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Minimal supersymmetric fat Higgs model
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We present a calculable supersymmetric theory of a composite ‘‘fat’’ Higgs boson. Electroweak symmetry is
broken dynamically through a new gauge interaction that becomes strong at an intermediate scale. The Higgs
boson mass can easily be 200–450 GeV along with the superpartner masses, solving the supersymmetric little
hierarchy problem. We explicitly verify that the model is consistent with precision electroweak data without
fine-tuning. Gauge coupling unification can be maintained despite the inherently strong dynamics involved in
electroweak symmetry breaking. Supersymmetrizing the standard model therefore does not imply a light Higgs
boson mass, contrary to the lore in the literature. The Higgs sector of the minimal fat Higgs model has a mass
spectrum that is distinctly different from that of the minimal supersymmetric standard model.
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I. INTRODUCTION

The mechanism and dynamics of electroweak symm
breaking@1# is one of the greatest mysteries in particle ph
ics. The standard model~SM! provides an extremely suc
cessful parameterization of electroweak symmetry break
through the introduction of a single Higgs doublet with
negative mass squared. Furthermore, fermion masses,
ings andCP violation are accommodated in a way that
consistent with experimental observations and constra
from flavor-changing neutral current processes. Unfor
nately, the negative mass squared is just an input to
theory without a deeper understanding. Moreover, symm
breaking by relevant operators is fraught with an extre
ultraviolet ~UV! sensitivity: the Higgs boson mass squared
quadratically sensitive to new physics. Thus the origin
electroweak symmetry breaking in the SM is impossible
understand without a complete UV theory.

It is well known that supersymmetry removes the extre
quadratic sensitivity to the UV and can explain electrowe
symmetry breaking with clear predictions for experimen
The minimal supersymmetric standard model~MSSM!, in
particular, predicts a light Higgs boson,mh&130 GeV, for
top-squark masses less than about 1 TeV. Superpartner
pecially charginos and top squarks, are also expected t
light because their masses feed into the Higgs boson m
parameters via the renormalization group@2#. The experi-
mental lower bounds on the mass of the lightest Higgs bo
and the masses of the superpartners are increasingly be
ing a quantifiable concern. Even though the MSSM is
from being excluded, it already relies on fine-tuning at t
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level of a few percent: we call this the ‘‘supersymmetric litt
hierarchy problem.’’

The simplest way around this problem is to raise t
Higgs boson mass. In the MSSM the Higgs boson m
could be raised by increasing the top squark masses, but
with an unnaturally drastic increase in fine-tuning. A le
fine-tuned approach is to invoke physics beyond the MS
that provides additional contributions to the quartic couplin
The simplest idea of this class is to add an extra singlet w
a new ~undetermined! Yukawa interaction with the Higgs
fields. This is sufficient to raise the Higgs boson mass fr
130 GeV up to about 150 GeV with fine-tuning comparab
to that in the MSSM. But any further upward push on t
Higgs boson mass causes the new Yukawa coupling to b
up at a scale below the gauge coupling unification scale

In fact, incorporating a significantly heavier Higgs bos
mass into beyond-the-MSSM models invariably leads
some type of strong coupling behavior, such as a Lan
pole in the next-to-minimal supersymmetric standard mo
~NMSSM!, e.g.@3#, or simply a low UV cutoff, e.g.@4#. This
has usually been viewed negatively because it ruins the
completeness of supersymmetric theories, and elimin
connections to attractive theoretical ideas such as grand
fication and string theory. The usual lore is that strong c
pling should be avoided, yielding an upper bound on
mass of the Higgs boson.

We propose a radical revision of the usual lore and all
the Higgs sector to become strongly coupled at an inter
diate scale. At the scale of strong coupling the Higgs fie
reveal their composite nature and are in fact mesons o
confining theory in the UV. This theory is renormalizabl
asymptotically free, and thus UV complete. The IR and U
dynamics are completely under control thanks to the
proved knowledge of strongly coupled supersymme
gauge theories@5# which is reliable even when soft supe
symmetry breaking is added as a small perturbation on
strong dynamics@6,7#. We draw significant inspiration from
recent proposals to fuse supersymmetry with technico
@8,9#, and indeed in our model electroweak symmetry is b

f
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ken dynamically. However, we have physical~composite!
Higgs fields in the low energy effective theory with noa
priori restriction on the scale of strong coupling, reminisce
of the older non-supersymmetric composite Higgs mod
@10# ~but without the associated fine-tuning problems!.

The outline of this paper is as follows. We first discuss
supersymmetric little hierarchy problem in Sec. II, and e
phasize that a heavier Higgs boson mass easily solves
problem. We then construct our supersymmetric compo
Higgs theory in Sec. III. Our basic framework is a thre
flavor SU(2)H theory thats-confines, resulting in a low en
ergy effective Lagrangian containing a dynamically gen
ated superpotential of composite mesons. By introducin
mass for one flavor below the compositeness scale, we s
that the mesons acquire expectation values that break
troweak symmetry at a scale that is tunable through this m
parameter. In Sec. IV we demonstrate how the various
ergy scales can be naturally obtained from the supersym
try breaking, and in Sec. V we show how fermion mas
and mixings can be incorporated. We calculate the sc
spectrum in Sec. VI. In Sec. VII we briefly comment on t
new phenomenology of this model, emphasizing the unus
scalar spectrum. Section VIII explains how gauge coupl
unification can be preserved. Finally, we conclude with
discussion in Sec. IX.

II. SUPERSYMMETRIC LITTLE HIERARCHY PROBLEM

In this section we define the supersymmetric little hier
chy problem and propose a simple but unconventional w
out. The problem is that the conventional supersymme
theories are increasingly fine-tuned since the Higgs bo
and/or charginos have not yet been discovered. We point
that a composite Higgs boson will solve this problem eas
once a suitable UV completion is found.

The MSSM provides a simple way to understand el
troweak symmetry breaking~see, e.g.,@11# for a review!. In
the supersymmetric limit, electroweak symmetry is not b
ken. Therefore, electroweak breaking is solely due to the
supersymmetry breaking effects. It arises from the renorm
ization of the up-type Higgs boson soft mass squared tha
driven negative by the top Yukawa coupling. At the one-lo
approximation, one finds

DmHu

2 ;212
ht

2

16p2
mt̃

2log
MUV

m IR
, ~1!

where MUV (m IR) is the UV ~IR! cutoff and ht is the top
Yukawa coupling. Even with the universal boundary con
tion mt̃5mHu

, it is easy to see that a large logarithm betwe
the weak scale and, say, the grand unification theory~GUT!
scale makesmHu

2 negative. Assuming that the supersymm

ric massm for the Higgs doublets is smaller in magnitud
than mHu

, electroweak symmetry is broken. This so-call
radiative breaking of the electroweak symmetry is a v
nice feature of the MSSM.

