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Warped 
Extra Dimension

¥Gauge hierarchy problem: 
Higgs mass [Randall, Sundrum 99]
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plays the role of a dynamcial supersymmetry breaking scale. In these models boundary

conditions were usedto break supersymmetry. In the present work, we pursue this idea of

identifying the warp factor with a dynamically generated scale in the context of realist ic,

strongly coupled 4d SUSY gauge theories, softly broken by the e! ects of DSB. A simple 5d

gravit ational dual will be described.
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A key insight is gained from recent developments in string/ M-theory and it s e! ective

supergravit y descript ions. We note that the realizations of AdS/CFT that are on a Þrm

theoret ical footing arise in just this context. Whereas the original breakthrough came in

modelswith maximal SUSY[20], it has beenknown for sometime now how to construct rig-

orousgauge/gravit y dual systemswith far lessSUSY[21, 22]. [* more refs? *] In particular,

the Klebanov-Strassler solution [22] preservesN = 1 SUSYin the 4d gauge theory. In recent

work [23], the realization of bulk scalarmodes were studied in this Type IIB supergravit y

context, and related them to scalars that would appear in AdS5 phenomenological models.

For realistic models, SUSYmust be spontaneously broken; it is natural to askwhether there

are non-SUSYsupergravit y backgrounds that might be useful for this purpose.There exist
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ds2 = e! 2ky dx2 + dy2



¥Fermion masses: 
e.g. electron, top         
[TG, Pomarol 00]

¥SUSY-breaking scale: 
e.g.Warped MSSM            
[TG, Pomarol 00]

Can we explain  fermion mass hierarchies 
AND low SUSY-breaking scale?   Yes!
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Reality Check:  AdS/CFT correspondence
                                                                  [Maldacena, 97]

5D warped dimension              strongly coupled 4D theory

Bottom line: Extra dimensions need not be real       
                mathematical tool

   Witten 81: Dynamical SUSY breaking

               
                AdS/CFT:   

Build strongly coupled 4D model using 5D warped dimension
                                                                new tool!

M SUSY = e
! 8! 2

g 2 bi M P

e
! 8! 2

g 2 bi ! e! ! kR



Sparticle mass spectrum determined by 
fermion mass spectrum!
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SUSY breaking motivated from string theory:
[Klebanov-Strassler 00]
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I I. SUMMAR Y OF THE MODE L
msu

In an appendix, we describe in detail how the deformedbackground is obtained from the

Klebanov-Strassler solution and its deformed children [* hmm...maybe thatÕsnot a good

way to put it? * ]. Here we will summarizethe main result , and proceed to a description of

the phenomenological model.

The deformation is increasingly signiÞcant asoneapproachesthe IR brane. To bespeciÞc,

the 5D background geometry that we work with in our string-inspired approach is:

ds2
5 = A2(z)

!
dx2 + dz2

"
, (2.1)

A2(z) =
1

(kz)2

#

1− !
$

z
zIR

%4
&

, (2.2) defmetric

wherek is the AdScurvature scale and zIR is the position of the IR brane. The 5D cordinates

are (xµ, z) and the 4D Minkowski metric has signature (Ð+ + +) . The ! → 0 limit is

just AdS5, corresponding to what was assumed in the Randall-Sundrum models. Large

z corresponds to the IR of the theory; it is clear that this is where the deformation will

dominate. Physical arguments and the fact that this is meant to be a small perturbation

(SUSY breaking far below the AdS curvature k ∼ mP scale)requiresthat

! < 1, zIR >∼ mP / TeV. (2.3)

Because we restrict the form of the tr ee-level bulk action to be the one that where

gauginos are masslessin the AdS limit, the deformed background action has a U(1)R that

protects the gauginos from acquiring mass.1 This symmetry is broken by the Higgs vevs,

but the e! ect is too small to yield su" ciently large gaugino masses. Rather, it will be

conventional, perturbativ egaugemediation that communicatesthe supersymmetrybreaking

of the background to the gauginos. [* Is there a problem from a too light U(1)R axion? I

Þnd that in the SiSemodels there is a nonanomalous U(1)R symmetry. *] We determine

the crucial ratio F/ M that encodes the messenger dynamics by comparing scalar masses

of composite states to the results of Arkani-Hamedet al. (ALT) [5]. The ratio F/ M then

