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Gaugino mediation combined with the bulk matter Randall-Sundrum model
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We investigate a simple 5D extension of the Minimal Supersymmetric (SUSY) Standard Model (SM)
that is combined with the bulk matter Randall-Sundrum (RS) model, which gives a natural explanation the
Yukawa coupling hierarchy. In this model, matter and gauge superfields reside in the 5D bulk while a
SUSY breaking sector and the Higgs doublet superfields are localized on the infrared brane. The Yukawa
coupling hierarchy in SM can be naturally explained through the wavefunction localization of the matter
superfields. While sparticles obtain their flavor-blind soft SUSY breaking masses dominantly from the
gaugino-mediated SUSY breaking, flavor-violating soft terms arise through the gravity-mediated SUSY
breaking which are controlled by the wavefunction localization of the matter superfields. This structure of
the model allows us to predict the sparticle mass spectrum including flavor-violating terms. We first
explicitly determine the 5D disposition of matter superfields from the low-energy experimental data on
SM fermion masses, CKM matrix and the neutrino oscillation parameters. Then, we calculate particle
mass spectra and estimate the effects of the flavor-violating soft terms, which should be compared with the
current experimental constraints. With gravitino being the lightest sparticle (LSP), the next-to-LSP, which
is long-lived, is predicted most likely to be either singlet smuonlike or selectronlike. The model can be
tested at collider experiments through flavor-violating processes involving sparticles. The flavor structure
among sparticle, once observed, gives us a clue to deep understanding of the origin of Yukawa coupling

hierarchy.
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I. INTRODUCTION

The gauge hierarchy problem has been the main moti-
vation for physics beyond the standard model. One notable
solution to this problem is offered by Randall-Sundrum
(RS) model [1], which connects 4D Planck scale and the
electroweak scale by means of 5D warped geometry.
The RS setup also accommodates a natural explanation
to the Yukawa coupling hierarchy in its extension with
matters in the 5D bulk [2]. This bulk matter RS model
solves the Yukawa hierarchy problem with the following
common structure. We put Higgs on the infrared (IR) brane
and fermions in the bulk. With nonhierarchical 5D Dirac
masses, we localize the heavy fermions towards the IR
brane and the light ones towards the ultraviolet (UV) brane.
The wavefunction overlaps between the Higgs field and the
fermion fields give rise to the Yukawa coupling hierarchy.
In spite of their elegant solutions to the gauge hierarchy
problem and the Yukawa hierarchy mystery, the RS models
are under severe experimental constraints concerning the
Kaluza-Klein (KK) scale due to the flavor-changing neutral
currents caused by the KK states. Apart from the proton
decay problem, the most stringent constraint comes from
the data on K°-K° mixing and the 1st KK gluon mass
should be = 21 TeV [3]. This constraint thus spoils their
solution to the gauge hierarchy problem as well as their
experimental accessibility at the Large Hadron Collider
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(LHC). (However imposing some flavor symmetry softens
the KK scale bound, see [4].)

In this paper, we study the supersymmterization of bulk
matter RS model [5]. This model resorts to supersymmetry
(SUSY) to solve the gauge hierarchy problem while main-
taining the natural explanation of bulk matter RS model to
the Yukawa hierarchy; the KK scale can be much higher
than the electroweak scale and SUSY fills the gap between
them. We especially investigate 5D Minimal SUSY
Standard Model (MSSM) in RS spacetime, where we allow
the gauge superfields to propagate in the bulk but localize
Higgs superfields and the SUSY breaking sector on the IR
brane, and the matter superfields are laid in the bulk with
various 5D profiles.

All phenomenological SUSY models require a realistic
SUSY breaking mechanism in harmony with experimental
bounds. Our model naturally incorporates gaugino-
mediated SUSY breaking mechanism as the matter super-
fields and SUSY breaking sector are (partly) separated by
the 5th dimension while the gauge superfields couple to the
SUSY breaking sector without suppression and mediate its
effects to matter sector. At the same time, it explains the
Yukawa coupling hierarchy through 5D localization of
matter fields. Because of this structure, the sequestering
is always incomplete; the superfields of 3rd generation
particles lean towards the IR brane so that they couple to
the SUSY breaking sector with less suppression. We thus
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have a unique pattern of flavor-violating soft mass terms
that are related to the origin of the Yukawa hierarchy.
Current experimental bounds on flavor violations give
strong constraints on the model and allow us to make
predictions on the sparticle mass spectrum as well as on
its flavor-violating effects. A similar setup was proposed in
[6] as a 5D realization of “flavorful supersymmetry” [7].

Our model is a simple 5D extension of the MSSM in the
RS spacetime, but has the ability to simultaneously provide
a viable SUSY breaking mechanism and explain the hier-
archical structure of Yukawa couplings. Since the sparticle
mass spectrum and the Yukawa coupling hierarchy are
rooted on the same 5D setup, this model has a strong
predictive power on both of flavor-conserving and flavor-
violating soft SUSY breaking terms.

In the next section, we write down a general form of
MSSM in the bulk of RS spacetime equipped with
gaugino-mediated SUSY breaking. In Sec. III, we assume
that all couplings in 5D theory are of O(1), and any
hierarchical structure in 4D theory originates from 5D
geometry. Based on this assumption, we determine 5D
disposition of matter superfields from the observed
fermion masses, Cabibbo-Kobayashi-Maskawa (CKM)
matrix and neutrino oscillation data. In Sec. IV, we make
general remarks on the SUSY breaking mass spectrum. In
Sec. V, we discuss the difference between our model and
minimal flavor violation. In Sec. VI, we calculate a sample
of mass spectra and study experimental bounds on them. In
Sec. VII, we discuss a signature of the model, that is,
unusual next-to-lightest sparticle (NLSP) and its flavor-
violating decay. The last section is devoted for conclusion.

II. SETUP

We consider 5D warped spacetime with the metric [1]:
2 -2 v _ g2
ds-=ce |y'nw,dx“dx dy*=, ()

where y is the Sth dimension compactified on the orbifold

S'/Z,: — mR <y = @R, and k is the AdS curvature that

is of the same order as the 5D Planck scale M5. Assuming

that the warp factor, e 7 s much smaller than 1, we
have the following relation for k and Ms5:

M3 M3

M%=—51— —2kRm :_5’ 2

(1 - ey = T @

where M., is the 4D reduced Planck mass. This relation

implies k ~ M5 ~ M,.. We put a UV brane at y = 0 and an
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IR brane at y = wR. The fundamental scale on the UV
brane is M5, while that on the IR brane is Mse *R™ Note
that in our model, Mse *R7 is not necessarily at TeV scale,
but is at an intermediate scale between M, and TeV.

All MSSM superfields reside in the bulk. However, for
simplicity, the Higgs superfields are assumed to be local-
ized on the IR brane. We adopt Polonyi model [8] for the
SUSY breaking sector and introduce a gauge-singlet chiral
superfield X on the IR brane, whose F-component develops
VEV to break supersymmetry. We take advantage of
Giudice-Masiero mechanism [9], namely, we impose an
appropriate R-symmetry to forbid the SUSY-conserving
p-term and force the p-term to arise from SUSY breaking
effects. In this paper, we assign the following R-charges to
X and the MSSM superfields:

X:0, Hu/d:o’ Ql/Ut/Dl/Ll/El +1,
where H,, H;, Q;, U;, D;, L;, E;, respectively, denote the
chiral superfields of up-type Higgs doublet, down-type
Higgs doublet, SU(2) doublet quark, singlet up-type quark,
singlet down-type quark, doublet lepton, singlet charged
lepton. Note that the above assignment permits higher
dimensional superpotential for light neutrino Majorana
masses.

The 5D bulk action is described with 5D N = 1 gauge
multiplets and matter hyper-multiplets. We use 4D super-
field formalism extended with the S5th dimension y, follow-
ing [5].

An off-shell 5D N' = 1 gauge multiplet consists of a
5D gauge field Ay (M = 0, 1, 2, 3, 5), two 4D Weyl spinors
AL, Ay, a real scalar X, a real auxiliary field D and a
complex auxiliary field F, all of which transform as the
adjoint representation of some gauge group. They are
composed into one 4D N = 1 gauge superfield V and
one 4D N = 1 chiral superfield y that are

_ _ __ 1_
V=—00"0A, — i6?0A; +i6°0A, + 502020,)(
1

V2

Under Z, parity: y — —y, they transform as

(3 + iAs) + 20, + 6°F.
5 2

V-V, X— —X-

The action for 5D N = 1 gauge multiplets is given by

1
S5D gauge = fdy[d4xe_4k|y|[w fd206k|)'| tr{(e®/ Dk wae)(e3/2kwa) + H.c.}
5

+

(g1)2 [ d* 0 w{(v23, + x* eV (—2a, + x9)e¥ — (aye—V)(aer)}], (3)
5

035005-2



GAUGINO MEDIATION COMBINED WITH THE BULK ...

where a labels gauge groups and W“® denotes the field
strength of V¢ in 4D flat spacetime. When the unitary
gauge, AS = 0, is chosen, only V“ has a massless mode
in 4D picture. This mode has no dependence on y and will
be written as V;(x, 6, 6).

