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Supersymmetric extra dimensions: Gravitino effects in selectron pair production
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We examine the phenomenological consequences of a supersymmetric bulk in the scenario of large extra
dimensions. We assume that supersymmetry is realized in the bulk and study the interactions of the resulting
bulk gravitino Kaluza-Klein~KK ! tower of states, with supersymmetry breaking on the brane inducing a light
mass for the zero-mode gravitino. We derive the 4D effective theory, including the couplings of the bulk
gravitino KK states to fermions and their scalar superpartners. The virtual exchange of the gravitino KK states
in selectron pair production in polarizede1e2 collisions is then examined. We find that the leading order
operator for this exchange is dimension 6, in contrast with that of bulk graviton KK exchange which induces
a dimension 8 operator at lowest order. The resulting kinematic distributions for selectron production are
dramatically altered from those inD54 supersymmetric scenarios and can lead to an enormous sensitivity to
the fundamental higher-dimensional Planck scale, of order (20– 25)3As.
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I. INTRODUCTION

There has been much interest recently in the framew
proposed by Arkani-Hamed, Dimopoulos, and Dvali~ADD!
@1,2#, that resolves the hierarchy problem by exploiting t
geometry of spacetime. In this scenario, the fundame
scale of gravity in a higherD541d dimensional spacetime
is assumed to be of the order of the electroweak scale;1
TeV. The apparent weakness of gravity in our fou
dimensional world originates from the large volume of t
additionald spatial dimensions. The four-dimensional Plan
scale is no longer a fundamental scale, leaving the e
troweak scale as the ultraviolet cutoff of the low-energy
fective theory. The gauge hierarchy is thus effectively elim
nated and reduced to the more tractable problem
stabilizing the higher-dimensional radii@3#. In this scenario,
gravity propagates throughout the higher-dimensional v
ume, known as the bulk, whereas the standard model~SM!
fields are confined to a three-dimensional brane, or wall.

In this theory Gauss’ law relates the Planck scale of
four-dimensional theory,M P , to the fundamental scale o
gravity, MD , through the volume of the compactified dime
sionsVd via

M P
2 5VdMD

21d , ~1!

whereM P51.231019 GeV is the 4D Planck scale. Settin
MD;1 TeV then determines the compactification radiusRc
of the extra dimensions, with the exact relationship being
by the geometry of the compact dimensions. Assuming
the extra dimensions are of toroidal form and are all of eq
size, we haveVd5(2pRc)

d. Rc then ranges from a submil
limeter to a few fermis ford52 – 6. The case ofd51 is
excluded as it predicts corrections to Newtonian gravity
distances comparable to those in the solar system. A sim
scenario can be realized in string theory where the st
scale plays the role of the higher-dimensional fundame
scale@4#, with the string scale acting as the ultraviolet cuto
of the theory.
0556-2821/2004/69~1!/015001~18!/$22.50 69 0150
k,

al

-

c-
-
-
f

l-

e

et
at
l

t
ar
g
al

Proposals for the localization of SM matter and gau
fields to a (311)-dimensional wall have been made in th
context of topological defects of higher-dimensional fie
theories@5#. Such localization can occur naturally in strin
theory via D-branes where the SM particles are represe
by open strings whose ends lie on the D-brane, while gra
tons, which carry no gauge charges, may propagate in
bulk and correspond to closed strings@2,6,7#.

Since this scenario modifies gravity at the electrowe
scale, it is natural to expect the emergence of new phen
ena at the TeV scale which may reveal itself in experime
and lead to signatures very different from SM prediction
Upon compactification, the bulk graviton expands into
Kaluza-Klein ~KK ! tower of states, referred to as a bu
graviton KK tower, which interact with the SM fields on th
brane. Collider signals for the graviton KK states have be
studied by various authors@8,9#, who have considered th
virtual exchange of bulk graviton Kaluza-Klein towers, pr
cesses which radiate gravitons into the bulk, and stringy
citations of the standard model particles. Data from the F
milab Tevatron, CERNe1e2 collider LEPII, and DESYep
collider HERA @10# presently constrainMD*1 TeV for all
values ofd, while the CERN Large Hadron Collider~LHC!
and a future high-energye1e2 Linear Collider are expected
to probe fundamental scales in the 5–9 TeV range. As
physical and cosmological considerations@11# place strin-
gent bounds, of the order ofMD*100 TeV, for the case of
d52; these limits weaken substantially toMD*1 TeV for
higher values ofd. Mechanical experiments have tested t
inverse-square nature of the gravitational force law down
distances of 150mm @12# for the case ofd52. This scenario
is thus consistent with all data as long as the number of e
dimensions is greater than 1, with the case ofd52 being
disfavored in terms of being relevant to the hierarchy pro
lem.

While the original motivation for the ADD scenario wa
to solve the hierarchy problem without the introduction
low-energy supersymmetry~or technicolor!, one still might
ask whether supersymmetry plays a role in such a scen
Clearly, bulk supersymmetry is not in conflict with the bas
©2004 The American Physical Society01-1
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assumptions of the model. In fact, various reasons exist
believing in a supersymmetric bulk, not least of which is t
motivation of string theory. As discussed above, the D-bra
of string theory provide a natural mechanism for the confi
ment of the SM fields. If string theory is the ultimate theo
of nature then the proposal of ADD might be embedd
within it with a supersymmetric bulk, i.e., a bulk supportin
a supersymmetric gravitational action. In addition, extra
mensional geometries have been shown to provide n
methods for breaking supersymmetry@13,14#, the possibility
that a supersymmetric bulk might provide a source for a t
cosmological constant has been discussed@15#, and super-
symmetry might also serve as a mechanism for stabiliz
the bulk radii. Supersymmetry has also been considere
the context of warped extra dimensions present in
Randall-Sundrum scenario of localized gravity@16#.

In this paper, we investigate the consequences of a su
symmetric bulk in the ADD scenario. If bulk supersymmet
remains unbroken away from the brane, then it is natura
ask what happens to the superpartners of the bulk gravit
the gravitinos. The bulk gravitinos must also expand int
Kaluza-Klein tower of states and induce experimental sig
tures. Up to now, the phenomenology of such gravitino K
states has been unexplored. The existence of a light gr
photon, which is present if there is no orbifolding, in sup
symmetric ADD has been shown to alter the nonsupers
metric ADD phenomenology@17#, and hence we also expe
large effects from the gravitino sector. Here, for concre
ness, we examine the virtual exchange of the bulk gravit
KK tower in superparticle pair production.

We now outline the approach taken in this paper.
study the compactification of the gravitino sector of a gene
supergravity theory living in the bulk and work out the for
of the effective action describing the free part of the redu
action on the (311)-dimensional brane to which the field
of the minimal supersymmetric standard model~MSSM! are
assumed to be confined. We assume that supersymmet
the wall is broken, giving rise to masses for the zero mo
of the Kaluza-Klein tower resulting from the reduction of th
higher-dimensional gravitinos, and shifting the masses o
higher modes. We make no special assumptions about
nature or origin of confinement of the MSSM fields to t
wall. We then derive the couplings of the Kaluza-Kle
modes of the higher-dimensional gravitinos to fermions a
their scalar superpartners on the wall, yielding an effect
4D theory, which we then use to study the corrections
collider signatures of certain processes in the MSSM.
purposes of illustration, we work with a ten-dimension
theory; the generality of our results should be apparent~up to
considerations of representations of fermions in various
mensions!.

