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Yukawa deflected gauge mediation
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We consider models that are natural extensions of those where supersymmetry is broken at low energy scales
and transmitted to visible matter by gauge interactions. We investigate the situation where the quark and lepton
superfields of the minimal supersymmetric standard model~MSSM! are localized to a brane in a higher
dimensional space while the messenger fields and the sector that breaks supersymmetry dynamically are
localized to another brane in the same space. The MSSM gauge and Higgs fields are assumed to propagate in
the bulk. If some of the messenger fields and the Higgs fields have the same quantum numbers, this allows the
possibility of mixing between these fields so that the physical Higgs and messenger fields are admixtures of the
brane and bulk fields. This manifests itself in direct couplings of the quark and lepton fields to the physical
messengers which are proportional to the MSSM Yukawa couplings and hence preserve the flavor structure of
the Cabibbo-Kobayashi-Masakawa~CKM! matrix. The result is new contributions to the soft supersymmetry
breaking parameters that are related to the Yukawa couplings and which therefore naturally satisfy the con-
straints from flavor changing neutral currents. For messenger scales greater than 1000 TeV these new contri-
butions are parametrically of the same order of magnitude as gauge mediation. This scenario naturally avoids
the cosmological problems associated with stable messengers and admits a simple and natural solution to the
m problem based on the next-to-minimal supersymmetric standard model.
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I. INTRODUCTION

Gauge mediated supersymmetry breaking is arguably
most attractive candidate for a realistic mechanism of su
symmetry breaking@1#. In this scenario one assumes th
there is a hidden sector in which supersymmetry is brok
and which couples to a set of messenger fields charged u
the standard model gauge interactions. Supersymm
breaking effects are then communicated to the visible se
fields through loop effects involving the gauge interactio
This leads to a viable and highly predictive spectrum of sp
ticles. Since supersymmetry breaking is communicated
gauge interactions the squark and slepton spectrum is ne
flavor diagonal and therefore in good agreement with
experimental constraints on flavor changing neutral curre
~FCNC’s!.

In gauge mediation it is usually assumed that direct in
actions between the minimal supersymmetric standard m
~MSSM! fields and the messenger fields, if any, are v
small since this would lead to new sources of flavor violat
beyond the Cabibbo-Kobayashi-Masakawa~CKM! matrix
@3,4#. The current constraints on flavor changing neutral c
rents place tight constraints on any such interactions@5#:

mds
2

mss
2 <~631023!

mss

1 TeV
. ~1.1!
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In this paper we consider a natural extension of gau
mediation with messenger-Higgs field mixing in which the
are no sources of flavor violation apart from the CKM mat
itself. We consider the situation where the quark and lep
superfields of the MSSM are localized to a brane in a hig
dimensional space, while the gauge and Higgs fields pro
gate in the bulk. The messenger fields and the supersym
try breaking sector are assumed to be localized to ano
brane in the same space. If some of the messenger fields
the same quantum numbers as the Higgs fields, this all
the possibility of mixing between them so that the physi
Higgs and messenger fields are admixtures of the brane
bulk fields. This manifests itself in the Lagrangian as dire
couplings of the quark and lepton fields to the physical m
sengers that are proportional to the MSSM Yukawa c
plings and therefore preserve the flavor structure of the C
matrix. The result is new contributions to the soft sca
masses that are related to the Yukawa couplings of the s
dard model fermions, and which therefore naturally sati
the constraints from FCNC’s. The extra dimensions are
sumed to be sufficiently small that four dimensional gau
coupling unification is unaffected. This also allows other p
tentially large sources of supersymmetry breaking such
anomaly mediation@6#, gaugino mediation@7#, and radion
mediation@8# to be neglected. This scenario, which we c
‘‘Yukawa deflected gauge mediation,’’ naturally avoids th
cosmological problems associated with stable messeng
We further investigate them problem of Yukawa deflected
gauge mediation in the context of the next-to-minimal sup
symmetric standard model~NMSSM!. In the context of a
©2002 The American Physical Society04-1
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specific model, we demonstrate that it is indeed possibl
generate the correct pattern of symmetry breaking wit
realistic spectrum of masses.

Our idea is in the spirit of an earlier suggestion by Dv
and Shifman@9# that the Higgs doublets of the MSSM are
fact also the messengers of gauge mediated supersymm
breaking. In that case there are also contributions to the
lar masses related to the Yukawa couplings and constra
by the CKM matrix, but obtaining a light Higgs doublet
not simple.