However, the phenomenological situation is forcing so
degree of fine-tuning on the MSSM in the following fashio
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First of all, the Higgs quartic coupling is given only byD
terms that are determined by the electroweak gauge c
plings

VD5
g21g82

8
~ uHuu22uHdu2!2. ~2!

This implies that the natural scale for the Higgs boson m
is mZ , and indeed there is a well-known tree-level upp
limit on the lightest Higgs boson mass that is preciselymZ .
The only way to increase the Higgs boson mass is by us
the O(ht

4) radiative correction to the Higgs boson quar
coupling. The approximate formula valid for a modera
tanb is

mh0
2 .mZ

21
3

4p2
ht

4v2log
mt̃ 1

mt̃ 2

mt
2

. ~3!

Here,v5174 GeV. Because the Higgs boson has not b
found up to 115 GeV, this impliesmt̃*500 GeV. On the
other hand, the minimization of the scalar potential leads

1

2
mZ

252m22
mHu

2 tan2b2mHd

2

tan2b21
.2m22mHu

2 , ~4!

again for moderate tanb. Therefore we need to fine-tune th
baremHu

2 and/orm against the radiative correction in Eq.~1!

at the level of

uDmHu

2 u

mZ
2/2

;4.8S mt̃

500 GeVD
2

log
MUV

m IR
. ~5!

Even for a low UV scale ofMUV5100 TeV, this already
requires a fine-tuning of 3%.

In addition, the null results from searches for charginos
the CERNe1e2 collider LEP-II give a lower boundM2
*100 GeV. Assuming a GUT relation among the gaugi
masses, this impliesM3*350 GeV. BecauseM3 feeds into
mt̃ through renormalization group evolution, this then fee
into mHu

2 , aggravating the situation. Moreover, the MSS

potential is rather delicate due to the possible instabi
along theD-flat directionHu5Hd .

The situation would clearly be better if the tree-lev
Higgs boson mass could be raised above the LEP bou
Modifying Eq. ~4!, however, necessarily involves addition
contributions to the Higgs potential that are not related to
SM gauge couplings. Furthermore, reducing the need for
~s!quark contributions to electroweak symmetry breaki
and the Higgs boson mass, Eqs.~1! and ~3!, respectively,
may help reduce the fine-tuning required. We will see t
the fat Higgs model we propose in this paper achieves b
of these aims.

The simplest extension of the MSSM that raises the tr
level Higgs boson mass is the NMSSM. In the NMSSM t
m term is replaced by the superpotential
2-2
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MINIMAL SUPERSYMMETRIC FAT HIGGS MODEL PHYSICAL REVIEW D70, 015002 ~2004!
W5lNHuHd2
k

3
N3 ~6!

whereN is neutral under the SM andl is undetermined. The
Higgs boson quartic coupling therefore depends onl as well
as the gauge couplings, potentially allowing for a mu
higher Higgs boson mass. Increasing the Higgs mass req
a largel. This coupling renormalizesupwardwith increas-
ing energy, eventually encountering a Landau pole. At t
scale the perturbative description breaks down and the th
is no longer UV complete. To avoid this problem, it is cu
tomary to impose the requirement that all coupling consta
and in particularl, remain perturbative up to the gauge co
pling unification scale. This places an upper bound onl
leading to an upper bound on the lightest Higgs boson m
of about 150 GeV@3,12–15#. Adding more matter fields can
relax the bound somewhat, but not much@16–18#. Even for
extensions of the NMSSM with Higgs fields in other repr
sentations this bound is relaxed to at mostmh&200 GeV
@19#. This is the basis for the lore that the lightest Hig
boson mass cannot be much higher than in the MSSM.1

This is the supersymmetric little hierarchy problem w
intend to solve. We are seeking a theory where the Hi
boson mass is allowed to be much larger thanmZ at tree
level. It is clear that the heart of the problem in the MSSM
that the quartic coupling is determined by the gauge c
plings plus radiative corrections. This is the ultimate sou
of the tension between the top squark masses and the lig
Higgs boson mass. If the tree-level Higgs boson mass ca
higher there is no need to rely on the radiative correcti
from the top-quark–top-squark sector and therefore
squarks can be light. In fact, if all superpartners are aro
200–450 GeV, the natural scale for the Higgs boson s
mass is also around the same scale, and there is no
tuning.

In this paper we employ exact results in supersymme
gauge theories to UV complete a strongly coupled Hig
sector. In our model the Higgs fields are composite bou
states of fundamental fields charged under a new, stro
coupled gauge theory. The supersymmetric strong dynam
drive electroweak symmetry breaking. The effective the
of the Higgs boson composites is a variant of the NMSS
with an arbitrarily strong quartic coupling. Furthermore, u
like the MSSM, the modified potential has no flat directio
that may cause an instability.

III. THE FAT HIGGS MODEL

First we describe the dynamics that leads to electrow
symmetry breaking with composite ‘‘fat’’ Higgs fields. Th
model is anN51 supersymmetricSU(2) gauge theory with

1In @20# a heavier Higgs boson mass was claimed possible if a
squark bound state condenses due to a strong trilinear couplin
@21# a new moderately strong gauge interaction was used to
hance the Higgs boson quartic coupling, assuming a large su
symmetry breaking of about 7 TeV in a part of the theory.
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six doublets,T1, . . . ,T6. They carry the quantum number
given in Table I.

The tree-level superpotential consists of several terms

W5W11W21W3 , ~7!

where

W15yST1T21yS8T3T4, ~8!

W252mT5T6, ~9!

W35y~T1,T2!PS T5

T6D 1y~T3,T4!QS T5

T6D . ~10!

The singlet fieldsS and S8 in W1 are introduced to ensur
that electroweak symmetry is broken. They are really o
tional since the condensate may well form along an el
troweak breaking direction without forcing it through th
F-flatness conditions ofS andS8. W2 is simply a mass term
for the fifth and sixth doublets. The mass parameterm con-
trols the separation between the electroweak breaking s
and the compositeness scale, as we will show. Finally,W3
contains the fieldsP and Q which are 232 matrices that
transform as doublets underSU(2)L or SU(2)R and also a
globalSU(2)g . They are present simply to marry off certa
‘‘spectator’’ composite fields with a mass of order the co
positeness scale.W3 is optional, since these spectator com
posite fields also acquire electroweak symmetry break
masses. But the addition of theP andQ fields with the above
superpotential has the benefit of minimizing the field cont
of the low energy effective theory, which we call the minim
supersymmetric fat Higgs model.