A 5D N = 1 hypermultiplet is expressed in terms of
two 4D N = 1 chiral superfields @, ®¢ that are in con-
jugate representations of some gauge group. We assume
that the former is Z,-even and the latter Z,-odd. Taking the
basis of diagonal bulk mass, we have the following action
for 5D N = 1 hyper-multiplets:

S5D chiral = fd)’[d“xe%klyl

X I:/d4962k|y|(¢);r€*‘/q)i + dseV i)
+ j‘dz@eklqu)f{ay — X/\/z - (3/2 — Ci)k}(pi
+ Hc] @)

where i is a flavor index and ¢; denotes the 5D bulk mass in
unit of AdS curvature k. Only ®; has a massless mode in
4D picture, which will be written as ¢;(x, §)e/2= ek

Let us write down the low-energy 4D effective action of
the fields in the bulk, which is described with the massless
modes of 5D N = 1 gauge multiplets and 5D N =1
matter hyper-multiplets. After integrating over y, we obtain
the following 4D effective action:

27R
S Deir = [ d%[ﬁ [ d*OWWe + H.c.

(1= 2¢)kRT _
f P

Sl ta] ©

where the dimensionful 5D gauge coupling, g¢, is con-
nected to 4D gauge coupling g4 by the relation: g¢ =
N2mRgY.

Next we consider the theory on the IR brane. The IR
scale, Mse *R7 s a free parameter of the model and is
only assumed at an intermediate scale between the 5D
Planck and the electroweak scales.

On the IR brane, we introduce Polonyi model for SUSY
breaking:

Sir D fd“x[[d‘*ae—zk’”(x*x +...)

+ fd%m}(X + Hc] (6)

where the ““...” term is for stabilizing the scalar potential

of X at the origin. wy satisfies
e—ZkRWMZ ~ Mse—kRﬂ' X TeV, (7)

which is equivalent to
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Mx TeV
s~ 3y ©
so that it gives rise to gaugino masses at TeV scale through
the VEV of Fy. Note that the scale of uy is between the 5D
Planck and the IR scales. This scale is put in by hand, as in
tree-level SUSY breaking models, or is generated through
a dynamical SUSY breaking mechanism [10], of which the
Polonyi term (6) is the effective theory. We additionally
assume that only the SUSY breaking term explicitly breaks
the R-symmetry.

Other terms on the IR brane are listed below:

MSSM term:

S D f d“x[ f d*@e " RT{Hl e VH, + Hle VH,}
+fd26’e3kR’T{e(3cfCf)kR"%HuUin
+ 8(3_Ck_01)kR7T(yL)k]HdeQl} + H.c.
M:s

+fd206—3kR7Te(3—Cm—Cn)kRﬂ'(y;dﬂHdEan +H.C.].
5

9

Gaugino mass term:

Sir D fd“ [[a’zﬂd

Higgs SUSY breaking term:

SIR /d4 [/d40€72kR7T{ u—Hqu

— WeWws + H.c. ] (10)

+dbmu HHd-i-Hc}
5
X+xt xtx
+fd4ge—2kqu{d | H:[H tdy, J[H
" M5 u u M% u u
X+X 'I'X
S RIS ) VT
5
Matter soft mass term:
Sir 2 [d“X[[d40e*2’<R7e(37cﬁcj>ka
X + xt xtx
X {dQlu QTQJ +dosij—= M3 0; Qj}]
+(Q—>U,D,L,E), 12)
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A-term-generating term: We normalize X, H,,, Hy, Q;, U;, D;, L;, E; to make their

@) kinetic terms of the 4D effective theory canonical. This is
Z3kR7) (B—ci—c kR )i done by the followi ling:
) [d“x[[dzﬁe 3kR {6(3 —c)kR ng XH,U,0, one by the following rescaling

X — X = e_kRﬂ-Xr
a
+ e(3fck*t'z)kR7T%XHdeQl

H,— H,=e¢*"H,
- e<3—fm—cn>kR77$XHdEan} + H.c. ] (13)
M5 e(l—ZCi)kRﬂ' -1
bi— b= md’n
We omitted brane kinetic terms because they only affect !
the overall normalization of the fields and are irrelevantto ~ where ¢; denotes Q;, U;, D;, L; or E;. Then the MSSM
the point of our model.

term becomes

J
(1 — ¢ U2e)kRmy\ 241 — —(1 2, )kR”}M (yu)uH UQ/

B _ 3 1-2 -2
Sr D f d4x[ ] d*0{Ate VA, + Ale VA + f d29{\/2 i ¢

1 - 2Ck 1 2Cl
\/2{1 — 6‘_(1 2Ck)kR7T} 2{1 — 6_(1 ZC[)/(RW}M (yd)ledeQl

1 —2c, 1—-2c,
\/2{1 _ e_(l 26”’)](1377.} 2{1 — e_(l ch)kRﬂ.}M (ye)manE Ln} + H.c. :|

(15)
The gaugino mass term will be
SIR fd4 I:fdzﬁd W"“W“ + H.c. ] (16)
The Higgs SUSY breaking term will be
T [ st . XX X+ X
SIR d*x a6 mu H Hd+dbmuWHqu+H'c’ +dMAWHUHu
tX X+Xxt .. Xtx .-
+d 7HT LT d = fBA,+dy,————HA H 17
u0 Mge_ZkR” dA Mse kR7 a*td do Mg —2kRm '1d"td (17
The matter soft mass term will be
—2¢; 1-2¢; k X+Xt o - Xtx .
4 t t
Stk 2 [d [ \/2{1 e t2aRRm 21 — o 0 ZC])kRW}M {dQustekaQi Q; +sziiji Qj}]
Q0—U,D,LE). (18)
The A-term-generating term will be
1 —2c¢; 1—2c¢; k (a,);; ~~ ~ ~
4 2 i J ulij
SIR =) fd Xl:fd 0{\/2{1 _ e—(l—ZC,)kRﬂ'} 2{1 _ e—(l—ZC/-)kR#}ﬁ5 Mse—kRﬂ-XHuUiQ/
1 - 2Ck 1 - 2C1 k (ad)kl ~ o~ o~ o~
+ ‘/2{1 — ef(I*ZCk)kRW} 2{1 _ e*(]*ZC,)kR#}E MSe*kRﬂ-XHdeQl
1 —2c, 1 —2¢, k (a)mm «~ =~ ~
+ \/2{1 _ e—(1—2c,,,)kR7r} 2{1 _ e—(l—Zc,,)kRﬂ'}ﬁS Mje—kRn'XHdEmL"} +He :| (19)

We introduce light neutrino masses by simply writing down higher dimensional operators on the IR brane, namely,
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L,H,L,H, n
Ms

= [ a*x [ a0 L2, P22 ), Lol

2{1 — e (I72epkRmY 201 — e*(l*ZCq)ka}\ VP N o kR

Note that the Kaluza-Klein (KK) scale, Mse ¥R is related to the scale of light neutrino masses. Another possibility is to
introduce singlet neutrino superfields and adopt the seesaw mechanism [11]. In this case, the KK scale can be a free

Sr D [d“xjd20e*3kR”e(3*CP*Cq)kR”(Y,,)pq H.c.