II. MESSENGER-HIGGS FIELD MIXING

Consider a gauge mediated supersymmetry~SUSY!

breaking model with two pairs of messengers (Qm ,Q̄m) (m
51,2) transforming as5 and 5̄ of SU~5!. Under SU(3)
3SU(2)3U(1)Y , these decompose as (3,1,2 2

3) % (1,2,

21) and (3̄,1, 2
3) % (1,2,1). The SU~2! doublets in the mes

sengers which we denote byQiu and Q̄id have the same
quantum numbers as the MSSM Higgs fieldsH̃u andH̃d and
can therefore mix with them. They can also have additio
Yukawa couplings to the MSSM quarksqi and ui

c and lep-
tons l i andei

c . In general, these new Yukawa couplings w
lead to additional flavor violation outside the CKM matri
and must therefore be forbidden by a symmetry, such as
messenger number symmetry which exists if the only m
senger coupling in the superpotential isXQQ̄. Here ^X&
5M1Fu2 is a chiral superfield that parametrizes supersy
metry breaking.

We now consider the situation where the MSSM qua
and leptons are localized to a brane in a five dimensio
space, while the MSSM gauge and Higgs fields live in
bulk of the space. The messenger fields and the sector
breaks supersymmetry dynamically@2# are assumed to live
on another brane. The extra dimension is assumed to be
ficiently small that 1/r>MGUT and gauge coupling unifica
tion goes through exactly as in four dimensions. However
is assumed to be sufficiently larger than the inverse cutof
the higher dimensional theory so that the exchange of m
sive bulk states with mass of order of the cutoff does
alter our conclusions about the form of the effective the
below the scale 1/r . Here we assume that there are no oth
light bulk fields beyond those of supergravity and the MSS
gauge and Higgs fields.

A 5D gauge multiplet consists of the gauge fieldAM (M
50,...,4), a real adjoint scalars, and a fermionl. We as-
sume that the fifth dimension is compactified on anS1/Z2
orbifold of radius r. The fixed points of the orbifold are
‘‘branes’’ on which the hidden and visible sectors can
localized. TheZ2 parity assignments of the gauge field a
such thatA5 ,s, and half of thel components are odd. Thes
states will then get masses of order 1/r , and the surviving
degrees of freedom make up anN51 gauge multiplet~see,
e.g., Refs.@10,11# for details!. A 5D hypermultiplet consists
of two N51 chiral multiplets, one of which is necessari
even and the other odd under the orbifold. Once again
odd states are projected out and are not present in the e
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tive theory below the scale 1/r . Therefore the Higgs doublet
of the MSSMH̃u and H̃d are assumed to emerge from tw
different hypermultiplets.

As a consequence of the higher dimensional nature of
theory any Yukawa couplings between the messenger fi
and the MSSM quarks and leptons are forbidden by loca
However, mixing between the messengers and the Hi
fields is still allowed. After integrating out the extra dime
sion the superpotential of the higher dimensional theory
the form

W5XF (
m51

2

lmQmQ̄m1l̃dQ1uH̃d1l̃uH̃uQ̄2dG
1@ ỹU,i j H̃uqiuj

c1 ỹD,i j H̃dqidj
c1 ỹL,i j H̃dl iej

c#

1@mH̃uH̃d1gauge kinetic terms#, ~2.1!

where in order to avoid the dangerous termXH̃uH̃d we have
imposed the discrete symmetryX→2X, Q1u→2Q1u ,
Q̄2d→2Q̄2d , with all other fields neutral.

From this expression it is clear that the physical doub
messengers are

M̄1d5
l̃dH̃d1l1Q̄1d

Al̃d
21l1

2

, ~2.2!