Note also that the overall superpotential is natural if
assign non-anomalousU(1)R charges as shown in Table
The global symmetries still allow for linear terms inSandS8
in the superpotential that could be forbidden by an additio
Z3 symmetry. This also prevents tadpole diagrams for
singlets that could destabilize the weak scale@22#. Mass
terms for the first four doublets, if present, could be elim
nated by shifting the fieldsS andS8. Our model is not sen-
sitive to the precise Yukawa couplings in the superpotent
but for simplicity we take a commony that is assumed to
have the bare valuey0;O(1).

p
In
n-
er-

TABLE I. Field content underSU(2)L3SU(2)H gauge and
SU(2)R3SU(2)g3U(1)R global symmetries. TheU(1)Y sub-
group ofSU(2)R is gauged.

Superfields SU(2)L SU(2)H SU(2)R SU(2)g U(1)R

(T1,T2)[T 2 2 1 1 0
(T3,T4) 1 2 2 1 0
(T5,T6) 1 2 1 2 1
P 2 1 1 2 1
Q 1 1 2 2 1
S 1 1 1 1 2
S8 1 1 1 1 2
2-3
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HARNIK et al. PHYSICAL REVIEW D 70, 015002 ~2004!
SU(2)H becomes strong at a scaleLH . The theory has
six doublets, so belowLH it is described by meson compo
ites Mi j 5TiTj ( i , j 51, . . . ,6)with a dynamically generated
superpotential PfM /L3. Together with the tree-level terms

Weff5
PfM

L3
2mM561ySM121yS8M34

1yPk,aMk,a141yQl ,aMl 12,a14 ~11!

wherek51,2 is anSU(2)L index contracted withP; l 51,2
is an SU(2)R index contracted withQ; and a51,2 is an
SU(2)g index. In terms of the canonically normalized field
this becomes

Wdyn5l~PfM2v0
2M56!1mspect~SM121S8M34

1Pk,aMk,a141Ql ,aMl 12,a14!, ~12!

where naive dimensional analysis~NDA! @23# suggests2

v0
2;

mLH

~4p!2
, ~13!

mspect;y
LH

4p
, ~14!

l~LH!;4p. ~15!

The crucial observation is that the scale of electroweak s
metry breaking,v0, is generated dynamically and is co
trolled by the value of the supersymmetric massm.

It is useful to change the notation for the meson matrix
make the role of different components clear:

N5M56, S Hu
1

Hu
0 D 5S M13

M23
D , S Hd

0

Hd
2D 5S M14

M24
D , ~16!

and all the other components of the meson matrix decou
nearLH . These Higgs fields have the dynamically genera
superpotential

W5lN~HdHu2v0
2!. ~17!

The Hd andHu doublets play the role of the MSSM Higg
doublets. As advertised, this superpotential forces e
troweak symmetry breaking without relying on supersymm
try breaking effects. This superpotential was also studied
Ref. @24#.

The strong couplingl rapidly renormalizes to smalle
values as the energy scale is reduced. We can estimate

2Here, the parameters are defined at the scaleLH , and hence are
not the bare ones. As we will see in the next section,m;4pm0 ,
y;4py0, and LH;m8;4pm08 , due to the superconformal dy
namics.
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running by neglecting corrections from gauge couplings a
the top coupling. The solution to the one-loop renormaliz
tion group equation is3

l2~ t !5
2p2

2p2l22~0!1t
, ~18!

wheret[ log(LH /m) increasestoward the infrared. Using the
NDA estimate l(0);4p, we find, for example,l(4.5)
.2, practically independent of the initial value. Ifm is well
below LH , condensation occurs at the scale 4pv0
;(mLH)1/2!LH where the theory is weakly coupled an
therefore calculable.

This is one of our important results. In the infrared t
theory contains Higgs states with a weakly coupled, ren
malizable superpotential described by just two parameterl
andv0. This is a rather nontrivial result that depends on t
specific choice of anSU(2)H gauge theory with three fla
vors. Other choices are not so interesting. For example,
cision electroweak constraints tend to severely restrict n
gauge interactions beyond the SM at the TeV scale, and
theories with a dual magnetic description are not good c
didates. For anSU(Nc) theory there is a dynamically gene
ated superpotential whenNf5Nc11, and its renormalizabil-
ity requiresNf<3. This means that anSU(2) gauge theory
with three flavors is the unique choice for this purpose.

IV. SCALES

Phenomenologically, the scale of supersymmetry break
soft masses must be near the electroweak scale,lv0
;mSUSY, because much larger supersymmetry~SUSY!
breaking would lead to fine-tuning, whereas a much sma
SUSY-breaking scale would have already been observed.
ing the parameters of the UV theory, this impliesmLH
;(4pmSUSY)

2. This coincidence of scales is reminiscent
them problem in the MSSM. Here we show that this can
naturally obtained by a combination of the seesaw mec
nism @25# and the Giudice-Masiero mechanism@26#. This
requires conventional gravity-mediated supersymme
breaking, which we assume for the discussion in this sect

The simplest way to relateLH to other scales is to emplo
a superconformal theory where the gauge coupling rem
constant over many decades in energy. We introduce
extra doubletsT7 and T8 to SU(2)H for this purpose. We
assume thatT7 andT8 transform as a vector-like pair unde
other symmetries so that a supersymmetric mass term ca
added to the superpotential,

W5m8T7T8. ~19!

This theory withNc52 andNf54 is in the superconforma
window @5#. At some scaleL4 the SU(2)H gauge coupling
becomes strong and remains strong all the way down tom8,

3This formula assumes that the spectators decouple at scaleLH .
This is justified in the next section where the superconformal
namics enhancesy to y;4py0;4p.
2-4
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MINIMAL SUPERSYMMETRIC FAT HIGGS MODEL PHYSICAL REVIEW D70, 015002 ~2004!
the supersymmetric vector-like mass of the extra doublets
the scalem8 the conformal symmetry is broken andT7,8 may
be integrated out. Below this scale the theory confines an
effectively the three flavor model discussed in the previo
section. We therefore identify the strong coupling scaleLH
with m8. The renormalization group evolution of the co
plings is schematically shown in Fig. 1.

In addition to determining the scaleLH , the conformal
dynamics generate large anomalous dimensions which h
the effect of enhancing the couplings of theT fields, and
therefore also the couplings of the composite Higgs fie
The structure of the superconformal algebra determines
anomalous dimensions exactly in terms of the anomaly-
R charges. Running from the strong scaleL4 down to the
scale of conformal breakingLH , the wave function of the
T’s is suppressed as

Z;S LH

L4
D g

*
~20!

whereg* 51/2 is the anomalous dimension. Once the fie
are canonically normalized this leads to anenhancementof
their couplings. For example, the effective massm8 gets en-
hanced by a factor of

S L4

LH
D 1/2

. ~21!

