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We present a novel class of theories where supersymmetry is only preserved in apanigdlated 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-dimengid)aholographic 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 sedtmd possibly the top quarks 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 Higgsiaad possibly the top squarkand, as in the usual MSSM, predicts
a light Higgs boson.
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[. INTRODUCTION the couplingg is of order one, and the scaleis large. As an
interesting applicatior{1], we will consider the standard

In quantum field theories it is unnatural to impose sym-model(SM) where only the Higgs sector {pproximately
metries that are only restricted to certain parts of the Lasupersymmetric. This enables one to have a prediction for
grangian. This is because, at the quantum level, interactiorf§€ tree-level Higgs potential. For example, the quartic cou-
with sectors that are not symmetric will, in general, spoil thepling is determined by supersymmetry to bg?¢g’?)/8,
underlying symmetry of the symmetric sectors. In fact thesavhereas in the minimal supersymmetric SMSSM), this
quantum effects are generally divergent, which signals thagads to a light Higgs boson mass. Furthermore, the Higgs
one must include, from the beginning, all possible nonsymmass-parameter, that determines the electroweak scale, is
metric terms in the Lagrangian to absorb the infinities. Thusprotected by supersymmetry down to low energies/L.
in general, symmetries can only be maintained if the fullThis mass can be induced at the quantum level by SM fields,
theory respects them. giving

It is for this reason that in supersymmetric theories, which
are advocated to solve the hierarchy problem, supersymme- g
try must be respected in all sectors of the theory. If there is a Mgy~ g E<A~ Mp. 1
sector where supersymmetry is not realized below the scale
A, and is coupled to another supersymmetric sector with
Coup“ng g, then a fermion-boson mass Sp||tt|ng of order Thus we see that these theories prOVide arationale for haVi-ng
Therefore to maintain supersymmetry in the presence of &liggs scale 1/, which in turn can be much smaller than the
nonsupersymmetric Sector’ eit@must be Very tin)(decou_ PIaan Scale. In faCt, th|S “"ttle hierarChy" betWeen the elec-

pling limit), or A is small(supersymmetry is preserved in the troweak scale and the scale of new physieich in our
full theory down to low energigs scenario is 1) is currently suggested by present collider

In this work we will present theories which are an excep-€xperiments. This has also motivated other theoretical mod-

tion to the above general argument. These theories will cor€!s with this property, such as TeV extra dimension models
sist of two sectors: @supejsymmetric sector that contains O the “little Higgs” models[2].
bound states of a spontaneously broken conformal field
thfeory(CFT), and a nor(supeirsymmetric sector which con- Il PARTLY (SUPERSYMMETRIC THEORIES
tains fundamental states. Using the AdS/CFT correspon-
dence, we will show that the CFT bound states decouple To understand whysupejsymmetric CFT bound states
from the nonsupersymmetric sector at energies aboke 1/ are not sensitive to supersymmetry breaking effects at high
where L is the size of the bound statéthe scale of the energy scales, we will use the AAS/CFT correspondence, and
conformal symmetry breakingThus, the bound states are consider the 5D anti de Sitter (AgSpoint of view. In this
insensitive to(supeisymmetry breaking effects at high ener- 5D dual picture the possibility of having part{gupeisym-
gies. metric theories is very simple to understand.

This scenario allows us to have a nonsupersymmetric sec- Let us then start by considering a quantum field theory in
tor coexisting with the supersymmetric sector, even thougha slice of 5D AdS 3] (Fig. 1). The 5D metric is given by
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FIG. 1. Bulk contributions to the supersymmetric sectory at
=1T.
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ds?=a?(y)dx®+ R2dy?, 2)
wherea(y) =e ¥RV is the warp factor, ¥ is the AdS curva-
ture radius, andrR is the proper length of the extra dimen-
siony. This 5D theory has two 4D boundariesyat 0 and
y=. Due to the warp factor, energy scales on thew
boundary are reduced by a faca(m) compared to those on
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respect to those on the=0 boundary. More interestingly, it
is the interpretation of this effect in the dual 4D theory to
which we now turn to.

The above theory has a 4D interpretation based on the
AdS/CFT correspondendg!]. This correspondence relates
the 5D AdS theory to a strongly coupled 4D CFT with a
large number of “colors”’N.. The 5D bulk fields at they
=0 boundary®(x) are identified as sources of CFT opera-
tors

L=gP(x)O(x), 4
where the mass ob is related to the dimension of the op-
eratorQ. The boundary ag=0 corresponds to an ultraviolet
(UV) cutoff atp=k in the 4D CFT[5], while the boundary
aty= corresponds to an infrargdR) cutoff atp=ka()
[6,7]. Therefore, a slice of the bulk AdS space corresponds in
4D to a slice of CFT in momentum space. Due to the term in
Eq. (4), the CFT can generate a kinetic term for the sources
®(x) which become dynamical, and these must then be in-
cluded in the theory as extra “fundamental” fields. The IR
breaking of the CFT theory introduces a mass gap of order
1/L=ka(m), where bound state® (“mesons” or “bary-
ons”) are formed. For larg8l. [8], we know that the infinite
number of bound states are weakly coupled, and have a mass
spacing of ordeka( ).