The gravitino zero mode acquires a mass from the sp
taneous breaking of supersymmetry~SUSY! on the brane,
with this mass being proportional to;LSUSY

2 /M P , where
LSUSY represents the supersymmetry breaking scale in a
neric model, noting that the zero-mode gravitino coup
with the usualM P

21 strength. This familiar 4D expressio
can also be seen to arise from the volume factor after i
grating over thed extra dimensions and using Eq.~1!. Vari-
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ous SUSY breaking scenarios thus yield different predictio
ranging from ultralight gravitinos from weak-scale supe
symmetry breaking models, light gravitinos in gauge me
ated SUSY breaking, and heavier gravitinos in models
gravity and anomaly mediated SUSY breaking. The possi
ity of light gravitinos is an interesting one, and their gene
collider @18# and astrophysical@19# implications have been
studied, with direct collider searches yielding a bound
m3/2*1025 eV @20#. In particular, the case of gauge med
ated SUSY breaking~GMSB! has been intensively studie
@21#, as a light gravitino modifies the standard collider sea
techniques for supersymmetry and provides a good candi
for warm dark matter@22#. In this paper, we work in the
context of gauge mediated supersymmetry as it naturally
fords a light gravitino state; however, our results apply to a
supersymmetric model with a light gravitino, includin
weak-scale breaking models.

We focus on the effects of the virtual exchange of the b
gravitino and graviton KK tower states in the proce
e1e2→ẽ1ẽ2 at a high-energy linear collider. This proce
is well known as a benchmark for collider supersymme
studies@23#, as the use of incoming polarized beams enab
one to disentangle the neutralino sector and determine
degree of mixing between the various pure gaugino sta
The effects of the virtual exchange of a bulk graviton K
tower in selectron pair production were examined in@24# for
the case of nonsupersymmetric large extra dimensions. H
we will see that the introduction of bulk gravitino KK ex
change greatly alters the phenomenology of this process
modifying the angular distributions and by substantially
creasing the magnitude of the cross section. We find that
leading order behavior for this process is given by
dimension-6 operator, in contrast to the dimension-8 oper
corresponding to graviton KK exchange. This yields a t
mendous sensitivity to the existence of a supersymme
bulk, resulting in a search reach for the ultraviolet cutoff
the theory of order (20– 25)3As.

Our paper is organized as follows. In Sec. II we pres
the Kaluza-Klein decomposition of the gravitinos in such
model. In Sec. III we use the general Noether technique
couple the gravitino Kaluza-Klein states to matter fields, a
in Sec. IV we present the phenomenology of this scena
pointing out some generic features of such models. Our c
clusions are given in Sec. V. Various details are relegate
the Appendixes.

Our notation in this paper is as follows. We assume t
space-time possesses 3111d dimensions, with matter con
fined to a (311)-dimensional brane, and pure supergrav
propagating also in the extrad dimensions. Letters from the
greek alphabet are used to denote curved~world! indices
while those from the latin alphabet denote flat~tangent
space! indices. Careted symbols range over the full 41d
dimensions; those with overbars are restricted to thed extra
dimensions, while those without any decoration live on t
(311)-dimensional brane. Coordinates over the entireD
5(41d)-dimensional manifold split aszm̂5(xm,ym̄). Our
Minkowski metric convention ish âb̂5(11,21,...,21).
1-2
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II. KALUZA-KLEIN EXCITATIONS OF THE GRAVITINO

We begin by reminding the reader of some general ob
vations about string theory and supergravity in ten a
eleven dimensions. Recall that type IIA~ten-dimensional!
supergravity with two supersymmetries of opposite chira
can be deduced via dimensional reduction of the unique
dimensional (N51) supergravity theory. The type IIA supe
string theory whose low-energy effective action gives rise
the type IIA supergravity admits Dp-branes withp even, and
is S-dual to 11-dimensional M theory@25#, with the 11-
dimensional supergravity as its low-energy limit. M theo
is believed to unify the five known string theories. The ty
IIB string theory ~which admits Dp-branes withp odd! is
T-dual to the type IIA theory.

D-branes are extended string theoretic objects on wh
open strings terminate@7#. Only closed strings can propaga
far away from the D-brane, which on a ten-dimension
background is described locally by a type II string theo
whose spectrum contains two gravitinos~their vertex opera-
tors carry one vector and one spinor index!. The D-brane
introduces open string boundary conditions which are inv
ant under just one supersymmetry, so only a linear comb
tion of the two original supersymmetries survives for t
open strings. Since open and closed strings couple to e
other, the D-brane breaks the originalN52 supersymmetry
down toN51. The low-energy effective theory will then b
a D510,N51 supergravity theory with a single Majoran
Weyl gravitino which couples to a conserved space-time
percurrent. For our model, we assume that the stand
model fields are confined to a three-brane, with pure su
gravity living in the bulk of space-time. Attempts at co
structing a standard model on D-branes can be found in@26#.

Pure supergravity in four dimensions contains as phys
fields the vierbeinem

m and the gravitinoCm @27,28#. In the
free field limit, the gauge action of supergravity reduces
the standard Fierz-Pauli action~the linearized part of the
Einstein-Hilbert action!, together with the Rarita-Schwinge
action, which are the unique ghost-free actions for a spi
and spin-3/2 field@29,30#.

The spin of a fieldF(z) is given by a representation o
the tangent space group at a fixed pointz @31,32#. Under the
above compactification, the metricgm̂n̂ decomposes in fou
dimensions as a metricgmn , while the componentsgmn̄ with
one index ranging over the extra dimensions are seen in
dimensions as a vector, andgm̄n̄ transforms as a scalar. T
study the behavior of spinors on a general manifold, we m
introduce a set of orthonormal basis vectors~the vielbein!
em̂

m̂(z) in the tangent space of the manifold at the pointz,
with m̂ transforming as a vector index under general coo
nate changes, whilem̂ transforms as a scalar under su
diffeomorphisms, but as a local Lorentz vector index un
SO(D21,1), i.e., the Lorentz group acting in the tange
space at the pointz, satisfying@33,34#

hm̂n̂5gm̂n̂em̂
m̂en̂

n̂, gm̂n̂5hm̂n̂em̂
m̂en̂

n̂. ~2!

Associated with the local Lorentz symmetry is a gauge fi
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for local Lorentz transformations, the spin connectionvm̂m̂n̂ ,
transforming as a covariant vector under general coordin
transformations.

We now assume the vacuum of space-time to be of
form M43T6, where M4 is four-dimensional Minkowski
space-time andT65S13¯3S1, the direct product of six
dimensions each compactified on a circle. This product fo
of the vacuum ensures four-dimensional Poincare´ invariance.
Physical fluctuations of space-time can be treated in per
bation theory by expanding the metric around this vacuu

Consistent with the symmetry of the vacuum state,
assume the vielbein takes the form

Em̂
m̂5S Em

m~x! (
a

Am̄
a ~x!Km̄

a ~y!

0 em̄
m̄~y!

D , ~3!

where we have used the local SO~9,1! gauge symmetry to se
theEm̄

m components to zero. Hereem̄
m̄ is the vielbein on the

compactified space,Am̄
a are the massless gauge fields of t

symmetry group of the internal space@here U(1)6], and the
Km̄

a are the Killing vectors associated with this symmetry.
The gravitino kinetic term of the Lagrangian is

E21L5
i

2
C̄m̂Gm̂n̂r̂¹n̂Cr̂ , ~4!

with E being the determinant of the vielbein in ten dime
sions,Gm̂n̂r̂ the antisymmetric product of threeG matrices
defined by

Gm̂n̂r̂5G@m̂n̂r̂#5
1

3!
~Gm̂Gn̂Gr̂2Gn̂Gm̂Gr̂1¯ !, ~5!

andCm̂ a Majorana-Weyl vector-spinor. We have suppress
the spinor indices for notational clarity.

We useGm̂ to denote Dirac gamma matrices for the fu
D-dimensional space, andgm to denote them on the
(311)-dimensional brane. As usual, the Dirac algebra~in
the tangent space! is spanned by a set of constant matric
~which in ten dimensions are 32332)

$Gm̂,G n̂%52hm̂n̂. ~6!

