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The standard model partly supersymmetric
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We present a novel class of theories where supersymmetry is only preserved in a partial~nonisolated! sector.
The supersymmetric sector consists of CFT bound states that can coexist with fundamental states which do not
respect supersymmetry. These theories arise from the four-dimensional~4D! holographic interpretation of 5D
theories in a slice of AdS where supersymmetry is broken on the boundary. In particular, we consider the
standard model where only the Higgs sector~and possibly the top quark! is supersymmetric. The Higgs boson
mass parameter is then protected by supersymmetry, and consequently the electroweak scale is naturally
smaller than the composite Higgs scale. This not only provides a solution to the hierarchy problem, but predicts
a ‘‘little’’ hierarchy between the electroweak and new physics scale. Remarkably, the model only contains a
single supersymmetric partner, the Higgsino~and possibly the top squark!, and, as in the usual MSSM, predicts
a light Higgs boson.

DOI: 10.1103/PhysRevD.67.085018 PACS number~s!: 12.60.Jv
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I. INTRODUCTION

In quantum field theories it is unnatural to impose sy
metries that are only restricted to certain parts of the
grangian. This is because, at the quantum level, interact
with sectors that are not symmetric will, in general, spoil t
underlying symmetry of the symmetric sectors. In fact the
quantum effects are generally divergent, which signals
one must include, from the beginning, all possible nonsy
metric terms in the Lagrangian to absorb the infinities. Th
in general, symmetries can only be maintained if the f
theory respects them.

It is for this reason that in supersymmetric theories, wh
are advocated to solve the hierarchy problem, supersym
try must be respected in all sectors of the theory. If there
sector where supersymmetry is not realized below the s
L, and is coupled to another supersymmetric sector w
coupling g, then a fermion-boson mass splitting of ord
g/(4p)L will be induced in the supersymmetric secto
Therefore to maintain supersymmetry in the presence o
nonsupersymmetric sector, eitherg must be very tiny~decou-
pling limit!, or L is small~supersymmetry is preserved in th
full theory down to low energies!.

In this work we will present theories which are an exce
tion to the above general argument. These theories will c
sist of two sectors: a~super!symmetric sector that contain
bound states of a spontaneously broken conformal fi
theory~CFT!, and a non-~super!symmetric sector which con
tains fundamental states. Using the AdS/CFT corresp
dence, we will show that the CFT bound states decou
from the nonsupersymmetric sector at energies aboveL,
where L is the size of the bound states~the scale of the
conformal symmetry breaking!. Thus, the bound states a
insensitive to~super!symmetry breaking effects at high ene
gies.

This scenario allows us to have a nonsupersymmetric
tor coexisting with the supersymmetric sector, even thou
0556-2821/2003/67~8!/085018~10!/$20.00 67 0850
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the couplingg is of order one, and the scaleL is large. As an
interesting application@1#, we will consider the standard
model ~SM! where only the Higgs sector is~approximately!
supersymmetric. This enables one to have a prediction
the tree-level Higgs potential. For example, the quartic c
pling is determined by supersymmetry to be (g21g82)/8,
whereas in the minimal supersymmetric SM~MSSM!, this
leads to a light Higgs boson mass. Furthermore, the Hi
mass-parameter, that determines the electroweak scal
protected by supersymmetry down to low energies&1/L.
This mass can be induced at the quantum level by SM fie
giving

mEW;
g

4p

1

L
!L;M P . ~1!

Thus we see that these theories provide a rationale for ha
the electroweak scale naturally smaller than the compo
Higgs scale 1/L, which in turn can be much smaller than th
Planck scale. In fact, this ‘‘little hierarchy’’ between the ele
troweak scale and the scale of new physics~which in our
scenario is 1/L) is currently suggested by present collid
experiments. This has also motivated other theoretical m
els with this property, such as TeV extra dimension mod
or the ‘‘little Higgs’’ models @2#.

II. PARTLY „SUPER…SYMMETRIC THEORIES

To understand why~super!symmetric CFT bound state
are not sensitive to supersymmetry breaking effects at h
energy scales, we will use the AdS/CFT correspondence,
consider the 5D anti de Sitter (AdS5) point of view. In this
5D dual picture the possibility of having partly~super!sym-
metric theories is very simple to understand.

Let us then start by considering a quantum field theory
a slice of 5D AdS@3# ~Fig. 1!. The 5D metric is given by
©2003 The American Physical Society18-1
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ds25a2~y!dx21R2dy2, ~2!

wherea(y)5e2kRy is the warp factor, 1/k is the AdS curva-
ture radius, andpR is the proper length of the extra dimen
sion y. This 5D theory has two 4D boundaries aty50 and
y5p. Due to the warp factor, energy scales on they5p
boundary are reduced by a factora(p) compared to those on
they50 boundary~this can be thought of as a redshift due
the warped space!. We will suppose that the full 5D theory i
supersymmetric, and that supersymmetry is broken only
the y50 boundary at a scale of order the cutoff scaleL of
the theory. Scalar fields localized on they50 boundary will
receive masses of orderL. Similarly, bulk scalar fields will
receive boundary masses of this order. However, scalar fi
living on the y5p boundary, will only know about the
breaking of supersymmetry by loop effects of bulk field
Consequently, the contribution to their masses will ar
from bulk fields propagating from they5p boundary to the
y50 boundary~where supersymmetry is broken! as shown
in Fig. 1. This is a nonlocal effect which gives a finite co
tribution to the scalar masses. What is the order of magnit
of these corrections? A rough estimate of the energy invol
in the virtual contribution to the scalar mass is given byE
;1/t;ka(p), wheret is the time it takes to propagate from
one boundary to the other~the conformal distance!. After
multiplying by the coupling of the bulk field to they50
boundaryg0(E) and they5p boundarygp(E) we obtain an
estimate of the induced scalar mass

m2;

g0S 1

t DgpS 1

t D
16p2

a2~p!k2. ~3!

