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Abstract. We examine the soft supersymmetry breaking parameters in supersymmetric theories on a slice
of AdSs which generate the hierarchical Yukawa couplings by dynamically quasi-localizing the bulk matter
fields in an extra dimension. Such models can be regarded as the AdS dual of the recently studied 4-
dimensional models which contain a supersymmetric CFT to generate the hierarchical Yukawa couplings.
In such models, if supersymmetry breaking is mediated by the bulk radion superfield and/or some brane
chiral superfields, potentially dangerous flavor-violating soft parameters are suppressed with an appropriate
correlation with the Yukawa coupling suppression, thereby avoiding the SUSY flavor problem in a natural
manner. We present some models of radion-dominated supersymmetry breaking which yield a highly
predictive form of soft parameters in this framework, and discuss the constraints from flavor-changing rare
processes. Most of the discussions in this paper can be applied also to models with a flat extra dimension in
which the Yukawa hierarchy is generated by quasi-localizing the bulk matter fields in the extra dimension.

1 Introduction

A warped extra dimension can provide a rationale for
various hierarchical structures in particle physics. For in-
stance, in 5-dimensional (5D) theory on a slice of AdSs
with AdS curvature k and orbifold radius R, the small
warp factor e”™ % can generate a huge hierarchy between
the 4D Planck scale (Mp; ~ 10® GeV) and the weak scale
(Mw ~ 102 GeV) [1], and/or hierarchical quark and lep-
ton masses [2, 3], and/or small neutrino masses [4]. The
underlying dynamical reason for small My, /Mp; and small
fermion masses is the quasi-localization of the gravity and
fermion zero modes in the extra dimension.

In this paper, we wish to examine soft supersymmetry
(SUSY) breaking parameters in models with a warped ex-
tra dimension in which the hierarchical Yukawa couplings
are generated by quasi-localizing the bulk matter fields
in the extra dimension [5]. To this end, we consider su-
persymmetric 5D theory on a slice of AdSs in which all
quark and lepton fields arise from 5D bulk hypermulti-
plets [2]. The graviphoton of the model can be gauged
appropriately to have non-zero bulk cosmological constant
and hypermultiplet masses which would make the gravity
zero mode quasi-localized at one boundary (y = 0) and
the matter zero modes quasi-localized at any of the two
boundaries (y = 0 or ©). In this type of models, the small
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warp factor and the small Yukawa couplings have a com-
mon origin, i.e. the dynamical quasi-localization of the zero
modes associated with the gauging of the graviphoton. As
a result, the small Yukawa couplings are typically given by
Ymn ~ €~ where ¢ is a constant of order unity, which
would require that the radion is stabilized at a value giving
the warp factor: e ™% ~ 1072-10~° and the correspond-
ing Kaluza—Klein (KK) scale: Mgk ~ ke ™ ~ 1016
10'3 GeV. This type of models can be regarded as the AdS
dual of the recently studied 4D models [6] which contain
a supersymmetric CFT sector generating the Yukawa hi-
erarchy through the renormalization group evolution.

It has been noted that supersymmetric CFT dynam-
ics can provide also a mechanism to suppress dangerous
flavor-violating soft parameters [6]. This suggests that a
similar suppression of flavor violation can take place in
AdS5 models also. As we will see, flavor-violating soft pa-
rameters in AdS; models are indeed suppressed under a
reasonable assumption on SUSY breaking. Furthermore,
if SUSY is broken by the F-term of the radion super-
field [7-9], the model leads to a concrete prediction on soft
parameters which can be tested by future experiments. In
this paper, we first discuss general forms of the soft pa-
rameters in supersymmetric AdSs model and later present
some models of radion-dominated SUSY breaking in AdSs
which can pass all constraints on flavor violation without
severe fine tuning of the parameters. Most of our results on
the Yukawa couplings and soft parameters can be applied
straightforwardly to the models with a flat extra dimension
in which the bulk matter fields are quasi-localized in the ex-
tra dimension. For this, one can simply take the limit that
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the AdS curvature becomes zero, while the hypermultiplet
masses remain non-zero.