The fundamental field®, and the CFT bound states are

they=0 boundary(this can be thought of as a redshift due to 1ot mass eigenstates, since, because of&gthey will mix

the warped spageWe will suppose that the full 5D theory is

with each other. However, after a rediagonalization, one can

supersymmetric, and that supersymmetry is broken only 0@ptain the mass eigenstates. In this basis we can map these

they=0 boundary at a scale of order the cutoff scAlef
the theory. Scalar fields localized on the 0 boundary will
receive masses of ordér. Similarly, bulk scalar fields will

eigenstates into the zero mode, and Kaluza-KI&{K)
modes of the dual 5D theory. The question of whether the
mass eigenstates are fundamental or CFT bound states de-

receive boundary masses of this order. However, scalar fieldsends on the amount of mixing or where the fields are local-

living on the y= boundary, will only know about the

ized. The Kaluza-Klein states always have wave functions

breaking of supersymmetry by loop effects of bulk fields.hjch are peaked towards the boundary ats. Thus, they
Consequently, the contribution to their masses will arisgyj|| have a small wave function overlap with the fundamen-

from bulk fields propagating from the= 7 boundary to the
y=0 boundary(where supersymmetry is brokeas shown

tal fields ®, since by the AAS/CFT correspondende is
associated with the 4D field localized on the boundary at

in Fig. 1. This is a nonlocal effect which gives a finite con- —g, Thus, to a good approximation, the KK states always
tribution to the scalar masses. What is the order of magnitudgorrespond to the CFT bound states. On the other hand, fields
of these corrections? A rough estimate of the energy involvegying completely on the boundary gt= will correspond

in the virtual contribution to the scalar mass is giventby
~1/7~ka(), wherer is the time it takes to propagate from
one boundary to the othdthe conformal distange After
multiplying by the coupling of the bulk field to thg=0
boundarygy(E) and they= 7 boundaryg..(E) we obtain an
estimate of the induced scalar mass

1 1)
7/977

1672 2

Jo

m? 2(m)k>. (3

Notice that due to the warp fact@( =) this mass can be
very small, and consequently fields on the 7 boundary

to pure CFT bound states because they cannot mix with the
fundamental fieldsb.

By supersymmetrizing the theory, the scalar bound states
can be massless since the scalar masses are then protected by
supersymmetry. However, if in the 5D AdS theory we break
supersymmetry at thg=0 boundary, then this corresponds
in the 4D dual theory to breaking supersymmetry at the UV
cutoff scale in thed sector. The CFT sector, however, is
coupled to® via Eq. (4) and therefore it will also feel the
breaking of supersymmetry. Whenevéd|O|M)+0, we
have thatM and ® mix. The statedM will then receive a
(tree-leve) correction to their masses that will not respect
supersymmetry. For small mixing this is giving by the dia-
gram of Fig. 2. This mixing is completely negligible whih

receive supersymmetry-breaking masses much smaller thasithe CFT bound state dual to a field living on the boundary
the cutoff scale\. Of course, this is expected since we know at y= 7. In this case the dominant supersymmetry-breaking

that energy scales on tlye= = boundary are redshifted with

effect will arise at the one-loop level as shown in Fig. 3.
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FIG. 2. Tree-level correction to the massMf

Nevertheless, we learned from the Ad8ual theory that v

these contributions are generated at scaldsl. Qualita-

tively, this can also be understood in the CFT picture. The

bound stateM is a CFT lump of size that decouples from M X

fields of wavelength smaller thaln. Conformal invariance

protects the symmetries of tihd sector at short distancgs],

and any(supejsymmetry breaking effect is only induced at FIG. 4. Inelastic scattering of a fundamental fiel&ith a CFT
distances larger thah. This is a very special CFT with no Pound stateM.

relevant operators breaking supersymmetry. We can deter- ) o )

mine more quantitatively this decoupling by using the Ads/nigh-energy physics, and is induced at low energies at the
CFT correspondence. For example, we can calculate the arfféantum level. This will guarantee a partial decoupling be-
plitude of the deep-inelastic scattering between a “probe’tween the scale of new physics and the electroweak scale that

particle e and a CFT mesoM, mediated byd which we ~ €Xperiments, in particular the CERN e collider LEP, are

take to be a photorsee Fig. 4 suggesting. From the previous section, we know that this can
be achieved by requiring the Higgs boson to be a CFT bound
eM—eX, (5) state, while the SM fields are fundamental. This scenario is

o . most simply realized if we start in the AdS picture, where a
where byX we refer to any combination of final states. In the gjice of AdS; is bounded by a UV-brane witth ~Mp (or

5D AdS picture, the photon is simultaneously coupled to thEPIanck-bran)s and an IR-brane witih g=a(m)A~ TeV (or
boundary aty=m (whereM lives), and to the boundary at Tev-prane. We will also assume that~Mp, and thenL
y=0 (where non-CFT fields, such aslive). Therefore, the =1/[a(7)k]~1/TeV. All the SM fields are assumed to re-
amplitude is proportional to the 5D photon propagatorside in the bulk, except for the Higgs sector that will be
G(p,y=0y’=m) calculated in Ref[10] wherep is the 4D |ocalized on the TeV-brane. We will start with a supersym-
momentum. This propagator drops exponentially at momenmetric bulk theory, and then we will break supersymmetry on
tum scales larger thaka(m) =1/, the Planck-brane at the Planck scale. The supersymmetry
A oL breaking on the Planck-brane will be parametrized by the
G(p.y=0y'=m)~e ™, ©) spurion superfieldy= 6°F. Only bulk fields with Neumann

and shows that the CFT mesbhquickly decouples from the Poundary conditions can couple to the spurion superfield.
photon wherpL>1. Alternatively at high momenta, where Similar scenarios but with the preaklng of.supers_ymmetry on
the conformal symmetry is restored, the meson constituen{§!® TeV-brane have been previously considered in Reis-

are no longer localized particle states, and so become trand4l- Unlike the model that we will present here, these sce-
parent to the short wavelength photon probe. narios resemble the MSSM at low energies.