The curved space Dirac matrices are field dependent
given by

Gm̂~z!5em̂
m̂~z!Gm̂, ~7!

satisfying

$Gm̂~z!,Gn̂~z!%52gm̂n̂~z!. ~8!

A convenient representation of the algebra~6! in ten di-
mensions which makes manifest the four-dimensional
composition is given in Appendix A. The SO~9,1! generators
are
1-3
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Sm̂n̂5
i

4
@Gm̂,G n̂#. ~9!

The first four matrices in the set~A1! furnish a reducible
representation of SO~3,1!. Taking account of the identity act
ing in the internal 2d/258-dimensional spinor space, we s
that aD510 Dirac spinor decomposes into eightD54 Dirac
spinors. AD510 Majorana spinor would decompose in
eight Majorana spinors in four dimensions, and aD510
Majorana-Weyl spinor would decompose into four Majora
spinors, since theD510 chirality condition G11C56C
~whereG115 iG0¯G9 plays the role in ten dimensions ofg5
in four dimensions! would pairwise relate half the degrees
freedom, leaving fourD54 Majorana spinors. There wil
also be 24 Majorana spin-1/2 fields. After this reduction
recover the standard definition of the four-dimensio
spinor generator. The metric in ten dimensions decompo
into one spin-2 graviton in four dimensions, six vectors, a
21 scalars.

In ten dimensions, a Majorana-Weyl spinor contains
real components. To see this, note that in ten dimensions
Dirac matrices are 32332, so a Dirac spinor would contai
32 complex components. The Majorana condition redu
this by half by imposing a reality condition. Finally, the We
condition reduces this again, for a final total of 16 real co
ponents. The equations of motion for this spinor imply th
not all of the remaining components are independent, red
ing further the independent propagating degrees of freed

For simplicity we assume the compactification radii of
six dimensions to be the same, although the generalizatio
obvious. Physically, this compactification amounts to
identification

ym̄5ym̄12pnRc , ~10!

with n an arbitrary integer andRc the common radius of the
compactified dimensions. The condition on the fields th
becomes, recalling our notationzm̂5(xm,ym̄),

Cm̂~xn,yn̄12pnRc!5Cm̂~xn,yn̄ !. ~11!

The transformation properties of the Rarita-Schwing
field Cm̂ are the product of a vector and a spinor. The co
riant derivative¹m̂ is given by

¹m̂5]m̂1
i

4
vm̂m̂n̂Sm̂n̂, ~12!

whereSm̂n̂ are the SO~9,1! generators given in Eq.~9!, and
vm̂m̂n̂ is the sum of the standard spin connection and te
quadratic in gravitino fields@35#, with supercovariantization
giving rise to four fermion terms.

Using the vielbein to translate from curved to flat indice
we can rewrite the action~4!, after linearizing the spin con
nection, in the form

E21L5
i

2
C̄m̂Gm̂n̂r̂] n̂C r̂ , ~13!
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where

Cm̂5Em̂
m̂Cm9 , ~14a!

] n̂5En̂
n̂] n̂ . ~14b!

The linearized action possesses the local Abelian gauge s
metry

dCm̂5]m̂e, ~15!

with e a Majorana-Weyl spinor. This is the same lineariz
gauge invariance one would expect of the fermionic part
the gauge action of supergravity. The above invariance
lows from the realness ofL and the total antisymmetry o
Gm̂n̂p̂.

To make the Kaluza-Klein decomposition@32#, we ex-
pand the Rarita-Schwinger field in eigenfunctions of t
compactified space~of dimensiond, which for now is taken
to be arbitrary!, assumed here to be the torusTd, with vol-
umeVd5(2pRc)

d. The expansion is

Cm̂~z!5 (
nW 52`

` Fm̂
nW ~x!

AVd

einW •yW /Rc. ~16!

The four-dimensional fields are seen to arise as the co
cients in this expansion.

We take as our starting point the linearized action~13!.
We now substitute Eq.~16! together with Eq.~3! in the ac-
tion ~13!; then decompose the ten-dimensional indices asm̂
5(m,m̄), with the indicesm andm̄ transforming as vectors
under SO~3,1! and SO~d!, respectively. The Rarita
Schwinger field then splits as

Cm̂5~Cm ,Cm̄!, ~17!

where

Cm5Em
mCm , ~18a!

Cm̄5Em̄
m̄Cm̄5em̄

m̄Cm̄ .
~18b!

Introducing the shorthand notation

a5
2 isW•yW

Rc
, b5

1 i tW•yW

Rc
, ~19!

we find

e21L5
i

2Vd (
sW52`

`

(
tW52`

`

$@F̄m
sW Gmnp~]nFp

tW !

1F̄m
sW Gmnp̄~]nF p̄

tW !1F̄m̄
sW Gm̄np~]nFp

tW !

1F̄m̄
sW Gm̄np̄~]nF p̄

tW !#ea1b1@F̄m
sW Gmn̄p~] n̄eb!Fp

tW

1F̄m
sW Gmn̄p̄~] n̄eb!F p̄

tW 1F̄m̄
sW Gm̄n̄p~]nWe

b!Fp
tW

1F̄m̄
sW Gm̄n̄p̄~] n̄eb!F p̄

tW #ea% ~20!
1-4



r-

at

iv
ds

a
is

ld

a-
lly
e

in

to
ai
ith

xt
s

di-

ur-

r-

a

the
t a
rm
en-

ons

ec-
en

ady
he

SUPERSYMMETRIC EXTRA DIMENSIONS: GRAVITINO . . . PHYSICAL REVIEW D69, 015001 ~2004!
with e being the determinant of the four-dimensional vie
bein. The first set of terms proportional toea1b and with the

derivative acting on the fieldsFp
tW and F p̄

tW are the kinetic
terms since the derivative is taken with respect to coordin
in M4, while the remaining terms proportional toea with the
derivative acting on the exponentialeb will give rise to the
mass terms of the spin-3/2 and -1/2 fields in the effect
four-dimensional action. It is important to note that fiel
with indices ranging over 311 dimensions (Fm) appear in
this Lagrangian coupled to those with indices in the extrd
dimensions (Fm̄), in both the kinetic and mass terms. Th
mixing prevents us from interpretingFm as the four-
dimensional Rarita-Schwinger field. We introduce the fie
redefinition@36,37#

xm
nW ~x![Fm

nW ~x!1
1

2
GmG r̂F r̂

nW~x!, ~21!

which will be identified as the four-dimensional Rarit
Schwinger field. In what follows, we shall systematica
drop all terms coupling only fields with vector indices in th
extra dimensions~these would give rise to spin-1/2 terms
the four-dimensional effective theory!, and concentrate on
the gravitino~spin-3/2! part of the effective theory. The field
redefinition~21! completely decouples the kinetic term in
spin-1/2 and spin-3/2 pieces, but the mass term still cont
couplings between spin-3/2 and -1/2 fields. The mixing w
spin 1/2 in the mass term is due to the fact that the fieldxm

nW

transforms as the

S 1

2
,
1

2D ^ F S 1

2
,0D % S 0,

1

2D G5S 1

2
,1D % S 1,

1

2D % S 1

2
,0D

% S 0,
1

2D ~22!

representation of SO~1,3!. To project out the (1/2,0)
% (0,1/2) part we impose the SO~3,1! invariant gauge con-
dition

Gmxm
nW ~x!50, ~23!

leaving only a spin-3/2 field.
To evaluate the derivatives in the mass terms of Eq.~20!,

we note that they are taken over coordinates in the e
dimensions, and sinceyW ranges over the same coordinate
they yield

] n̄eb5
i

Rc
tn̄eb. ~24!