M2u5
l̃uH̃u1l2Q2u

Al̃u
21l2

2

, ~2.3!

while the physical Higgs fieldsHu andHd are the orthogona
linear combinations. The superpotential rewritten in terms
these fields takes the form

W5XF (
m51

2

lmQmTQ̄mT1l18Q1uM̄1d1l28M2uQ̄2dG
1@yU,i j Huqiuj

c1yD,i j Hdqidj
c1yL,i j Hdl iej

c#

1@yU,i j8 M2uqiuj
c1yD,i j8 M̄1dqidj

c1yL,i j8 M̄1dl iej
c#1¯

~2.4!

whereQmT and Q̄mT denote the messenger SU(3)C triplets.
The new couplingsl8, y, andy8 are related in a straightfor
ward way to the old couplingsl and ỹ. In particular, note
that the ratios

yU,i j

yU,i j8
5kU , ~2.5!

yD,i j

yD,i j8
5kD ~2.6!

are independent of the indicesi and j. This implies that the
Yukawa couplings of the messengers to matter are pro
4-2
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tional to the MSSM Yukawa couplings. Therefore the ne
supersymmetry breaking effects that emerge from the di
messenger matter couplings will be constrained by the C
matrix and the sizes of the Yukawa couplings and will n
give rise to large flavor violation.

Since the messenger doublets now have direct renor
izable couplings to the visible sector fields they are no lon
stable and can directly decay into them. However, one m
worry that this is not true of the the messenger triplets a
that these will be stable, leading to cosmological difficulti
However, if the theory emerges from a supersymme
grand unified theory the messenger triplets mix with
Higgs triplets, which have direct couplings to matter. T
Higgs triplets are integrated out at the grand unified the
~GUT! scale. Then in the effective theory below the Hig
triplet mass there are direct couplings of the messenger
lets to visible fields suppressed by powers of the Higgs t
let mass. While these couplings are renormalizable and
mensionless they are small, of orderM /MGUT. Nevertheless,
they are easily large enough to allow the triplets to de
sufficiently rapidly so as to avoid the cosmological proble
associated with stable messengers.

We now attempt to determine the size of the supersy
metry breaking contributions from these new dire
messenger-matter interactions. The one loop contribution
the ~scalar mass!2 from the Yukawa type couplings to th
messengers vanish to leading order in (F/M )2 @3#. The
subleading one loop contributions of order@y82/
(16p2)#(F4/M6) are smaller than the leading two loop co
tributions which are of order@y82/(16p2)#@g3

2/(16p2)#
3(F/M )2 provided (F/M2)<g3 /(4p). Notice that the two
loop contributions are always parametrically of the same
der as the usual gauge mediated contributions. Hence we
concentrate on the case where the messenger scale is
M@106 GeV, when the one loop contributions to the sca
masses can be safely neglected. Other contributions to
soft terms are trilinearA terms which arise at one loop.

In the next section we give a derivation of the most ge
eral two loop contributions to the soft masses and the
loop contributions to theA terms, at the messenger sca
Below we give the expressions for the model Eq.~2.4! keep-
ing only the Yukawa couplings for third generation particle

With the notationyt[yU,33, yb[yD,33, yt[yL,33 and
similarly for the new, primed Yukawa couplings, we find th
following expressions for the new contributions to the s
masses at the messenger scale:

Dmq̄3

2 5
1

128p4 Fyb8
2S 2

8

3
g3

22
3

2
g2

22
14

9
gY

2

1yt8
213yb8

21
1

2
yt8

2D1yt8
2S 2

8

3
g3

22
3

2
g2

2

2
26

9
gY

213yt8
2D GU F

MU2

,

Dm
t̃ c
2

5
1

128p4 Fyt8
2S 2

16

3
g3

223g2
22

52

9
gY

216yt8
2

1yb
21yb8

2D2yb8
2yt

2GU F U2

,

M
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Dm
b̃c
2

5
1

128p4 Fyb8
2S 2

16

3
g3

223g2
22

28

9
gY

21yt
2

1yt8
216yb8

21yt8
2D2yt8

2yb
2GU F

MU2

, ~2.7!

Dm
l̃ 3

2
5

yt8
2

128p4 S 2
3

2
g2

226gY
21

3

2
yb8

212yt8
2D U F

MU2

,

Dmt̃c
2

52Dm
L̃i

2
,

DmHu

2 5
3yt

2

256p4 @6yt8
21yb8

2#U F

MU2

,

DmHd

2 52
1

256p4 @3yb
2~yt8

213yb8
2!13yt

2yt8
2

1~3ybyb81ytyt8!2#U F

MU2

.