In the low energy theory, any operator that involves o
Higgs field, such as the top Yukawa, will be enhanced b
similar factor. Because the superconformal dynamics
likely to be upset by other strong couplings, the largest
hancement factor we consider is 4p.

The next task is to determine howm of the right size can
be generated. First, it is assumed that the heavier vector
massm8 is unrelated to supersymmetry breaking and the
fore arbitrary. The scale form8 is presumably set by othe
flavor symmetries, akin to the right-handed neutrino m
which is protected by lepton number. However, the symm

FIG. 1. The renormalization of the couplings in our fat Hig
model. The model becomes strong and nearly conformal at the s
L4, whereaH nears 4p. The conformal invariance is broken by th
mass of the extra doublet,m8, which makes the theory confine a
LH;m8. Below this scale the effective theory description becom
one of meson composites with a couplingl that quickly renormal-
izes down toO(1). When 4pv0!LH the mesons condense at we
coupling and the theory is calculable.
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tries may conspire to forbid a vector-like massm for the third
flavor, analogous to the left-handed neutrino mass in the n
trino mass matrix. For example, consider a simpleU(1) fla-
vor symmetry of charge11 (21) for the third~fourth! fla-
vor. The symmetry is broken by an order parameter of cha
12. Thenm8 is allowed in the superpotential whilem is not.
Nevertheless, mixing between the third and fourth flavors
allowed by the symmetries and originates from the sup
symmetry breaking due to the Giudice-Masiero mechani
Therefore, the form of the mass matrix for these flavors
comes

S 0 mSUSY

mSUSY m8
D . ~22!

The light eigenvalue is given bym5mSUSY
2 /m8. After the

conformal dynamics enhances bothm andm8, we naturally
obtainmm8;(4pmSUSY)

2 as desired.

V. FERMION MASSES

In order to incorporate fermion masses, we follow@9# by
adding four additional chiral multiplets that are singlets u
der SU(2)H but have the same quantum numbers as
Higgs doubletsHu andHd in the MSSM,

wu ,w̄dS 1,2,1
1

2D , wd ,w̄uS 1,2,2
1

2D . ~23!

They have the superpotential

Wf5M f~wuw̄u1w̄dwd!1w̄d~TT4!1w̄u~TT3!

1hu
i j Qiujwu1hd

i j Qidjwd1he
i j Liejwd , ~24!

whereM f is the mass ofw andw̄. The only flavor-violating
couplings are the Yukawa couplingshu

i j , hd
i j , he

i j . We as-
sumeM f;m8;LH , possibly due to the same flavor sym
metries that control the size ofm8.

BetweenL4 and LH.m8 the superconformal dynamic
enhances the Yukawa couplings by (L4 /LH)1/2;4p, as de-
scribed in the previous section. After thew ’s are integrated
out, the effective dimension-5 superpotential is

Wf5
4p

M f
@hu

i j Qiuj~TT3!1hd
i j Qidj~TT4!1he

i j Liej~TT4!#.

~25!

Below the compositeness scaleLH , NDA specifies the re-
placement (TT3)→LHHu/4p, (TT4)→LHHd/4p. Using
M f;LH , the superpotential becomes

Wf5hu
i j QiujHu1hd

i j QidjHd1he
i j LiejHd . ~26!

One may wonder if the Yukawa couplings are suppres
in the low-energy theory due to the wave function renorm
ization of the Higgs fields due to the strong couplingl.
Again using the one-loop renormalization group equation
simplicity, we find

ale

s

2-5
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h~ t !5h~0!S l~ t !

l~0! D
1/4

. ~27!

For l(0);4p andl(t);2, we find that the suppression
only 60%. Therefore the mechanism presented above d
yield sufficiently large Yukawa couplings.

VI. HIGGS BOSON MASS SPECTRUM

In this section the mass spectrum of the model is ca
lated. The supersymmetric part of the Higgs potential is

VSUSY5l2uHdHu2v0
2u21l2uNu2~ uHuu21uHdu2!, ~28!

together with theD-term contributions that are familiar from
the MSSM,

VD5
g2

8
~Hu

†tWHu1Hd
†tWHd!21

g82

8
~ uHuu22uHdu2!2.

~29!

Unlike the MSSM, electroweak symmetry breaking is caus
by the confining dynamics even in the absence of supers
metry breaking. Nevertheless, the potential also contains
supersymmetry breaking terms

Vsoft5m1
2uHdu21m2

2uHuu21m0
2uNu2

1~AlNHdHu2Clv0
2N1H.c.! ~30!

wherem1 ,m2 ,m0 ,A,C;mSUSY.
It is instructive to first look at a simple case wherem1

5m25m0 , A5C50. In this case, we can define the ‘‘sta
dard model–like Higgs boson’’H5(Hu

01Hd
0)/A2 whose po-

tential is simply

V5
1

4
l2uH222v0

2u21m0
2uHu2

5
1

4
l2uH2u22~l2v0

22m0
2!uHu21const. ~31!

This is no different from the potential in the minimal sta
dard model. It is clear that electroweak symmetry is brok
so long asl2v0

2.m0
2. The vacuum expectation value isv

5^H&5A2(v0
22m0

2/l2), and the mass of the Higgs boson
lv. There is an exact custodialSU(2) symmetry in the
Higgs sector.

For a more general set of parameters it becomes diffi
to solve for the vacuum analytically. We take advantage
the ~small! hierarchy

lv0;m1,2@gv0 ,g8v0 , ~32!

which allows us to drop the MSSMD terms. If m1 /m2 is
very large, the quartic term in the potential is dominated
the D term and cannot be ignored. Our solution for t
vacuum state applies for a moderate ratiom1 /m2 where both
Higgs boson massesm1,2 are much larger thanmZ .
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The fact that the Higgs boson quartic coupling of t
MSSM is negligible compared to that coming from th
strong dynamics illustrates that our model manifestly sol
the supersymmetric little hierarchy problem, as anticipated
Sec. II. For simplicity we also setA5C50 for most of the
discussions below. With these approximations, the gro
state is

Hu
05v0A12

m1m2

l2v0
2
Am1

m2
, ~33!

Hd
05v0A12

m1m2

l2v0
2
Am2

m1
, ~34!

N50 ~35!

up to corrections of ordermZ
2/m1,2

2 . To leading order inA and
C we find thatN no longer vanishes,

N5
m1m2@~2A1C!l2v0

21Am1m2#

l@~l2v0
22m1m2!~m1

21m2
2!1m1m2m0

2#
, ~36!

while shifts to Hu and Hd are only O(A2,AC,C2). This
demonstrates that am term is naturally generated, giving
mass of ordermSUSY to the Higgsinos.