Notice that due to the warp factora(p) this mass can be
very small, and consequently fields on they5p boundary
receive supersymmetry-breaking masses much smaller
the cutoff scaleL. Of course, this is expected since we kno
that energy scales on they5p boundary are redshifted with

FIG. 1. Bulk contributions to the supersymmetric sector ay
5p.
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respect to those on they50 boundary. More interestingly, i
is the interpretation of this effect in the dual 4D theory
which we now turn to.

The above theory has a 4D interpretation based on
AdS/CFT correspondence@4#. This correspondence relate
the 5D AdS theory to a strongly coupled 4D CFT with
large number of ‘‘colors’’Nc . The 5D bulk fields at they
50 boundaryF(x) are identified as sources of CFT oper
tors

L5gF~x!O~x!, ~4!

where the mass ofF is related to the dimension of the op
eratorO. The boundary aty50 corresponds to an ultraviole
~UV! cutoff at p5k in the 4D CFT@5#, while the boundary
at y5p corresponds to an infrared~IR! cutoff at p5ka(p)
@6,7#. Therefore, a slice of the bulk AdS space correspond
4D to a slice of CFT in momentum space. Due to the term
Eq. ~4!, the CFT can generate a kinetic term for the sour
F(x) which become dynamical, and these must then be
cluded in the theory as extra ‘‘fundamental’’ fields. The I
breaking of the CFT theory introduces a mass gap of or
1/L5ka(p), where bound statesM ~‘‘mesons’’ or ‘‘bary-
ons’’! are formed. For largeNc @8#, we know that the infinite
number of bound states are weakly coupled, and have a m
spacing of orderka(p).

The fundamental fieldsF, and the CFT bound states a
not mass eigenstates, since, because of Eq.~4!, they will mix
with each other. However, after a rediagonalization, one
obtain the mass eigenstates. In this basis we can map t
eigenstates into the zero mode, and Kaluza-Klein~KK !
modes of the dual 5D theory. The question of whether
mass eigenstates are fundamental or CFT bound states
pends on the amount of mixing or where the fields are loc
ized. The Kaluza-Klein states always have wave functio
which are peaked towards the boundary aty5p. Thus, they
will have a small wave function overlap with the fundame
tal fields F, since by the AdS/CFT correspondenceF is
associated with the 4D field localized on the boundary ay
50. Thus, to a good approximation, the KK states alwa
correspond to the CFT bound states. On the other hand, fi
living completely on the boundary aty5p will correspond
to pure CFT bound states because they cannot mix with
fundamental fieldsF.

By supersymmetrizing the theory, the scalar bound sta
can be massless since the scalar masses are then protec
supersymmetry. However, if in the 5D AdS theory we bre
supersymmetry at they50 boundary, then this correspond
in the 4D dual theory to breaking supersymmetry at the U
cutoff scale in theF sector. The CFT sector, however,
coupled toF via Eq. ~4! and therefore it will also feel the
breaking of supersymmetry. Whenever^0uOuM &5” 0, we
have thatM and F mix. The statesM will then receive a
~tree-level! correction to their masses that will not respe
supersymmetry. For small mixing this is giving by the di
gram of Fig. 2. This mixing is completely negligible whenM
is the CFT bound state dual to a field living on the bound
at y5p. In this case the dominant supersymmetry-break
effect will arise at the one-loop level as shown in Fig.
8-2
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Nevertheless, we learned from the AdS5 dual theory that
these contributions are generated at scales&1/L. Qualita-
tively, this can also be understood in the CFT picture. T
bound stateM is a CFT lump of sizeL that decouples from
fields of wavelength smaller thanL. Conformal invariance
protects the symmetries of theM sector at short distances@9#,
and any~super!symmetry breaking effect is only induced
distances larger thanL. This is a very special CFT with no
relevant operators breaking supersymmetry. We can de
mine more quantitatively this decoupling by using the Ad
CFT correspondence. For example, we can calculate the
plitude of the deep-inelastic scattering between a ‘‘prob
particle e and a CFT mesonM, mediated byF which we
take to be a photon~see Fig. 4!

eM→eX, ~5!

where byX we refer to any combination of final states. In th
5D AdS picture, the photon is simultaneously coupled to
boundary aty5p ~whereM lives!, and to the boundary a
y50 ~where non-CFT fields, such ase, live!. Therefore, the
amplitude is proportional to the 5D photon propaga
G(p,y50,y85p) calculated in Ref.@10# wherep is the 4D
momentum. This propagator drops exponentially at mom
tum scales larger thanka(p)51/L,

G~p,y50,y85p!;e2pL, ~6!

and shows that the CFT mesonM quickly decouples from the
photon whenpL.1. Alternatively at high momenta, wher
the conformal symmetry is restored, the meson constitu
are no longer localized particle states, and so become tr
parent to the short wavelength photon probe.

We must stress that this is not a general property of co
posite models. For example, a theory such as technic
where the strong dynamics are assumed to be similar to Q
will not show this decoupling. At high energies, the nons
persymmetric sector is not exponentially decoupled, sinc
can couple to the constituents of the bound states. There
bound states made of scalars~partners of the techniquarks i
a supersymmetric technicolor sector! will receive large cor-
rections to their masses.

III. THE SM PARTLY SUPERSYMMETRIC

Here we want to consider the possibility that only t
Higgs sector of the SM is supersymmetric. Our motivation
to obtain a Higgs boson mass parameter that is insensitiv

FIG. 3. One-loop correction to the mass ofM.