HeregY is the hypercharge gauge coupling where the hyp
charge is defined byQ5T31Y/2, andT3 is the third SU~2!
generator. These have to be added to the well known ga
mediated expressions

mq̃3

2 5
N

128p4 S 20

27
gY

41
3

4
g2

41
4

3
g3

4D ,

m
t̃ c
2

5
N

128p4 S 320

27
gY

41
4

3
g3

4D ,

m
b̃c
2

5
N

128p4 S 80

27
gY

41
4

3
g3

4D ,

~2.8!

m
l̃ 3

2
5

N

128p4 S 20

3
gY

41
3

4
g2

4D ,

mt̃c
2

5
N

128p4 S 80

3
gY

4 D ,

mHu,Hd
2 5

N

128p4 S 20

3
gY

41
3

4
g2

4D ,

whereN is the number of5% 5̄ messenger pairs. We also fin
the following one loop contributions to theA terms:

At5
yt

16p2 ~3yt8
21yb8

2!
F

M
,

Ab5
yb

16p2 ~yt8
213yb8

2!
F

M
, ~2.9!

At5
3ytyt8

2

16p2

F

M
.

4-3
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The expressions above show that the new contribution
the scalar masses are comparable to those from gauge
diation for the up sector of the third generation. This is a
true for the down sector if tanb is large. Even for tanb
'10 andyb'yb8 Yukawa deflection gives a 10% correctio
to the~mass!2 of the right handed bottom squark at the me
senger scale.

III. DERIVATION OF THE SOFT TERMS

In this section we derive the general expressions for
soft supersymmetry breaking terms induced at the messe
scale. These results can then be applied to theories
matter-messenger couplings like the models we are con
ering. The general formulas are most easily derived by
method of analytical continuation into superspace develo
in @12#. We start by reminding the reader of the basic idea
supersymmetry breaking in the messenger sector is pa
etrized by the vacuum expectation value~VEV! of a chiral
superfield^X&5M1Fu2, then the leading supersymmet
breaking contribution to the observable sector, in an exp
sion in powers ofF/M2, can be described within a supe
symmetric framework. More precisely, if the parameters
the theory at a scaleLUV above the messenger scaleM are
fixed, then the low energy values of the wave function ren
malization constants will depend, through their renormali
tion group~RG! evolution, on the scaleM at which the mes-
senger fields are integrated out. The soft supersymm
breaking parameters can then be incorporated by the rep
ment M→uXu in the Kähler potential, that is, by analytica
continuation into superspace~in holomorphic terms the cor
rect analytical continuation is given byM→X). If the ob-
servable sector superfields are denoted byQ8a, the low en-
ergy Lagrangian, in the presence of soft supersymm
breaking, can then be written as

L5E d4u Qa8
†Z~ uXu!b

aQ8b

1S E d2u labc8 Q8aQ8bQ8c1H.c.D . ~3.1!

For simplicity, here we chose to show only the Yukawa co
plings in the superpotential. The generalization to other
erators will be evident in what follows. Note also that w
allow for off-diagonal mixing in the kinetic terms, so tha
Z(uXu) is a general Hermitian matrix. The soft supersymm
try breaking terms can be read from the Lagrangian~3.1!
after replacingX by its VEV and expanding in power
of u: Z(uXu)5Z11/2(]Z/]M )(Fu21F†ū2)11/4(]2Z/
]M2)FF†u2ū2, whereZ5Z(M ) is the usual wave function
renormalization constant. To display these terms m
clearly, it is convenient to perform the following~chiral! field
redefinition Q5Z1/2@11Z21(]Z/]M )Fu2#Q8, after which
the Lagrangian becomes

L5E d4u Qa
†Qa1S E d2u labcQ

aQbQc1H.c.D
2Q̃a

†~m
Q̃

2
!b

aQ̃b2~AabcQ̃
aQ̃bQ̃c1H.c.!. ~3.2!
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Here Q̃ is the scalar component ofQ, labc

5la8b8c8
8 (Z21/2)a

a8(Z21/2)b
b8(Z21/2)c

c8 are the renormalized
Yukawa couplings, and the soft masses are given by

m
Q̃

2
52

1

4
Z21/2S ]2Z

] ln M22
]Z

] ln M
Z21

]Z

] ln M D
3Z21/2

FF†

MM† ~3.3!

while theA terms are given by

Aabc5
1

2 S la8bcFZ21/2
]Z

] ln M
Z21/2G

a

a8

1lab8cFZ21/2
]Z

] ln M
Z21/2G

b

b8

1labc8FZ21/2
]Z

] ln M
Z21/2G

c

c8D F

M
. ~3.4!