Putting together Eqs.~20!, ~21!, and ~24!, we see that the
spin-3/2 part of the Lagrangian takes the form

e21L~x,y!5
i

2Vd (
sW

(
tW

ea1bH x̄m
sW ~x!Gmnp

„]nxp
tW ~x!…

2x̄m
sW ~x!~2Smp!G n̄S t n̄

Rc
Dxp

tW ~x!J ~25!
01500
es

e
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where x̄m
sW 5(xm

sW )†g0
^ 18 , the Smn are given by restricting

the indices of the SO~9,1! generators~9! to the first 311
dimensions, and we have summed overn̄ ranging over the
extra dimensions.

The only dependence on the coordinates of the extra
mensions in Eq.~25! is isolated in the exponentialea1b.
Integrating over the extra dimensions gives the fo
dimensional effective Lagrangian

Leff~x!5E dy1¯dyd L~x,y!. ~26!

The integrals in Eq.~26! can be performed using the o
thogonality of the exponentials, with the result

E
2pRc

pRc
dy1¯E

2pRc

pRc
dyd expF2

i

Rc
~sW2 tW !•yW G5Vd)

j 51

d

dsj t j
,

~27!

whereVd5(2pRc)
d is the volume of the compactified extr

dimensions. The effective Lagrangian defined by Eq.~26!
can be written as a sum over Kaluza-Klein states,

Leff~x!5 (
sW52`

`

Leff
sW ~x!, ~28!

with the Lagrangian for each level

e21Leff
sW ~x!5

i

2
x̄m

sW ~x!Gmnp
„]nxp

sW ~x!…

2 i x̄m
sW ~x!SmpS 1

Rc
G n̄sn̄Dxp

sW ~x!, ~29!

and the fieldsxm
sW describing an individual Kaluza-Klein

mode. In Eq.~29!, the Gmnp and Smp are still 32332. We
note that the masses of the Kaluza-Klein excitations of
gravitino are the same as for the gravitons. To arrive a
proper gravitino mass term, we must diagonalize the te
G n̄sn̄ in the internal space. First we note that in the repres
tation ~A1!

Gmnp5gmnp
^ 18 ,

Smn5smn
^ 18 , ~30!

with the gmnp and smn being products of 434 four-
dimensional Dirac matrices. We decompose the fermi
into four-dimensional onesxã→va, j with ã51,...,32 and
a51,...,4 spinor indices in ten and four dimensions, resp
tively, and j 51,...,8 serving as an internal index, and th
usex̄m

sW 5(xm
sW )†g0

^ 18 . Making a unitary transformation on
the fields allows us to diagonalizeG n̄sn̄ without affecting the
kinetic term, since in the chosen representation it is alre
diagonal in the internal space. After diagonalization in t
internal subspace, the Lagrangian can be written as
1-5
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e21Leff
sW ~x!5(

j 51

4 H i

2
v̄m

sW, j~x!gmnp
„]nvp

sW, j~x!…

1v̄m
sW, j~x!smpg5msW

j vp
sW, j~x!J , ~31!

with the mass eigenvalue coming from the diagonalizat
and given bymsW

j 5(21) jAsW•sW/Rc . The fields associated
with the negative mass eigenvalues can be redefined to
move this sign; however, care must be taken with the Fe
man rule for the coupling of the gravitino to matter. Theg5

in the mass term can be removed via a chiral rotation of
fields, which introduces an extra factor ofi into the mass
without affecting the kinetic term. The sum in Eq.~31! runs
over the four Majorana vector spinors in four dimensio
We have applied the Majorana-Weyl condition in ten dime
sions, which, as previously discussed, yields four Majora
spinors after the decomposition into four dimensions. Gen
ally, the masses of the four gravitinos at each Kaluza-Kl
level can be shifted by supersymmetry breaking effects
the brane. When we consider the phenomenology of s
models, we will assume that theN54 supersymmetry is bro
ken at scales near the fundamental scaleMD , with only N
51 supersymmetry surviving down to the electroweak sc
This symmetry breaking may be accomplished by a var
of mechanisms, including orbifolding.1 The gravitinos asso
ciated with the breaking of the extended supersymmetry n
the fundamental scale will be heavy and their phenome
logical contributions will thus be highly suppressed, due
the large mass for these individual excitations. Our assu
tion of N51 supersymmetry at the electroweak scale, w
its associated single light KK tower of gravitino states, re
resents the most conservative case in terms of phenom
logical consequences.

Using the identity

gmnr52 i emnrsgsg5 , ~32!

the compactified action for each gravitino can be put in
standard form for the action of a massive spin-3/2 particle
four dimensions:

e21Leff
sW, j~x!52

1

2
emnrpv̄m

sW, j~x!g5gn] rvp
sW, j~x!2

msW
j

4
v̄m

sW, j~x!

3@gm,gp#vp
sW, j~x!. ~33!

The mass term appearing in Eq.~33! has the same form a
the mass generated by spontaneous breaking of supersym
try. The massless limit of the propagator associated with
Lagrangian contains singular terms, but these terms are
proportional toqm or qp, and sincevm couples to a con-
served current~the Noether current associated with sup

1If orbifolding is employed, it is possible that part of the gravitin
and, in principle, graviton KK wave functions may be modded o
This scenario could then modify the phenomenology of the tra
tional ADD model in a nontrivial fashion.
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symmetry, hence the interpretation as the gauge field of
persymmetry!, their contributions vanish. We assume th
supersymmetry on the brane is broken, giving a mass to
lowest-lying Kaluza-Klein states (sW50W ) in Eq. ~33!, and ad-
ditively shifting the masses of the higher modes bymnW

→mnW1m0 . A natural mechanism for breaking supersymm
try that ensures a light gravitino is gauge mediation@21#. In
these models, the gravitino is the lightest supersymme
particle, and ifR parity is a good symmetry, it is the terminu
for the decay chains of all superparticles. The lightness of
gravitino simplifies the summation over the Kaluza-Kle
states~see Appendix C! leading to results which are esse
tially independent of the mass of the zero mode.

The Lagrangian~33! implies the field equation

emnrpg5gn] rvp
sW, j~x!1

msW
j

2
@gm,gp#vp

sW, j~x!50 ~34!

obeyed by each Kaluza-Klein excitation. Contraction of E
~34! with gm yields

gmvm
sW, j50, ~35!

since by taking the divergence of Eq.~34! we have
@]” ,gn#vn

sW, j50. This shows that the field equation~34! indeed
describes a particle of spin 3/2 with no spin-1/2 admixtu
@34#. Each vector component~m! of the Rarita-Schwinger
field vm

sW, j satisfies a Dirac equation.
We note that the kinetic part of the compactified acti

still possesses the local gauge symmetry arising from
decomposition of~15!, but the mass term breaks this sym
metry, thus allowing us to invert the free quadratic opera
in the Lagrangian to find an appropriate propagator, wh
we derive in Appendix B.

III. GRAVITINO COUPLINGS TO MATTER

In this section we discuss the coupling of fermions a
scalars to gravitinos. We begin by formulating a globa
supersymmetric theory, and then proceed to gauge this su
symmetry via the Noether procedure, deriving a locally s
persymmetric Lagrangian yielding the coupling of the ferm
ons and scalars to the graviton and gravitino. The Noet
procedure provides a systematic technique for deriving
action with a local symmetry from an action possessing
global one@28,38#. Gauging the rigid supersymmetry tran
formations yields the coupling of the Rarita-Schwinger fie
which is the gauge field of the local supersymmetry, to
matter multiplet.

The g matrices are, in the chiral representation, given

gm5S 0 sm

s̄m 0 D , ~36!

with

sm5~1,sW !, s̄m5~1,2sW !, ~37!

.
i-
1-6
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andsW being the Pauli matrices. A Dirac spinor is construct
as follows:

C5S cL

cR
D5S ca

x̄ḃ D , ~38!

where we have introduced indices with and without overd
@39#, and cL/R are, in the massless limit, states of defin
helicity each satisfying a Weyl equation.

We begin with the following off-shell Lagrangian in 3
11 dimensions~two copies ofN51,D54, chiral supermul-
tiplet!