2 Yukawa couplings and soft parameters
in supersymmetric AdS5 model

To proceed, let us consider a generic 5D gauge theory cou-
pled to the minimal 5D supergravity (SUGRA) on S'/Z,.
The action of the model is given by [2,10,11]

S = /d%\/—G (1)
X B <R + U MNP DN p — gCMNCMN + 12k2>

1 (1 1
iy (—4FaMNF;¢[N + 5 D" DM
5a

i- .
+ 2/\‘”7MDM/\$>

+ Dy |2 + W0 yM Dpg W + icrke(y) 0y + .. } ,

where R is the 5D Ricci scalar, ¥i, (i = 1,2) are the
symplectic Majorana gravitinos, Cp;ny = Oy By — On B
is the graviphoton field strength, and y is the 5th coordinate
with a fundamental range 0 < y < w. Here ¢%, A§, and
A" are 5D scalar, vector and symplectic Majorana spinors
constituting a 5D vector multiplet, h} and ¥; are a 5D
scalar and Dirac spinor constituting the Ith hypermultiplet
with kink mass crke(y). The AdS curvature k and the kink
mass crk are related with the gauging of the graviphoton
as indicated by the following covariant derivatives [10,12]:

2
Dy = O + ic[ke(y)BMWI +...,

] (3 i i j
DMhZI:aMhZI—l<(U3)j—Cj(5j> kje(y)BMh%—i—...,

. o3 ; j
Dy A* = Oy A" — 15(03);‘k6(y)BM>\aJ +o (2)

where the ellipses stand for the other gauge couplings.
Note that we set the 5D Planck mass M5 = 1 and all
dimensionful parameters, e.g. the 5D gauge coupling gs,
and the AdS curvature k, are defined in this unit. Although
not required within 5D SUGRA, it is not unreasonable to
assume that the graviphoton charges (¢;y) are quantized
in an appropriate unit, i.e. ¢;/c; are rational numbers,
which assumption we will adopt throughout this paper.
We note that in the CFT view, the ¢; are related to the
anomalous dimensions ~y; of the chiral operators built from
CFT-charged superfields [6]. At a superconformal fixed
point, the vy are determined simply by group theory factors,
so they are quantized.

With appropriate values of the brane cosmological con-
stants at the orbifold fixed points (y = 0, ), the ground
state geometry of the action (1) is given by a slice of AdSs
having the following form of 5D metric:

GundzMda™N = e*%Randx“dI” + R%dy>. (3)
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It is convenient to write the 5D action (1) in N = 1 su-
perspace [8,13,14]. For the 5D SUGRA multiplet, we keep
only the radion superfield

1 _
T = (R +1iBs, §(1 + 75)%2—2)

and replace the other fields by their vacuum expectation val-
ues. For the 5D vector multiplets and hypermultiplets, one
needs appropriate R- and Bs-dependent field redefinitions
to construct the corresponding N = 1 superfields [8,12].
After such a field redefinition, the relevant piece of the
action is given by! [8,13]

/d% Ud‘*@T+T
2
2 1 ax a
495(1

+ e(%Jrcz)(TJrT*)k\ylH;*HIC)

(Fry o + Fry i)

(e(%—CI)(Tﬁ-T*)k\y\H}kHI

1
+ {/d29 ETW“O‘WS +h.c.H : (4)

where W is the chiral spinor superfield for the vector super-
field V* containing (A%, A*) with A® = (1—v5)A*!, H; and
H¢ are chiral superfields containing (h},¥r) and (h3*, ),
respectively, with ¢y = (1 — v5)¥;, ¥¢; = 1(1 + 5)¥7.
Here we consider two superfields bases for hypermultiplets,
(Hp, HS) and (Hy, HS), which are related to each other by

Hy = e(3=en) TRl g,
Ay = el3ten)THul e,

As the theory is orbifolded by Z : y — —y, all 5D
fields should have a definite boundary condition under Zs.
The 5D SUGRA multiplet is assumed to have the standard
boundary condition leaving the 4D N = 1 SUSY unbroken.
To give a massless 4D gauge multiplet, the vector superfield
V® is required to be Zj-even:

Vi(—y) =V*(y). (5)

On the other hand, the hypermultiplet can have any Zo-
boundary condition:

Hi(~y) = 21H;(y),

Hi(—y) = —zrHi(y), (6)
where z; = £1, and then a massless 4D chiral superfield
Q7 originates from either Hy (z; = 1) or Hf (21 = —1).

In the superfield basis of (Hy, Hf), the Ith 4D super-
field @ appears as the y-independent mode of (Hy, HY).

! Note that our H; and HY differ from [8] which is related to
ours by Hy — e_(%_CI)TklylHI and Hf — e_(%"'CI)Tklyle.
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However, in another superfield basis of (ﬁ L H €) for which
the 5D action (4) has the standard form of a K&hler metric,
the wavefunction of (Q; appears to be quasi-localized near
one of the orbifold fixed points:

Hy ~e @TrRYL (37 = 1) or Hf ~ e @TklYl (5 = —1),
(7)
where
_ 1
qr = zrcr — 5

So, @ is quasi-localized near y = 0 if g; > 0, while it is
quasi-localized at y = w if ¢r < 0. As is well known, such a
quasi-localization of the matter zero modes can naturally
generate the hierarchical Yukawa couplings. It is in fact
possible to achieve the quasi-localization of the matter
zero modes in a flat extra dimension [13,15]. However in a
5D SUGRA context, the quasi-localization of the matter
zero modes has the same origin as the quasi-localization of
the gravity zero mode, i.e. the gauging of the graviphoton
as (2). In this sense, the warped extra dimension with
localized 4D gravity can be considered as a more natural
ground than the flat extra dimension for the dynamical
localization of the matter zero modes. Furthermore, the
quasi-localization of the matter zero modes in AdSs has
an interpretation in terms of supersymmetric 4D CFT as
the renormalization group evolution at a superconformal
fixed point [6].