In order to find explicit expressions for the soft paramet
~3.3! and ~3.4! at a scalem one needs to solve forZ(m;M )
from its RG evolution equation

dZ

dt
5gZ, ~3.5!

where g is the matrix of anomalous dimensions andt
5 ln m. In general, it is not possible to find closed expre
sions for the soft supersymmetry breaking parameters eve
lowest loop order, except in a few simple cases@12#. It is,
however, possible to write closed expressions for the s
parameters at the scalem5M , which can then be used a
initial data for a numerical solution to the RG equations b
low the messenger scale. This is the strategy that we
follow, and our next task is to find the general formulas f
the soft parameters just below the messenger scale. F
Eqs.~3.3! and~3.4!, we see that we need to evaluate the fi
and second derivatives ofZ(m;M ) with respect to lnM. In
order to do this, we first note that by rescaling the fields,
can conveniently setZ(LUV)51. Writing thenZ511dZ at
an arbitrary scale and integrating Eq.~3.5!, we formally ob-
tain, for scalesm,M ,

dZ~ t;M !5E
ln LUV

ln M

dt8g.~ t8!@11dZ~ t8!#

1E
ln M

t

dt8g,~ t8;M !@11dZ~ t8;M !#.

In writing this expression we took into account the fact th
the anomalous dimensions can be discontinuous atm5M ,
and denoted byg. (g,) the anomalous dimensions abov
~below! M. Our notation also reflects the fact that the anom
lous dimensions as well asdZ can depend onM only below
the messenger scale. Differentiating once with respec
ln M, we find
4-4
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ddZ~ t;M !

d ln M
5Dg~M !@11dZ~M !#

1E
ln M

t

dt8H dg,~ t8;M !

d ln M
@11dZ~ t8;M !#

1g,~ t8;M !
ddZ~ t8;M !

d ln M J , ~3.6!

where Dg(M )[g.(M )2g,(M ) and we definedg,(M )
[g,(t5 ln M;M). To obtain Eq.~3.6! we also used the fac
that dZ is continuous acrossM ~the anomalous dimension
are finite! so thatdZ(M )5* ln LUV

ln M dt8g.(t8)@11dZ(t8)# is well

defined. Taking now a second derivative and evaluating
m5M we obtain

d2dZ~ t;M !

d ln M2 U
t5 ln M

5
dDg~M !

d ln M
@11dZ~M !#

1Dg~M !
ddZ~M !

d ln M
2

dg,~ t;M !

d ln M

3@11dZ~M !#

2g,~M !
ddZ~ t;M !

d ln M U
t5 ln M

.

In order to simplify this expression, we note that~in a mass-
independent scheme! the anomalous dimensions depend
ln M only through the gauge and Yukawa couplings,both of
which will be generically denoted byl. This implies that
dg/d ln M is of two loop order and the terms proportional
dZ(M ) are three loop effects, which we will neglect. Usin
also ddZ(M )/d ln M5g.(M) and, from Eq. ~3.6!,
@ddZ(t;M )/d ln M#ut5ln M.Dg(M), we can write

d2dZ~ t;M !

d ln M2 U
t5 ln M

5(
l

dDg~M !

dl~M !

dl~M !

d ln M

1Dg~M !g.~M !2g,~M !Dg~M !

2(
l

dg,~ t;M !

dl~ t;M !

dl~ t;M !

d ln M U
t5 ln M

1~ three loop order!.

It only remains to evaluatedl(t;M )/d ln M, which we can
do starting from the corresponding RG equation. Ifb@l# is
the b function for l, we can formally write form,M

l~ t;M !5l~LUV!1E
ln LUV

ln M

dt8b.@l~ t8!#

1E
ln M

t

dt8b,@l~ t8;M !#.

Differentiating with respect to lnM and evaluating atm
5M , we get
09500
at

dl~ t;M !

d ln M U
t5 ln M

5Db@l~M !#, ~3.7!

where Db@l(M )#[b.@l(M )#2b,@l(M )# and l(M )
5l(LUV)1* ln LUV

ln M dt8b.@l(t8;M)#. From the expression fo

l(M ) we also see thatdl(M )/d ln M5b.@l(M)#. The sec-
ond derivative can then be put in the following form:

d2dZ~ t;M !

d ln M2 U
t5 ln M

5(
l

S dDg~M !

dl~M !
b.@l~M !#

2
dg,~M !

dl~M !
Db@l~M !# D1~Dg~M !!2

1@g.~M !,g,~M !#, ~3.8!

where@A,B#5AB2BA is a commutator. We now have a
the ingredients required to evaluate the soft parameters a
messenger scale. To lowest loop order we can replace
factors ofZ by 1 in Eqs.~3.3! and ~3.4!. Then using Eqs.
~3.6! and~3.8! ~evaluated atm5M ) we obtain the final two
loop expressions for the soft masses. In matrix notation th
are

m
Q̃

2 um5M52
1

4 H(
l

S dDg

dl
b.@l#2

dg,

dl
Db@l# D

1@g. ,g,#J U
m5M

FF†

MM† . ~3.9!