FIG. 2. Tree-level correction to the mass ofM.
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high-energy physics, and is induced at low energies at
quantum level. This will guarantee a partial decoupling b
tween the scale of new physics and the electroweak scale
experiments, in particular the CERNe1e2 collider LEP, are
suggesting. From the previous section, we know that this
be achieved by requiring the Higgs boson to be a CFT bo
state, while the SM fields are fundamental. This scenario
most simply realized if we start in the AdS picture, where
slice of AdS5 is bounded by a UV-brane withL;M P ~or
Planck-brane!, and an IR-brane withL IR5a(p)L; TeV ~or
TeV-brane!. We will also assume thatk;M P , and thenL
51/@a(p)k#;1/TeV. All the SM fields are assumed to re
side in the bulk, except for the Higgs sector that will b
localized on the TeV-brane. We will start with a supersy
metric bulk theory, and then we will break supersymmetry
the Planck-brane at the Planck scale. The supersymm
breaking on the Planck-brane will be parametrized by
spurion superfieldh5u2F. Only bulk fields with Neumann
boundary conditions can couple to the spurion superfie
Similar scenarios but with the breaking of supersymmetry
the TeV-brane have been previously considered in Refs.@11–
14#. Unlike the model that we will present here, these s
narios resemble the MSSM at low energies.

Consider first the gauge sector@11#, where the supersym
metric action in superfield notation can be found in Ref.@13#.
The 4D massless spectrum corresponds to anN51 vector
multiplet

V5$Am
a ,la,Da%. ~7!

It has a wave function that is flat, and couples with eq
strength to the two branes. Therefore, by adding the e
term

E d2u
h

L2

1

g5
2

WWd~y!1H.c., ~8!

the gauginola will receive a huge massml;F/L;M P ~see
the Appendix!. Consequently, the gaugino effectively d
couples, and the spectrum reduces to simply the gauge b
Am

a , and the auxiliary fieldDa with the Lagrangian

L52
1

4g2
FamnFmn

a 1
1

2g2
DaDa, ~9!

FIG. 4. Inelastic scattering of a fundamental fielde with a CFT
bound stateM.
8-3
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whereg is the 4D gauge coupling related to the 5D coupli
by

1

g2
5

pR

g5
2

. ~10!

Thus, at the massless level supersymmetry is completely
ken, and we just have the SM gauge bosons.

Similarly, matter fields~such as quarks and leptons! arise
from 5D hypermultiplets. In the supersymmetric limit, th
4D massless spectrum is described by anN51 chiral mul-
tiplet @13#

Q5$q̃,q,FQ%. ~11!

Their wave functions depend on the 5D hypermultiplet ma
and for simplicity we will assume the valueM5D5k/2 (c
51/2 in the notation of Ref.@11#! that corresponds to fla
wave functions@11,13#. For this value ofM5D the holo-
graphic interpretation is the same as that for the gauge se
~see Appendix!. Other values ofM5D will be considered for
the top quark in Sec. III A. Supersymmetry breaking is
duced by adding on the Planck-brane the interaction

2Ed4u
h†h

L4
Q†Qkd~y!, ~12!

which gives rise to squark and slepton masses of ordermq̃
;F/L;M P ~see the Appendix!. These scalar superpartne
effectively decouple, and the massless spectrum solely
sists of the fermionsq and auxiliary fieldsFQ .

In this way all the supersymmetric partners of the S
fields have received Planck-scale masses, and the mas
spectrum reduces to the usual SM. At the massive level,
first KK states appear at the scale 1/L; TeV. Unlike the
massless states, the KK spectrum is~approximately! super-
symmetric. This is because the wave functions of the
states are localized toward the TeV-brane and are less s
tive to the supersymmetry breaking on the Planck-brane

The theory considered so far is the 5D dual theory of
SM coupled to a supersymmetric CFT theory. Next we w
consider the Higgs sector. Since we want the Higgs secto
be supersymmetric, it must be confined to the TeV-brane
the 4D dual, this corresponds to having a CFT compo
Higgs boson. The supersymmetric partner of the Higgs
son, the Higgsino, generates gauge anomalies that mu
cancelled. This leads us to consider the following three p
sible Higgs boson scenarios.

~a! Two Higgs doublets. As in the MSSM, an extra Hig
boson~and Higgsino! is introduced to cancel the anomalie

~b! One Higgs doublet. The Higgsino anomalies are c
celled by an extra fermion that, as for the SM fermion
arises from a 5D hypermultiplet. Hence, the scalar partne
the extra fermion will obtain a Planck-sized mass.

~c! Higgs boson as a slepton. No Higgsino is introduc
Instead, the tau~or other lepton! is assumed to be the supe
symmetric partner of the Higgs boson. For this purpose
tau must live on the TeV-brane~contrary to the rest of the
matter fields!.
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Let us now discuss in detail each of these possibilities
(a) Two Higgs doublet model. Suppose that the Higgs sec

tor consists of two N51 4D chiral multiplets H1

5$h1 ,h̃1 ,FH1
% and H25$h2 ,h̃2 ,FH2

%. The fact that the
Higgs sector is doubled guarantees two things. First, ano
lous contributions arising from the Higgsinosh̃i are auto-
matically cancelled, and secondly, that quark and lep
masses can be simply obtained from the following super
tential on the TeV-brane:

E d2u@ydH1QD1yuH2QU1yeH1LE#. ~13!

Although the Higgs spectrum is supersymmetric, it direc
couples to the SM which does not respect supersymm
~since it is broken at the Planck scale!. This gives rise to the
following effective theory for the Higgs sector:

L52uDmhi u22 ihD iD” h̃i2Da~hi
†Tahi !1ydh1qd1yeh1le

1yuh2qu, ~14!

whereDm is the covariant derivative andTa are the genera-
tors of the gauge group. The complete effective Lagrang
below the TeV scale is given by Eqs.~9! and~14!. Eliminat-
ing the auxiliary fieldDa, we obtain the tree-level Higgs
boson potential

V5
1

2g2
DaDa5

g2

2
~hi

†Tahi !
2. ~15!