+ H.c. (20)

parameter of the model.
Now the MSSM Yukawa couplings are expressed as

1_2Ci

(Y.)ij = \/2{1 — o =2e)kRmY\ 2f] — e—(1—2c,)kR7r}ﬁ5

1—2c¢,

(Ye)nm = \/2{1 _ e—(1—2cm)kR7T} 2{1 _ e—(l—ZC,,)kRﬂ'}MS

and the neutrino mass matrix m, is given by

l—2cp

(mV)Pq = \/2{1 _ e7(172cp)kR7r} 2{1 _ e*(l*ZCq)kRﬂ}\ v

The geometrical factor \/(1 —2¢)/(2{1 — e~ (1-20)kRm))
has a unique property. For ¢ < 1/2, it is approximated by
1/2 — c and is O(1). For ¢ > 1/2, it is approximated by

1 —2c; k
! (yu)ij»
. 1 - 2Ck 1 - 2Cl k
(Yd)kl - \/2{1 — e_(l_zck)kRn.}\/z{l _ e—(l—ZCI)kRW}E(yd)kb (21)
1-2c¢, k
_(ye)mm
1 —2c v2
d (Y,) g —i. 22
)Pq MsefkRﬂ' ( )
[
and the neutrino mass matrix m, is given by
vi
(m,);; ~ 51‘5/m, (25)

Je —1/2e (€ V/DKRT and is exponentially suppressed.
Therefore this factor can generate the large hierarchy of
the Yukawa couplings without hierarchy. In the following,
we assume that the components of 5D coupling matrices,
Yu> Vs Yes Yo, are all O(1) and that the hierarchical struc-
ture of MSSM Yukawa couplings and the neutrino mass
matrix arises from the following terms:

1— ZCI' 1— 2C]
2{1 _ e—(l—ZC,)kRﬂ'} 2{1 _ e—(1—2c/-)kR7r}'

We define geometrical factors «; as

_ 1— 2qu
a;p = 2{1 _ e—(l—ZCq,-)kRTr}

for the i-th generation of SU(2) doublet quark superfields.
Similarly, we define 3;, v;, 0;, €; for SU(2) singlet up-type
quark, singlet down-type quark, doublet lepton, singlet
neutrino and singlet charged lepton, respectively. Thus,
the up-type quark Yukawa matrix Y,, the down-type
Yukawa matrix Y, and the charged lepton Yukawa matrix
Y, (in the basis of diagonal 5D bulk mass) are given by

with i=1,23 (23)

Y)ij~Biaj, (Yo ~viay,  (Y,);;~ €9} (24)

with VEV of the up-type Higgs doublet v,,.

III. YUKAWA COUPLING HIERARCHY
FROM GEOMETRY

In this section, we determine the order of the geometrical
factors, «;, B;, Vi, 0;, €;, from the experimental data on SM
fermion masses, CKM matrix and the neutrino oscillation
parameters. Note that the geometrical factors must be eval-
uated at the KK scale, ke *®7 where the 5D theory is
connected to the 4D effective theory. However, as is seen
from [12], the renormalization group (RG) running changes
the Yukawa couplings by at most a factor 2 and CKM matrix
components by at most 1.2 through the RG running from
~10" GeV to electroweak scale. Also the neutrino mass
matrix is affected only by O(1) through the RG running
[13]. Therefore we can estimate the order of «;, B;, ¥;, 0,5 €;
directly from the experimental data at low energies.

We first show the model’s predictions on Yukawa eigen-
values and CKM matrix. Let us diagonalize the Yukawa
matrices:

v, Y, Ul = diag,
VYUl = diag,
V.Y, U, = diag.
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For successful diagonalization of the hierarchical Yukawa
matrices, the unitary matrices, U,,, Uy, V,,, V4, U,, V., need
to have the following structure:

1 0 O
U,~Us~| ai/a, 1 0 Vi.~(a—p),
a/as ar/as 1 (26)
Vi~(a—vy), U, ~(@—38), V.~(a—e)

UCKMZUMU§~ (al/a2 1
al/a3

PHYSICAL REVIEW D 84, 035005 (2011)
which leads to

V.Y, Ul ~ diag(B, o), Brcts, B3a3),
VdeU; ~ diag(y,ay, Y0, v3a3), (27)
VeYer -~ diag(elﬁl, 6232, 6383).

The hierarchical structure of CKM matrix Ucgy 1S

given by
aj/a;, ai/a;
ay/ay |. (28)
az/a3 1

The absolute values of the CKM matrix components, |Uckyl, at electroweak scale has been measured as [14]

0.97419 = 0.00022
0.2256 = 0.0010

|Uckm[Mw]l = (
0.00874 + 0.00026 — 0.00037

We approximate this matrix by the following formula:

1 A A
[Ukml =1 A 1 A2 ] with A=0.22. (29
AA2 1

To discuss the neutrino mass matrix, we adopt the tri-
bi-maximal mixing matrix [15] (which gives almost the
best fit in the neutrino oscillation data):

1 1 1
2

6 3

and the following data on neutrino mass squared differ-
ences [14]:

Am3; = 7.59 = 0.20 X 107%eV?,

[Am3,| =2.43 £0.13 X 1072 eV2.
Also we assume that the mass of the lightest neutrino is
negligible, for simplicity. Then the neutrino mass matrix,

Unnsdiag(m,,, m,,, m,,3)U1T,INS, is given by

UMNSdiag(mvl’ nyo, mv3) UJANS

029 029 029
= (0.29 2.8 —2.2) X 107! GeV (30)
029 —-22 28

for the normal hierarchy case, while

0.2257 = 0.0010
0.97334 = 0.00023
0.0407 = 0.0010

0.0415 + 0.0010 — 0.0011

0.00359 = 0.00016 )
0.999133 + 0.000044 — 0.000043

[
UMNSdiag(mvl’ myy, mv?’)U]‘\r/[Ns

49 0.026 0.026
=10.026 25 25 | X107 Gev  (31)
0.026 25 2.5

for the inverted hierarchy case.

Now we are ready to compare the model parameters
with the experimental data and estimate the order of «;, 3;,
Vi, 0;, €;. For Yukawa eigenvalues, we simply have

Biay ~ m,/vsinp,
Bray ~ m,/vsing, (32)

,33a3 ~ m,/v SinB,

vy ~ my/vcosB,
Yoy ~ my/vcosp, (33)

yszasz ~ my/vcosp,

€0, ~ m,/vcosB,
€6, ~m,/vcosp, (34)
€305 ~ m, /v cospB.

Since the top Yukawa coupling is of ~1, we have
a3 83 ~ 1, which leads to

Comparing (28) with (29), we find
a; ~ A3, a, ~ A% (36)

We then have
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Bi~ A7 m,/vsinB, By~ A7m./vsinB,  (37)

Y1~ A3my/v cosB,
Y2~ A7%m, /v cos, (38)
v3 ~ my /v cosB.

Next compare the matrix (25) with the observed neutrino
mass matrix. For the normal hierarchy case, it is possible to
reproduce the hierarchical structure of the neutrino mass
matrix by adjusting

33] -~ 52 -~ 53 (39)

with the factor 3 coupling of the 5D theory. On the other
hand, for the inverted hierarchy case, we cannot reproduce
the neutrino mass matrix with O(1) couplings. The situ-
ation gets worse if we consider non-negligible mass of the
lightest neutrino. Therefore, the model favors the normal
hierarchy of neutrino masses with the relation (39). We
estimate €; from the relation (39) as

€ ~365'm, /v cosp,
€~ 85'm, /vcosp, (40)
€3~ 85 'm, /v cosp.

Finally, we refer to the connection between the light
neutrino mass scale and the KK scale. If the neutrino mass
arises from higher dimensional superpotential, as in (25),
the two scales are related through the following formula:

2
2 vy,

—* ___ ~3X 107" GeV. 41
S Mae 41)
Based on the relation above, we can estimate the KK scale
from the value of 5.

IV. TWO ORIGINS OF SOFT SUSY
BREAKING TERMS

In this model, SUSY breaking terms have two origins.
One is contact terms between the SUSY breaking sector
and the MSSM sector on the IR brane (gravity mediation
contributions) [16]. The other is radiative corrections, in
particular, the renormalization group effects from gaugino
soft masses (gaugino mediation contributions) [17]. For
the superpartners of matter particles, the former induce
flavor-violating soft terms while the latter mainly generate
flavor-diagonal terms Because of the model’s structure, the
gravity mediation contributions are related to the 5D dis-
position of matter superfields that gives rise to the Yukawa
coupling hierarchy.

As is argued in [18], when the square root of spacelike
momentum, p = +/—p?, is larger than the KK scale,
ke *R7 5D gaugino propagator connecting the UV and
the IR branes is suppressed by the factor
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exp[—p/ (ke R7)].