For theA terms, we obtain from Eqs.~3.4! and~3.6! the one
loop result

Aabcum5M5
1

2
~la8bcDga

a81lab8cDgb
b8

1labc8Dgc
c8!U

m5M

F

M
. ~3.10!

Equations~3.9! and ~3.10! are the main results of this sec
tion. These equations are understood to hold just below
messenger scale. In particular, the sums in Eq.~3.10! run
only over the couplings in the effective low energy theo
Given a specific model it is now straightforward to calcula
the induced soft terms at the messenger scale. Note th
the absence of direct matter-messenger couplings the an
lous dimensions of the observable fields are continuou
m5M . In this case only the second~and third! terms in Eq.
~3.9! survive and one recovers the standard gauge medi
results whenl is a gauge coupling.

IV. THE m PROBLEM

The models of Yukawa deflected gauge mediation na
rally satisfy all constraints coming from neutral flavor chan
ing processes, which could arguably be considered the m
difficult challenge in theories of supersymmetry breaking
second issue that should be addressed in any model of su
4-5
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symmetry breaking is the origin of the Higgs bilinear term
the superpotential@13–19#

W5mHuHd . ~4.1!

In its most basic form the difficulty arises because, for p
nomenological reasons,m should be of the order of the wea
scale. This scale is in turn related to the scale of supers
metry breaking~if the hierarchy problem is to be solved b
supersymmetry! and there isa priori no reason that the su
persymmetric term~4.1! should be of weak scale order. It
then natural to assume that them term vanishes at the tre
level and is generated only after supersymmetry break
for example from Ka¨hler terms like@13#

K5lHuHdS X†

M
1

XX†

M2 1¯ D , ~4.2!

where ^X&5M1Fu2. After supersymmetry breaking th
first term in Eq.~4.2! generates them term ~4.1! while the
second generates the supersymmetry breaking term

V5BmHuHd . ~4.3!

As has been stressed in@14#, in theories of gauge media
tion the real challenge is to explain whyB andm are of the
same order. Since all other soft masses are generated a
loop, one needsl;1/16p2 in order thatm;(1/16p2)F/M
has the correct size. The problem is then thatBm
;(1/16p2)(F/M )2 which implies the relation B
;(16p2)m. Indeed, generically both them and Bm terms
are generated at the same loop order, which results in
previous relation. Such a large value ofB would require an
unacceptable degree of fine-tuning to obtain a correct e
troweak symmetry breaking pattern.

A very appealing solution to this problem is to introduce
new light standard model singlet fieldS with superpotential
couplings@20–22#

W5lSHdHu2
1

3
kS3. ~4.4!

If supersymmetry breaking gives a negative mass square
S, then in the process of electroweak symmetry breakin
will acquire a VEV and an effectivem5l^S& of the correct
size will be generated. Similarly, theBm term can arise from
the A term

V5AlSHuHd . ~4.5!

Unfortunately, in models of gauge mediation, bothms
2 and

Al are very small and it has been shown that it is not p
sible to obtain a realistic symmetry breaking pattern@21#. In
addition, there is always a light state associated with
spontaneous breaking of an approximateR symmetry under
which all superfields haveR charge 2/3. This symmetry i
only broken by the term Eq.~4.5!, which is very small in
gauge mediation.

On the other hand, in models of Yukawa deflected med
tion A terms are generated at one loop as we have show
09500
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Eq. ~3.10! and thus they have the required order of mag
tude to destroy theR symmetry. Also, in these modelsmS

2

can get a substantial negative contribution, which can lea
a sizableS VEV. In this section we analyze the next-to
minimal supersymmetric standard model, defined by the
placement of them term in the MSSM by the superpotentia
Eq. ~4.4!, and show that it is possible to obtain realistic ele
troweak symmetry breaking.