We must stress that this is not a general property of com- Consider first the gauge secfdrl], where the supersym-
posite models. For example, a theory such as technicoldPetric action in superfield notation can be found in R&8].
where the strong dynamics are assumed to be similar to QCBHhe 4D massless spectrum corresponds tdNanl vector
will not show this decoupling. At high energies, the nonsu-multiplet
persymmetric sector is not exponentially decoupled, since it
can couple to the constituents of the bound states. Therefore V={A7 \%D3. (7)
bound states made of scaldpartners of the techniquarks in
a supersymmetric technicolor seotwvill receive large cor- It has a wave function that is flat, and couples with equal
rections to their masses. strength to the two branes. Therefore, by adding the extra

term

Ill. THE SM PARTLY SUPERSYMMETRIC

. - n 1
Here we want to consider the possibility that only the j d?6 — —WW4(y)+H.c. (8)
. . . . A . 2 42 !
Higgs sector of the SM is supersymmetric. Our motivation is 5
to obtain a Higgs boson mass parameter that is insensitive to
the gaugino\2 will receive a huge mass, ~F/A~Mp (see
6] the Appendix. Consequently, the gaugino effectively de-
couples, and the spectrum reduces to simply the gauge boson
Ai, and the auxiliary field>? with the Lagrangian

M M

1 1
L=—-—F3'F’ +—D3D? (9)
FIG. 3. One-loop correction to the masshf 492 292
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whereg is the 4D gauge coupling related to the 5D coupling Let us now discuss in detail each of these possibilities.

by (a) Two Higgs doublet modebuppose that the Higgs sec-
tor consists of two N=1 4D chiral multiplets H;
i:ﬂz (10) :{hl”F'l’FHl} and HZZ{hZ!EZ!FHZ}' The faCt that the
g® gé Higgs sector is doubled guarantees two things. First, anoma-

lous contributions arising from the Higgsinds are auto-
cﬁﬁatically cancelled, and secondly, that quark and lepton
masses can be simply obtained from the following superpo-
tential on the TeV-brane:

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

Similarly, matter fieldgsuch as quarks and leptorezise
from 5D hypermultiplets. In the supersymmetric limit, the
4D massless spectrum is described byNsa1 chiral mul-

tiplet [13] f d?6[y4H,QD+y H,QU+yH,LE]. (13

Q={a.q,Fq}. (11 _ _ o
Although the Higgs spectrum is supersymmetric, it directly
Their wave functions depend on the 5D hypermultiplet masscouples to the SM which does not respect supersymmetry
and for simplicity we will assume the valudsp=Kk/2 (¢ (since it is broken at the Planck scal&his gives rise to the
=1/2 in the notation of Ref[11]) that corresponds to flat following effective theory for the Higgs sector:
wave functions[11,13. For this value ofMsp the holo-
graphic interpretation is the same as that for the gauge sector,— _| D, hi|2— ih,Dh — D3(h!T2h;) +ygh,qd+yehsle
(see Appendix Other values oM 5y will be considered for
the top quark in Sec. lll A. Supersymmetry breaking is in- +y,hoqu, (14
duced by adding on the Planck-brane the interaction
; whereD , is the covariant derivative antf are the genera-
2,17 tors of the gauge group. The complete effective Lagrangian
B fd 0 A4 Q'Qka(y), 12 pelow the TeV scale is given by Eq®) and(14). Eliminat-
ing the auxiliary fieldD?, we obtain the tree-level Higgs
which gives rise to squark and slepton masses of onger boson potential
~F/A~Mj; (see the Appendjx These scalar superpartners

effectively decouple, and the massless spectrum solely con- 1 g2
sists of the fermions| and auxiliary fieldsFq . V= —2DaDa=?(hiTTahi)2. (15
In this way all the supersymmetric partners of the SM 29

fields have received Planck-scale masses, and the massless

spectrum reduces to the usual SM. At the massive level, theor the neutral component of the Higgs boson the potential

first KK states appear at the scald_3/ TeV. Unlike the =~ becomes

massless states, the KK spectrum@pproximately super-

symmetric. This is because the wave functions of the KK 1, ) -

states are localized toward the TeV-brane and are less sensi- V=g(9"+g")(ha|*~ha[*)%, (16)

tive to the supersymmetry breaking on the Planck-brane.
The theory considered so far is the 5D dual theory of thQN

. . ‘whereg andg’ are the SU(2) and U(1), couplings, respec-
SM coupled to a supersymmetrlc CFT theory. Next we WIIItively. We have obtained an interesting result. Although the

auge sector. At the quantum level, radiative corrections will

uce a mass term for the Higgs boson which will be natu-
rally smaller than 1. In Sec. Il A we will calculate the
one-loop effective potential. For now we will present the
result of the Higgs boson mass induced by gauge loops given
by the two-point contribution to the effective potentéfst
term of the sum of Eq(31)]

son, the Higgsino, generates gauge anomalies that must
cancelled. This leads us to consider the following three pos
sible Higgs boson scenarios.
(a) Two Higgs doublets. As in the MSSM, an extra Higgs
boson(and Higgsing is introduced to cancel the anomalies.
(b) One Higgs doublet. The Higgsino anomalies are can
celled by an extra fermion that, as for the SM fermions,
arises from a 5D hypermultiplet. Hence, the scalar partner of
the extra fermion will obtain a Planck-sized mass. m? :(
(c) Higgs boson as a slepton. No Higgsino is introduced. i
Instead, the tagor other leptonis assumed to be the super-
symmetric partner of the Higgs boson. For this purpose thevhere 1L =a(m)k~ TeV. This is a finite contribution since
tau must live on the TeV-brangontrary to the rest of the it comes from a nonlocal effe¢see Fig. L As expected, the
matter fields. result(17) shows that the supersymmetry breaking effects in