Since the integral of loop momentum is done with
Euclidized momentum, /2 = —/?, loop diagrams contain-
ing gaugino propagators between the two branes are also
exponentially suppressed when the range of integral is
limited to [O(ke *R™), 00), that is, when the renormaliza-
tion scale is around the KK scale. Matter superfields con-
fined on the UV brane receive SUSY breaking effects
through loop diagrams involving gaugino propagators in
the bulk and gaugino mass on the IR. Hence we argue that,
at the scale of ke *R™ matter SUSY particles in the bulk
gain SUSY breaking mass only through the contact terms
on the IR brane, and radiative corrections through gauginos
are negligible. When p < ke %87 5D gaugino propagator
approaches to the 4D one divided by 7R, and matter SUSY
particles receive SUSY breaking effects through gaugino
radiative corrections just as in 4D MSSM. Based on the
discussions above, we calculate the SUSY breaking mass
spectrum in the following way: At the renormalization
scale u, = ke *®7™ SUSY breaking terms arise only
from contact terms on the IR brane (gravity mediation).
In particular, 1st generation matter sparticles that are lo-
calized towards the UV brane have almost zero soft mass.
Below the scale of ke ¥R the RG equations of 4D MSSM
controls the mass spectrum (gaugino mediation). Therefore
we can calculate the sparticle mass spectrum at the elec-
troweak scale by solving the MSSM RG equations with the
initial condition that, at w, = ke *®7, SUSY breaking
terms be given by the IR brane contact terms. In the rest
of the paper, we denote the scale ke "™ as M.

At w, = M, the SUSY breaking terms are given as
follows:
(Fg)
gaugino masses M{,, = —d,4(g “)2 fka (42)
. [KFe)l?
Higgs Buterm By = d,,, szmw (43)
5
H, f 2 _d + d2 |<FX>|2 44
iggs soft masses my; = (—d,g A)M2 e (44)
[KF)I?
= (=dg + dﬁA)szka 45

KFI”
d i+ d> A
( 02ij Qll]) i JMge—ZkRn'

(Q, @)= (U, B).(D,y).(L,5).(E €)
(46)

matter soft masses (sz)
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k F
A'termS(Au)ij = _duA(yu)tj:BI ]M M< i(ZRn'
k  (Fg)
(u)thz jM Mse i(ka
F
uA(Y )1/M< leRﬂ
k F
+(a,);;Bia; i M< X,ZR,, (47)
F k F
(Ag)i; = ddA(Yd)z]% + (aq)ijvi ’M M< fZRﬂ
(48)
(Fx) k  (Fy)
(Ae)ij = _ddA(Y )UM i(ka + (ae)ljet6jM M i(ka.
(49)

where «;, B;, Vi, 6;, €; are defined as in (23). In addition,
the pu-term arises from the SUSY breaking effects
(Giudice-Masiero mechanism):

(Fz)

M= dmum'

(50
Note that the flavor structure of matter soft masses and
A-terms corresponds to the Yukawa coupling and neutrino
mass matrix hierarchy in a unique way, governed by «;, 8,
Yis 6i» €;.

We solve the MSSM RG equations from M, toward
low energies with the initial conditions (42)—(50), and
evaluate the sparticle mass spectrum at the electroweak
scale.

Finally we remark on the nature of the lightest SUSY
particle (LSP) and the next-to-lightest SUSY particle
(NLSP) in this model. The gravitino mass is given by

PHYSICAL REVIEW D 84, 035005 (2011)

KFg)l  Mse *R™ kR
\/?_yMSe"‘R” M. ~TeV Xe ,
(51)

and thus gravitino is always LSP, as in [19]. NLSP mainly
consists of singlet sleptons whose flavor composition de-
pends on the amount of gravity mediation contributions.
Normally, the singlet stau is lighter than smuon and selec-
tron due to its large Yukawa coupling, but in this model, it
gains large soft mass through gravity mediation and may
not be the lightest. As with other gravitino LSP scenarios,
NLSP is long-lived because its coupling to gravitino is
suppressed by 1/[(Fg)l.

[KF)l _
myy = \/_M

V. COMPARISON WITH MINIMAL
FLAVOR VIOLATION

The minimal flavor violation (MFV) is the setup that
only SM Yukawa couplings violate flavor symmetry. In
MFV, flavor-violating soft terms are generated via the
MSSM RG equations involving Yukawa couplings. We
here estimate the orders of the flavor-violating soft terms
generated through RG running in MFV, and compare them
with those via the gravity mediation in our model. We will
see that the latter show different patterns from the former.

We first introduce a flavor basis where Y, or Y,; and Y,
are diagonalized by the following unitary matrices U.:

UyY,Ug, = (diag),
UpY,Ugys = (diag),
UEYeUL = (dlag)

Note that U,’s depend on the renormalization scale as
Yukawa matrices receive RG corrections. We will estimate
the orders of the changes of U.,’s through RG running.
Below is the RG equations for Y,,:

d d ) d L d
M@(UUYMUQM)_ M@UU Uy(UyY,Ug,) + Uy ,U«EYM Ugu + (UyY,Up, Uy, M@UQM

d 1
= ( d—UU)UU(UUY U + —— = UU{Y viy, +3v,vly, + 3ulvly, v, + alv)Y,]Y,

13 16 " d
(15 2+3g3 + 3 g%)Yu}UQu + (UUYuUQu)UQu<ME UQu)r (52)
|
where Y is neutrino Dirac Yukawa coupling which ap- d
pears when we introduce the singlet neutrinos lighter than ~ # EUQ”

M., We hereafter adopt the GUT normalization for g;.
From (52), we see that Uy, Y, U, remains diagonal during
RG running when the unitary matrices satisfy the following
conditions,

d
pm—Uy =0, (53)
dp

T —— (off-diagonal components of ¥, ty,)U ou- (54)

In the same manner, we obtain the following conditions for
keeping UpY,Ugy, and UgY, U, diagonal:
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d d 1
—Up =0, 55 —U, =—
M an P (55) M an 1672
X (off-diagonal components of Y;}Y,)U;.
d 1
L Uy = ——— (58)
H du od 167>
X (off-diagonal components of Y,:r Y,)U 0d> . . .
Now that we know how Y ,-diagonal basis, Y,;-diagonal
(56)  basis and Y,-diagonal basis change through RG running,
we estimate the orders of MFV effects on A-terms in
MiUE =0, (57)  these bases. The MSSM RG equations for A-terms are
dp given by:
|
2, 4 4 Ayt f i t f 13 appa=t _3.2pp0=2 _ 16 21003
167 ,U,@Au =3A,Y.Y, +3Y,YiA, +AY, Y, +2Y,Y;A;+2(3u[YiA,]— EglMl/z —3g;M{), —?g3M1/2 Y,
1 13,5 , 16, 1 1
+(3ulY)Y,]— 1581 385 — 383 A, +ulY YplA, +ulY)ApY,, (59)

d 7
167T2,LLd—Ad =3A,Y Y, +3Y,YIA, + A Yy, +2v, 84, + 2(3 a[YIA,] + ulvia,] - 15 M — 3g2Ma72
73

16
3

1/2 1/2
16

15 3

_ 7
— gng;;;)Yd + (3 u[Yiy, ]+ alviy,] — —g¢? — 3¢5 — — gg)Ad, (60)

d 9
16772M@Ae =3A,YlY, +3Y,YIA, + 2(3 u[YIA,]+ ulvia,] - <&My - 3g%M“:2)Ye

1/2 1/2

9
+ (3 ulY v,] + ulvly,] - S $-3 g%)Ae +AY Y +2Y, Y Ap, 61)

where neutrino Dirac Yukawa coupling Yp and the corresponding A-term Ap appear when we introduce singlet neutrinos
lighter than M. From (53)—(61), we obtain the following equations for A,, A4, A, respectively in Y, Y, Y,-bases:

d
1672 ﬂﬁ(UUAuUQu) = 3UyA, Y1V, Ug, + 3UyY,YIA,Up, + (UyA,Ug,)(diagonal part of U}, Y1Y,U,,)

13 16
+2U,Y, Y AUp, + 2(3 u[YiA,] - Eg’f‘Ma:' —3g2Me 2 — — ggMa:3)(UUYM Uou)

13 ,
Bgl
+ tr[YLT)AD](UUYu UQu)’

+ <3 A —3g5 —

1/2 1/2 3 1/2

16
g%)(UUAuUQu) VYU Ups)

(62)

d
167721“‘@(UDAdUQd) = SUDAdY; YdUQd + 3UDYdY;AdUQd + (UDAdUQd)(diagonal part OfUEdY‘I Yu UQd)

7
+2UpY YIA,Upy+ 2(3tr[Y}Ad] +ufYiA,]- 15 M —3g2MaT2

16
3

1/2 1/2

_ 7 16
LM UnYalon) + (3uL¥]Ya) +ul¥I ¥~ o6t 36— 56 JUnAalion.  (63)