We pause to note that in this model there is no supers
metric CP problem@23#. By redefining the phases ofS and
Hu , we can assume without loss of generality thatl andk

are real. By rescalingM̄1d and M2u in Eq. ~2.4! we can
assume that the proportionality constantskU and kD in Eq.
~2.5! are real as well. We can also assume that the coupl
l i ,l i8 in the hidden brane are real by rotating the remain
messenger fields. Now allCP phases will reside in the CKM
matrix. In order to see this, one can rotate the matter su
fields to the quark mass eigenbasis. By redefining the qu
superfield phases, one can absorb, as usual, all but one o
CKM phases. In the quark mass eigenbasis the gauge s
metry is not explicit and, in particular, the Yukawa intera
tions between the matter and charged Higgs superfields
not flavor diagonal whereas those involving the neut
Higgs fields, by definition, are. However, the important po
is that all Yukawa interactions can be written in terms of t
physical CKM matrix and the real quark mass eigenvalu
Furthermore, since all field redefinitions are performed at
superfield level, there are no additional phases in any of
soft parameters. Therefore there is only one physicalCP vio-
lating phase.

In what follows we neglect for simplicity theCP phase
and assume that all parameters are real. We have the o
of either restrictingS to a brane or allowing it to propagate i
the bulk. Allowing S to propagate in the bulk allows for
greater range of couplings, since it can now couple direc
to the messenger triplets, as well as to the doublets.

In order to see the main features more easily, we w
consider the case in which onlyH̃d and S propagate in the
bulk. Further, we will neglect the terms involving the small
Yukawa couplingsyb and yt , as well asyb8 and yt8 , which
are proportional to them. If tanb is large, however, one
should also include these couplings. The superpotential
consider at the messenger scale has the form

W5ytHuq3tc2SHu~lHd1ldM̄1d!2
k

3
S3. ~4.6!

While other couplings ofS are in principle allowed by sym-
metry, we are neglecting them here for purposes of simp
ity. If such additional couplings are not large we do not e
pect them to significantly alter our conclusions. It is no
straightforward to obtain the soft breaking terms that are
duced after integrating out the messenger fields, from
general equations~3.9! and~3.10!. We find, in addition to the
standard gauge mediated contribution Eq.~2.8!, the follow-
ing nonvanishing new contributions to the soft masses of
observable fields, at the messenger scale:
4-6
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Dmq̃3

2 52
ld

2yt
2

256p4 U F

MU2

,

Dm
t̃ c
2

52
ld

2yt
2

128p4 U F

MU2

,

DmHu

2 5
ld

2

128p4 S 2ld
21k222gY

22
3

2
g2

2D U F

MU2

, ~4.7!

DmHd

2 52
ld

2l2

64p4 U F

MU2

,

Dm
S̃

2
52

ld
2

128p4 ~4gY
213g2

214k224ld
223yt

2!U F

MU2

.

We observe thatmS
2 can indeed be negative ifk;1. In this

region of parameter spacemHu

2 also receives a positive con

tribution. Similarly, the nonvanishing one loop trilinear term
are

At5
ytld

2

16p2

F

M
,

Al5
3lld

2

16p2

F

M
, ~4.8!

Ak5
kld

2

8p2

F

M
.

TheseA terms are defined in Eq.~3.2!. In particular, we have
not factored out the corresponding Yukawa coupling.

Equations ~4.7! and ~4.8! are all proportional told .
Given the values of the various Yukawa couplings at
messenger scale as well as the supersymmetry breaking
F/M , one can use the NMSSM renormalization group eq
tions, to obtain the values of the various soft masses at
weak scale. As usual, the Higgs mass parameter is dr
negative by the top Yukawa coupling and we find ele
troweak symmetry breaking minima for a large range of
rameters. In order to reproduce theZ boson massMZ , we

require that the Higgs boson VEV’s satisfyv2[vu
21vd

2

5(174 GeV)2. This fixes the overall scale. The minimiza
tion also determines tanb5vu /vd , and one should try to ad
just yt to reproducemtop;165 GeV~the difference from the
experimental value of about 175 GeV is attributed to QC
corrections!. However, the fact thatyt is attracted to its low
energy quasifixed point leaves some freedom in the choic
yt at the messenger scale. This choice is important, howe
in determining the evolution of various quantities such
mHu

2 . In practice we take as arbitrary input parameters

values of the Yukawa couplingsyt , l, k, andld at the mes-
senger scale as well as the messenger scaleMmess.