, (17)

0.14\2
L

085018-4



THE STANDARD MODEL PARTLY SUPERSYMMETRIC PHYSICAL REVIEW D67, 085018 (2003

the Higgs sector are an order of magnitude below the scaleerm coupling is of order one. For the other quarks and lep-
L1, and are much smaller than the Planck scale. This gaugens in the down sector, these couplings will need to be hi-
contribution is positive but, as we will show in Sec. Ill A, erarchically smaller.
can be overcome by a negative contribution from the top- It is also possible to introduce a singlet chiral supermul-
quark loop, in order to trigger electroweak symmetry break+iplet S on the TeV-brane with a superpotenti8H;H,
ing. +S%. A u term can then be generatedSfgets a VEV that,
Higgsino massesThe i problem While radiative correc- parametrically, will be of the same order as the electroweak
tions induce a scalar Higgs boson mass, the Higgsinos rescale. This possibility deserves further analysis which will
main massless. Of course, phenomenologically this is a proliot be carried out here.
lem, and we need to simultaneously consider possible (b) One Higgs doublet modeA natural solution to the:
mechanisms for generating Higgsino masses. In addition, thgroblem exists if the Higgs boson arises from a 5D bulk
minimum of the Higgs boson potential depends critically onhypermultiplet that consists of twdl=1 chiral multiplets
the value of theBu term (the bilinear termBuh;h,). This  H, , of opposite charges. If the boundary conditions by
term is not generated by radiative corrections. This meanare taken to be Neumann, while those fb; are Dirichlet
that while(h,) #0, we have thath,;)=0, and the fermions (as in the matter sectprthen the 4D massless sector will
in the down-sector remain massless. So, we will also need toorrespond to a single 4D chiral multiplet. This theory will

generate a vacuum expectation val\&V) for h;. then be anomalous.
The simplest possibility is to consider the following su-  However, ifH; is assumed to have Neumann boundary
perpotential on the TeV-brane: conditions on the Planck-brane but Dirichlet on the TeV-

brane(and vice versa foH,), then the lowest lying state is

J d26 (18) a massive pair of 4D chiral multiplets. These twisted bound-
ary conditions then lead to a theory that is not anomalous.

] ] . o The mass of these chiral multiplets can be written as a su-

The first term directly gives a mass to the Higgsino. Byperpotential termuH,H,, where the value of. depends on

a mass, since Eq18) leads to the Higgs boson potential  mass termv sp=k/2, we find that

L : :\/—2 ke™ TR (22)
Ak K kR '

(19

B
pmHHp+ m(Hle)z}-

V= (Ihy|>+[h|?)+0O

Bu*
|M|2+A—IR(hlh2+H.c.)

_ This mass term is analogous to the gaugino mass term ob-
In ordzer to have electroweak symmetry breaking, the valugained in Ref.[12]. Note that theu term is naturally sup-
of |u|* cannot be larger than the negative one-loop top-quarkyessed below the TeV scale by the factoxZkR. The

contribution. This requires that~m,~0.14 (if this value  Higgs wave functions of the lowest lying modes become
is smaller, then the Higgsino mass will be too smallhe

second term of Eq(18) has been introduced to generate a _ ly|

linear term inh, (it plays the role of theBu term in the Ha(y)=v27kRe kRﬁesmy‘, (23)

MSSM). Whenh, gets a VEV, this linear term generates a

VEV for h; of order(h;)~— B(h,)3/(uAg)~0.1h,). H(y)=2e" "™ RsinH k(|y| — =R)]e%*W,
Instead of introducing & term from the beginning in our (24)

theory, we can imagine generating it by the one-loop super-

symmetry breaking effects. In this case flagerm will natu- ~ showing thatH, is localized towards the TeV-brane, while
rally be of order the electroweak scale. For example, we cafl; is localized towards the Planck-brane. Heride,will be
consider a sector that has a fieldvhoseF-term squared is sensitive to the breaking of supersymmetry, and as in the
induced at the one-loop level. If this field couples to thematter sector, the scalar will receive a Planck mass.

Higgs field in the following way: Thus, the effective theory of the bulk Higgs with twisted
) boundary conditions below the TeV scale consists of one
X . . g
J' d%e HqH,, (20) Chlr-a.| sup_ermultlpIeHz, gn extra ferr_nmrﬁb .and theFHl
AR auxiliary field. The effective Lagrangian is given by

then it will generate au term with uw=(Fy)/Ar. Further- s 1
more,h,; does not need to get a VEV since fermion masses — Leg= mhihy+ u?|hy|?+ g(gz+g’2)|h2|4, (25
can be generated from the Kahler potential terms

t
f d%e X—(HZQD-I— HEL E). (21) IFor Mgp<k/2 the two Higgsinos are localized towards the TeV-
A|2R brane and theu term becomesO(TeV). For Msp>k/2 one
Higgsino becomes strongly localized towards the Planck-brane,
The bottom quark Yukawa coupling will be given by,  while the other towards the TeV-brane. In this case gh&erm is
~(Fy)/A%~0.1, where we have assumed that thenléa  driven to exponentially small valugs~ e~ (Msp /k-12)7kR,
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where the secondlast term in Eq. (25 is the FHl—term