Our vacuum solution was obtained by assuming t
m0,1,2

2 .0, and thus arises from dynamical~as opposed to
radiative! breaking of electroweak symmetry. Neverthele
we expect a stable vacuum with electroweak symme
breaking even if some or all of the (mass)2 are negative
because our potential Eqs.~28!–~31! is bounded from below,
unlike in the MSSM where there is a possible instabil
along theD-flat direction. We leave such cases for a futu
study.

It is rather convenient to define

ms5Am1m2, ~37!

tanb[
^Hu

0&

^Hd
0&

5
m1

m2
, ~38!

and then the electroweak breaking scalev.174 GeV is fixed
in terms of the parameters of the model,

v252
l2v0

22ms
2

l2sin 2b
, ~39!

with the usualW andZ masses

mW
2 5

1

2
g2v2 and mZ

25
1

2
~g21g82!v2. ~40!

The charged Higgs boson states have mass

mH6
2

5
2ms

2

sin 2b
. ~41!
2-6
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The singlet stateN has both scalar and pseudo-scalar sta
that are degenerate~within our simplifying assumption of
A5C50),

mN1

2 5mN2

2 5l2v21m0
2 , ~42!

while the pseudo-scalar from the Higgs doublets has ma

mA0
2

5l2v21mH6
2 . ~43!

The neutral scalars from the doublets have a mass matr

S ~l2v21mH6
2

!cos2b ~l2v22mH6
2

!sinb cosb

~l2v22mH6
2

!sinb cosb ~l2v21mH6
2

!sin2b
D ,

~44!

where the upper~lower! components correspond to thehu
0

(hd
0) defined by the expansionHu,d

0 5^Hu,d
0 &1hu,d

0 /A2. This
mass matrix leads to the eigenvalues

mH0
2

5
l2v21mH6

2
1X

2
, ~45!

mh0
2

5
l2v21mH6

2
2X

2
, ~46!

where

X5A~l2v21mH6
2

!224l2v2mH6
2 sin22b. ~47!

They are given in terms of the gauge eigenstates by

S h0

H0D 5S cosa 2sina

sina cosa D S hu
0

hd
0D , ~48!

wherea is the mixing angle which in our model is

tana5
~l2v21mH6

2
!cos 2b1X

~l2v22mH6
2

!sin 2b
. ~49!

The above expressions will receive corrections from theD
terms at the level ofmZ

2/mSUSY
2 andmZ

2/l2v2.
Here we highlight some of the interesting general featu

of this spectrum. The model contains singlet scalar a
pseudo-scalar statesN1 and N2 that are not present in th
MSSM. In addition, the pseudo-scalar Higgs bosonA0 is
always heavier than the charged Higgs boson, which is
opposite of the MSSM. When studying the other states,
useful to consider two limiting cases,lv!mH6 and lv
@mH6. In the first case, tana→2cotb, and hence the
lighter eigenstate ‘‘aligns’’ with the vacuum. In other word
the lighter neutral Higgs bosonh0 is standard model–like
while the heavier stateH0 does not have couplings toZZ or
W1W2. It forms a custodialSU(2) triplet with the charged
Higgs bosons, (H1,H0,H2). In the second case, tana
→cotb. If tanb51 they are still aligned, and theheavier
neutral Higgs bosonH0 is standard model–like, and the cu
todial SU(2) triplet is (H1,h0,H2). For a general tanb,
01500
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however, the eigenstates and the vacuum are not aligned
both neutral states contain the standard model–like Hi
boson state. In particular, the mixture is maximal ifb
53p/8 (tanb52.414).

VII. PHENOMENOLOGY

Since the theory is supersymmetric, we expect superp
ners just as in the ordinary MSSM. However, there are
portant distinctions between our fat Higgs model and
MSSM, especially in the Higgs spectrum. This is the ma
issue we discuss in this section.

A. Spectrum

To study the phenomenology of the minimal supersy
metric fat Higgs model, we pick three points in the parame
space:

l tanb ms ~GeV!

I 3 2 400
II 2 2 200
III 2 1 200.

~50!

m0 is chosen to be the same asms for simplicity; changing
m0 merely brings the mass of theN1,2 states up and down
independent of the rest of the spectrum~within our simplify-
ing assumptionA5C50) ~see Fig. 2!.

Spectrum I corresponds to the casemH6.lv where the
lightest neutral Higgs boson is standard model–like, wh
the heavier neutral Higgs bosonH0 forms a triplet with the
charged Higgs bosonsH6 under the approximate custodia
SU(2) symmetry. The pseudo-scalar Higgs bosonA0 is
heavier than both of them. It resembles the spectrum in
MSSM whenA0 is heavy, but the relative ordering of th
heavy Higgs boson states is quite different.

Spectrum II has a smaller supersymmetry breaking sc
and bothh0 and H0 have significant standard model-lik
Higgs boson content, approximately 75% and 25%, resp
tively. Such a large mixing is unusual in the MSSM when t
masses are this different.

Spectrum III is the most unconventional of all. Because
the exact custodialSU(2), thetriplet h0 andH6 are degen-
erate, and they do not contain the standard model-like Hi
boson component. On the other hand, the heavier neu
Higgs bosonH0 is standard model-like. The pseudo-sca
Higgs boson is even heavier.

B. Electroweak constraints

It is well known that as the SM-like Higgs mass is rais
above about 250 GeV the SM without new physics is
creasingly disfavored by electroweak precision data. In
fat Higgs model, however, there are several contributions
electroweak observables that are around the same size a
one from a heavier SM-like Higgs boson. We have calcula
the contribution of the Higgs boson states to the electrow
2-7
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parametersS, T @27#. The analytical results are the same
the MSSM, and we present formulas in Appendix A for co
pleteness.

We find that the model is consistent with the experime
tally allowed region in theS-T plane, described in Appendi
B, with no fine-tuning of model parameters. As an exam
of this, we present theSandT contributions for three trajec
tories in parameter space in Fig. 3.

In two trajectories, the couplingl(v0) is varied between
2 and 3 for tanb52 and for two different SUSY breaking
scales. The mass of the lightest component of the SM Hi
boson is shown at the end points of each trajectory. Spect
I of Fig. 2 is at the top of the solid trajectory and spectrum
is at the bottom of the dashed one. Note that these two s
tra are in excellent agreement with electroweak constra
despite the heavy Higgs boson masses of 360 and 210
Furthermore, we find that the constraints forS and T are
easily satisfied for a significant range of the model para
eters, as the two trajectories demonstrate.