1 In an appendix, we show that there is an alternative form with Z(2)R symmetry that protects the gaugino

from getting a mass.
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5D metric deviates in the IR:

UV IR

e! ! / 3 ! z

SUSY breaking in the IR



5D background preserves U(1) R symmetry:

Fermionic terms in the SUGRA action of D3-braneshave beenconsideredfor instance

in [30]. For the D7-branesthat we expect the ßavor Þeldsto comefrom, the features that

we now discuss should be the same,since they are understood in terms of a dimensional

reduction of 10d fermions and their couplings to the closed string modes of I IB SUGRA.

The important result is in Eq. (9) of [30]. There is a gaugino coupling to the I IB 3-form

G(3) :

Gij k !! + h.c., (5.1) gft

where we use a more standard notation and denote gauginos as ! . Here, Gij k is the (3,0)

holomorphic component of G(3) .

In the KuSo background that we study, G(3) is nonvanishing. Furthermore, there is a

U(1)R ! Z (2)R breaking corresponding to:
!

S3
G(3) " z. (5.2)

The S3 that is integrated over is the one that described the embedding of the D7-branes

into T1,1. [The precisedetails can be worked out from Lo.-Sonn. [31] (6.1)-(6.2), and KuSo

(2.25,2.28,3.29). But there is uncertainty regarding the coe! cient of the fermion term that

I havenÕtyet resolved...donÕtknow that I can. For now, it is equiv. to the phenÕlconstant

" .] Taken together with the fermionic terms of the form (5.1), we thus arrive at gaugino

massterms:

" z! i #3
ij ! j . (5.3)

Clearly, theseare strongest in the IR. To account for this, it is natural to write:

" S = c
!

d4xdz
#

$ g(z/z IR )! i #3
ij ! j . (5.4)

[* Now integrate against the gaugino proÞlethat we obtain neglectingthe mass term...since

very small. Then solve exactly and compare. * ]

VI . PHENOM ENOL OGY

A. Cosmol ogy

The ÷$0
1 NLSP will remain in thermal equilibrium until its massscale is reached, with a

decouplingtemperature % m÷! 0
1
/ 20 % 5 GeV. Thence,the decay to the gravit ino LSP occays

12

Fermionic terms in the SUGRA action of D3-braneshave beenconsideredfor instance

in [30]. For the D7-branesthat we expect the ßavor Þeldsto comefrom, the features that

we now discuss should be the same,since they are understood in terms of a dimensional

reduction of 10d fermions and their couplings to the closed string modes of I IB SUGRA.

The important result is in Eq. (9) of [30]. There is a gaugino coupling to the I IB 3-form

G(3) :

Gij k !! + h.c., (5.1) gft

where we use a more standard notation and denote gauginos as ! . Here, Gij k is the (3,0)

holomorphic component of G(3) .

In the KuSo background that we study, G(3) is nonvanishing. Furthermore, there is a

U(1)R ! Z (2)R breaking corresponding to:
!

S3
G(3) " z. (5.2)

The S3 that is integrated over is the one that described the embedding of the D7-branes

into T1,1. [The precisedetails can be worked out from Lo.-Sonn. [31] (6.1)-(6.2), and KuSo

(2.25,2.28,3.29). But there is uncertainty regarding the coe! cient of the fermion term that

I havenÕtyet resolved...donÕtknow that I can. For now, it is equiv. to the phenÕlconstant

" .] Taken together with the fermionic terms of the form (5.1), we thus arrive at gaugino

massterms:

" z! i #3
ij ! j . (5.3)

Clearly, theseare strongest in the IR. To account for this, it is natural to write:

" S = c
!

d4xdz
#

$ g(z/z IR )! i #3
ij ! j . (5.4)

[* Now integrate against the gaugino proÞlethat we obtain neglectingthe mass term...since

very small. Then solve exactly and compare. * ]

VI . PHENOM ENOL OGY

A. Cosmol ogy

The ÷$0
1 NLSP will remain in thermal equilibrium until its massscale is reached, with a

decouplingtemperature % m÷! 0
1
/ 20 % 5 GeV. Thence,the decay to the gravit ino LSP occays

12

Leads to 3rd generation squark and slepton masses via 
gauge mediation.