~ d?0(y§L3Q,D; +yWL4LE; 2
(D-term) contribution. In the 4D dual descriptioh, andh, f 005 LsQiDi+Ye LsLiE), @)

are composite states of the CFT, whilg is a fundamental except for the third generation charged fermiorLi) since
field that has been added to the CFT. Tthéerm can therl be  4ue to the antisymmetry of th8U(2) indicesLsL=0. In
understood as arising from the marriage of the Higg$ino  this case one must rely on higher-dimensional operators in
with the fermion bound-state correspondinght@ This is  the Kahler potentia]16]. By holomorphy, there is no super-
exactly analogous to the dual interpretation of the gaugingotential term which generates masses for the up quarks.
mass in the warped MSSM 2]. Instead one must consider Kahler potential couplings such as
(c) Higgs boson as a sleptoNeither anomalies nor the
problem will arise if the Higgs boson is considered to be the 4% (')—L U
superpartner of the ta(or other leptoh, and forms a 4D Yu QiU
chiral multipletLz;=(h,7,F,) on the TeV-brane. This idea is
not new, and dates back to the early days of supersymmetmyhereX is a spurion field that, as in the previous examples,
[15]. The major obstacle in implementing this identification has anF term Fy on the TeV-brane. Notice, however, that
is that neutrino masses are large, and consequently, expetine needstso.lA,ZR, otherwise Kahler terms such as
mentally ruled out. This is because the gaugino induces th;{TxL;L3 give a large contribution to the Higgs boson mass

(28)

effective operator parameter, and lead to an electroweak scale which is too
5 close toA |g. Such a small value dfy can be problematic to
g_,,,,hh (26) generat?? the top quark mass from E2B) unless the .coeffi-_
My cient y( ) is large. In spite of this problem, we find this

scenario very interesting because no extra matter is needed in

where M, is the gaugino mass. Thus, fod,~TeV, this order to have supersymmetry protect the Higgs boson mass.

operator generates a neutrino mass of ordap*/M,
~10 GeV.

However, in our warped model with only a partly super-
symmetric spectrum, there is an approximdigl )g symme-
try which acts as a continuous lepton symmetry, and sup- The Higgs boson fields will receive supersymmetry-
presses the neutrino masses. This symmetry is exact in t}{geaking contributions from the bulk vector multiplets and
low-energy effective Lagrangian because there is no gauginulk hypermultiplets containing the quarks and leptons as
partner to the SM gauge boson, and the Kaluza-Klein gaugishown in Fig. 1. The simplest way to compute these contri-
nos have Dirac masses which are invariant undettfe) . butions is to use the 5D AdS propagator in loop calculations.
However, theU(1)s symmetry is broken at a high scale by The general expressions for these propagators in a slice of
the large gaugino masbfllx Mp, naturally giving small AdSs were presented in Refl12]. Since the Higgs boson
neutrino masses,~10~° multiplet is located on the TeV-brane, we will be interested

Having obtained acceptable neutrino masses, we can aldd the propagator expressions evaluated at the TeV boundary
generate the required fermion mass spectrum from operatoky =Y’ = 7). Following the notation of Refl12], we have
only involving L. The couplings that generate masses forthat for bulk fields{V,,,¢, e‘z"w,_ r} Wwith massesM?
the down quarks and charged leptons can come from the-{0,ak? c(c*1)k?}, the general expression for the propa-

A. One-loop effective potential and electroweak
symmetry breaking

superpotentialon the TeV-brang gator is given by
|
es™kR| JP(ip/k) Y (ipe™ k) — YP(ip/k)J,(ipe™ k)
GP) =~ | T kR P T i na™ Rl 1P ' (29)
J (ipe™NK)Y (ip/k) =Y  (ipe™™k)JI, (ip/k)
|
wherea= /(s/2)2+ NM2/k2, s={2,4,1} and Planck(TeV) brane. Only for fields with Neumann boundary
conditions on the TeV-brane will the propagator E2P) be
nonzero.
. S
J(x)= (5— a— ri)Ja(x)+xJa_1(x), i=P,T. 1. Bulk gauge contributions
(30) The gauge contributions to the Higgs boson potential arise

from loops of gauge bosons, gauginos, &terms. For the
SU(2), gauge sector the contribution to the effective poten-
The functions],, andY , are Bessel functions, and the valuestial of the neutral component of the Higgs bodois given
of rp(ry) are determined by the boundary conditions on thepy
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“ (= dp (—1)n+t This potential corresponds to the Higgs boson of matgl
Vgaugdh) =62 — pP——[Gg(p) and, foru =0, to that of modelc). Although model(a) has
n=1Jo 8m n another Higgs bosoh,, its effect on the breaking of elec-
n on troweak symmetry is small since, as was argued eaHigr,
—Gr(p)Imy (h) obtains a VEV that is smaller than that lof. Note that we
are only considering the one-loop contributions arising from