For the neutral component of the Higgs boson the poten
becomes

V5
1

8
~g21g82!~ uh1u22uh2u2!2, ~16!

whereg andg8 are the SU(2)L and U(1)Y couplings, respec-
tively. We have obtained an interesting result. Although
Higgs boson mass is zero by supersymmetry, the Higgs
son potential has a quartic coupling that does not resp
supersymmetry since it is generated from theD-term of the
gauge sector. At the quantum level, radiative corrections
induce a mass term for the Higgs boson which will be na
rally smaller than 1/L. In Sec. III A we will calculate the
one-loop effective potential. For now we will present th
result of the Higgs boson mass induced by gauge loops g
by the two-point contribution to the effective potential@first
term of the sum of Eq.~31!#

mhi

2 .S 0.14

L D 2

, ~17!

where 1/L5a(p)k; TeV. This is a finite contribution since
it comes from a nonlocal effect~see Fig. 1!. As expected, the
result~17! shows that the supersymmetry breaking effects
8-4
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THE STANDARD MODEL PARTLY SUPERSYMMETRIC PHYSICAL REVIEW D67, 085018 ~2003!
the Higgs sector are an order of magnitude below the s
L21, and are much smaller than the Planck scale. This ga
contribution is positive but, as we will show in Sec. III A
can be overcome by a negative contribution from the t
quark loop, in order to trigger electroweak symmetry bre
ing.

Higgsino masses: Them problem. While radiative correc-
tions induce a scalar Higgs boson mass, the Higgsinos
main massless. Of course, phenomenologically this is a p
lem, and we need to simultaneously consider poss
mechanisms for generating Higgsino masses. In addition
minimum of the Higgs boson potential depends critically
the value of theBm term ~the bilinear termBmh1h2). This
term is not generated by radiative corrections. This me
that while^h2&Þ0, we have that̂h1&50, and the fermions
in the down-sector remain massless. So, we will also nee
generate a vacuum expectation value~VEV! for h1.

The simplest possibility is to consider the following s
perpotential on the TeV-brane:

E d2uFmH1H21
b

2L IR
~H1H2!2G . ~18!

The first term directly gives a mass to the Higgsino.
supersymmetry the Higgs boson scalar field will also rece
a mass, since Eq.~18! leads to the Higgs boson potential

V5F umu21
bm*

L IR
~h1h21H.c.!G~ uh1u21uh2u2!1OS h6

L IR
2 D .

~19!

In order to have electroweak symmetry breaking, the va
of umu2 cannot be larger than the negative one-loop top-qu
contribution. This requires thatm;mh;0.1/L ~if this value
is smaller, then the Higgsino mass will be too small!. The
second term of Eq.~18! has been introduced to generate
linear term inh1 ~it plays the role of theBm term in the
MSSM!. Whenh2 gets a VEV, this linear term generates
VEV for h1 of order ^h1&;2b^h2&

3/(mL IR);0.1̂ h2&.
Instead of introducing am term from the beginning in ou

theory, we can imagine generating it by the one-loop sup
symmetry breaking effects. In this case them term will natu-
rally be of order the electroweak scale. For example, we
consider a sector that has a fieldX whoseF-term squared is
induced at the one-loop level. If this field couples to t
Higgs field in the following way:

E d4u
X†

L IR
H1H2 , ~20!

then it will generate am term with m5^FX&/L IR . Further-
more,h1 does not need to get a VEV since fermion mas
can be generated from the Kahler potential terms

E d4u
X†

L IR
2 ~H2

†QD1H2
†LE!. ~21!

The bottom quark Yukawa coupling will be given byyb

;^FX&/L IR
2 ;0.1, where we have assumed that the Ka¨hler-
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term coupling is of order one. For the other quarks and l
tons in the down sector, these couplings will need to be
erarchically smaller.

It is also possible to introduce a singlet chiral superm
tiplet S on the TeV-brane with a superpotentialSH1H2
1S3. A m term can then be generated ifS gets a VEV that,
parametrically, will be of the same order as the electrowe
scale. This possibility deserves further analysis which w
not be carried out here.

(b) One Higgs doublet model. A natural solution to them
problem exists if the Higgs boson arises from a 5D bu
hypermultiplet that consists of twoN51 chiral multiplets
H1,2 of opposite charges. If the boundary conditions forH2
are taken to be Neumann, while those forH1 are Dirichlet
~as in the matter sector!, then the 4D massless sector w
correspond to a single 4D chiral multiplet. This theory w
then be anomalous.

However, if H1 is assumed to have Neumann bounda
conditions on the Planck-brane but Dirichlet on the Te
brane~and vice versa forH2), then the lowest lying state is
a massive pair of 4D chiral multiplets. These twisted boun
ary conditions then lead to a theory that is not anomalo
The mass of these chiral multiplets can be written as a
perpotential termmH1H2, where the value ofm depends on
the 5D hypermultiplet mass. In particular, assuming a
mass termM5D5k/2, we find that1

m.A 2

pkR
ke2pkR. ~22!

This mass term is analogous to the gaugino mass term
tained in Ref.@12#. Note that them term is naturally sup-
pressed below the TeV scale by the factor 1/ApkR. The
Higgs wave functions of the lowest lying modes become

H2~y!.A2pkRe2pkR
uyu
pR

e5/2kuyu, ~23!

H1~y!.2e2pkRsinh@k~ uyu2pR!#e5/2kuyu,
~24!

showing thatH2 is localized towards the TeV-brane, whil
H1 is localized towards the Planck-brane. Hence,H1 will be
sensitive to the breaking of supersymmetry, and as in
matter sector, the scalarh1 will receive a Planck mass.