In the third~dotted! trajectory,l(v0) is varied between 2
and 3 for tanb51. Spectrum III in Fig. 2 is at the top of thi
line. This trajectory lies mostly within the 99% C.L. conto
despite the unconventional Higgs spectrum. However, i
well known that a top-bottom squark splitting (mt̃ L

2
5mb̃L

2

1mt
2) may contribute significantly toT ~see Fig. 4!. This

contribution may easily be 0.1–0.5~e.g. @28#! which would
bring these points back into the 68% C.L. ellipse. The size
this contribution depends on the masses in the top-bot
squark system which can generically be different from
SUSY breaking masses in the Higgs sector.

Nevertheless we stress that even with a negligible con
bution to T from the top-bottom squark sector, the Hig
boson mass can be hundreds of GeV, as shown by traje
ries I and II, and yet still stay well within the precision ele
troweak contours.

C. b\sg constraint

Another constraint on our model comes fromb→sg tran-
sitions mediated by charged Higgs bosons. Considering o

FIG. 2. Sample Higgs spectra in our fat Higgs model. In
spectrum I the SM-like Higgs boson is dominantlyh0 ~89%!,
whereas in spectrum III the SM-like Higgs boson is purelyH0.
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the charged Higgs boson/top quark contribution, the c
straint on the charged Higgs boson mass ismH6.350 GeV
at 99% C.L.@29#. There are two ways this constraint cou
be satisfied. The first is to simply raise the charged Hig
boson mass above the bound. The second is the well-kn
possibility that the charged Higgs boson contribution canc
against the chargino–top-squark contribution, and there
allows a lighter charged Higgs boson@30#. This of course
depends on the specific model and parameters for super
metry breaking.

D. Search strategies

The neutral Higgs scalarsh0 and H0 each may have a
significant component of the standard model–like Higgs
son and can thus be discovered by the standard search m
ods, in particular the ‘‘gold-plated’’ signalhSM→ZZ→4, at
the CERN Large Hadron Collider~LHC!. However, the de-
cay modesH0→h0h0,H1H2 may also be open, and the
partial decay widths are all comparable and proportiona
l2mH0.

In the strict custodialSU(2) limit, when tanb51, the
triplet Higgs bosons are produced only in pairs. In particu
there is no production process of the neutral state by its
such ase1e2→Zh or ud̄→W1h, whenh does not contain
the standard model-like Higgs boson component. Never
less, they do have the top Yukawa coupling and thus can
produced from gluon fusion at the LHC. Their decays d
pend very sensitively on the superpartner spectrum and
Higgs spectrum.

In order to positively establish that our model correc
describes the Higgs sector, numerous other measurem
will be needed: the complete mass spectrum, branching f
tions, and Higgs boson self-couplings. For this purpose,

FIG. 3. Constraints onS andT parameters from precision elec
troweak data at 68% and 99% confidence levels. The plot assu
U50. Contributions of the fat Higgs model toS andT are shown
along three trajectories wherel is varied from 2 to 3 in the direc-
tion of the arrow. The end points are labeled with the mass~in GeV!
of the lighter component of the SM-like Higgs boson. For compa
son, the black line shows the contributions toS andT for the stan-
dard model with various Higgs boson masses between 100 GeV
1 TeV in increments of 100 GeV.
2-8
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e1e2 linear collider would be a great asset.
Once the Higgs boson mass is measured, we know

quartic couplingl. Because of the renormalization grou
evolution, a lower compositeness scale corresponds
heavier Higgs boson mass. This is shown in Fig. 5. The li
of the low compositeness scale is of course of special in
est, where we may have direct access to the composite
namics of the Higgs boson. Because this limit has its o
special issues, we will defer the discussion of this case,
‘‘fattest Higgs model,’’ to a separate paper.4

E. Cosmology

The NMSSM is known to have a cosmological proble
due to the spontaneous breaking of itsZ3 symmetry which
produces domain walls~see@31# for a recent discussion o
this issue!. Interestingly, our fat Higgs model does not co
tain such a symmetry and is free from the domain wall pr
lem. TheZ3 symmetry used to forbid the linear terms inS
and S8 acts onT1,2 with charge11 andT3,4 with charge
21, and hence all Higgs fieldsN, Hu,d , quarks, and leptons
are neutral under thisZ3. On the other hand,R parity can be
imposed consistently and thus the lightest supersymme
particle is a candidate for cold dark matter.

Finally, note that the charge assignments given in Tab
for T5,6 and theP’s and Q’s lead to fractionally charged
spectators with electric charge61/2. The lightest stable on
does not decay, and this could lead to problems in e
universe cosmology. There are several options. The first
simply assume that these particles are not produced
reheating by restricting the reheat temperature to be m
lower than their mass. A second possibility is to change
charge assignments ofT5,6 so that they carry61/2 hyper-
charge, and therefore all the low energy composites h
integral charge. We will see below, however, that leaving
charge assignment as given in Table I allows the simp
interpretation of gauge coupling unification in the model.

VIII. UNIFICATION

In this section we complete the discussion of our
Higgs model by showing that gauge coupling unification c

4The limit m→m8 is identical to technicolorful supersymmetr
@9# except for the presence of theP and Q fields. Our fat Higgs
model is hence an ‘‘analytic continuation’’ of technicolorful supe
symmetry.

FIG. 4. Contribution of the top-bottom squark sector to theT
parameter.
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be easily preserved despite the composite nature of the H
fields and the strong coupling. The effective theory below
compositeness scale~and belowM f andmspect) has the same
matter content as the NMSSM; thus the gauge couplings
exactly like the MSSM gauge couplings until the composi
ness scale is reached. That the couplings can unify above
compositeness scale is nontrivial, and to show this we w
step through each contribution to the beta functions in
high energy theory~well above the compositeness scale!.

The one-loop beta functions for the SM gauge couplin
are5

d

dt
ga5~ba

MSSM1Dba!ga
3 , ~51!

whereba
MSSM are the MSSM contributions and theDba char-

acterize the differences between our model and the MSS
Above the compositeness scale our model has no fundam
tal Higgs fields. However, theSU(2)H doubletsT1, . . . ,T4

give exactly the same contribution to the beta functions as
the two Higgs doublets of the MSSM. Thus the selection
SU(2)H as the strong gauge group has the interesting s
effect that the fundamental and composite states give
cisely the same contribution to the SM gauge beta functio
SinceT5, . . . ,T8 are neutral under the SM, they do not co
tribute to the running of the SM gauge couplings.

Our model has two new sectors that contribute toDba :
~1! the P and Q fields that marry off spectator composi
fields, and~2! the extra doubletswu,d ,w̄u,d needed to gener
ate fermion masses and mixings.

The first contribution consists of theP andQ fields, yield-
ing

Db15
3

5
, Db251, Db350, ~52!