[ dp 1+mG(h)Gg(p) the SU(2) gauge sector Eq31) and the top-quark sector
o 8 P it mGp)) Eq. (39).
w 31) The potential Eq(33) depends on two parametesisand

c;. For u close to zero, we find that;=—0.5 in order to
wheremZ,(h) =g?|h|?/2. The boson propagator is defined ashave EWSB. In particular, foc;=—0.5 we obtain the pre-
Gg(p)=mRG(p), whereG(p) is given by Eq.(29) with c.ilctlon_L*122 TeV. In this case, howgver, we f!nd a very
a=1, andr;=rp=0, while for the fermion propagator we light Higgs mygq<=95 GeV. By increasing;, we increase
defineGg(p) =e™ R7RG(p), whereG(p) is obtained with th_e top-quark contribution to the effective potential. The
a=1, rp=—%+ip/(4k)(F/A?), andr;=— . The break- Higgs boson mass can then be larger, but the dcafebe-
ing of supersymmetry is parametrized By We must stress COMes closer to the electroweak scale. For example, when
that the effective potential is very insensitive to the actualt="—0.4, we have.~'=350 GeV andnyggs=100 GeV. If
value of F since the contribution to the integral in E@1) ~ # IS nonzero, we have more freedom and a heavier Higgs
comes from the regiop?~ 1/L2<F. The gauge contribution Poson can be obtained. Far=200 GeV andc,=—0.4 we
generates a potential that monotonically increases ith  find L™'=1 TeV andmy;4~105 GeV. Larger values of

L~ and the Higgs boson mass can be obtained, but this

2. Bulk matter contributions requires a precise tuning betweenand u. The fact thatc,
is preferred to be approximately0.5 (instead of near 0.5 as

Similarly, we can calculate the contribution from the bulk e ;
- : : : “assumed for the other quayksnplies that, in the 4D dual
hypermultiplets to the Higgs boson effective potential. Un theory, the top quark is mostly a CFT bound state instead of

like the gauge contributions, the loop diagrams now involve :
two bulk fermions. For the top quark the contribution to the? fundamental statésee the Appendjx The_ top squark is
effective potential is given by then present in the low-energy spectrum with a mass of order

TeV. All these results, however, are subject to some uncer-

(= dp (—1)+1 tainties which we will discuss next. _ _
Vtop(h):62 — p2n+3—[G§“(p) There are other one-loop corrections to the Higgs poten-
n=1Jo 8w n tial which we did not consider in Eq.33). An important
fpeey 20, one-loop effect is the renormalization of tlReterm in Eqg.
F (P)Im(h) (15). The D term is proportional to the gauge coupling, and
” 2 ) therefore the renormalization of th2 term depends on the
:6j°° dp. oll0g 1+pmi(h)Gg(p) corrections of the gauge coupling. In a slice of Ad®e
0 82 1+p2m2(h)G2(p) |’ gauge coupling receives logarithmic corrections at the one-

(32) loop level due to the fundamental fiel@gero modes[10].

This makes the gauge couplings in Eg6) differ from the
wherem?(h)=yZ|h|?, with y, defined as the 4D top-quark gauge couplings measured at low energies by sizable loga-
Yukawa coupling. The scalar boson propagator is given byithmic corrections. In the case where the fundamental sector
GB(p)ze*Z’T"RG(p)/ft2 wheref, is the fermion zero-mode consists of only the SM, these corrections reduce the Higgs
wave function evaluated gt= 7, andG(p) is given by Eq.  boson quartic coupling by-10%. The origin of these cor-
(29 with a=|c;+3|, re=3—c+F?(2A%, and rr=3  rections is easily understood in the 4D dual theory. By su-
—c;. Note that we are assuming an arbitrary 5D mislsg,  persymmetry, the Higgs boson quartic coupling is propor-
=cik. For the fermion we instead haveGg(p) tional to the gauge coupling. However, in our scenario
= eﬂ'kRG(p)/ftz where a=|c,+%|, andrp=rr=—c,. The  supersymmetry is broken in the gauge sector at high energies
top quark contribution generates a potential that monotoniE/A~Mp. Hence the evolution fronMp to TeV of the
cally decreases with, thus making it possible to break the gauge couplings is different compared to that of the Higgs
electroweak symmetry. boson quartic coupling, because the two kinetic terms in Eq.

(9) do not have the same renormalization. Since supersym-

3. Electroweak symmetry breaking and the physical Higgs ~ metry is only broken in the fundamental sector only these

boson mass fields can contribute to this difference.

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

1
L 2[h120 T 20 n2) k4 1
V(h) M |h| +8(g +g )|h| +Vgaugéh)+vtop(h)- _J d4XJ dy FaMVFfw5(y_7T)- (34)
(33

4g?

To study electroweak symmetry breakitGWSB), we
will restrict to a single Higgs doublet. The effective potential
of the neutral componenh is given by
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Equation(34) then modifies Eq(10) to wheref, (f,) is the wave function of the massless mode
(KK stateV(M), andi labels the number of SM Higgs dou-
1 =R 1 blets. Integrating ou‘t/(”), by using their equation of motion,
==+t (350  we obtain the effective 4D Lagrangian term
g 95 Oy

. g® fa(m)
Also the boundary conditions for the propagators are now Lef= —f 92 W (2
modified due to the presence of the boundary kinetic term. " n fo(m)

Their effect can easily be incorporated into the propagators o . , .
of Eq. (29) by taking Whereg is given in Eq.(10). When the Higgs boson obtains

a VEYV, this operator will induce extra mass terms for the SM
gauge boson®/, andZ,, namely,

(Hle 29VT2H,)2, (39

2.2 2
rT:—gSp 2R ¢ P g2 (36) 4

292k k? 1 1 my
9 — EXm%Z#Z”“— Exm_iw"WM’ (39
For positive values o€ the gauge contributions to the effec- . . . .
tive potential become smaller. For example, whenl, Eq.  Where in analogy with the flat extra dimension cgbg] we
(17) changes tcmﬁiz(O.O&L)2 and the physical Higgs bo- have defined

son mass can increase by approximately 10 GeV. Thus we £2
see that this type of boundary effect can be a substantial — ”(77)'
correction to the Higgs boson mass. n M2 f3(m)
Also higher-dimensional operators can contribute to the