In addition to the bulk action (4), there can be brane
actions at the fixed points y = 0,n. General covariance
requires that the 4D metric in the brane action should be
the 4D component of the 5D metric at the fixed point. Using
the general covariance and also the R- and Bs-dependent
field redefinitions which have been made to construct N =1
superfields, one can easily find the T-dependence of the
brane actions [8,16,17]. For instance, the brane actions
which would be relevant for Yukawa couplings and soft
parameters are given by?

Shrane = / &Pz [5@) { / d*0L,;(Z, Z*) 9%
1
+ (/ dQGZWQ(Z)Waan + A ()PP Pk + h.C.) }

+d(y —m) { / d*0e~ (K Tk I ) (7! 7D B

+ (/ d%%w;(z’)wmwg (8)

+ e—(q1+qJ+qK)TtkT)\’UK(Z’)@IQ]@K + h.c.) H ,

where Z and Z’ denote generic 4D chiral superfields living
only on the brane at y = 0 and y = &, respectively, and

@]:HI @IZH; (Z[:—l).

2 The chiral anomaly of the R- and Bs-dependent field redef-
inition induces T-dependent pieces in w, and w} [12]. But they
are loop suppressed and not very relevant for the discussion in
this paper.

(21 =1) or
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Here L;y (L ;) are generic hermitian functions of Z
and Z* (Z' and Z'*), and w, and Arjx (w' and N} ;) are
generic holomorphic functions of Z (Z').

If there is no light gauge-singlet 5D field other than the
minimal 5D SUGRA multiplet, SUSY breaking would be
mediated by the radion superfield T, and/or the brane su-
perfields Z, Z’, and/or the 4D SUGRA multiplet which
always participate in the mediation of SUSY breaking
through the conformal anomaly [18]. The relative impor-
tance of anomaly mediation (compared to radion media-
tion) depends on the details of radion stabilization. Al-
though anomaly mediation can give an important (or even
dominant) contribution to soft parameters in some cases
[19]; they are loop suppressed, so subleading, unless the
F-component of the conformal compensator (2 is much
bigger than the F-components of T, Z and Z'. In this
paper, we will assume F*’ is either comparable to or less
than FT, FZ and FZ/, and we thus focus on the soft SUSY
breaking parameters induced by F7, 4 and F? "

The 4D Yukawa couplings and soft parameters can be
most easily studied by constructing the effective action of
massless 4D superfields. As we have noted, in the superfield
basis of (V*, Hy, H¢), the y-independent constant modes
correspond to the massless 4D superfields of the model. Let
V@ denote the constant mode of V¢, and Q7 be the constant
mode of Hy (z1 = 1) or of Hf (z2; = —1). Here we will
assume that all visible 4D gauge and matter fields are in
{V*,Qr}, and we will examine their Yukawa couplings and
soft SUSY breaking parameters when the SUSY breaking is
mediated by T and/or Z, Z'. Those Yukawa couplings and
soft parameters at the Kaluza-Klein scale Mgy ~ ke ™ F
can be evaluated from the 4D effective action which can
be written as

[ / d*oy; JQIQZ} (9)

+ [/ a0 (ifanWg + Z?IJKQIQJQK) + h-C} ;

where Y; 7 are hermitian wavefunction coefficients, f, are
holomorphic gauge kinetic functions, and gy x are holo-
morphic Yukawa couplings. Using (4) and (8), we find

i} LI[j(z/’ ZI*)
Y15 = Y1015+ L1;(Z, 2°) + iy

21
fo=5T+w(Z)+wy(Z),

954
. Nk (Z')
Urix = Mgk (2) + o(@r s Tar)ThT (10)
where 1
Vi = —(1 — e um(T+T7), 11
= ) (1)

Note that 5D SUSY in bulk enforces that the Yukawa
couplings of Q) originate entirely from the brane action (8).

