 [QO(T+T*)+EOH(T+T*)QI*Q1+...], (A.19)

where the ellipsis stands for the corrections suppressed by dgg, and the effective
matter kinetic function is given by (after an appropriate redefinition of Q) [, ES]

Y- q1
eff X

After V is integrated out, the effective modular weight is defined as

Yt o (T + 7%)"" (A.21)
at leading order in the messenger modulus expansion. In case when T corresponds
to the heterotic dilaton, we have Qg,Yx,Y7 o (T + T%)Y/3. The resulting effective
modular weight is give by

n$t = = + ¢, (A.22)

which would be flavor universal if the U(1)4 charges are flavor universal.
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Case (B). Let us consider another case that the messenger modulus expansion corresponds to
a radius expansion with

Re(T) x R* (1> 0). (A.23)

In this case, we can have more variety of possibilities.

Let us suppose that the gauge field AZ propagates over [g-dimensional internal space
(lg > 0), the matter field Q! propagates over [;-dimensional internal space, and the
Yukawa coupling y;jx originates from a wavefunction integral over ljjx-dimensional
internal space. Then, schematically, the 4D action takes the form:

1 _
L= —ZRlGFgVFGMV—i—RlI (au(bl*au(bj+i¢jauauwl)+(RlIJK)‘IJK(waJwK+h.C.) 7
(A.24)

where
OSljgl(;, OSZIJKSmin(l[,lJ,lK). (A25)

The resulting gauge and canonically normalized Yukawa couplings behave as

1
D) = Re(fa) o RlGa

gcur

ALIK

YIIK = (=
VYiYiY

i+l
2

o Rl17K= (A.26)

Again, with the non-linear PQ symmetry U(1)p which requires f, is either linear in T’
or independent of T', and Arjx are independent of T', these relations imply lg = [, and

Yy o (T + T%)™, (A.27)

where nj are constrained as

lr+1l;+1lg — 25K

(A.28)
lg

nr+ny+ng =
For the MSSM matter fields, it is quite plausible that {; and [; i are universal. Then,
the resulting modular weights are universal and given by

2
ny = i 2k (A.29)

One interesting point is that the modular weights have a universal value 1/3 as in
the case (A) if all gauge and matter fields propagate over the same internal space and
also the Yukawa couplings are given by wavefunction integrals over the same internal
space, i.e. g =7 = ljjx. In models with an anomalous U(1) 4, this modular weight
is shifted by the U(1)4 charge as determined by (JA.20).
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