Flux compactiÞcation gaugino masses

No SUSY-breaking 
fermion mass

! ! ÷f ÷f

f

! !

÷f ÷f

÷f÷f



Dual 4D theory mimics Single-Sector model 

¥NO messenger sector

¥Single sector Generates composite 1st & 2nd 
generation quarks and leptons

¥Gauge mediated contributions to gauginos 
and 3rd generation

Dynamically breaks SUSY

{

m! ! N
!
4"

F øU
øU

÷m2
1,2 !

F 2
øU

øU2

÷m2
3 ! N

!
!
4"

F øU
øU

" 2

[Arkani-Hamed, Luty, Terning 97]



Scalar masses are calculable in 5D model:

e.g.

LSP

÷eL, ÷eR, ÷! eL 10160,10150,10160GeV

÷µL, ÷µR, ÷! µL 5145,5130,5145GeV
÷dL, ÷dR, ÷uL, ÷uR 5905,5885,5970,5890GeV

÷sL, ÷sR, ÷cL, ÷cR 5905,5885,5970,5890GeV

÷g 1615GeV
÷b1, ÷b2, ÷t1, ÷t2 1354,1369,1253,1369GeV

÷"1, ÷"2, ÷! ! L 511, 630, 633 GeV

÷#±1 , ÷#±2 478, 593 GeV

÷#0
1, ÷#0

2, ÷#0
3, ÷#0

4 288, 480, 511, 598 GeV

h0, A0, H 0, H ± 115, 646, 646, 651 GeV
÷G 2.35 eV

TABLE IV: Parti cle massspectr um of the examplesingle-sector model described in the text.

IV . LHC SI GNAL

Here we present the results of a preliminary LHC study of the pp ! 2! + "ET signal in
the single-sector model we are studying. The diphoton signal has beenstudied as a probe
for new physics, for instance, by the experiments at Tevatron; an example is [26]. The
study was performed usingPYTHIA (version 64.08) [27]. Subsequent studiesusing detector
simulations would allow for a reÞnement of the results summarized here. Nevertheless,it
can be seenfrom the results given below that for the spectrum studied here, it is easyto
remove virtua lly all backgrounds and have discovery wit h 1-10 fb! 1 of data.

The spectrum of SUSY particles and Higgses is given in Table IV. Due to R-parit y, two
SUSY particles are produced (except in the caseof Higgs pair production) and at the end
of the decay chain onehas:

2÷" 0
1 ! 2(! + ÷G) (4.1)

where ÷G is the gravitino . As a consequence, two very hard photons and lots of missing
transverseenergy("ET ) characterize the SUSY events. The decay length for ÷" 0

1 is a fract ion
of a mm, so the decay occurs inside the tracking system. It is unlikely that a mm decay
length canbemeasuredin the tracking system,although this perhapsdeservesfurther study.

A. Com par ison to conventi onal gauge medi ation

Diphoton rates are reducedby a factor of 3-7 relativ e to conventional gauge mediation
with the same valuesof M , F/ M , tan #, number of messengersand µ < 0. From the scaling
of the signiÞcancefactor S/

#
B, we concludethat 10-50 times moredata will be requiredfor

discovery in the diphoton channel. That is, our model has event rates that are suppressed

14

! = 0.05, z! 1
I R = 35TeV



Typical mass spectrum

Like Òmore minimalÓ SSM 
[Dimopoulos, Guidice 95; Pomarol, Tommasini 95; Cohen, Kaplan, Nelson 96]

LSP=gravitino ~ 1eV

5

0

10
TeV

plays the role of a dynamcial supersymmetry breaking scale. In these models boundary

conditions were usedto break supersymmetry. In the present work, we pursue this idea of

identifying the warp factor with a dynamically generated scale in the context of realist ic,

strongly coupled 4d SUSY gauge theories, softly broken by the e! ects of DSB. A simple 5d

gravit ational dual will be described.
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Scalar mass constraints:

C. FCNCÕs

The soft massmatrices ÷m2
ij that will arise from the 5D calculation are of a diagonal,

nondegenerate form. The same is true for the D-term contributio ns to scalar massesthat

occur after EWSB. On the other hand, the F-term contr ibutions are of the form (!   ! )ij v2,

the square of the 4D Yukawa couplings. This is the only sourceof mixing, say between