Thus, the effective theory of the bulk Higgs with twiste
boundary conditions below the TeV scale consists of o
chiral supermultipletH2, an extra fermionh̃1, and theFH1

auxiliary field. The effective Lagrangian is given by

2Leff5mh̃1h̃21m2uh2u21
1

8
~g21g82!uh2u4, ~25!

1For M5D,k/2 the two Higgsinos are localized towards the Te
brane and them term becomesO(TeV). For M5D.k/2 one
Higgsino becomes strongly localized towards the Planck-bra
while the other towards the TeV-brane. In this case them term is
driven to exponentially small valuesm;e2(M5D /k21/2)pkR.
8-5
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where the second~last! term in Eq. ~25! is the FH1
-term

(D-term! contribution. In the 4D dual description,h2 andh̃2

are composite states of the CFT, whileh̃1 is a fundamental
field that has been added to the CFT. Them term can then be
understood as arising from the marriage of the Higgsinoh̃1

with the fermion bound-state corresponding toh̃2. This is
exactly analogous to the dual interpretation of the gaug
mass in the warped MSSM@12#.

(c) Higgs boson as a slepton. Neither anomalies nor them
problem will arise if the Higgs boson is considered to be
superpartner of the tau~or other lepton!, and forms a 4D
chiral multipletL35(h,t,Ft) on the TeV-brane. This idea i
not new, and dates back to the early days of supersymm
@15#. The major obstacle in implementing this identificatio
is that neutrino masses are large, and consequently, ex
mentally ruled out. This is because the gaugino induces
effective operator

g2

Ml
nnhh, ~26!

where Ml is the gaugino mass. Thus, forMl;TeV, this
operator generates a neutrino mass of order^h&2/Ml

;10 GeV.
However, in our warped model with only a partly supe

symmetric spectrum, there is an approximateU(1)R symme-
try which acts as a continuous lepton symmetry, and s
presses the neutrino masses. This symmetry is exact in
low-energy effective Lagrangian because there is no gau
partner to the SM gauge boson, and the Kaluza-Klein ga
nos have Dirac masses which are invariant under theU(1)R .
However, theU(1)R symmetry is broken at a high scale b
the large gaugino massMl;M P , naturally giving small
neutrino massesmn;1025 eV.

Having obtained acceptable neutrino masses, we can
generate the required fermion mass spectrum from opera
only involving L3. The couplings that generate masses
the down quarks and charged leptons can come from
superpotential~on the TeV-brane!
es
th
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( i )L3QiDi1ye

( i )L3LiEi !, ~27!

except for the third generation charged fermion inL3, since
due to the antisymmetry of theSU(2) indicesL3L350. In
this case one must rely on higher-dimensional operator
the Kahler potential@16#. By holomorphy, there is no super
potential term which generates masses for the up qua
Instead one must consider Kahler potential couplings suc

E d4u yu
( i ) X†

L IR
2

L3
†QiUi , ~28!

whereX is a spurion field that, as in the previous exampl
has anF term FX on the TeV-brane. Notice, however, th
one needsFX&0.1L IR

2 , otherwise Kahler terms such a
X†XL3

†L3 give a large contribution to the Higgs boson ma
parameter, and lead to an electroweak scale which is
close toL IR . Such a small value ofFX can be problematic to
generate the top quark mass from Eq.~28! unless the coeffi-
cient yu

(3) is large. In spite of this problem, we find thi
scenario very interesting because no extra matter is need
order to have supersymmetry protect the Higgs boson m

A. One-loop effective potential and electroweak
symmetry breaking

The Higgs boson fields will receive supersymmetr
breaking contributions from the bulk vector multiplets a
bulk hypermultiplets containing the quarks and leptons
shown in Fig. 1. The simplest way to compute these con
butions is to use the 5D AdS propagator in loop calculatio
The general expressions for these propagators in a slic
AdS5 were presented in Ref.@12#. Since the Higgs boson
multiplet is located on the TeV-brane, we will be interest
in the propagator expressions evaluated at the TeV boun
(y5y85p). Following the notation of Ref.@12#, we have
that for bulk fields $Vm ,f,e22scL,R% with massesM̂2

5$0,ak2,c(c61)k2%, the general expression for the prop
gator is given by
G~p!52
espkR

k F Ja
P~ ip/k!Ya~ ipepkR/k!2Ya

P~ ip/k!Ja~ ipepkR/k!

Ja
T~ ipepkR/k!Ya

P~ ip/k!2Ya
T~ ipepkR/k!Ja

P~ ip/k!
G , ~29!
ry

rise

n-
wherea5A(s/2)21M̂2/k2, s5$2,4,1% and

Ja
i ~x!5S s

2
2a2r i D Ja~x!1xJa21~x!, i 5P,T.

~30!

The functionsJa andYa are Bessel functions, and the valu
of r P(r T) are determined by the boundary conditions on
 e

Planck~TeV! brane. Only for fields with Neumann bounda
conditions on the TeV-brane will the propagator Eq.~29! be
nonzero.

1. Bulk gauge contributions

The gauge contributions to the Higgs boson potential a
from loops of gauge bosons, gauginos, andD terms. For the
SU(2)L gauge sector the contribution to the effective pote
tial of the neutral component of the Higgs bosonh is given
by
8-6
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Vgauge~h!56(
n51

` E
0

` dp

8p2
p3

~21!n11

n
@GB

n~p!

2GF
n~p!#mW

2n~h!

56E
0

` dp

8p2
p3logF11mW

2 ~h!GB~p!

11mW
2 ~h!GF~p!

G ,

~31!

wheremW
2 (h)5g2uhu2/2. The boson propagator is defined

GB(p)5pRG(p), where G(p) is given by Eq.~29! with
a51, andr T5r P50, while for the fermion propagator w
defineGF(p)5epkRpRG(p), whereG(p) is obtained with
a51, r P52 1

2 1 ip/(4k)(F/L2), and r T52 1
2 . The break-

ing of supersymmetry is parametrized byF. We must stress
that the effective potential is very insensitive to the act
value ofF since the contribution to the integral in Eq.~31!
comes from the regionp2'1/L2!F. The gauge contribution
generates a potential that monotonically increases withh.