L5~]mF†!~]mF!1 i C̄gm]mC1F †F, ~39!

which describes a free massless fermion, a multiplet of co
plex scalar fields, and a set of auxiliary fields, with the co
plex scalar fields written as

F5S f
r D , F5S F

GD . ~40!

Here, F and G are nondynamical~nonpropagating! in the
sense that their equations of motion are algebraic constra
that allow us to eliminate them from the action. They ha
been introduced to ensure that the number of bosonic
fermionic degrees of freedom match off shell and that
algebra closes without use of the equations of motion. A
elimination ofF andG, the supersymmetry algebra no long
closes and demonstration of invariance requires the us
the equations of motion for the remaining fields. The sup
symmetry transformation parameterQ forms a Dirac spinor
built from left- and right-handed Weyl parameters

Q5S ja

z̄ȧD . ~41!

Decomposing the Lagrangian~39! into a sum of left- and
right-handed parts yields

Lleft5~]mf* !~]mf!1 i c̄ ȧ~ s̄m!ȧa]mca1F* F,

Lright5~]mr* !~]mr!1 ixa~sm!aȧ]mx̄ȧ1G* G,
~42!

which is a sum of two Wess-Zumino actions, one each
left- and right-handed multiplets.

The Lagrangian~42! is invariant, up to a total divergenc
which does not contribute to the action~at least for topologi-
cally trivial field configurations!, under the following set of
supersymmetry transformations, which we write in We
component form, forming a closed algebra on the fields:
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djca5&@ i ~sm!aḃj̄ ḃ]mf1jaF#,

dzx̄
ȧ5&@ i ~ s̄m!ȧbzb]mr* 1 z̄ ȧG* #,

djf5&jaca ,

dzr5&zaxa ,

djF5 i& j̄ ȧ~ s̄m!ȧb]mcb ,

dzG5 i& z̄ ȧ~ s̄m!ȧb]mxb . ~43!

We now take the fields in the left- and right-handed m
tiplets to transform under the same supersymmetry trans
mations~yielding N51 supersymmetry!, with Q a Majorana
spinor, and apply the Noether procedure to derive the c
pling of the supergravity multiplet to the matter fields. Th
gravitino will appear as the gauge field of local supersy
metry. Supersymmetry breaking will manifest itself throu
the appearance of a mass for the gravitino.

To gauge the global symmetry, we let the supersymme
transformation parameterQ become space-time depende
Q→Q(x). The Lagrangian will no longer be invariant, bu
will vary as

dL5Jm]mQ, ~44!

with Jm the global supersymmetry current. We must now a
terms to the Lagrangian and the supersymmetry transfor
tion rules until we restore the invariance of the Lagrang
~up to a total derivative!. We add a term coupling the loca
supersymmetry gauge field to the symmetry current

L15cV̄mJm, ~45!

with V̄m a Majorana vector spinor, which we expect to b
come the gravitino, and hence must transform as

dVm5
2

k
]mQ ~46!

to leading order ink in the supergravity theory~here k
5A8pGN). The local variation vanishes toO(k0) if c5
2k/2, but not to orderk. Iterating this process to highe
orders ink and covariantizing with respect to gravity, w
arrive at a locally supersymmetric Lagrangian at orderk2.
The result consists of the Einstein-Hilbert and the Rar
Schwinger actions together with the original action~39!
minimally coupled to gravity, plus a term coupling spinor
scalars, and gravitinos, and higher-order four-point term
The term coupling scalars, spinors, and gravitinos, and m
mally coupled to gravity, is

LI52
k

&
ueu$~]mFL!V̄ngmgncL1~]mFR!V̄ngmgncR%

1H.c., ~47!
1-7
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with V̄n a Majorana vector spinor. Expandingueu to leading
order in the vierbein yields the Feynman rule displayed
Fig. 1, with the obvious generalization to the Hermitian co
jugate piece.

FIG. 1. Feynman rule for the gravitino, fermion, scalar co
pling. PL,R represent the standard projection operators.
01500
n
-

IV. PHENOMENOLOGICAL ANALYSIS
AND NUMERICAL RESULTS

We are now ready to apply our results to a phenome
logical analysis. For purposes of illustration we focus
selectron pair production in high-energy polarizede1e2 col-
lisions. As discussed in the Introduction, this process p
vides a valuable tool within the MSSM for determining th
composition of the mixed neutralino states,x̃ i

0 in terms of
the various pure SU~2! and U~1! W-ino andB-ino compo-
nentsW̃0,B̃0. Here, we investigate how the existence of s
persymmetric extra dimensions modifies this reaction.

The tree level processes contributing to selectron pair p
duction in the presence of a supersymmetric bulk are p
sented in Fig. 2. In addition to the standardg,Z s-channel
exchange andB̃0,W̃0 t-channel contributions present in th

-

FIG. 2. Processes contributing to scalar electron pair production in polarizede1e2 collisions. The statehmn represents the bulk graviton

KK tower, Cma the bulk gravitino KK tower, andB̃0,W̃0 correspond to the unmixed MSSM gaugino states.
1-8
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TABLE I. The diagrammatic contributions to individual scattering processes for polarized electron b
A blank indicates that there are no contributions for that polarization configuration.

ẽL
2ẽL

1 ẽR
2ẽL

1 ẽL
2ẽR

1 ẽR
2ẽR

1

eL
2e1 s-channelg,Z,Gn s-channelg,Z,Gn

t-channelW̃,B̃,Cn t-channelB̃,Cn

eR
2e1 s-channelg,Z,Gn s-channelg,Z,Gn

t-channelB̃,Cn t-channelB̃,Cn
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MSSM, we now have contributions arising from th
s-channel exchange of the bulk graviton KK tower and t
t-channel exchange of the bulk gravitino KK tower. The
are nou-channel contributions due to the nonidentical fin
states. The contributions from neutral Higgsino states
negligible due to the smallness of the Yukawa coupling. T
diagrammatic contributions to the individual scattering p
cesses for left- and right-handed selectron production w
initial polarized electron beams are summarized in Tabl
Note that theW̃0 exchange contributes only to the proce
eL

2e1→ẽL
2ẽL

1 , and that thet-channel gravitino and theB̃0

contributions are isolated in the reactioneL,R
2 e1

→ẽL,R
2 ẽR,L

1 .
Our amplitudes for the standard MSSM contributions

the reactione2(p2)e1(p1)→ẽ2(k2)ẽ1(k1) ~with the direc-
tion of the charge flow as indicated in Fig. 2! reproduce the
results in@23#. The unpolarized matrix element for the ca
of massive gravitino KK exchanges is

M5
k2

2 (
nW

k1
nk2

r

t2mnW
2 ē~p1!gmgnPnW ,mtgrgte~p2!, ~48!

where the sum extends over the gravitino KK modes and
recall thatk5A8pGN5M̄ P

21 is the reduced Planck scale.
PnW ,mt represents the numerator of the propagator fo
Rarita-Schwinger field of massmnW and is given in Appendix
B. The mass splitting between the evenly spaced bulk g
itino KK excitations is given by 1/Rc , which lies in the
range 1024 eV to a few MeV for d52 – 6 assumingMD
;1 TeV; their number density is thus large at collider en
gies. The sum over the KK states can then be approxim
by an integral which is log divergent ford52 and power
divergent ford.2. We employ a cutoff to regulate thes
ultraviolet divergences, with the cutoff being set toLc ,
which in general is different fromMD , to account for the
uncertainties from the unknown ultraviolet physics. This a
proach is the most model independent and is that gene
used in the case of virtual graviton exchange@9#. An impor-
tant phenomenological feature of the evaluation of this in
gral is that, to leading order, the result is independent of
mass of the zero mode, as long as this mass is much sm
than Lc . In practice, the integral over the gravitino K
states is more complicated than that in the case with sp
gravitons due to the dependence of the gravitino propag
on mnW . We find that the leading order term forAutu!Lc
results in the replacement~in the case ofd56)
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k2

2 (nW
PnW ,mt

t2mnW
2 → 2 i8p

5Lc
3 S hmn2

1

3
gmgnD ~49!

in the matrix element; the structure of the summed gravit
propagator is thus altered from that of a single massive st
Hence the leading order behavior for gravitino KK exchan
results in a dimension-6 operator. This is in stark contras
graviton KK exchange which yields a dimension-8 opera
at leading order. We thus expect an increased sensitivit
the fundamental scaleMD in the case of a supersymmetr
bulk. Our derivation of the summation over the bulk gra
itino KK states in the matrix element is detailed in Append
C. Lastly, the bulk graviton KK tower contributes an add
tional amplitude of the form@24#

M5
2

Lc
4 ~ t2u!~k12k2!mē~p2!gme~p1!. ~50!