We give two sample points in Table I. We usedgY
50.1816,g250.6486, andg251.1005 for the gauge cou
pling constants at the 1 TeV scale, and checked that
theory remains perturbative up to the GUT scale. The res
09500
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the input parameters are given in the table, as well as
weak scale values for the various physical masses, wh
include the soft as well as theD-term contributions.

We note that the next lightest supersymmetric parti
~NLSP! is the right-handed stau~as in gauge mediation, th
gravitino is the LSP!. This is due to the effect of the U(1)Y
Fayet-IliopoulosD term @24# in the RG running of the soft
masses:

D
d

dt
mi

25
1

16p2 YigY
2(

j
Yjmj

2, ~4.9!

where the sum runs over all fields andYi is the hypercharge
of the i th field. In pure gauge mediation this contributio
vanishes, but it is in general not zero in the presence
Yukawa couplings. In our case we find, at the messen
scale,

TABLE I. Sample points in parameter space forN51,2 whereN

is the number of5% 5̄ messenger pairs. All masses are in GeV.a3 is
the strong coupling constant and the sensitivity parameter is defi
in the main text.

N51 N52

Inputs Mmess 1011 1014

yt 0.9 0.9
l 0.15 0.2
k 0.8 0.98
ld 0.748 0.994

Neutralinos mx
1
0 108 132

mx
2
0 165 179

mx
3
0 173 208

mx
4
0 315 380

mx
5
0 1550 1410

Charginos mx
1
6 135 155

mx
2
6 315 382

Higgs bosons tanb 7.1 5.5
mh0 115 115
mH0 467 500
mA 466 500

mH80 1220 1170
mA8 1660 1360
mH6 473 505

Sleptons mẽR
100 113

mẽL
470 505

mñL
465 500

Tops squarks mt̃ 1
390 467

mt̃ 2
850 907

Other squarks mũL
1050 1105

mũR
1000 1065

md̃L
1050 1105

md̃R
960 1010

Gluino M3 815 1030
Sensitivity a3 100 130

ld 90 130
4-7
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(
j

mj
25

ld
2

32p2 ~3yt
214l214ld

212k224gY
223g2

2!

~4.10!

which is always positive sinceyt;1 cancels the smalle
negative gauge contributions. Therefore, the fields havin
positive~negative! hypercharge will receive a negative~posi-
tive! contribution from this term. The most important effe
is on the right-handed sleptons and thus we expect the N
to correspond to the stau in this class of models.

A second distinctive feature is the relationDm
t̄ c
2

52Dmq̄3

2 , which holds, up to small corrections proportion

to yb ,yt , even when bothHu andHd are allowed to propa-
gate in the bulk.

When analyzing the spectrum at the weak scale it is
portant to include the radiative corrections to the light
neutral Higgs boson mass@25#. The largest effect can b
viewed as a top quark–top squark loop contribution to
effective quartic term in the effective potential below the t
squark mass@26#. We include an estimate of this effect b
adding the term

DVH5S 3yt
4

8p2 ln
mt̃

mt
D ~Hu

†Hu!2 ~4.11!

to the Higgs potential.
An important feature of these results is the amount

fine-tuning required to achieve electroweak symmetry bre
ing. We define the fractional sensitivity to a parameterc ~a
coupling renormalized atMmess) to be @27,28#

sensitivity5
c

v
]v
]c

, ~4.12!
e

zi,

B

09500
a

P

-
t

n

f
k-

wherev is the Higgs boson VEV and the derivative is tak
with all other couplings at the messenger scale held fix
We find that the largest sensitivities are associated witha3

5g3
2/(4p) andld . We note, however, that the sensitivitie

shown in the table are of the same order as the ones
would obtain for pure gauge mediation with tree levelm and
Bm terms fixed by the requirement of correct electrowe
symmetry breaking~for the same values of tanb as shown in
Table I!. This amount of fine-tuning seems to be inherent
models in which the dominant soft breaking contributio
arise from gauge mediation.

V. CONCLUSIONS

Yukawa deflection alters the spectrum of gauge media
supersymmetry breaking in a highly predictive manner wh
maintaining the requisite suppression of flavor changing n
tral currents. It is an important effect for the third generati
sparticles that have sizable Yukawa couplings. We have d
onstrated that it can resolve in a simple and natural way
m problem of gauge mediation, as well as the cosmolog
problems associated with stable messengers.
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