15 3

1/2 1/2

d 9
1672 ,LL@(UEAe U,)=3UzA,YIY, U, +3U.Y, YA, U, + 2(3tr[Y}Ad] +ulYiA,]- E M — 3g%M“:2)(UEYe U,)

9
+ <3tr[Y; Y, ]+ulYiy,]— < 8- 3g%)(UEAeUL) + (UgA, U, )(diagonal part of U Y Y, U, )

+2URY, Y ApU,,

(64)
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To study the effects of MFV, we set the initial conditions
for A,, Ag, A, as

(Aijlini = M,(Y,);5, (Ap)ijlini = My(Y,)),
(A)ijlini = M (Y,);;

with mass parameters, M,, M; and M,. Then the terms
2U,Y, Y AUp, in (62), 2UpY,Y AUy, in (63) and
2UgY, Y ApU;p in (64) respectively give rise to off-
diagonal terms of (UyA,Up,), (UpA,Upa), (UgA,Up),
which were initially diagonal. These off-diagonal terms
in turn generate off-diagonal terms through (62)—(64), but
this does not change the orders of themselves. Noting that
the orders of the Yukawa components in each basis are
given as (§;; is the ordinary Kronecker’s delta):

(UyY,Ugy)ij ~ Bia;6;, (UuYaUguij ~ via;,
(UpY,Uga)ij ~ B, (UpY,Upa)ij ~ via;6;
(UEYeUL)ij ~ Eiai‘sij: (UEYDUL)ij -~ fi‘sj,

J

where {;’s are the geometrical factors for singlet neutrinos
satisfying {; = 1, we estimate the orders of the off-
diagonal terms of (UyA,Uy,), (UpA,Upa), (UgAU.)
that arise through RG running as (i # j):

1 (M
AULAU g ~ —— ln( t)z(UUYuY}AdUQm

2 Mcut
T ln<MW):8iaiai(73)2aij (65)

<

1 cul
A(UDAdUQd)ij ~ W ln< t)z(UDYdYJAuUQd)ij

My

2 Mcllt
BT ln<MW)7i“iai(,83)zajMd, (66)

1 M,
A(UEAeUL)ij ~ W ln<M7[>2(UEYngADUL)ij

2 M,
T l6m2 ln<M = )fiaiai(§3)25jMe, (67)

where M., indicates the mass scale of the singlet neu-
trinos if they exist. We used the approximation that

PHYSICAL REVIEW D 84, 035005 (2011)

Sy = (y3)% Zi(B)? = (B3)* and Y i(4)* = (4)%
As for diagonal terms of (UyA,Uy,), (UpAsUgpa),
(UgA,U;), the Egs. (65)—(67) do not change their orders.
In conclusion, the orders of MFV effects on A-terms are
given by the estimates (65)—(67).

We next estimate the orders of MFV effects on matter
soft mass terms, mé, m3,, m3, m7, m%, in the basis where
Y, or Y, and Y, are diagonal. Below is the list of those
terms in MSSM RG equations that give rise to flavor
nonuniversal soft masses:

d
16772,ud—m2Q D) YJYumZQ + szY,:rYu + ZYJm%]Yu
M
+20Y§ Y, my + Yivmd + mdyly,
+2YIm3 Y, + 2Y v m},
+24%4, + 2414, (68)

d
16772;L—Mm2u D2Y,Yim} + 2my Y, Y} + 4Y,m} v}

+4(Y,YHm} +4A,AlL (69)

d
16772,u,am,2) D 2Y,Yim} + 2myY, Y} + 4y ml v}

+A(Y,YHm3, + 4A,AL (70)

d
167 ——mi D Yiv.mi + miyly, + 2vimiy,
7’

+2(vdv, ) m}, +241A, + YiYpm?
+mpYEYy + 2Yhm Yy + 2(YhYp)my,

+ 240 Ap, (71)

d
16772;L@m% D2Y,Yimd + 2mey, Yl + 4y, miy]

+4(r,YHm}, +44,AL (72)

where again, Yp and Ap appear when singlet neutrinos
lighter than M, exist. From (53)—(58) and (68)—(72), we

obtain the following equations for sz in Y,-diagonal basis,

m?, in Y,-diagonal basis, m?, in Y,-diagonal basis, m? in

Y,-diagonal basis and m? in Y,-diagonal basis:

d
16772M@(Ufum2QUQu) D ULYIYmyUgy, + UL, miYly, Uy, +2UL Yim}y, Uy, + 2(UL YIY,Up)m3,

+ U;rzu (diagonal parts of Y;f Yd)UQu(UT quQ Uga)

+ (U&umZQUQu)UTu(diagonal parts of Y;Yd)UQu + ZUZ)MY;szYdUQu

+ 208, Y3V, Up)m}y, + 205 AlA Uy, + 20U, A1A U, (73)

035005-10



GAUGINO MEDIATION COMBINED WITH THE BULK ...

PHYSICAL REVIEW D 84, 035005 (2011)

d
16w2ﬂm(UUm%,U,t) 22Uy Y, Yim} Ul + 20ymd Y, YI UL, + AU Y md Y UL + AUy Y, YU )M}, +4UyA,ALUY,

167> ,u

d
16772,LL@(U}im%UL) >ulvly,miu, + uf

+ U] (diagonal parts of Y} Y,)U, (U]

(74)

(UDmDUD) D2UpY Yimp UL + 2Upmd Y, Y UL + AU Ymd Y UL + &(Up Y,y iU m3, +4UpA,AL UL,

(75)

m}YSy, U, + 205 Yimiy, U, + 20 viy, U )m}, +2U5ALA, U,

miU,) + (UImiU,)U] (diagonal parts of YSY,)U,

+ 20 Y m} YU, + 2ULY Y U my, + 2USALAL UL, (76)

d
1672 M@(UEm%U};) D2URY YImUL +2Um}y YIUL + 4Uy m3 YEUL + a(U Y, YIU MY, +4UgAALUL (77)

To extract the effects of MFV on matter soft mass terms, we
consider the case with the following initial conditions:

(mﬁ)ijlini = mzo&j(* =Q,UD,L,EN),
(Aijlini = M(Y,);),

(Ad)ijlini = Md(Yd)ij,

(ADijlini = M (Y,);;,

(Ap)ijlini = Mp(Yp);j.

In (71), the terms 1nvolv1ng Y, or A, induce the off-
diagonal terms of (UQquUQu) of the order (i # j):

1 M,
T cut
AU, mpUp.)i5 ~ 672 1n<MW)CYi(73)2C¥j
X {2’”2)0 +2m3y, + 2m3,, + 2M?3}.
(78)

It is then clear that, in Y -diagonal basis, (UgdmZQUQd)
obtain the off-diagonal terms of the order (i # j):

1 My P

o2 (et e

X {2mpyy + 2my, + 2my, + 2MG}.
(79)

AUEmHUgd)ij ~

1 M,
A(UUm%/Ug])U ~ [ n( cut

167> \My,

If singlet neutrinos lighter than M, exist, the terms in (74)
1nV01V1ng Yp or Ap induce the off-diagonal terms of
(ULmLUL) of the order (i # j):

| M,
A(Uzm%UL)i_/‘N@ln(M o )51'({3)25]‘

X{2m3 o +2m3 +2my, +2M3 ) (80)

On the other hand, for (Uym2,U)), off-diagonal terms arise
from the following two terms in (74):

AULY,mbYIUS = 4UyY, UL ) (Ug,m}
= 4'(ZJUAu

uh )Uh, yiuh),

4U A AL U, uh )l Alub). (81)

Off-diagonal terms of (U, J m Uyg,) induced through (73)
and those of (UyA,Uy,) 1nduced through (62) in turn give
rise to off-diagonal terms of (U UmUU ) through (81).
Therefore, from (78) and (65), we estimate off-diagonal
terms of (UUmUUL) induced by RG running as (i # j):

2
)] [4Biaiai(73)2aja.i5j(2ngo + 2mpy + 2miy, + 2M3)

+ 4Z(Biai8ikMu + Biajai(y3) oM, ) (o B8 M, + ak()’.’,)zajajﬁj):l
X

1 M, 2
- [—2 1n(—““)] [4B.() (v (@, B, 2y + 2y + 2y + 2M2)

+ 8Bi(ai)*(v3)*(a))* B;My + 4Bi(a:)*(v3)*(3)*(v3)*(a))* B;M7]) (82)
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Likewise, we obtain the following estimates on off-diagonal terms of (U Dm% U;;) and (U EmZEUz) (i #J):

1 M 2
ln( )] [y, (B3 (@))Py (2 + 2mi3y + 2mi3y, + 2M2)

167 \My,
+ 8y,(a)*(B3)*(a))*y ;M3 + 4y i(a)*(B3)*(a3)*(B3)* () y ;M3], (83)
1 t
AUpmAUL), ~ [W 1n(MM°" )]2 X [4e(8)2(L)2(8, e 2mdy + 2miy + 2md, + 2M3)
+ 8€,(8,)7(£3)%(8,) e, M7 + 4€,(8,)*(£3)*(85)*(43)(8,)* ;M7 ], (34)

In summary, the orders of MFV effects on soft mass terms
are given in (79), (80), and (82)—(84).