It is straightforward to compute the soft parameters for
generic forms of the brane wavefunction coefficients L;;
and L) 7 [20]. Here we will assume that L;; and L' ; are
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(approximately) invariant under the phase rotation of Z,
Z', and also (Z) < 1, (Z') < 1 in the unit with M5 = 1.
Then L,y and L ; can be expanded as

L;7(2,2%) =LY
L/ (Z/ Z/*)

KIJZZ*,
i ! rzlx
K’IJZZ 5

1J

Ly - (12)

where LY., L', k77 and &/ ; are field-independent con-
stants. The effects of the brane kinetic coefficients L? 7 L’Ig—
in low-energy physics are suppressed by their ratios to the
bulk kinetic coefficients:

Lo L/I?]_e—(qz +qs)nkR
YrY Y Y;

~
TKA
<

€1y ) (13)

which correspond to the brane thickness divided by the
width of the zero mode wavefunction. Obviously, €;5 be-
comes smaller for a larger orbifold length. It is in fact an
attractive possibility that the 5D theory is strongly cou-
pled as g2, ~ 24n3/A and 1/M3 ~ 2413/ A3 at the cutoff
scale A, for which the orbifold length has the maximum
value [21]:

AR = 2475 .

Applying the dimensional analysis rule to the bulk and
brane kinetic coefficients in the strong coupling limit [21],
one easily finds

31

0
Ly, T

LY~
where the matter fields are normalized in such a way that
their bulk coefficients are given by (11). If |g/|knR < 1,
so the matter zero mode Q) is equally spread over the
extra dimension, the brane to bulk ratios are given by
€rg =~ 1/AR. On the other hand, if |gr|knR > 1, so Qy is
quasi-localized with a wavefunction width 1 / \ql\k we have

3j qITCkR
4 AnR

~ 1072,

(14)
where we choose |qr|TthkR ~ 5 as a typical value of the
quasi-localization factors, which can be inferred from the
Yukawa coupling structure given by (18). In the following,
we will adopt this strong coupling estimate of the brane
to bulk ratios, and ignore L?' and L'° 77> while keeping
in mind that they can give corrections suppressed by the
factor of O(1072). However, we will keep the other brane
coefficients x;; and &/ 7 in the calculation since they can

€17 ~ VarqkLy; or /qrqskL)Y ~

be important for SUSY breaking if FZ or FZ' is a major
source of SUSY breaking.

Let yrix, Mg, mij, and Ajjx denote the Yukawa cou-
plings, gaugino masses, soft scalar masses, trilinear scalar
couplings, respectively, for the canonically normalized mat-
ter superfields Q; = ¢! +0y! +62FT and gauginos A* which
are renormalized at Mkk:

1
“YrIk P vk —

1
M\
2 2
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AIJK¢ To7¢% +h.c.

——m? ¢l 7 — (15)

One then finds from (10):
1/2 ANk
yIJK:(YIYJYK) <>\I‘]K+e(qI+q,7+qK)nkT>’

FT' 1 , (0w, P
S F
2R+29“<az ’
2

!
ow!,

Z
t oz

s
!

my; = (Y;Y;)"'/?

TI:2qI]€5[J FT|2
earnk(T+T*) _ 1

/ Z' 2
Ky 7| F2 ]
e(qITEkTJquTEkZT*) ?

—(Y7Y i)~V

8 AJK + /\’IJKe—(q1+¢1J+qK)nkT
"ot ( YiY, Yk )

oA
72 OAIIK
)+ r 2

Argg =

N
IJK
X |\ Agg + —— =
( 1J e(ar+qs+qr)nkT

+ F? ONpy K
elart+as+ax)nkT 7/

; (16)

where g2 are 4D gauge couplings, and FT, FZ and F z'
denote the F-components of T, Z and Z’, respectively.
To be more concrete, let us consider the case that both
the Yukawa couplings and the brane SUSY breaking come
entirely from A\;;x and FZ at y = 0. We further assume
that the wavefunctions of 4D Higgs fields are localized at
y = 0, which would be necessary to generate the top quark
Yukawa coupling of order one. Let Qy and @,, denote
the Higgs and quark/lepton superfields, respectively, and
specify only the quark/lepton flavor indices (m,n) in the
Yukawa couplings and trilinear A parameters. We then find

)\mn
S i
FT' 1 ,0w, 5,
M, = — 4+~ FZ
2R 2% 97
1 T GmkOmn
mgnﬁ: \/ﬁ |:e27tqm _ ’FT| + mn|FZ|2:|7 (17)

9
A = —Yn | FT = In

1 ;0
(YHYmYn> + 7 )],

where \,,, denote the holomorphic Yukawa couplings in
the brane action (8) at y = 0, and

1 1 ) 2
1 ( (1 - commirsT >)>
VYH quk

~ H qH>O
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1 1 —1/2
__( (1 _ efqmnk(T%»T*))
VY qmk
~ ) Vank (gm >0),
V ‘qm|ke_n|qm‘kR (qm < 0)'