÷dL -÷sL . Thus, we can replacethe constraints of Eq. (4.18) of ALT by:

" ÷m2
ds

(10 TeV)2
<! 10! 2 (F/ M )3

(10 TeV)3
(4.3)

Recall that F/ M is of order 100 TeV. Also, " ÷m2
ds is much less than (100GeV)2, because

of small Yukawa coupling suppression for the light generations. Thus we avoid the bounds

on FCNCÕsby more than Þve orders of magnitude. Renormalization e! ects are not of any

concernbecause SUSY is broken at 100 TeV, rather than a high scale.

The fact that we avoid FCNCÕscan be traced to the fact that our SUSY-breaking is

transmitted through the deformed metric. This is a ßavor diagonal e! ect , and does not

generate mixing in the 4D theory. On the other hand, one might imagine a more generic

5D action that would mimick the operators consideredin Eq. (4.16) of ALT. However, these

speculations are beyond the scope of the present work. In the model that we present, one

should assumethat there is an unspeciÞed(symmetry) mechanism at work in the string

theory vacuum that suppressessuch operators. That is, we restrict to a class of vacua with

good properties vis-«a-vis FCNCÕs.[* Could t his be an anthr opi c ÒdecisionÓ? What

woul d happ en t o us if FCNC Õswere large? *]

D. Bul k soft masses

For tan # = 10, we obtain the bulk soft massspectrum shown in Table IV. Theseare the

massesobtained for the lightest modes, zeromodesin the AdS5 limit, from the classical 5D

calculation. They represent bona fide nonperturbative massesin the 4D dual theory.

V. LHC PHE NOME NOLOGY
lhc

Here we present the results of a preliminary LHC study of the pp " 2$+ #ET signal in

the single-sector model we are studying. The diphoton signal has beenstudied as a probe
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¥FCNC

¥Hypercharge F-I term

IV. NON-LHC PHENOMENOLOGY
nlhc

A. Cosmology

The !̃ 0
1 NLSP will remain in thermal equilibrium until its mass scale is reached, with a

decoupling temperature ! m÷! 0
1
/ 20 ! 5 GeV. Thence, the decay to the gravitino LSP occays

immediately. Today the kinetic energy stored in the gravitinos will be " 10! 13 á5 GeV

= 5 # 10! 4 eV, so that the gravitinos are nonrelativistic relics with no astrophysical e! ects.

At the time of galaxy formation, the kinetic energy will be roughly 103 larger, or 0.5 eV.

Given our estimate m3/ 2 " 0.1 eV, it is possible that the gravitinos could be relativistic.

However, their density should still be small enough that they do not a! ect galaxy formation

in a significant manner.

Because the NLSP decays promptly, and the LSP is very light, these cannot provide the

needed dark matter density. It is an interesting question whether or not strongly-interacting

dark matter from the 100TeV scale gauge theory could produce dark matter candidates

with the necessary properties.

B. Hypercharge FI term constraints

It is important that we not generate a large FI term for hypercharge when the heavy first

and second generation are integrated out. This amounts to the constraint

Tr Ym̃2 = 0 (4.1)

at the messenger scale. For the leptons, this is not an issue, because we can have left-right

degeneracy for each generation separately, and Tr Y = 0 for L i + ec
i , i = 1, 2, 3. However

for the squarks, the left-right degeneracy would be broken if all the hierarchies in the 4D

Yukawas were generated from bulk profiles. We resolve this potential di" culty by imposing

degenerate c’s for all the chiral superfields Qi , uc
i , dc

i , i = 1, 2. The absence of a 1-loop

hypercharge FI term then follows from Tr Y = 0 for each generation of Qi , uc
i , dc

i . The

alternative is to fine-tune left-right splitting such that

m̃2
Qi $ 2m̃2

uci + m̃2
dci = 0, i = 1, 2. (4.2) noyc

However, as we next discuss, FCNC constraints provide another compelling reason to impose

degeneracy amongst the c’s, which is what we will do in all that follows.