We have estimated the orders of MFV effects on A-terms
and soft mass terms in the basis where Y, or Y, and Y, are
diagonal. In the rest of the section, we compare MFV
effects with flavor-violating gravity mediation effects of
our model and discuss their difference.

Flavor-violating gravity mediation effects at the scale
M, can be read from (46)—(48), (48), and (49). We assume
that the couplings in 5D theory, d., a., are all O(1). This is
a natural assumption because we are trying to explain the
hierarchy of 4D theory from 5D geometrical point of view.
In an arbitrary basis, the flavor-violating parts of A-terms
that arise from gravity mediation and are not proportional
to the corresponding Yukawa couplings are given by

(Ay)ij D ~Bia;My, (85)
(Ag)i; D ~via;My, (86)
(Ap)ij D ~€;6;Mx (87)
at the scale M, where My is defined as
[(F )l
My =52
X Mse*kR‘n'

Matter soft mass terms that arise from gravity mediation
are given by

(Q.a)—=(U,P).(D,y).(L,5).(E, €)
(88)

(mZQ)ij~aiajM)2(,

at the scale M. First, we argue that, at the electroweak
scale, the flavor-violating parts of A-terms that are not
proportional to the corresponding Yukawa couplings are
still estimated as in (85)—(87) and flavor-violating parts of
matter soft mass terms are estimated as in (88). This is
understood from the form of RG equations; the right-hand
sides of the RG Egs. (56), (60), and (61) depend on the
Yukawa couplings and A-terms themselves. For the com-
ponent (A,);;, the right-hand side of (59) is at least
proportional to B;«a;. Similarly, the right-hand sides of
(68)—(72), which express flavor-violating contributions,
depend on the Yukawa couplings and A-terms. The

flavor-violating part of the RG equation for the component
(ng)i ; 1s at least proportional to «; ;. The same discussion
applies to other A-terms and matter soft masses, and we
conclude that RG running keeps the orders of flavor-
violating parts of A-terms and matter soft mass terms as in
(85)—(88). Second, we argue that the estimates (85)—(88)
are valid even in Y, or Y, and Y,-diagonal basis. This is
because the 5D couplings (y.);;, (a.);j» ds1;j and d.y;; in
(46)—(49) are independent of each other. Therefore the
matrices (Cl*)ij’ d.;; and d.o;;, which give rise to A-terms
and matter soft masses, are arbitrary even when (y.);; is
diagonal.

Let us compare the orders of MFV effects (65)—(67),
(79), (80), and (82)—(84) and those of flavor-violating
gravity mediation effects (85)—(88). We assume that M,,,
My, M, in (65)—~(67) and m2,, m3;,, m%, in (79), (80), and
(82)—(84) are of the same order as My in (85)—(88). For the
A-term components (A,);, (A,),; in Y,-diagonal basis and
(A1), (Ay),; in Y -diagonal basis, MFV effects are always
much smaller than flavor-violating gravity mediation ef-
fects because the former are suppressed by (a;)? or (a,)?
compared to the latter. For the components (A,)s, (A4)s;s
MFV effects can be of the same order as flavor-violating
gravity mediation effects. For the A-term (A,);;, MFV
effects are much smaller than flavor-violating gravity me-
diation effects when the order of 85 is significantly smaller
than 1 (we will see in the next section that this is the case
for a realistic mass spectrum). If singlet neutrinos lighter
than M, do not exist, A, is diagonal.

For the soft mass terms m7, and mj (if singlet neutrinos
lighter than M, exist), MFV effects can be of the same
order as flavor-violating gravity mediation effects. For the
terms m?, in Y,-diagonal basis and m? in Y -diagonal
basis, MFV effects are always much smaller than flavor-
violating gravity mediation effects except their
(3,3)-components. This is because the components of these
terms other than (3,3) are at least suppressed by (a;)* or
(@,)*. For the components (m?)s3 in Y,-diagonal basis and
(m3)33 in Y, -diagonal basis, the former can be as large as
the latter. For the term m?% in Y,-diagonal basis, MFV
effects are much smaller than flavor-violating gravity
mediation effects when the order of &3 is significantly
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smaller than 1. If singlet neutrinos lighter than M, do not
exist, there is no MFV on m?, m%.

In this section, we have discussed the difference between
the flavor-violating soft terms in MFV and those generated
by the gravity mediation of our model. We have proved
that, for some components of A-terms and soft mass terms,
the gravity mediation contribution dominates. Therefore, it
is in principle possible to distinguish our model from other
SUSY models with MFV.

VI. PARTICLE MASS SPECTRA AND
EXPERIMENTAL CONSTRAINTS

We calculate a sample of mass spectra and check that
this model provides a realistic mass spectrum consistent
with current experimental bounds.

Our numerical analysis is done in the following way. We
fix the cutoff scale, M, which is of the same order as the
KK scale, Mse *R7_from the relation (41)

vi

Mo = 3351011 Gev

=~ 52 X 10'5 GeV.

We assume that contact term couplings between the MSSM
fields and the SUSY breaking field in (42)—(50) are all O(1)
and adopt the following initial condition:

M]“/2 =2My, (89)
m%, = m%]d = M}Z(, (90)

(md)i; = coijaia;My,

(Q, a) = (U, B), (D, ), (L, 8), (E, ), oD
Ayij = —Mx(Y,);; + a,;;Bia;My, 92)
Agij = —Mx(Y,); + agjyia;My, 93)
Ay = —Mx(Y,);; + a,;j€;6;My, %94)

where My was defined as My = |(Fg)|/Mse "™ and we
set a natural range of the parameters as 0.1 < c,; s
a.;j = 1. The factor 2 in the right-hand side of (89) comes
from the factor 4(g%)* in (42). Since M., is around
105 GeV, SU(2) and SU(3) couplings of MSSM, g4~2,
8573, at M, take the value of 0.7. For simplicity, we fix the
normalization of U(1) coupling at M, as 0.7. Then we
obtain the factor 2 in (89) from

PHYSICAL REVIEW D 84, 035005 (2011)
Mg [m, = My ] =4 X 07> =2,

Our aim is to prove that, in our 5D MSSM framework,
there exists a mass spectrum that is consistent with the
current experimental bounds. We arrange the parameters as

c*ij’ a*ij =1 fori= j, C*ij’ a*ij =0.1 fori # j,
to keep the flavor-violating terms as small as possible with
a mild hierarchy among the model parameters. Now the

model has three free parameters:
Mx, 63(~32 ~ 361), tanB.

The KK scale is determined by 05 in (41). Since €3 is
smaller than O(1) from naturalness, (32) leads to the
condition:

1= 85 = m,/vcosf =0.01/ cosp. (95)

Based on this setup, we calculate mass spectra for
various values of (My, 85, tanf) and check if they are
consistent with the current experimental bounds, in par-
ticular, the lower bound of Higgs boson mass. With the
flavor-violating soft terms predicted in our model, we then
evaluate the rates of the lepton flavor-violating processes,
i.e. the branching ratios of u — ey and 7 — u7y decays,
for each sparticle mass spectrum based on the technology
developed in [20] and compared the results with current
bounds. In our analysis of MSSM RG equations, we first
ignore the off-diagonal terms in (91)—(94) from the initial
condition and numerically solve the MSSM RG equations
from M, to low energies using Softsusy-3.1.4 [21] with
Yukawa off-diagonal terms ignored. After this calculation,
we add the off-diagonal terms to give the resultant
spectrum.

Below is the list of sample values of (My, &3, tan3) that
give realistic mass spectra consistent with the bounds on
Higgs boson mass and p — ey and 7 — w7y branching
ratios. We focus on the case with My = 600 GeV because
light mass spectra are of more phenomenological interest.
The lightest Higgs boson mass my, u — ey branching
ratio (Br,), and 7 — w7y branching ratio (Br,) of each
spectrum are also shown. The results shown here satisfy
the current experimental bounds: mj;, > 114.4 GeV [22],
Br, < 1.2 X 107! [23] and Br, <4.5 X 10~® [24]. The
entire mass spectra for three examples are shown in the
Appendix. For larger values of 83 and/or tanf, the spec-
trum violates the bound on g — e7y branching ratio. For
smaller My and/or tang, the lightest Higgs boson is too
light.