2. Bulk matter contributions

Similarly, we can calculate the contribution from the bu
hypermultiplets to the Higgs boson effective potential. U
like the gauge contributions, the loop diagrams now invo
two bulk fermions. For the top quark the contribution to t
effective potential is given by

Vtop~h!56(
n51

` E
0

` dp

8p2
p2n13

~21!n11

n
@GB

2n~p!

2GF
2n~p!#mt

2n~h!

56E
0

` dp

8p2
p3logF11p2mt

2~h!GB
2~p!

11p2mt
2~h!GF

2~p!
G ,

~32!

wheremt
2(h)5yt

2uhu2, with yt defined as the 4D top-quar
Yukawa coupling. The scalar boson propagator is given
GB(p)5e22pkRG(p)/ f t

2 where f t is the fermion zero-mode
wave function evaluated aty5p, andG(p) is given by Eq.
~29! with a5uct1

1
2 u, r P5 3

2 2ct1F2/(2L4), and r T5 3
2

2ct . Note that we are assuming an arbitrary 5D massM5D
5ctk. For the fermion we instead haveGF(p)
5epkRG(p)/ f t

2 where a5uct1
1
2 u, and r P5r T52ct . The

top quark contribution generates a potential that monoto
cally decreases withh, thus making it possible to break th
electroweak symmetry.

3. Electroweak symmetry breaking and the physical Higgs
boson mass

To study electroweak symmetry breaking~EWSB!, we
will restrict to a single Higgs doublet. The effective potent
of the neutral component,h is given by

V~h!5m2uhu21
1

8
~g21g82!uhu41Vgauge~h!1Vtop~h!.

~33!
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This potential corresponds to the Higgs boson of model~b!
and, form50, to that of model~c!. Although model~a! has
another Higgs bosonh1, its effect on the breaking of elec
troweak symmetry is small since, as was argued earlierh1
obtains a VEV that is smaller than that ofh2. Note that we
are only considering the one-loop contributions arising fro
the SU(2)L gauge sector Eq.~31! and the top-quark secto
Eq. ~32!.

The potential Eq.~33! depends on two parametersm and
ct . For m close to zero, we find thatct*20.5 in order to
have EWSB. In particular, forct.20.5 we obtain the pre-
diction L21.2 TeV. In this case, however, we find a ve
light Higgs mHiggs.95 GeV. By increasingct , we increase
the top-quark contribution to the effective potential. T
Higgs boson mass can then be larger, but the scaleL21 be-
comes closer to the electroweak scale. For example, w
ct.20.4, we haveL21.350 GeV andmHiggs.100 GeV. If
m is nonzero, we have more freedom and a heavier Hi
boson can be obtained. Form.200 GeV andct.20.4 we
find L21.1 TeV and mHiggs.105 GeV. Larger values o
L21 and the Higgs boson mass can be obtained, but
requires a precise tuning betweenct andm. The fact thatct
is preferred to be approximately20.5 ~instead of near 0.5 as
assumed for the other quarks! implies that, in the 4D dual
theory, the top quark is mostly a CFT bound state instead
a fundamental state~see the Appendix!. The top squark is
then present in the low-energy spectrum with a mass of o
TeV. All these results, however, are subject to some un
tainties which we will discuss next.

There are other one-loop corrections to the Higgs pot
tial which we did not consider in Eq.~33!. An important
one-loop effect is the renormalization of theD term in Eq.
~15!. The D term is proportional to the gauge coupling, an
therefore the renormalization of theD term depends on the
corrections of the gauge coupling. In a slice of AdS5 the
gauge coupling receives logarithmic corrections at the o
loop level due to the fundamental fields~zero modes! @10#.
This makes the gauge couplings in Eq.~16! differ from the
gauge couplings measured at low energies by sizable lo
rithmic corrections. In the case where the fundamental se
consists of only the SM, these corrections reduce the Hi
boson quartic coupling by;10%. The origin of these cor
rections is easily understood in the 4D dual theory. By
persymmetry, the Higgs boson quartic coupling is prop
tional to the gauge coupling. However, in our scena
supersymmetry is broken in the gauge sector at high ener
F/L;M P . Hence the evolution fromM P to TeV of the
gauge couplings is different compared to that of the Hig
boson quartic coupling, because the two kinetic terms in
~9! do not have the same renormalization. Since supers
metry is only broken in the fundamental sector only the
fields can contribute to this difference.

Other type of effects that can affect the electrowe
breaking and the Higgs boson mass are due to boun
terms that can be present in the theory. For example, we
have a term such as

2E d4xE dy
1

4gb
2

FamnFmn
a d~y2p!. ~34!
8-7
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Equation~34! then modifies Eq.~10! to

1

g2
5

pR

g5
2

1
1

gb
2

. ~35!

Also the boundary conditions for the propagators are n
modified due to the presence of the boundary kinetic te
Their effect can easily be incorporated into the propaga
of Eq. ~29! by taking

r T5
g5

2p2

2gb
2k

e2pkR[e
p2

k2
e2pkR. ~36!

For positive values ofe the gauge contributions to the effe
tive potential become smaller. For example, whene.1, Eq.
~17! changes tomhi

2 .(0.08/L)2 and the physical Higgs bo

son mass can increase by approximately 10 GeV. Thus
see that this type of boundary effect can be a substa
correction to the Higgs boson mass.

Also higher-dimensional operators can contribute to
Higgs boson mass. For example, if them term is nonzero, the
operator of Eq.~38! gives a contribution to the Higgs boso
quartic coupling. However, the coefficient of the operator
Eq. ~38! cannot be very large, otherwise it will also give
very large correction to the electroweak observables, wh
we will comment on in the next section.