In order to perform a numerical analysis of this proce
we need to specify a concrete supersymmetric model.
choose that of gauge mediated supersymmetry breaking
naturally contains a light zero-mode gravitino. We specify
sample set of input parameters at the messenger scale, w
the supersymmetry breaking is mediated via the messe
sector, and use the renormalization group equations~RGEs!
to obtain the low-energy sparticle spectrum. We choose
sets of sample input parameters describing the messe
sector which are consistent with our model. The RGE e
lution of these parameter sets is performed inISAJET V. 7.51

@40# and results in the sparticle spectrum

Set I: mẽL
5217.0 GeV, mẽR

5108.0 GeV,

x i
05~76.5, 141.5, 337.0, 367.0! GeV,

Set II: mẽL
5210.5 GeV, mẽR

5104.5 GeV,

x i
05~110.5, 209.6, 322.5, 324.0! GeV,

where x i
0 with i 51,4 corresponds to the four mixed ne

tralino states. The first set of parameters yields aB-ino-like
state for the lightest neutralino, whereas the second se
sults in a Higgsino-like state forx1

0. These two sets are cho
sen so we can investigate the dependence of the kinem
distributions on the composition of the lightest neutrali
state. Note that theẽL and ẽR masses are essentially equiv
lent between the two sets and hence will not induce a
kinematical differences in the distributions. In addition, the
1-9
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input parameters were selected in order to obtain a spar
spectrum which is kinematically accessible to the linear c
lider; our results are essentially insensitive to the exact
tails of the spectrum. We stress that our analysis is pu
phenomenological and that our conclusions do not depen
the physics inherent to GMSB. Except where noted, we p
form our numerical analysis for the case ofd56, following
our above discussion of supergravity models. From here
we refer to these two spectra as ourD54 supersymmetric
models.

It is instructive to first examine the effects of each class
contributions to selectron pair production. This is display
in Fig. 3, which shows the angular distribution for the pr
cesseR

2e1→ẽR
1ẽR

2 with As5500 GeV assuming 100% po
larization of the electron beam; we show this particular
action merely for purposes of demonstration. The bott
curve represents the full contributions~s andt channel! from
the four-dimensional standard gauge mediated supersym
ric model discussed above in the case where thex1

0 is B-ino-
like, corresponding to parameter set I. Our numerical res
for the MSSM case agree with those in the literature@23#.
The middle curve displays the effects of adding only t
s-channel contributions of the bulk graviton KK tower in th
scenario of a nonsupersymmetric bulk withLc51.5 TeV.
We see that there is little difference in the distribution b
tween theD54 supersymmetric case and with the additi
of the graviton KK tower, in either shape or magnitude.
would hence be difficult to disentangle the effects of gravi
exchange from an accurate measurement of the underl
supersymmetric parameters using this process alone. Th
curve corresponds to the full set of contributions from a
persymmetric bulk, i.e., our standard supersymmetric mo
plus KK graviton and KK gravitino tower exchange for th
case of six extra dimensions withLc51.5 TeV. Here we see
that the exchange of bulk gravitino KK states yields a la
enhancement in the cross section and a substantial sh
the shape of the angular distribution, particularly at forwa
angles, even forLc53As. This provides a dramatic signa
for a supersymmetric bulk.

FIG. 3. The angular distribution foreR
2e1→ẽR

1ẽR
2 from the D

54 supersymmetric model I, plus the addition of bulk graviton K
tower exchange, and with bulk gravitino KK tower exchange, c
responding to the bottom, middle, and top curves, respectively
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In Fig. 4 we explore the modifications to the angular d
tribution for eR

2e1→ẽR
1ẽR

2 from a supersymmetric bulk a
the value ofd changes, using our parameter set I for demo
stration. In principle there are two competing effects whi
may modify the distributions:~i! the number of degenerat
gravitinos in each KK level as a result of the reduction
fermions, versus~ii ! the volume factor that appears in th
density of states in the integral over the gravitino propaga
which sums over the states in the KK tower, and its dep
dence onLc . As discussed above, the number of degene
gravitinos is reduced as the number of extra dimensions
creases; this results in a reduction of the cross section in
general case of extended low-energy supersymmetries. H
ever, this effect does not modify our analysis since we h
assumed theN51 at low energy. The second effect aris
from the increase inRc , with Lc being held fixed, for
smaller values ofd as can be seen in Appendix C. Th
volume factor arises in the integral over the propagators
the bulk gravitino KK tower and is discussed in Appendix
In this figure, we compare the event rates for this process
the casesd52 and 6, corresponding to the top and botto
curves, respectively. We note that the shape of the distr
tion differs in the two cases due to the form of the sublead
terms in the integral over the propagator of the KK stat
For the remainder of our analysis, we will display resu
only for the more conservative case ofd56.

Let us now study the variations in the distributions b
tween the two different compositions of the lightest ne
tralino. Figure 5 shows the angular distributions with 100
electron beam polarization for each helicity configurati
listed in Table I for the two sets of parameters discus
above, with and without the contributions from supersy
metric extra dimensions. In each case, the solid curve co
sponds to theB-ino-like case and the dashed curve represe
the Higgsino-like scenario. The top set of curves are th
for a super-symmetric bulk withLc51.5 TeV, while the bot-
tom set corresponds to our twoD54 supersymmetric mod
els, i.e., without the graviton and gravitino KK contribution
We note that theD54 results agree with those in the litera
ture @23#. We see from the figure that in the process whe
the gravitino contributions are dominant,eL,R

2 e1→ẽL
6ẽR

7 ,

-

FIG. 4. A comparison of the event rates for the cases withd
52 and 6, corresponding to the top and bottom curves, respectiv
1-10



SUPERSYMMETRIC EXTRA DIMENSIONS: GRAVITINO . . . PHYSICAL REVIEW D69, 015001 ~2004!
FIG. 5. Angular distributions for each helicity configuration with supersymmetric bulk contributions forLc51.5 TeV ~top curves!, and
for theD54 supersymmetric models~bottom curves!. The solid~dashed! curves correspond to aB-ino-like ~Higgsino-like! composition of
the lightest neutralino.
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there is little difference in the shape or magnitude betw
the two x1

0 compositions. The use of selection pair produ
tion in polarizede1e2 collisions as a means of determinin
the composition of the lightest neutralino is thus made m
difficult in the scenario with supersymmetric large extra
mensions. In what follows, we present results only for
B-ino-like x1

0 as a sample case; our conclusions will not
dependent on the assumptions of the composition of
lightest neutralino.
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We now examine in Fig. 6 the total cross section as
function of center-of-mass energy for each helicity config
ration. In each case, the bottom curve represents theD54
B-ino-like supersymmetric model, while the remainin
curves, from top to bottom, are for a supersymmetric b
with Lc51.5,3.0,6.0 TeV. In some reactions, the results
Lc56.0 TeV are indistinguishable from theD54 case. Here
we can see the effects of unitarity violation asAs approaches
the value of the cutoff scale. Clearly, the new, as of y
1-11
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FIG. 6. Total cross sections as a function of center-of-mass energy. The bottom curve corresponds to theD54 supersymmetric model
and the other curves are for ad56 supersymmetric bulk with the cutoff as labeled. In~c! and ~d!, the Lc53 TeV curve is barely
distinguishable from that for the case ofD54 supersymmetry.
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unknown, ultraviolet physics will set in at this point to reg
larize the cross section.