As we have noted, Q,,, with ¢,,, < 0 is quasi-localized at
y = 7, while Q,,, with ¢,, > 0 is quasi-localized at y = 0.
As aresult, in the case that both the Yukawa couplings and
the brane SUSY breaking arise from y = 0, the Yukawa
couplings, A parameters and squark /slepton masses (renor-
malized at Mkk) involving the light quark/lepton super-
fields @, with g, < 0 are exponentially suppressed as

Ymn = O(e~UamIHlanDrklty
Ay = O(e~Uamltlanhmhl pp oy

m2,,, = O(e~UamlFlanmkl 2y (18)

while those involving @,, with ¢,, > 0 are unsuppressed.
On the other hand, there is no localization of V%, so no
suppression of M,. Note that although the squark/slepton
masses from F# are suppressed only for Q,, with ¢, <0,
the squark/slepton masses from F7 are suppressed for all
Qm with g, # 0. This can easily be understood by noting
that the radion mediation has a correspondence with the
Scherk—Schwarz SUSY breaking [9]. The Scherk—Schwarz
SUSY breaking is due to a twist of the boundary condi-
tion, so its effects are (exponentially) suppressed for any
quasi-localized mode independently of the position of local-
ization. At any rate, the above results show that potentially
dangerous flavor-violating soft parameters are suppressed
with an appropriate correlation with the Yukawa coupling
suppression, thereby ameliorating the SUSY flavor problem
in a natural manner.

In fact, for each model in which both the Yukawa cou-
plings and the brane SUSY breaking arise from y = 0,
there exists a dual model in which the Yukawa couplings
and the brane SUSY breaking arise from y = 1. Once we
change the sign of all g; of the involved hypermultiplets,
the dual model gives the same 4D Yukawa couplings and
soft parameters. To see this, let us consider the case that
both the Yukawa couplings and the brane SUSY breaking
come entirely from A}, and FZ at y = m. It is then
straightforward to find

- +qm+qn)TER \/
e~ (qa+am+an) P

T WY,

FT 1 8&)/ ’
Ma - - -2 a 7z
oR 2%yt
m2 = 71
2
{Zi’”fi‘s’”ﬁ [FT2 4 e e Jo R 2 F} ,
e m —_

8 e_(qH +Qm,+Qn,)nkT
FT—1
X{ ar n( Yi¥nY, )
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0
oz'

+F7 Z_1(N,)|.

It is rather obvious that these results give (17) when (X,
K{m,ﬂa Z',qm, %n) are replaced by (/\mna Kma, Zy —qH, _Qm)-
So in this case, we need to localize the Higgs fields at y = &t
by assuming ¢y < 0 in order to have a large top quark
Yukawa coupling, and localize the light quark/lepton fields
at y = 0 by assuming ¢,, > 0 in order to suppress the
Yukawa couplings and flavor-violating soft parameters.

Theresults of (17) and (19) show that if the brane SUSY
breaking takes place only at one of the orbifold fixed points
from which the Yukawa couplings arise, the flavor-violating
soft parameters of light squark/slepton generations which
are induced by FT and one of FZ, FZ' are suppressed

s (18). So, the AdSs; models with quasi-localized bulk
matter fields can avoid (or at least ameliorate) the SUSY
flavor problem while generating the hierarchical Yukawa
couplings®. Note that all of our results can be applied also
to models with a flat extra dimension which generate the
hierarchical Yukawa couplings by quasi-localizing the bulk
matter fields. For this, one can simply take the limit &k — 0
while keeping qrk non-zero. In the next section, we will
consider the radion-dominated SUSY breaking scenario in
this framework, which provides a concrete prediction on soft
parameters, and present some models which can pass the
constraints on flavor violation without severe fine tuning
of parameters.

The results (16), (17) and (19) are obtained from the 4D
effective action (9) without including the possible threshold
corrections due to massive KK modes. The (exponential)
suppression of y.,, and A,,, for light generations is ex-
pected to be stable against KK threshold corrections as it
is due to the quasi-localization of the zero modes in the extra
dimension. In the 4D effective SUGRA point of view, the
suppression of ¥,,,.,, and A, is a consequence of an exponen-
tially large Kéhler metric, Yy,n ~ e*™amFRs . /|q,. |k, for
the case of (17), or of an exponentially small holomorphic
Yukawa couplings, ¥pmn = e’(‘qu‘q"')”kRan, for the case
of (19). These features also suggest that the suppressions of
Ymn and A,,, are stable against KK threshold corrections.