Higgs boson mass. For example, if thgerm is nonzero, the The value ofX can easily be calculated from the 5D gauge
operator of Eq(38) gives a contribution to the Higgs boson boson propagator E429) by subtracting out the zero-mode
quartic coupling. However, the coefficient of the operator ofcontribution. Thus, we obtain

Eq. (38) cannot be very large, otherwise it will also give a )

fo(m)

2
mz

(40

very large correction to the electroweak observables, which m%

we will comment on in the next section. X= £2(m) {G(p= )
In summary, due to the above uncertainties, we cannot 0

obtain a precise prediction for the scélas a function of the By comparing with the flat extra dimension c446], where

electroweak scale. Nevertheless, we can conclude that Wm}(z(l.B m,Rq)?, we obtain the following bound for the

out any large tuning of the parameters, the scale of ne"\\ivarped case:a

physics,L ™! lies an order of magnitude above the elec-

troweak scale, and the physical Higgs boson mass is smaller Ria=4 TeV=L 129 TeV. (42)

than approximately 120 GeV.

=(4.1m,L)%. (41

Although the bound42) is quite strong, we must keep in
B. Electroweak bounds mind that there are inherent uncertainties in the above calcu-

o lation. First, there can be brane kinetic ter(84). These can

T_he success of the SM pred|(_:t|ons places strong conge taken into account by using E86) in the propagator
straints on the scale of new physics. In our model the KKpart of Eq.(41). However, we find that foe~1 the bound
states affect the SM relations between the electroweak ot(—42) is not affected very much. Second and more impor-
sgrvables. There are two kinds of effekij]. The first effect tantly, we have used E4LO) to relate the coupling of the KK
arises from thg exchange of the KK e>.<C|tat|ons of WeZ,_ states to the Higgs bosdthe g in front of Eq. (38)] with
and y, which induces extra contributions to four-fermion ¢, gauge coupling measured at low-energy experiments.
interactions. However, these contributions are very modeljowever Eq. (10) receives one-loop corrections
depe_ndent, and can be zero for certain cases where the SMn(k/TeV)= kR [10] that are model dependent. This gives
fermions do not couple to the KK statgkl]. Therefore, we 4 qizaple uncertainty to the bound in E@2), and conse-
will not consider them here. A second type of effect arises ifquently a lower value of 1/ could be possible. There are
the Higgs boson is on the boundary. In this case the SN qq the four-fermion interactions which are induced by the
gauge bosons will mix with the KK states, and modify their i states that are model dependent. Thus, scanning the pa-
massgs[l?]. These are the mode]-mdependgnt effects, a”‘fiameter space for models satisfying all the experimental con-
we will study them below. A similar analysis can also be gyaints requires a much more detailed analysis, which we

found in Re_f.[18]. _ _ will not present here.
In superfield notation the 4D Lagrangian of the SM gauge

boson KK states is given by C. The TeVIMp hierarchy and radius stabilization
EZJ d4e Hie 20slfoV+ iV 1 4 M2y 2 , In our model thfe large hierarchy between the Plapck scale
; [H; ly==tMn ] and 1L is explained by the warp factoa(w)=e ™R
(37 ~TeVIMp as in the Randall-Sundrum modé]. However,
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this requires a stabilization mechanism for the radion. Sev- APPENDIX: MASS SPECTRUM OF BULK FIELDS
eral mechanismf20,21] have been proposed in the past. The AND ITS HOLOGRAPHIC INTERPRETATION
mechanism of Ref.20] is not supersymmetric, while we find
that those of Ref[21] are not operative in our scenario.
Nevertheless, it has been recently pointed[&at that the
radius can be stabilized by quantum effe@ssimir energy
if certain fields(e.g., gauge bosopare in the bulk. This is a
very simple solution to the stabilization of the hierarchy that
can also be operative in our scenario. Furthermore, it doe
not affect the results presented above.

In this appendix we will derive the 4D mass spectrum of
the supersymmetric bulk fieldsvector and hypermultiplet
when supersymmetry is broken on the Planck-brane by Eqgs.
(8) and (12). We will show that the 4D particle states split
into two types: those which are sensitive to the Planck brane

re to be associated with fundamental fields in the 4D dual

eory, while those which are sensitive to the TeV brane are
to be associated with CFT bound states. Only the first type of
states directly feel the breaking of supersymmetry.

If we consider the supersymmetry-breaking teii@sand

We have presented a novel class of particle models i12) then the boundary mass terms for the gauginos and
which different sectors of the theory have different scales ofquarks are
supersymmetry breaking. The model is based on a 5D theory
compactified in a slice of AdS as shown in Fig. 1. It has a _ fd“xfd
very interesting holographic interpretation: one sector is y
composed of CFT bound states, while the other sector con-
sists of fundamental fields. Even if the scale of supersymmethe 4D mass spectrum is obtained from the poles of the
try breaking is large Mp), the CFT sector is only sensitive propagators of E(29)
to supersymmetry breaking effects of order! (TeV),
wherelL is the size of the bound states. IL(me™ Rk YP(m/k) =Y (me™Rk)IP(mik). (A2)