In summary, due to the above uncertainties, we can
obtain a precise prediction for the scaleL as a function of the
electroweak scale. Nevertheless, we can conclude that w
out any large tuning of the parameters, the scale of n
physics, L21 lies an order of magnitude above the ele
troweak scale, and the physical Higgs boson mass is sm
than approximately 120 GeV.

B. Electroweak bounds

The success of the SM predictions places strong c
straints on the scale of new physics. In our model the
states affect the SM relations between the electroweak
servables. There are two kinds of effects@17#. The first effect
arises from the exchange of the KK excitations of theW, Z,
and g, which induces extra contributions to four-fermio
interactions. However, these contributions are very mo
dependent, and can be zero for certain cases where the
fermions do not couple to the KK states@11#. Therefore, we
will not consider them here. A second type of effect arise
the Higgs boson is on the boundary. In this case the
gauge bosons will mix with the KK states, and modify the
masses@17#. These are the model-independent effects,
we will study them below. A similar analysis can also
found in Ref.@18#.

In superfield notation the 4D Lagrangian of the SM gau
boson KK states is given by

L5E d4u(
n

@Hi
†e22g5[ f 0V1 f nV(n)]Hi uy5p1Mn

2V(n) 2#,

~37!
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where f 0 ( f n) is the wave function of the massless modeV
~KK stateV(n)), and i labels the number of SM Higgs dou
blets. Integrating outV(n), by using their equation of motion
we obtain the effective 4D Lagrangian term

Leff52E d4u(
n

g2

Mn
2

f n
2~p!

f 0
2~p!

~Hi
†e22gVTaHi !

2, ~38!

whereg is given in Eq.~10!. When the Higgs boson obtain
a VEV, this operator will induce extra mass terms for the S
gauge bosonsWm andZm , namely,

2
1

2
XmZ

2ZmZm2
1

2
X

mW
4

mZ
2

WmWm, ~39!

where in analogy with the flat extra dimension case@19# we
have defined

X5(
n

mZ
2

Mn
2

f n
2~p!

f 0
2~p!

. ~40!

The value ofX can easily be calculated from the 5D gau
boson propagator Eq.~29! by subtracting out the zero-mod
contribution. Thus, we obtain

X5
mZ

2

f 0
2~p!

FG~p50!2
f 0

2~p!

p2 G.~4.1mZL !2. ~41!

By comparing with the flat extra dimension case@19#, where
X.(1.8 mZRflat)

2, we obtain the following bound for the
warped case:

Rflat
21*4 TeV⇒L21*9 TeV. ~42!

Although the bound~42! is quite strong, we must keep i
mind that there are inherent uncertainties in the above ca
lation. First, there can be brane kinetic terms~34!. These can
be taken into account by using Eq.~36! in the propagator
part of Eq.~41!. However, we find that fore;1 the bound
~42! is not affected very much. Second and more imp
tantly, we have used Eq.~10! to relate the coupling of the KK
states to the Higgs boson@the g2 in front of Eq. ~38!# with
the gauge coupling measured at low-energy experime
However, Eq. ~10! receives one-loop correction
} ln(k/TeV)5pkR @10# that are model dependent. This give
a sizable uncertainty to the bound in Eq.~42!, and conse-
quently a lower value of 1/L could be possible. There ar
also the four-fermion interactions which are induced by
KK states that are model dependent. Thus, scanning the
rameter space for models satisfying all the experimental c
straints requires a much more detailed analysis, which
will not present here.

C. The TeVÕM P hierarchy and radius stabilization

In our model the large hierarchy between the Planck sc
and 1/L is explained by the warp factora(p)5e2pkR

;TeV/M P as in the Randall-Sundrum model@3#. However,
8-8
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this requires a stabilization mechanism for the radion. S
eral mechanisms@20,21# have been proposed in the past. T
mechanism of Ref.@20# is not supersymmetric, while we fin
that those of Ref.@21# are not operative in our scenario.

Nevertheless, it has been recently pointed out@22# that the
radius can be stabilized by quantum effects~Casimir energy!
if certain fields~e.g., gauge bosons! are in the bulk. This is a
very simple solution to the stabilization of the hierarchy th
can also be operative in our scenario. Furthermore, it d
not affect the results presented above.

IV. CONCLUSION

We have presented a novel class of particle models
which different sectors of the theory have different scales
supersymmetry breaking. The model is based on a 5D the
compactified in a slice of AdS as shown in Fig. 1. It has
very interesting holographic interpretation: one sector
composed of CFT bound states, while the other sector c
sists of fundamental fields. Even if the scale of supersym
try breaking is large (M P), the CFT sector is only sensitiv
to supersymmetry breaking effects of orderL21 ~TeV!,
whereL is the size of the bound states.

We have applied our scenario to the SM in which only t
Higgs sector is supersymmetric, and depending on the v
of ct , also the top quark. While the supersymmetric Hig
sector can either consist of one or two Higgs doublets,
interesting alternative involves identifying the Higgs bos
as the partner of the tau lepton. The Higgs boson mass
rameter is protected by supersymmetry, which can be an
der of magnitude smaller than 1/L, and much smaller than
M P . Therefore this scenario not only solves the hierarc
problem but naturally explains the ‘‘little’’ hierarchy betwee
the electroweak scale and the composite Higgs boson s
1/L; TeV in a novel way. This is one of the main points
the paper.