On the other hand, m?2,, generically get threshold cor-
rections of order M2 /8n%. However the geometric interpre-
tation for the suppressed flavor-violating soft parameters
suggets that the flavor-violating part of the KK threshold
correction to m?2, . is suppressed also by e~ (aml+lannkR
as well as by the loop factor, which means that the KK
threshold correction gives just a subleading piece of flavor
violation inm?, .. There can be additional corrections to the
soft parameters which are induced by non-renormalizable
SUGRA interactions in 4D effective action [23], but they
are suppressed by M2 /8t2 M2, ~ e~ 2™ E /812 so they are
small enough. There are also the model-independent SUSY
breaking effects of O(F*? /8n?) mediated by the 4D super-
conformal anomaly [18], where F' is the F-component of
the chiral compensator superfield £2. If F¥ is comparable
to or less than FT  FZ, FZ/, as we have assumed, one can

3 Another way to ameliorate the SUSY flavor problem using
an extra dimension has been suggested in [22].
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ignore the anomaly-mediated contributions also, and then
the leading radiative corrections to Yukawa couplings and
soft parameters come from the standard renormalization
group running down to My, starting from the boundary
values at Mgk given by (17) or (19).

We note that the idea of the AdS/CFT correspondence
suggests a CFT framework which would reproduce the
main features of our AdS models. Indeed, models involv-
ing a superconformal sector have been proposed to gener-
ate hierarchical Yukawa couplings as well as exponentially
suppressed soft masses [6,19,24]. It is then easy to see the
correspondence: qymkR — vrIn(A/M.), where ~; is the
anomalous dimension of Q)7 driven by the coupling to the
SC sector, and A and M, are the cutoff scale and the decou-
pling scale of the superconformal sector, respectively. The
AdSs5 models discussed here provide a perturbative frame-
work to generate the hierarchical Yukawa couplings while
suppressing the dangerous flavor-violating soft parameters.

3 Radion-dominated scenario

The results of (17) and (19) show that potentially dan-
gerous flavor-violating soft parameters can be naturally
suppressed in AdSs models. However, the resulting soft
parameters still involve many adjustable free parameters,
particularly in the contributions from the brane SUSY
breaking. Obviously, the model becomes much more pre-
dictive in the radion-dominated scenario [7] which we will
discuss in some detail in this section.

To proceed, let us consider the case that the Yukawa
couplings come from the brane action at y = 0 and the
Higgs zero modes are localized at y = 0. To be defi-
nite, we assume that the Kaluza—Klein scale is given by
Mxx = ke ™ ~ 106 GeV; however, the results are
not sensitive to the precise value of Mkgk. In the radion-
dominated scenario for this case, the Yukawa couplings and
soft parameters renormalized at Mk are given by

~ AmnIn(1/e) Ombn
Y = R Y | (= 2om)(1 — e2on)’
FT
M, = —
a 2R)
Apin = 2Ymn In(1/€)
¢m ¢n ¢H FT
x (62¢7" -1 + €2 —1 * 201 —1) 2R’
2
2 _ ¢m FT
Moz = Omn (2 hlU/dm R ) ) (20)

where € &~ 0.2 denotes the Cabibbo angle, Yy ~ 1/qgk,

and
S = qmTkR e 1 kR
™ n(1/e) \U™T™ 2) In(1/e)’

" _ankR_ e _1 kR
T /e~ \7F" 2 ) m(1/e)
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for the kink mass c;k and the Zs-boundary condition factor
zr (= %1) for the 5D hypermultiplets (H;, Hf) whose zero
modes correspond to the quark/lepton superfields (I = m)
or the Higgs superfields (I = H). As we have noted, ¢; and
thus ¢ are likely to be quantized. The observed quark and
lepton masses indicate that ¢,, are integers for € ~ 0.2, so
that all Yukawa couplings are given by an integer power
of € in their order of magnitudes.

Let ¢, = {q,ui,di, b,e;} (i = 1,2,3) denote the
known three generations of the left-handed quark doublets
(¢i), up-type antiquark singlets (u;), down-type antiquark
singlets (d;), lepton doublets (¢;), and anti-lepton singlets
(e;). The Yukawa couplings can be written as

Lyukawa = Yi5Haqiu; + yis Hyqid; + yi Hilejy,  (21)

and the squark/sleptons ¢,, = {qi,a,;,cii,ii,é,;} have the
soft SUSY breaking couplings:

Lo = — (Al Hadit; + AL HiGid; + AL H e,

2(4) ~ ~x 2(4) ~ ~x% 2(d) 7 5«
—&—mij(q)qiqj + mij.( )uiuj + mij.( )didj

2(0) 7 7« 2(8) ~ ~x
+ my; bil; +mg; eiej) . (22)

Let us first consider the quark/squark sector. There can
be several different choices of ¢, = ¢(Q,) which would
yield the observed quark masses and mixing angles [25].
Here we will consider one example which would belong to
the class of models with minimal flavor violation:

¢(H1) = ¢(H2) =2,
o(gi) = (=3,-2,2),
p(ui) = (=5, -2,2),

¢(di) = (=3,-3,-2), (23)
for which tan 3 ~ €2m;/m; is not large. These values of

d(Qum) give the following forms of the Yukawa coupling ma-
trices:

SN} XY, €3>\11L3
yii = | €AY €Ny, XYy | s
65)‘?1 f2>‘§2 A33
66)\f1 66)\512 65)\il3
N1 NGy € Ng5 |
63)‘%1 63Agz 62)‘%3

ylh = (24)

where A}, and )\fj are the coefficients of order unity*. The
soft parameters renormalized at Mgk are determined to
be®

m 85 3
,ZJ :2M1/21H5 74 2 3
Yij 52 6t

* Here \}; and A}; are redefined from A, in (20) to include
the coefficients of order one, depending on In(1/¢€)/nTR,d(q:),
¢(ui), and ¢(d:).

5 Here we have ignored small corrections suppressed by high
powers of e.



K. Choi et al.: Supersymmetry breaking in warped geometry

d 665
(Zij :2M1/21D5 554 5
i 332
~ 9¢5 0 0
ma? = (2n5)%| My | 0 46t 0
0 0 4¢
6x107% 0 0
~ | My o 0 6x1072 0 ;
0 0 6x1072
) 25¢19 0 0
mi® = 25 Myl [ 0 4et 0
0 0 4e*
3x107° 0 0
~ | Mol 0 6x107* 0 ;
0 0 6x1072
: 9¢5 0
mA® = (25)2[Mypof* | 0 95 0 (25)
0 0 4¢*
6x107% 0 0
~ | My |? 0 6x107% 0 ;
0 0 6x1072

where M, /o = FT /2R denotes the universal gaugino mass
at MKK-

The above Yukawa coupling matrices produce well the
observed quark masses and mixing angles. Also, after tak-
ing into account the renormalization group evolution from
Mgk to the weak scale My, the resulting soft parameters
pass all phenomenological constraints (including those from
flavor-changing processes) for a reasonable range of Mj s,
Ay and /\fj. For instance, when A}, and )\?j are taken to
be of order unity for M, = 500 GeV, the resulting SUSY
contributions to BB mixing, DD mixing, and b — sy are
well below the SM values [20]. For the same parameter val-
ues, the SUSY contribution to K K mixing is comparable
to the SM contribution; however, it can be easily made
small enough by choosing a bit larger M, /, and/or a bit
smaller A{, 5, [20].

One distinctive feature of the radion-mediated SUSY
breaking for quasi-localized matter superfields is that it
gives a rather large value of the non-universal A /Ymn
which is of the order of M 3 Iny;,,. As a consequence,
the most stringent constraint on the model comes from
1 — ey which would be induced by the slepton—A coupling;:
Afj H,¢;é;. To satisfy the experimental bound on Br(y —
ey) for generic models of radion mediation, one would need
some degree of fine tuning for some of the off-diagonal
elements of the lepton Yukawa matrix unless the slepton
and gaugino masses are heavier than O(1) TeV. Another
distinctive feature of radion mediation is that although the
Apn/Ymn are highly flavor dependent, they are quantized
up to small corrections being a high power of € (see (20)).
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This feature provides a natural way to minimize the p — e~y
rate, which is to choose
P(lr) = d(lz) or ¢ler) = d(ez). (26)
Let us thus consider the following two examples for the
lepton/slepton sector:

Model T:  ¢(¢;) = (—3,-3,-1),
(b(ez) = (_47 17 _1)7
Model IT:  ¢(¢;) = (=5, -2, 1),
Qb(ez) = (_27 _2a _1) (27)
The model I gives at Mgk
67)‘%1 64)42 64/\§3
yfj = | "N, 64/\52 54/\53 )
65)\%1 62)‘%2 f2>‘§3
Afj 744
7 :2M1/21n5 744 5
Yij 522
~ 9¢5 0 0
m2Y = (2 5)2 My [ 0 9¢5 0
0 0 ¢
) 6 x 1073 0 0
~ | My )| 0 6x107% 0
0 0 0.4
162 0 0
xe) (21n.5)%| M /o] 0 €0
0 0¢
) 4x107* 0 0
0 0 0.4
while the model II gives
, 67/\€1 67)\§2 66/\{3
Yi; = 54)‘%1 64)62 63/\53 )
N5 Xy 2Nhs
Afj 776
7 :2M1/21n5 443 )
Yij 332
i 25¢19 0 0
ma? = 252 My [ 0 46t 0 (29)
0 0 €
) 3x107° 0 0
~ | My )| 0 6x107%0 |,
0 0 0.4
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) 4¢ 0 0
ma® = (25)%|Mypf? [ 0 4e* 0
0 0 €
,(6x107 0 0
~ | M )| 0 6x1072 0
0 0 04