Next, we present in Figs. 7 and 8 the number of events
the binned angular distribution for each helicity configu
tion with 80% polarized electron beams forAs5500 GeV
and 500 fb21 of integrated luminosity. In each case, the so
histogram corresponds to theD54 B-ino-like supersymmet-
ric model, while the ‘‘data’’ points represent the addition
01500
r
-

the bulk graviton and gravitino KK tower exchange forLc
51.5,3.0,6.0 TeV from top to bottom. As before, the cont
butions with Lc56.0 TeV are distinguishable from theD
54 results only in the case ofeL,R

2 e1→ẽL
6ẽR

7 . The error
bars on the ‘‘data’’ points are statistical only. We see that
most of the reactions, the case ofL53.0 TeV leads to only a
slight increase in event rate in each bin, whereas
eL,R

2 e1→ẽL
6ẽR

7 , the t-channel bulk gravitino KK exchange
1-12
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is significant, leading to observable deviations from theD
54 case even forLc56.0 TeV.

An interesting polarization asymmetry can be defined
the case ofẽL

1ẽL
2 and ẽR

1ẽR
2 production. It is given by

Apol5
dsL2dsR

dsL1dsR
, ~51!

where the left- and right-handed subscripts refer to the
larization of the initial electron beam, i.e.,ds i5ds(ei

2e1

→ẽL
2ẽL

1 ,ẽR
2ẽR

1)/d cosu. This asymmetry is displayed in Fig
9, where the solid histogram again represents ourD54
B-ino-like supersymmetric model and the ‘‘data’’ points a
for a supersymmetric bulk withLc51.5 and 3.0 TeV. The
error bars are again statistical only and assume an integr
luminosity of 500 fb21. The electron beam polarization
taken to be 80%. We see that the asymmetry varies subs
tially from its D54 value with the addition of gravitino KK
exchange, thus providing an additional signal for a sup
symmetric bulk.

FIG. 7. ~a!, ~b! Polarized binned angular distributions for ea
helicity configuration, taking an 80% polarization of the initial ele
tron beam. The solid histogram represents theD54 B-ino-like
model, while the ‘‘data’’ points correspond to the effects of a sup
symmetric bulk withLc51.5,3.0,6.0 TeV from top to bottom. Th
Lc56.0 TeV case is discernible only~b!.
01500
r

-

ted

n-

r-

We now compute the potential sensitivity to the cuto
scale from selection pair production using our sample c
with a B-ino-like lightest neutralino state for purposes
demonstration. We employ the usualx2 procedure, taking

x25(
bins

F ~ds/d cosu!4D2~ds/d cosu!10D

d~ds/d cosu! G2

, ~52!

where we include statistical errors only. We sum over b
initial left- and right-handed electron polarization states,
suming Pe2580%. The resulting 95% C.L. search forLc

from each final stateẽL
1ẽL

2 , ẽR
1ẽR

2 , andẽL
6ẽR

7 is given as a
function of integrated luminosity in Fig. 10 forAs50.5 and
1.0 TeV. We see that for 500 fb21 of integrated luminosity,
corresponding to design values, the search reach in the
and right-handed selectron pair production channels is gi
roughly by Lc.(6 – 10)3As, which is essentially what is
achievable for bulk graviton KK exchange in the reacti
e1e2→ f f̄ @9#. However, the ẽL

6ẽR
7 production channel

yields an enormous search capability with a 95% C.L. s
sitivity to Lc of the order of 253As for design luminosity.
This process thus has the potential to either discover a su
symmetric bulk, or eliminate the possibility of supersymm
ric large extra dimensions as being relevant to the hierar
problem. We stress that there is nothing special about
choice of supersymmetric parameters; our results will h
as long as selectrons are kinematically accessible to h
energye1e2 colliders. We conclude that selectron pair pr
duction provides a very powerful tool in searching for a s
persymmetric bulk.

V. CONCLUSIONS

In summary, we have examined the phenomenolog
consequences of a supersymmetric bulk in the scenari
large extra dimensions. We assumed that supersymmet
unbroken in the bulk, with gravitons and gravitinos bei
free to propagate throughout the higher-dimensional sp
and that the SM and MSSM gauge and matter fields
confined to a three-brane. Motivated by string theory,
worked in the framework ofD510 supergravity, and found
that the KK reduction of the bulk gravitinos yields four Ma
jorana spinors in four dimensions. We then assumed that
residualN54 supersymmetry is broken near the fundame
tal scaleMD , with only N51 supersymmetry surviving a
the electroweak scale.

Starting with theD510 action for this scenario, we ex
panded the bulk gravitino into a KK tower of states, a
determined the field equation obeyed by the spin-3/2
excitations. We then derived the coupling of the bulk gra
itino KK states to fermions and their scalar partners on
brane. We applied these results to a phenomenological an
sis by examining the effects of virtual exchange of the gr
itino KK tower in superparticle pair production. We focuse
on the reactione1e2→ẽ1ẽ2 as this process is a benchma
for collider supersymmetry studies. Our numerical analy
was performed in the framework of gauge mediated sup
symmetry breaking as it naturally affords a light zero-mo
gravitino. However, our results do not depend on the spe

-
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a b

c

FIG. 8. ~a!–~c! Polarized binned angular distributions for each helicity configuration, taking an 80% polarization of the initial el
beam. The solid histogram represents theD54 B-ino-like model, while the ‘‘data’’ points correspond to the effects of a supersymmetric
with Lc51.5,3.0,6.0 TeV from top to bottom.
is

n
ro
o

of
p-
K

an-
ay
ics of this particular model, with the exception of the ex
tence of a light zero-mode gravitino state.

Performing the sum over the KK propagators, we fou
that the leading order contribution to this process arises f
a dimension-6 operator and is independent of the zero-m
01500
-

d
m
de

mass. This is in stark contrast to the virtual exchange
spin-2 graviton KK states, which yields a dimension-8 o
erator at leading order. We thus found that the gravitino K
contributions substantially alter the production rates and
gular distributions for selectron pair production, and m
FIG. 9. Polarization asymmetry defined in the text binned in cosu. The solid histogram represents theD54 B-ino-like model, while the
two sets of ‘‘data’’ points include the contributions from supersymmetric bulk withLc51.5 and 3.0 TeV.
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FIG. 10. 95% C.L. search reach forLc in each production channel as a function of integrated luminosity forAs50.5 and 1.0 TeV.
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essentially be isolated in theẽL
6ẽR

7 channel. The resulting
sensitivity to the cutoff scale is tremendous, being of
order of (20– 25)3As.

We expect that the virtual exchange of gravitino KK sta
in hadronic collisions will have somewhat less of an effect
squark and gluino pair production than what we have fou
here. The reason is that these processes are initiated by
quark annihilation and gluon fusion subprocesses, only
of which will be sensitive to tree level gravitino exchange f
a given production channel. The sensitivity to the cut
scale will then depend on the relative weighting of the qu
and gluon initial states. In addition,t-channel gravitino con-
tributions will be numerically relevant only for up- an
down-squark production due to flavor conservation; he
their effect will be diluted by the production of the oth
degenerate squark flavors and the relative weighting of
parton densities.