The model also has several interesting predictions. F
the quartic Higgs boson coupling is fixed by supersymme
and as in the MSSM, leads to a light Higgs boson. The p
cise value of the Higgs boson mass is very model depen
~as in the MSSM! but if no large tuning of parameters
imposed, we obtainmHiggs&120 GeV. Second, the only su
persymmetric SM partner is the Higgsino~and possibly the
top squark!, with a mass around the electroweak scale~un-
less we choose the tau to be the partner of the Higgs bos!.
Experimental searches for this Higgsino are very differ
from ordinary chargino searches due to the degeneracy o
charged and neutral Higgsino component@23#. Finally, at
energiesL21; TeV, there are plenty of new CFT reso
nances~KK states! that approximately respect supersymm
try. This leads to new and interesting possibilities for phys
at the TeV scale.
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APPENDIX: MASS SPECTRUM OF BULK FIELDS
AND ITS HOLOGRAPHIC INTERPRETATION

In this appendix we will derive the 4D mass spectrum
the supersymmetric bulk fields~vector and hypermultiplet!
when supersymmetry is broken on the Planck-brane by E
~8! and ~12!. We will show that the 4D particle states sp
into two types: those which are sensitive to the Planck br
are to be associated with fundamental fields in the 4D d
theory, while those which are sensitive to the TeV brane
to be associated with CFT bound states. Only the first typ
states directly feel the breaking of supersymmetry.

If we consider the supersymmetry-breaking terms~8! and
~12! then the boundary mass terms for the gauginos
squarks are

2Ed4xEdyF F

g5
2L2

lala1
F2

L4
kuq̃u2Gd~y!. ~A1!

The 4D mass spectrum is obtained from the poles of
propagators of Eq.~29!

Ja
T~mepkR/k!Ya

P~m/k!5Ya
T~mepkR/k!Ja

P~m/k!. ~A2!

For the gauginos we havea51, r P52 1
2 1m/(4k)(F/L2)

andr T52 1
2 . For these values, the right-hand side~RHS! of

Eq. ~A2! can be neglected for any value of th
supersymmetry-breaking parameterF, and the masses can b
determined by the zeros ofJa

T(mepkR/k)Ya
P(m/k). This al-

lows one to separate the solutions into two types. Those
depend on the boundary conditions at the TeV-brane,
those that depend on the boundary conditions at the Pla
brane

J1
T~mepkR/k!50 → J0~mepkR/k!50, ~A3!

Y1
P~m/k!50 → m.2

F

4L2
kS log

m

2k
1gED 21

,

~A4!

wheregE is the Euler-Mascheroni constant. Equation~A3!
determines the KK spectrum and it is associated with the
CFT spectrum. Note that the KK spectrum does not dep
on F, and so the gauge boson and gaugino KK masses ar
same. Equation~A4! corresponds to the ‘‘zero mode’’@10#
which in the 4D dual picture is associated with a fundam
tal field2 ~this solution is valid ifm&k). This zero mode is
the partner of the SM gauge boson which, as advertised,
a mass of orderF/L. When F→0, this gaugino become
massless. If we actually take into account the RHS of
~A2!, then this corresponds to considering the mixing b
tween the CFT bound-states and fundamental fields~Fig. 2!.
This mixing introduces a breaking of supersymmetry in t
CFT sector.

2More precisely, the fundamental states are identified with
poles of the 5D propagator evaluated at the Planck-brane (y5y8
50) in the limit of R→`.
8-9
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For the squarks, the mass spectrum is determined by
~A2! with a5uc1 1

2 u, r P5 3
2 2c1F2/(2L4), and r T5 3

2

2c, where c parametrizes the 5D hypermultiplet ma
M5D5ck. The holographic interpretation of the mass sp
trum depends on the values ofc. For c> 1

2 , we have a situ-
ation similar to the gauge sector where the RHS of Eq.~A2!
can be neglected and the masses are determined by

Jc11/2
T ~mepkR/k!50 → Jc21/2~mepkR/k!50, ~A5!

Yc11/2
P ~m/k!50 → m2.~c21/2!

F2

L4
k2 , S c.

1

2D ,

→ m2.2
F2

2L4
k2Slog

m

2k
1gED 21

, Sc5
1

2D.
~A6!

The state whose mass is given by Eq.~A6! is the one to be
associated, in the 4D dual picture, to the fundamental s
~the partner of the quark!. Its mass is of orderF/L;M P
~this is valid if m&k), showing that supersymmetry in th
fundamental sector is broken at the scaleM P . For 2 1

2 ,c
, 1

2 the RHS of Eq.~A2! cannot be neglected independen
of the value ofF, and the solutions to Eq.~A2! cannot be
separated into those that depend on the TeV-brane and t
that depend on the Planck-brane. This makes it difficult
identify the fundamental and CFT states. This nondecoup
tt

B

d

gy

08501
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effect is due to the large mixing that exists between
sourcesF and the CFT states. Forc<2 1

2 the RHS of Eq.
~A2! can be neglected again, and we find

Juc11/2u
T ~mepkR/k!50 → J1/22c~mepkR/k!50, ~A7!

Yuc11/2u
P ~m/k!50 → no solution for m&k.

~A8!

Thus, in this case there is no fundamental state whose m
is proportional toF, which would become massless in th
limit F→0. However, there is an extra massless mode
can be found by looking at the pole of the full propagator E
~29! in the limit that the Planck-brane decouples (k→` with
epkR/k fixed!. This massless mode corresponds to a C
bound state. It picks a tree-level mass from its mixing w
the fundamental field@22# @this can be seen by not neglectin
the RHS of Eq.~A2!#. In the formal limitc→2`, the spec-
trum consists of a single supersymmetric field localized
the TeV-brane.

A similar analysis can be done by using the standard
lographic correspondence@4# to calculate the two-point func
tions ^OO& whereO is the CFT operator of Eq.~4!. In a
theory with a TeV-branêOO& has poles corresponding t
the CFT bound states. One will find that the CFT spectrum
determined by Eqs.~A3!, ~A5!, and~A7!. If the sources are
dynamical, then their propagators are given by 1/(p2

2^OO&), and the mass spectrum is obtained fromp2

2^OO&50.
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