When all /\fj are taken to be of order unity, these
two models give a too large yu — ey rate, though they
pass all other phenomenological constraints. To make the
models consistent with y — ey, one needs some degree
of fine tuning for A\{, and A4, defined in (28) and (29).
Through a detailed numerical analysis including the renor-
malization group evolution of the soft parameters from
Mgk ~ 10'6GeV to My, we find that \{, and )5, are
required to satisfy

Mis \2
Model I: M, <2x10°2( —/2_
ode Al 52 %10 <5OOGeV !

_ My o
Ay <107t (2
2 (500GeV> ’
Mo
500GeV ) '

o My \?
Ay <1072 [ —22
2 (5OOGeV>

Model TT: X, <5x 1072 (

(30)

The above constraint from p — ey suggests that the
holomorphic brane Yukawa couplings of leptons at y = 0
conserve, at least approximately, some of the lepton flavors,
eg. Lo — L;, so

¢ ¢
Aij = Ai0ij.
Still one can achieve large flavor mixing in the neu-
trino mass matrix by introducing lepton flavor violation
at the other fixed point y = m. For instance, the gauge-

singlet right-handed neutrinos N; can have flavor diagonal
Yukawa couplings

6(y)kiHaol; N;
at y = 0, but flavor non-diagonal Majorana mass masses
6(y — m)M;; N;N;

at y = . In this case, it is straightforward to adjust ¢(N;) to

make the resulting light neutrino mass matrix take a form

which explains the observed large neutrino mixings [20].
So far, we have ignored the effects of brane kinetic terms

/ d°z d*0

% [S) LS, + 8y — mpe~anm TR T L0 1 g, g

(31)

under the assumption that the orbifold length is large
enough, so that the brane to bulk kinetic term ratios are
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small enough:

LO B L/Oie—(qm+qn)nkR )
= Ym;/ or —/% 7 ~ 1077, (32)
V mEn V n+m

which is the case if the 5D theory is strongly coupled at
the cutoff scale A [21]. (See (14).) Once included, the brane
kinetic terms can provide additional flavor violation. The
precise form of the soft parameters at Mxk including the
effects of brane kinetic terms is somewhat involved [20];
however, the size of corrections can be easily estimated
to be

€Emn

sznﬁ = O(em,;miﬁ) and/or O(ekﬁmiﬂ—c),
0An = O(€,,5Akn) and/or  O(ezAmk), (33)

where m?2, . and A,,,, are the soft parameters of (20) in the

limit LY . = L'%. = 0. If the brane kinetic coefficients are
comparable to the bulk kinetic coefficients, the model gives
too large K K mixing and y — e rates [20]. However in the
large radius (strong coupling) limit with €,,; ~ 1072, the
brane kinetic coefficients do not lead to dangerous flavor
violation for reasonable ranges of the other parameters.

4 Conclusion

In this paper, we have examined the soft SUSY breaking
parameters in supersymmetric theories on a slice of AdSs
in which the hierarchical Yukawa couplings are generated
by quasi-localizing the bulk matter fields in the extra di-
mension. In this class of models, the quasi-localization of
the matter zero modes has a common origin with the quasi-
localization of the gravity zero mode, i.e. the gauging of the
graviphoton which gives a non-zero bulk cosmological con-
stant and hypermultiplet masses. As a result, generically
the small Yukawa couplings are given by ym, ~ e~ FE
for a constant ¢ of order unity, and so the radion R is
required to be stabilized at e ™% ~ 1072-107°. Unless
there is an additional gauge-singlet 5D field other than the
minimal 5D SUGRA multiplet, the prime candidates for
the messenger of SUSY breaking is the radion superfield
in bulk and/or some brane superfields at y = 0 and =.
We found that if the brane SUSY breaking takes place
only at one of the orbifold fixed points from which the
Yukawa couplings arise, which is a natural setting; the
dangerous flavor-violating soft parameters are suppressed
with an appropriate correlation with the Yukawa suppres-
sion, thereby the model ameliorates (or avoids) the SUSY
flavor problem. This type of models can be considered as
the AdS dual of the recently studied 4D models containing
a supersymmetric CFT to generate hierarchical Yukawa
couplings. If SUSY breaking is dominated by the radion
mediation, the model provides a concrete prediction on soft
parameters which can be tested by low-energy experiments.
We have presented some models in this framework which
pass all phenomenological constraints from flavor-violating
processes without severe fine tuning of parameters.
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