5We use theSU(5) GUT normalizationb15(3/5)bY .

FIG. 5. The compositeness scale is shown as a function of
SM-like Higgs boson mass. For this plot we took tanb51, so the
SM-like Higgs boson is purely the heavier stateH0 with mass
mH05lv ~see the discussion at the end of Sec. VI!. The scaleLH

was determined by evolvingl(mH) up to l(LH)54p using one-
loop renormalization group evolution.
2-9
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which corresponds to twoSU(2)L doublets and four fields
with hypercharge61/2.

The second contribution, from the extra double
wu,d ,w̄u,d needed for fermion masses, is

Db15
6

5
, Db252, Db350, ~53!

which corresponds to fourSU(2)L doublets with hyper-
charge61/2.

The total of Eqs.~52! and ~53! is

( Db15
9

5
, ( Db253, ( Db350. ~54!

Coupling unification requires us to add additional mat
at the LH;m8;M f scale. For instance, we can add thr
vector-like pairs of chiral multipletsDi(D̄ i) ( i 51,2,3), with
the quantum numbers of the right-handed down quarks,
triplets underSU(3) with U(1)Y quantum numbers61/3.
Then

( Db15( Db25( Db353. ~55!

This is the same result obtained for a gauge mediation m
with three sets of515̄ messengers.

Like gauge mediation, these extra fields have the app
ance of ‘‘completing’’ the would-be incompleteSU(5) mat-
ter representations. For example, a gauge mediation m
with only messenger quark doubletsQm1Q̄m is sufficient to
communicate supersymmetry breaking, but as these field
not form a completeSU(5) representation, additional me
senger fields filling up the10m and 10m must be added to
preserve gauge coupling unification. Unlike gauge med
tion, however, the extra color tripletsD(D̄ ) cannot be in the
same GUT representation aswu,d ,w̄u,d , otherwise
dimension-6 triplet-induced proton decay will be too fast.
any case, we have shown that adding three pairs of c
triplets to our model does not affect the dynamics and
provides an existence proof that gauge coupling unifica
can work just as well as in the MSSM.

It is also important to emphasize that we do not exp
large threshold corrections from passing through the str
coupling or superconformal sector. Due to holomorphy,
low-energy gauge couplings are determined only by the b
mass of the heavy particles that are integrated out@32#. This
can also be seen by noting that in supersymmetric theo
both the exact Novikov-Shifman-Vainshtein-Zakharov b
function @33,34# and the decoupling mass depend on
wave-function renormalization factor, which drops out fro
the final result. Therefore, gauge coupling unification is u
affected even in the presence of strongSU(2)H dynamics in
which the standard model gauge groupsSU(3)c3SU(2)L
3U(1)Y are perturbatively coupled. The dominant effect
therefore the threshold correction resulting from poten
differences between the mass of the color triplets, the m
mspect of the spectators, and the massM f of the extra dou-
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bletsw. Suppose that the same flavor symmetry that ensu
theT7T8 doublets acquire the massm8 could also be used to
determine the color triplet masses. In this case the thres
corrections are no larger than logm8/Mf or logm8/mspect, of
the same order of magnitude as the MSSM or GUT thresh
corrections, which is much smaller than the leadi
logMunif /MZ in the MSSM.

We have shown that gauge coupling unification can
preserved with a small number of additional matter fiel
but it is obvious that we cannot embed the matter cont
into a single four-dimensional GUT group. Unification of th
gauge couplings therefore could be due to string unificat
or orbifold GUT unification in five@35# ~or four @36#! dimen-
sions, where the matter content does not need to fall in
GUT representation@37#.

IX. DISCUSSION

We have constructed a supersymmetric composite Hi
boson theory that solves the supersymmetric little hierar
problem. Electroweak symmetry is broken dynamica
through a new gauge interaction that gets strong at an in
mediate scale. The composite Higgs fields have a dyna
cally generated superpotential that has a form similar to
NMSSM, and hence solves them problem, but with no re-
striction on the couplingl. This allows the tree-level Higgs
boson mass to be much higher, 200–450 GeV, solving
supersymmetric little hierarchy problem. The usual lo
about upper bounds on the lightest Higgs boson mas
supersymmetric theories is therefore obviously violat
With hindsight we see that requiring perturbativity of th
Higgs sector was simply too restrictive. To the best of o
knowledge, the fat Higgs model provides the first expli
example where the Higgs sector is composite and yet
dynamics are fully calculable and UV complete.

There are several interesting future avenues of resea
We used the Giudice-Masiero mechanism to determine
tain mass scales and therefore supergravity mediation
implicit. For generic choices of the supergravity-mediat
contributions we have the regular supersymmetric flav
changing neutral current problem. One solution is a fla
symmetry, e.g.U(3)5 in @38#. Another possibility is to
implement one of several flavor-blind supersymmetry bre
ing mechanisms such as gauge mediation@39#, anomaly me-
diation @40# @supplemented byU(1) D terms to make it vi-
able with UV insensitivity@41## or its 4D realization@42#, or
gaugino mediation in five@43# or four @44# dimensions. It
remains to be seen whether these mediation mechan
achieve an acceptable mass spectrum and electroweak
metry breaking. These methods of supersymmetry break
would also require a different mechanism to naturally det
mine the scales. It would also be interesting to explore u
fication further in this model, such as whetherSU(2)H can
be unified with the other SM gauge groups.

Finally, we have shown that the Higgs boson mass sp
trum is quite unusual. It is important to study specifica
how our fat Higgs model can be distinguished from mo
conventional supersymmetric models at future collider
periments. Clearly more work is needed. We cannot over
2-10
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phasize the importance of next generation experiments b
able to analyze their data with as few theoretical assumpt
as possible.
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APPENDIX A: HIGGS SECTOR CONTRIBUTION TO S
AND T

Here we provide expressions for the perturbative con
bution of the Higgs sector toS and T. The Higgs sector
consists of mass eigenstatesH6, H0, h0, andA0 which fit
into anSU(2)L doublet,

S H1

1

A2
~H̃01 iA0!D , ~A1!

where H̃05cos(b2a)h02sin(b2a)H0, and a standard
model–like neutral scalarh̃0, which is orthogonal toH̃0. The
Higgsinos get a vector-like mass of ordermSUSY, so their
contribution toSandT is negligible.h̃0 will contribute much
like a heavy standard model Higgs boson. However, sinc
is not a pure mass eigenstate, the exact contribution is fa
complicated. We approximate this contribution by taking t
weighted sum of the two-loop contributions extracted fro
the electroweak observables discussed in Appendix B.