We have applied our scenario to the SM in which only the
Higgs sector is supersymmetric, and depending on the valugor the gauginos we have=1, rp=—3+m/(4k)(F/A?)
of c;, also the top quark. While the supersymmetric Higgsandr= — 3. For these values, the right-hand si@®HS) of
sector can either consist of one or two Higgs doublets, atq. (A2) can be neglected for any value of the
interesting alternative involves identifying the Higgs bosonsupersymmetry-breaking paramefgrand the masses can be
as the partner of the tau lepton. The Higgs boson mass paetermined by the zeros df (me™R/k)YP(m/k). This al-
rameter is protected by supersymmetry, which can be an ofows one to separate the solutions into two types. Those that
der of magnitude smaller thanLl/and much smaller than depend on the boundary conditions at the TeV-brane, and
Mp. Therefore this scenario not only solves the hierarchythose that depend on the boundary conditions at the Planck-
problem but naturally explains the “little” hierarchy between brane
the electroweak scale and the composite Higgs boson scale
1/L~ TeV in a novel way. This is one of the main points of ~ J{(me™R/k)=0 — Jo(me™R/k)=0, (A3)
the paper.

The model also has several interesting predictions. First, F m
the quartic Higgs boson coupling is fixed by supersymmetry, Yf(m/k) =0 - m=— —zk( Iogﬁ + v
and as in the MSSM, leads to a light Higgs boson. The pre- 4A
cise value of the Higgs boson mass is very model dependent (A4)
(as in the MSSM but if no large tuning of parameters is
imposed, we obtaimy;gs< 120 GeV. Second, the only su-

IV. CONCLUSION

FZ
2)\"")\""+Pk|q|2

oly). (A1)

F
giA

-1

where yg is the Euler-Mascheroni constant. Equati@8)
; ; . ; determines the KK spectrum and it is associated with the 4D
persymmetric SM partner is the Higgsirtand possibly the CFT spectrum. Note that the KK spectrum does not depend

top squark, with a mass around the electroweak scais- onF, and so the gauge boson and gaugino KK masses are the
less we choose the tau to be the partner of the Higgs boson___’ gaug gaug

. Lo R . ame. EquatioriA4) corresponds to the “zero modg’.0]
Experimental searches for this Higgsino are very d'ﬁerem\?vhich in the 4D dual picture is associated with a fundamen-

from ordinary chargino searches due to the degeneracy of tt}e ; ; o E L : .
S : al field® (this solution is valid ifm=k). This zero mode is
charged and neutral Higgsino compon¢g]. Finally, at the partner of the SM gauge boson which, as advertised, has

energiesL 1~ TeV, there are plenty of new CFT reso- : .
; _a mass of ordeF/A. WhenF—0, this gaugino becomes
nances(KK stateg that approximately respect supersymme massless. If we actually take into account the RHS of Eq.

g{;gg'ﬁ;\e,agfaﬁ new and interesting possibilities for phySICS(A2), then this corresponds to considering the mixing be-

tween the CFT bound-states and fundamental fighits. 2).
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For the squarks, the mass spectrum is determined by Eeffect is due to the large mixing that exists between the
(A2) with a=|c+3|, rp=2—-c+F?/(2A%, and rr=2  sourcesP and the CFT states. Far<—3 the RHS of Eq.
—c, where ¢ parametrizes the 5D hypermultiplet mass (A2) can be neglected again, and we find

Msp=ck. The holographic interpretation of the mass spec- .1 KR/ KR/

trum depends on the values afForc=%, we have a situ- Jje+12(METTTKI=0 = Jyp (M) =0, (A7)

ation similar to the gauge sector where the RHS of Bg) YP . ,(m/k)=0 — no solution for m=k.

can be neglected and the masses are determined by jo+112 (A8)
JIH,Z(me"kR/k):O — Je_12(Me™RIK) =0, (A5) Thus, in this case there is no fundamental state whose mass

is proportional toF, which would become massless in the

o F2 1 limit F—0. However, there is an extra massless mode that
Yei12Mk)=0 — m’=(c—1/2) sz, (C>§), can be found by looking at the pole of the full propagator Eq.
(29) in the limit that the Planck-brane decouplés—{ with
g2 m -1 1 e™R/k fixed). This massless mode corresponds to a CFT
— m?=— —kz(log——f— vel (C: —>_ bound state. It picks a tree-level mass from its mixing with
2A% 2k 2 the fundamental fielf22] [this can be seen by not neglecting

(A6) the RHS of Eq(A2)]. In the formal limitc— — «, the spec-
trum consists of a single supersymmetric field localized on

The state whose mass is given by EA6) is the one to be the TeV-brane.
associated, in the 4D dual picture, to the fundamental state A similar analysis can be done by using the standard ho-
(the partner of the quajklts mass is of ordeF/A~Mp lographic corresponden¢4] to calculate the two-point func-
(this is valid if m=<k), showing that supersymmetry in the tions (OO) where O is the CFT operator of Eq4). In a
fundamental sector is broken at the schlg. For —3<c  theory with a TeV-brand ©O) has poles corresponding to
<3 the RHS of Eq(A2) cannot be neglected independently the CFT bound states. One will find that the CFT spectrum is
of the value ofF, and the solutions to EA2) cannot be determined by Eq94A3), (A5), and(A7). If the sources are
separated into those that depend on the TeV-brane and thodgnamical, then their propagators are given by pd/(
that depend on the Planck-brane. This makes it difficult to—(©0)), and the mass spectrum is obtained frquh
identify the fundamental and CFT states. This nondecoupling-{©00)=0.
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