Lastly, we note that virtual exchange of gravitino K
states may also have a large effect on selectron pair pro
tion in e2e2 collisions, which are tailor-made fort-channel
Majorana exchanges. High-energy linear colliders thus p
vide an excellent probe for the existence of supersymme
large extra dimensions and have the capability of discove
this possibility or eliminating it as being relevant to the h
erarchy problem.
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APPENDIX A: REPRESENTATION
OF THE DIRAC ALGEBRA

A convenient representation of the Dirac algebra, wh
simplifies the Kaluza-Klein decomposition, can be given
the ten-dimensional space-time as follows:
01500
e

s

d
oth
e

f
k

e

e

c-

-
ic
g

s
,

-

h

Gm5gm
^ 12^ 14 ,

G31~2 j 21!5g5
^ s1^ a j ,

G31~2 j !5g5
^ s3^ b j , ~A1!

where thegm are standard four-dimensional Dirac matrice
i, j 51,2,3, andm50,...,3. Herea andb are 434 matrices
satisfying

$a i ,a j%5$b i ,b j%522d i j ,

$a i ,b j%50, ~A2!

the s’s are standard Pauli matrices satisfying

s is j5d i j 1 i e i jksk, ~A3!

andg5 anticommutes with thegm;

$gm,g5%50. ~A4!

The a andb matrices can be represented as follows@41#:

a15S 0 s1

2s1 0 D , a25S 0 2s3

s3 0 D ,

a35S is2 0

0 is2D ,

b15S 0 2 is2

2 is2 0 D , b25S 0 21

1 0 D ,

b35S is2 0

0 2 is2D . ~A5!

This representation of the Gamma matrices makes man
the decomposition to four dimensions, sinceGm for m
50,...,3 is the tensor product of four-dimensional Gam
matrices with an 838 identity acting on an internal index
1-15
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With these conventions, the spacelike Gamma matr
are anti-Hermitian, while the timelike Gamma matrix
Hermitian.

APPENDIX B: PROPAGATOR FOR A SINGLE MASSIVE
KK STATE

To find the propagator for a single massive Kaluza-Kle
state, we invert the kinetic piece of the operator appearin
Eq. ~33!. We solve

ÔnW ,mnPns
nW 5 i ~k22mnW

2!ds
m ~B1!

for Pns
nW , whereÔnW ,mn is obtained by writing the Lagrangia

for a single Kaluza-Klein state in Eq.~33! as

LnW5
1

2
C̄mÔnW ,mnCn . ~B2!

The propagator for the mode specified by the vector of in
gersnW is then given by

Pmn
nW

k22mnW
21 i e

. ~B3!

We are free to drop thei e convergence term as we are inte
ested in computingt-channel diagrams for whicht,0, and
so no poles are encountered. To solve Eq.~B1!, we expand
Pmn

nW as a linear combination of the standard set of 16 434
matrices formed from antisymmetrized combinations of
gamma matrices$1,gm,smn,gmg5,g5%, which form a basis
for complex 434 matrices, together with$hmn ,km ,kn%, to
generate the correct tensor structure. We then solve for
coefficients in this expansion. The result is

PnW ,mn5 i ~k”1mnW !S kmkn

mnW
2 2hmnD

2
i

3 S gm1
km

mnW
D ~k”2mnW !S gn1

kn

mnW
D ~B4!

and satisfies~on shell! the standard conditionkmPmn50 to-
gether withgmPmn50 which projects out the spin-1/2 com
ponents.

APPENDIX C: SUMMATION OF KALUZA-KLEIN STATES

The summation over the Kaluza-Klein states contribut
to the propagator for the exchange of a virtual gravitino K
tower is inherently more complicated than in the case
spin-2 exchange, and leads to a quantitatively different
sult. In addition, we must also include the effects of the fin
mass of the zero-mode gravitino,m0 @42#. We state here the
basic result to leading order in the cutoffLc for the case
whenLc

2@utu, m0
2, andd56 extra dimensions, which is th

example considered in the text. The result is easily gene
ized to other values ofd.

The mass difference between neighboring KK stat
uDmu;1/Rc , is much smaller than the cutoff (uDmu!Lc)
01500
s

in

-

e

he

g

f
-

l-

s,

leading to a large number of states to be summed over.
mass of the individual KK state is given by Eq.~31!:

mnW
25

nW •nW

Rc
2 , ~C1!

whereRc is the common compactification radius. The ne
degeneracy of the KK state masses allows us to treat
discrete population of states on the lattice labeled by
vectornW 5(n1 ,...,nd) in the continuum limit. The number o
KK statesdN in the thin shell betweenmnW

2 andmnW
21dmnW

2 is

dN5r~mnW
2!dmnW

2, ~C2!

with the density function

r~mnW
2!5

~2pRc!
d~mnW

22m0
2!~d22!/2

~4p!d/2G~d/2!
. ~C3!

The coherent sum over these states is at the ampli
level and involves terms of the form

Ds~ t !'2 i E
m0

2

Lc
2

dmnW
2r~mnW

2!
Fs,nW

utu1mnW
2 , ~C4!

where the momentum exchange is in thet channel witht
,0. Here, we have included an explicit ultraviolet cutoffLc
in order to regulate this divergent integral. As can be see
Appendix B, in the case of the gravitino propagator there
four distinct classes ofFa,nW to consider, given by

Fs,nW5umnW us22, ~C5!

with s50,1,2,3. Using Eqs.~C1! and~C5! and the change o
variablesy5mnW /x, with x[Autu, the integral~C4! can be
put in the form

Ds~ t !'
22i ~2pRc!

dxs1d24

~4p!d/2G~d/2!

3E
m0 /x

Lc /x

dy
~y22m0

2/x2!~d22!/2ys21

11y2 . ~C6!

This integral can be evaluated by making use of Appe
hypergeometric functionF1(a;b1 ,b2 ;c;z1 ,z2) which gener-
alizes hypergeometric series to two variables@43#. It has the
one-dimensional integral representation

G~a!G~c2a!

G~c!
F1~a;b1 ,b2 ;c;z1 ,z2!

5E
0

1

ua21~12u!c2a21~12uz1!2b1~12uz2!2b2du,

~C7!

and the series expansion
1-16
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F1~a;b1 ,b2 ;c;z1 ,z2!5 (
m50

`

(
n50

`
~a!m1n~b1!m~b2!n

m!n! ~c!m1n
z1

mz2
n ,

~C8!

where (a)n is the Pochhammer symbol defined as

~a!n5a~a11!¯~a1n21!. ~C9!

For d56 extra dimensions, the result to leading order
Autu/Lc!1 is

Ds'
2 ip3Rc

6Lc
s12

s12
. ~C10!

We note that at this order, the result is independent of
mass of the zero mode, so long as this mass is much sm
than the cutoff scale. The results for the various values os
are explicitly listed in Table II. Ford52 extra dimensions
the leading order result fors53 is

Ds53'22ipRc
2Lc . ~C11!

We note that the behavior of the subleading terms ford52 is
quite different from that displayed in Table II for the case
d56. We do not rely on the above approximations, b
evaluate Eq.~C6! numerically in our analysis.
tt

r,

R.

ys

D
.

nd

o-

. B
J.

01500
e
ller

f
t

An interesting feature of this result when applied to t
gravitino propagator is that it modifies its qualitative stru
ture, so that the summed propagator is dominated by a
terms. This gives rise to the following (s53) leading order
behavior~for six extra dimensions!:

(
nW

PnW ,mn'
2 ip3Lc

5Rc
6

5 S hmn2
1

3
gmgnD . ~C12!

Following Hanet al. in @8#, we take the relation between th
compactification radius and the cutoff scale to be

Rc
d5

8Ap~22d!G~d/2!

k2Lc
d12 , ~C13!

with the gravitational coupling constantk5A8pGN.

TABLE II. Values of the integrals over the terms in the gravitin
propagator in six extra dimensions.

s iD s(p3Rc
6)21

0 Lc
2/2

1 Lc
3/3

2 Lc
4/4

3 Lc
5/5
.
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