Below we summarize the one-loop contribution of t
scalar Higgs doublet. Note that the various components
the doublet all have different masses, and the neutral sc
H̃0 is itself a linear combination of two mass eigenstat
Taking this mixing into account, we find

DS5sin2~b2a!F~mH6,mH0,mA0!

1cos2~b2a!F~mH6,mh0,mA0!, ~A2!

where the functionF is defined by

F~m1 ,m2 ,m3!5
1

2pE0

1

dxx~12x!log
~12x!m2

21xm3
2

m1
2

.

~A3!

Similarly for T, we find

DT5
1

16pmW
2 sW

2 @sin2~b2a!G~mH6,mH0,mA0!

1cos2~b2a!G~mH6,mh0,mA0!#, ~A4!
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where the functionG is defined as

G~m1 ,m2 ,m3!

5m2
2I ~m3 ,m2 ,m1 ,m2!1m3

2I ~m2 ,m3 ,m1 ,m3!

2m1
2I ~m2 ,m1 ,m1 ,m1!2m1

2I ~m3 ,m1 ,m1 ,m1! ~A5!

in terms of the integralI,

I ~m1 ,m2 ,m3 ,m4!52E
0

1

dxx log
~12x!m1

21xm2
2

~12x!m3
21xm4

2
.

~A6!

APPENDIX B: S-T CONTOURS

The experimental constraints on theS-T plane can be eas
ily computed approximately using the following method. W
follow the path of Marciano@45# and Perelstein-Peskin
Pierce@46# to focus on only three observables,mW , G l , and
s
*
2 'sin2ueff

lept from the asymmetries as they are the most
curately measured and sensitive observables to the obl
corrections.

Expressions for these observables, including their
proximatemt , a, andmH dependence, have been comput
by Degrassi and Gambino@47#. We add to those expression
the dependence onS andT as found in Appendix B of@27#.
The LEP Electroweak Working Group recommen
Dahad

(5)(mZ
2)50.02761(36), including the BES data as d

cussed in Sec. 16.3 of@48#, which implies a21(mZ)
5128.94560.049. Expanding to linear order inDmt and
Da21 aboutmt5174.3 GeV anda215128.945 leads to the
expressions

mW580.38010.13Da2110.0061Dmt20.29S10.44T

10.34U20.058l h20.008l h
2 ,

s
*
2 50.2314020.0026Da2120.000032Dmt10.0036S

20.0025T10.00052l h ,

G l584.01110.12Da2110.009Dmt20.19S10.78T

20.054l h20.021l h
2 , ~B1!

wherel H5 log(mH/100 GeV).
For the experimental values, we use@46#

mW5~80.42560.034! GeV, ~B2!

s
*
2 50.2315060.00016, ~B3!

G l5~83.98460.086! MeV. ~B4!

Thenx2 is defined as
2-11
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x25
~mW280.425!2

0.0342
1

~s220.23150!2

0.000162
1

~G l283.984!2

0.0862

1
~Da21!2

0.0492
1

~Dmt!
2

5.12
, ~B5!
h

hy

s.

P.

gh

d

,
in
d

01500
which is first minimized with respect toDa21 andDmt for
each (S,T). This expression forx2 yields contours that agre
very well with those by the Particle Data Group@49#.
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@15# M. Cvetič, D.A. Demir, J.R. Espinosa, L.L. Everett, and

Langacker, Phys. Rev. D56, 2861 ~1997!; 58, 119905~E!
~1998!.

@16# T. Moroi and Y. Okada, Mod. Phys. Lett. A7, 187 ~1992!.
@17# G.L. Kane, C.F. Kolda, and J.D. Wells, Phys. Rev. Lett.70,

2686 ~1993!.
@18# T. Moroi and Y. Okada, Phys. Lett. B295, 73 ~1992!.
@19# J.R. Espinosa and M. Quiro´s, Phys. Rev. Lett.81, 516 ~1998!.
@20# G.F. Giudice and A. Kusenko, Phys. Lett. B439, 55 ~1998!.
@21# P. Batra, A. Delgado, D.E. Kaplan, and T.M.P. Tait, J. Hi

Energy Phys.02, 043 ~2004!.
@22# J. Bagger and E. Poppitz, Phys. Rev. Lett.71, 2380~1993!.
@23# H. Georgi, A. Manohar, and G.W. Moore, Phys. Lett.149B,

234 ~1984!; H. Georgi and L. Randall, Nucl. Phys.B276, 241
~1986!; M.A. Luty, Phys. Rev. D57, 1531~1998!; A.G. Cohen,
D.B. Kaplan, and A.E. Nelson, Phys. Lett. B412, 301 ~1997!.

@24# C. Liu, Mod. Phys. Lett. A15, 525 ~2000!.
@25# T. Yanagida, in Proceedings of the Workshop on Unifie

Theory and Baryon Number of the Universe, edited by O.
Sawada and A. Sugamoto~KEK, Tsukuba, Ibaraki, Japan
1979!, p. 95; M. Gell-Mann, P. Ramond, and R. Slansky,
Supergravity, edited by P. van Nieuwenhuizen and D. Free
e

s.

-

man ~North-Holland, Amsterdam, 1979!.
@26# G.F. Giudice and A. Masiero, Phys. Lett. B206, 480 ~1988!.
@27# M.E. Peskin and T. Takeuchi, Phys. Rev. D46, 381 ~1992!.
@28# M. Drees and K. Hagiwara, Phys. Rev. D42, 1709~1990!.
@29# P. Gambino and M. Misiak, Nucl. Phys.B611, 338 ~2001!.
@30# S. Bertolini, F. Borzumati, and A. Masiero, Nucl. Phys.B294,

321 ~1987!; S. Bertolini, F. Borzumati, A. Masiero, and G
Ridolfi, ibid. B353, 591 ~1991!.

@31# R.B. Nevzorov, K.A. Ter-Martirosyan, and M.A. Trusov, i
Dubna 2001, Supersymmetry and Unification of Fundame
Interactions, pp. 265–268, hep-ph/0110010.

@32# N. Arkani-Hamed and H. Murayama, Phys. Rev. D57, 6638
~1998!.

@33# V.A. Novikov, M.A. Shifman, A.I. Vainshtein, and V.I. Za-
kharov, Nucl. Phys.B229, 381 ~1983!; B260, 157 ~1985!
@ Yad. Fiz. 42, 1499 ~1985!#; Phys. Lett.166B, 329 ~1986!
@ Sov. J. Nucl. Phys.43, 294 ~1986!#; 43, 459 ~1986!.

@34# N. Arkani-Hamed and H. Murayama, J. High Energy Phys.06,
030 ~2000!.

@35# Y. Kawamura, Prog. Theor. Phys.105, 999 ~2001!; L.J. Hall
and Y. Nomura, Phys. Rev. D65, 125012~2002!.
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