12

Heavy 1st and 2nd generation leads to large D-term contribution
to Higgs mass.  Require:

e.g. K-K mixing:



Scalar masses cannot be too heavy:

Tachyonic stop/sbottom

One-loop:

Two-loop:

! (1)
÷m 2

Q 3
! "

" s

4#
32
3

M 2
3

Require: ÷m2
Q3

(TeV) > 0

! (2)
m̃ 2

Q 3

!
" 2

s

(4#)2
4 á32

3
÷m2

1,2

m̃1,2 ! 6M 3



LHC signal :
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strongly coupled 4d SUSY gauge theories, softly broken by the e! ects of DSB. A simple 5d

gravitational dual will be described.

MSUSY = e
! 8!

g2 Mp (1.1)

e
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MP e! πkR (1.3)
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pp " 2! + ET (1.6)

A key insight is gained from recent developments in string/M-theory and its e! ective

supergravity descriptions. We note that the realizations of AdS/CFT that are on a firm

theoretical footing arise in just this context. Whereas the original breakthrough came in

models with maximal SUSY [20], it has been known for some time now how to construct rig-

orous gauge/gravity dual systems with far less SUSY [21, 22]. [* more refs? *] In particular,

the Klebanov-Strassler solution [22] preserves N = 1 SUSY in the 4d gauge theory. In recent

work [23], the realization of bulk scalarmodes were studied in this Type IIB supergravity

context, and related them to scalars that would appear in AdS5 phenomenological models.

For realistic models, SUSY must be spontaneously broken; it is natural to ask whether there

are non-SUSY supergravity backgrounds that might be useful for this purpose. There exist
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More data than 
conventional gauge 
mediation needed

Impose cuts to reduce background:

Since           very heavy 
diphoton rates reduced        

pT,! ! 40 GeV, ET ! 60 GeV (1.11)

A key insight is gained from recent developments in string/ M-theory and it s e! ective

supergravit y descript ions. We note that the realizations of AdS/CFT that are on a Þrm

theoret ical footing arise in just this context. Whereas the original breakthrough came in

modelswith maximal SUSY[20], it has beenknown for sometime now how to construct rig-

orousgauge/gravit y dual systemswith far lessSUSY[21, 22]. [* more refs? *] In particular,

the Klebanov-Strassler solution [22] preservesN = 1 SUSYin the 4d gauge theory. In recent

work [23], the realization of bulk scalarmodes were studied in this Type IIB supergravit y

context, and related them to scalars that would appear in AdS5 phenomenological models.

For realistic models, SUSYmust be spontaneously broken; it is natural to askwhether there

are non-SUSYsupergravit y backgrounds that might be useful for this purpose.There exist

deformations of the Klebanov-Strasslerbackground that soft ly break all of the supersym-

metry in the infrared (IR) of the 4d theory [24, 25] [* more refs? Does Borokhov & Gubser

allow for SUSY-breaking in placesother than the IR? * ]. As we show below, when the

ten-dimensional (10d) supergravit y theory is reduced to 5d, the background geometry is

a deformation of AdS5, wit h the modiÞcation growing stronger as one moves further into

the AdS throatÑcor responding to SUSY-breaking near ÒIR braneÓ of phenomenological

models. We will use the non-SUSY background of [25] as a starting point to construct a

string-inspired model with realistic phenomenology. In particular, we embed the MSSM into

a sliceof the deformedAdS5, with all but the Higgssector propagating in the bulk, bounded

by both a ÒUV braneÓand an ÒIR brane,Óas in the Randall-Sundrum 1 model [14]. At

low energies,the theory is described by the MSSMwith SUSY-breaking soft terms that are

determinedby the deformed AdS5 geometry; since thedeformation is determinedby a single

parameter, the model is quite economical.

In Section I I we summarize the phenomenological model that we construct....

I I. SUMMAR Y OF THE MODE L
msu

In an appendix, we describe in detail how the deformedbackground is obtained from the

Klebanov-Strassler solution and its deformed children [* hmm...maybe thatÕsnot a good
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Conclusion
¥5D warped dimension provides new tool to 

study single-sector SUSY breaking models

¥Scale of SUSY-breaking and fermion mass 
hierarchy is explained

¥Sparticle mass spectrum related to fermion 
mass spectrum

¥Can eventually be seen at LHC