My (GeV) 500 500 600 600 600

tanf 6 10 5 10 15
03 0.06 0.1 0.05 0.1 0.15
my, (GeV) 1152 117.5 114.8 1184 119.1
Br, X 102 7.6 10 39 4.5 82
Br X 10'2 43 6.1 2.1 2.7 5.7
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To pu — ey process, loop diagrams containing the follow-
ing terms contribute:

1
(H)(AL)y ~ €8,v,My ~ (8,/82)m, My ~ gmﬂMx,
(H)(A) 1 ~ €18v,My ~ (8,/8)m My ~ 3m,My,
1
(m%)lz ~ 5152M§ ~ 5(53)2M)2(>

3 Me Mu
(53)2 m; my X

(m%)u ~ €1€2M)2( -~

The contributions from the terms (A,),;, (4,);, are almost
independent of tanf and d;. For the mass spectra listed
above, if (A,)y;, (A,);» were the only source of lepton
flavor violation, they would give Br, ~7-8 X 107'2 for
My =500 GeV and Br, ~3-4X 1072 for My =
600 GeV. Hence we argue that, for the cases with small
tanf and 05, the flavor-violating A-terms give dominant
contributions. It is obvious that (A,),; contributes much
more strongly than (A,),. On the other hand, the contri-
bution from the term (m?),, is sensitive to the values of
tanfB and &5, which is roughly proportional to (tan3)?* and
(83)*. (The net value of Br, does not reflect this rule
because of the interference between (A,),; contribution
and (m?),, contribution.) We thus obtain the upper bounds
on tan3 and 85 when the contribution from the term (m?),,
becomes dominant. The contribution from (m%);, is much
suppressed by the tiny ratio m,/m, and has negligible
impact on pu — ey branching ratio.

Here we summarize the features of the sample mass
spectra listed above.

(1) The typical SUSY breaking mass scale, My, can be
as low as 500 GeV and the mass spectrum is within

the reach of the LHC.

(ii) The ratio 85/ tang is around 0.01, which means that
we need €3 ~ 1 to have the tau Yukawa coupling.
Therefore the 5D superfield of singlet tau is strongly
localized towards the IR brane.

(ili)) m — ey branching ratio is always higher than
O(107 ') and the model can be tested by MEG
experiment [25]. in the near future.

(iv) 7 — uy branching ratio is of the same order as
M — ey branching ratio.

The feature (ii) originates from the difference between
the hierarchy of 0;’s and that of €;’s. The experimental
bound on p — e7y branching ratio constrains the terms
(m?);, and (m%),,, which are, respectively, proportional
to 8,6, and €,€,, with the same extent. This gives a
stronger limit on d; than on €53 because §;’s have milder
hierarchy. The orders of 65 and €5 are related through

5363/&1115 ~ m,./v = 001,

where tanf cannot be smaller than about 4 because other-
wise the LEP II Higgs mass bound would not be satisfied.
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Therefore small 65 and large €5 are favored in this model,
which leads to the prediction that €3 ~ 1.

The feature (iii) results from the existence of the flavor-
violating A-term, (A, ) ,, and the fact that its contribution is
independent of tan8 and &3. The resultant branching ratio
is within the future reach of MEG experiment.

The feature (iv) is specific to this model because new
physics models normally predict 7 — w7y branching ratio
larger than p — ey branching ratio as new physics is more
likely to affect 3rd generation particles than 1st and 2nd
generations. This feature is a consequence of the feature
(i1). Since €3 ~ 1, SU(2) singlet stau obtains large soft
mass through gravity mediation on the IR brane and be-
comes a few times heavier than SU(2) singlet smuon and
selectron if gravity mediation contributes positively as is
usually assumed. For 7 — w1y process, the term (A,)s;, ~
€30,My always contributes. One can compare its impact
on Br, with that of (A,),; on Br, by comparing

(H)(A,)32/m, ~ Mx vs.(H)A, )y /m,, ~ %Mx-

The former is larger by the factor 3. However its effect is
canceled by the larger mass of the singlet stau propagating
in the loop diagram containing (A,)s,. The term (m? )3,
also contributes when tang is relatively large. (m?)s, is
predicted to be about 3 times larger than (m?);,. The
contribution from (m?);, mainly comes from two types
of diagrams, SU(2) singlet smuon propagating in one
diagram and singlet stau propagating in the other.
However the latter is suppressed by the large stau mass,
which partly cancels the effects of large (m?)s,. The term
(m%),3 contributes when tang is relatively large. However,
again, its contribution is suppressed by the large mass of
the singlet stau propagating in the diagram.

Finally, we discuss the prediction of our model on Am
of K°-K° mixing and b — s+ branching ratio, based on the
paper [26].

The following flavor-violating parameters predicted in
our model are relevant to the K°-K° mixing:

(m2) 12~ ey M% ~ MM} =5 X 107*M3,
1 mgmg

(mp) 12~ ¥1 72 My~ 4= My =3 X 10 tan® BM5,
5 Yd Yd

o _
(H)(Ag)y ~ v v My Na—;msMx =4 X107 M5

for My =500 GeV,
(H)(A )12~ viav,My ~2mde =5X107°M3
ag
for My =500 GeV.

Here we focus on the case with My = 500 GeV. The
average squark mass is around the same scale.
Comparing the above predictions with Table 1 in [26],
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we see that, when tan8 =< 15, our predictions are below the
limits that come from the experimental bound on Am.

For b — sy process, our model predicts the following
flavor-violating parameters:

(M%) ~ arasM% ~ \2M3 =5 X 10 2M3,

1 mymy,

(m3)23 ~ y2y3My ~———"M%=2 X 10"*tan’ BM%,
/\2 Vg Vy
a —
(H)(Ag)z ~ v3aav My Na—zmbMX =3 X 1074M5%

forMy =500 GeV,
a _
(H)(Ag)ps ~ yr030,Mx ”a—zmsMx =4 X107 M5

for My =500 GeV.

Again, we focus on the case with My = 500 GeV.
Comparing the above predictions with Table 6 in [26].
we find that, regardless of tanf, our predictions are far
below the limits that come from the experimental bound
adopted by [26]. Even if we adopt the stronger bound in
[27], our predictions are still below the limits.

m?, 0 0
0 m?, 0
0 0 mi,
Miepon ~| 0 0 0
0 Am, 0
\mféux mMy Am,+ m .My

The factor ¢, denotes the coupling of the contact term
among singlet smuon, singlet stau and the SUSY breaking
sector, and is assumed to be O(1).

In the following, we consider two cases for complete-
ness:

(i) gravity mediation contributions to soft masses are

positive, as is usually assumed.

(ii) they are negative.

In case (i), SU(2) singlet stau becomes heavier than
singlet smuon and selectron, so that the NLSP will be
mainly composed of either singlet smuon or singlet selec-
tron. In order to see which is the one, we consider the
mixing mass between singlet smuon and singlet stau,
namely (m%),3;. First note that the difference between
m%, and m2, and that between m?, and m%,, which arise
from RG running, are given by

16 (M
Mgy — My ~ 1672 l“(Mc:/

)M§ (v, tan’B,  (97)
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VII. UNUSUAL NLSP AND ITS
FLAVOR-VIOLATING DECAY

In this section, we consider NLSP, which is mostly
composed of SU(2) singlet charged sleptons. As we found
in the previous section, our model favors e; ~ 1, i.e. the
singlet stau superfield is localized towards the IR brane and
receives large gravity mediation effects. This changes the
flavor structure of charged slepton mass matrix. We here
discuss the model’s predictions on the flavor composition
of NLSP. In the following, we fix €5 = 1.

We first review the charged slepton mass matrix. Define

A =A)— ptanf,

where A indicates those parts of A-terms that are propor-
tional to the corresponding Yukawa couplings. We denote
RG contributions (gaugino mediation contributions) and
D-term contributions to the soft masses of doublet selec-
tron, smuon, stau and singlet selectron, smuon, stau by

2 .2 2 2 5 9
My, My, M3, My, My, M.

Since we are focusing on NLSP, whose candidates are
singlet sleptons, we neglect relatively small doublet slep-
ton and doublet-singlet mixing terms. Further neglecting
terms suppressed by m,/m,, we obtain the following ap-
proximate form of the charged slepton mass matrix:

0 0 mMe
0 Am, m .My
0 0 Am, + m My
m, 0 0 . (96)
2 my 2 2 My pg2
0 mp +\575) My Cur My
0 Cu %M§ mis + My )

1 M, 18 B -
iy =iy (< 5 MR+l

9 1
+2635) + |- Lcoson —sintoy 3o

Mcut
My,

24
+ sinzewM%0052ﬂ}~Wln< )ggM)z(,

(98)

where y, = m,, /vand S = my, — mj, + ulmg — mj —

2m32 + m?% + m?2]. In deriving (98), we used the relation
Mi,, ~ 4(g$)*My at the scale M, shown in (42), and the
fact that M{ , /(g%)?* is an RG invariant at the 1-loop level.

Singlet smuon mixes with doublet smuon through the
term Am, and with singlet stau through the term
¢ur(m, /m;)M%. Solving these mixings, the mass eigen-
state, which is still dominantly composed of singlet smuon,
has mass estimated as
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2
ity =+ (1Y 2
o mz Miy = Me2
 2Ae(m,/m MR
My — M
=~ m2, + (ﬂ) 2 _ 2(p tanpm,, )
2N, ) 7 (24/167) In(Mw /M) g3M5
2l /m )M
M

m.. \2
=m2, + (1 — 2cf”)<m“) M3 — m2tan?B/g5. (99)

,
On the other hand, we can neglect the mixing terms be-
tween singlet selectron and other sleptons because they are
suppressed by the tiny value of m,/m,.

We now compare the mass of singlet selectron m%, with
the mass of the eigenstate, m>_. Using (97) and (99), we

eig”
have
16 M,
mgig —mi, = — o ln(Mc;t>M§(y#)2tanZB
+ (1 —2c2%) M 2M2 — m2%tan”B/g8
wT m, X 1 2
m.. \2
~(1 - 2c§”)< ") M2, (100)
mT

In summary, in the determination of the NLSP mass, the
effect of the mixing term between the singlet smuon and
singlet stau dominates over the Yukawa RG contributions
and the effects of singlet-doublet mixing terms. NLSP is
singlet-smuon-like for c,,, = 1/ V2, whereas it is singlet-
selectron-like for a relatively small coupling ¢, < 1/ V2.
Since the factor c,. affects 7 — w7y branching ratio
through the term (m})y; = c,,(m,/m,)M%, we have a
connection between the value of Br, and the flavor of NLSP.

If NLSP is smuonlike, it decays mainly into u and
gravitino. However our model predicts that NLSP can con-
tain a considerable amount of stau component due to the
mixing term (m%),3, which can be as large as (mM/mT)M)Z(.
Therefore the branching ratio of a flavor-violating NLSP
decay into 7 and gravitino can be as large as

1

300°
On the other hand, in the context of MFV, the mixing terms of
singlet smuon and other sleptons are much smaller as we
evaluated in Sec. V, and such flavor-violating NLSP decays
are much suppressed. Thus the flavor-violating decay of
NLSP provides a distinct signature of our model. If NLSP
is selectronlike, it decays mostly into electron and gravitino.
The model predicts that the mixing terms of singlet selectron
and other sleptons are suppressed by m,, although they are
much larger than in other models with MFV. Still, as a distinct
signature of our model, we expect to observe a rare NLSP
decay into 7 and gravitino with the branching ratio as large as

Br (NLSP — 74r35) ~ (m,,/m,)* = (101)
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Br (NLSP — 7¢3/,) ~ (m,/m,)> = 107" (102)

Note that the lifetime of NLSP is estimated as
|<F)?>|2 ~ M)Z(Mgut
MNLsp

(mnisp)

which is ~1073 sec for my.sp = 300 GeV, My =
500 GeV and M., = 10'3 GeV (85 ~ 0.1). Such a long-
lived NLSP, once produced at the LHC, decays outside the
detector. There have been interesting proposals [28] for the
way to trap charged NLSPs outside the detector. Detailed
studies of the NLSP decay can allow us not only to measure
the gravitino mass and the four-dimensional Planck mass but
also to test the flavor-structure of NLSP predicted in our
model.

In case (i), the gravity mediated contributions are nega-
tive, so that SU(2) singlet stau is the dominant NLSP
component. Although this singlet-stau-like NLSP is as
usual in SUSY models with gravitino LSP, we again expect
to observe a rare decay of NLSP as a signature of the
model. The branching ratio of NLSP decay into u and
gravitino is predicted to be as large as

487

tNLSP ~ 487

1

— ~ 2>

(103)

VIII. CONCLUSION

We have investigated a simple 5D extension of MSSM in
RS spacetime, where 5D geometry controls both the SUSY
breaking mediation mechanism and the Yukawa coupling
hierarchy. The Yukawa coupling hierarchy is naturally ex-
plained by the localization of matter superfields in the 5D
bulk. SUSY breaking effects arise from two sources: con-
tact terms between the SUSY breaking sector and the
MSSM fields (gravity mediation), and RG effects (gaugino
mediation). The former are flavor-violating and the latter
flavor-conserving. Using the experimental data on fermion
masses and mixings, we have determined the 5D disposition
of matter superfields and calculated SUSY breaking mass
spectra including flavor-violating terms. We have numeri-
cally checked that our framework can give a realistic mass
spectrum consistent with all the experimental constraints.

We have estimated the flavor-violating effects induced
by RG running in the context of MFV and compared them
with those from gravity mediation predicted by the model.
We have proved that our model provides a different pattern
of flavor-violating terms, namely, flavor violation of
A-terms and SU(2) singlet soft masses can be much larger
than the MFV case.

Our model has several distinct predictions. First, the
u — ey branching ratio is larger than O(10~?), regardless
of tanB and the seesaw scale, for sparticle masses
= 2 TeV. This originates from the basic structure of our
model, namely, the hierarchy of Yukawa couplings and the
gravity mediation contributions to A-terms are rooted on
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the same 5D disposition of the matter superfields. Hence,
using the experimental data on the charged SM fermion
masses, CKM matrix and the neutrino oscillation parame-
ters, we can fix the orders of flavor-violating A-terms.
Second, 7 — w7y branching ratio may not be larger than
M — e7y branching ratio. This is because our model pre-
dicts IR-localized singlet stau superfield and it gains an
additional soft mass through gravity mediation on the IR
brane. Third, since RS geometry warps down the effective
cutoff scale, which can be characterized by the seesaw
scale, gravitino is LSP and the dark matter candidate.
Forth, NLSP is likely to be either smuonlike or selectron-
like because the gravity mediation contribution pushes up
the singlet stau mass. Furthermore our model predicts
flavor-violating NLSP decays with the rates much higher
than those expected in the MFV case.

The Yukawa coupling hierarchy is one of the long-
standing problems in the Standard Model. The 5D
MSSM on Randall-Sundrum background offers a solution
to this problem from the geometrical point of view. In this
model, flavor-violating soft SUSY breaking terms have the
same geometrical origin as the Yukawa coupling hierarchy.
Therefore, the flavor structure among sparticles can be a
clue to understand the origin of flavors among the SM
fermions, even if the origin lies at an energy scale far
above the electroweak scale. Gravitino is always LSP
due to the warped geometry, and NLSP is predicted to be
dominantly composed of SU(2) singlet sleptons and long-
lived. At collider experiments, in this case, supersymmetric
events can be fully reconstructed without missing energy,
which allows us not only to identify the dominant flavor
content of NLSP, but also to measure the rates of flavor-
violating decays of sparticles if it is sizable. Thus, our
framework can be tested in the future.
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APPENDIX: SAMPLE MASS SPECTRA

TABLE I. Particle mass spectra for three samples for different
values of (My, tanf3, §).

My 500 600 600
tanf 6 5 15
) 0.06 0.05 0.15
h° 115.2 114.7 119.1
H, 1217 1452 1423
Hyo 1215 1450 1420
H* 1218 1452 1422
g 1845 2172 2270
X! 568 693 647
X 814 984 986
x5 927 1090 1133
P% 964 1131 1156
Xi 815 986 987
X 967 1135 1163
iy 1616 1893 2004
d, 1618 1895 2005
iig 1542 1804 1912
dg 1533 1793 1900
7 1288 1517 1604
A 1582 1848 1932
b, 1529 1790 1878
b, 1552 1821 1911
e 578 685 714
r 338 401 414
7, 572 681 709
i 574 683 688
) 611 730 735
7, 571 680 700
Br, X 10 7.6 39 8.2
Br, X 10'2 4.3 2.1 5.7
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