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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-KleinKK) 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 polarizesl e~ 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 D=4 supersymmetric scenarios and can lead to an enormous sensitivity to
the fundamental higher-dimensional Planck scale, of order (20x 25)
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[. INTRODUCTION Proposals for the localization of SM matter and gauge
fields to a (3+1)-dimensional wall have been made in the
There has been much interest recently in the frameworkcontext of topological defects of higher-dimensional field
proposed by Arkani-Hamed, Dimopoulos, and DM@DD)  theories[5]. Such localization can occur naturally in string
[1,2], that resolves the hierarchy problem by exploiting thetheory via D-branes where the SM particles are represented
geometry of spacetime. In this scenario, the fundamentaby open strings whose ends lie on the D-brane, while gravi-
scale of gravity in a higheb =4+ § dimensional spacetime tons, which carry no gauge charges, may propagate in the
is assumed to be of the order of the electroweak sedle bulk and correspond to closed strings6,7).
TeV. The apparent weakness of gravity in our four- Since this scenario modifies gravity at the electroweak
dimensional world originates from the large volume of thescale, it is natural to expect the emergence of new phenom-
additionald spatial dimensions. The four-dimensional Planckena at the TeV scale which may reveal itself in experiments
scale is no longer a fundamental scale, leaving the elecand lead to signatures very different from SM predictions.
troweak scale as the ultraviolet cutoff of the low-energy ef-Upon compactification, the bulk graviton expands into a
fective theory. The gauge hierarchy is thus effectively elimi-Kaluza-Klein (KK) tower of states, referred to as a bulk
nated and reduced to the more tractable problem ofraviton KK tower, which interact with the SM fields on the
stabilizing the higher-dimensional radiB]. In this scenario, brane. Collider signals for the graviton KK states have been
gravity propagates throughout the higher-dimensional volstudied by various authois,9], who have considered the
ume, known as the bulk, whereas the standard m¢®lel)  virtual exchange of bulk graviton Kaluza-Klein towers, pro-
fields are confined to a three-dimensional brane, or wall. cesses which radiate gravitons into the bulk, and stringy ex-
In this theory Gauss’ law relates the Planck scale of thesitations of the standard model particles. Data from the Fer-
four-dimensional theoryMp, to the fundamental scale of milab Tevatron, CERNe"e™ collider LEPII, and DESYep
gravity, Mp, through the volume of the compactified dimen- collider HERA[10] presently constraitMp=1 TeV for all
sionsV via values of§, while the CERN Large Hadron CollidéLHC)
and a future high-energg™ e~ Linear Collider are expected
M2=V.M2+3 1) to probe fundamental scales in the 5-9 TeV range. Astro-
P 7D physical and cosmological consideratiofid] place strin-
gent bounds, of the order &fl =100 TeV, for the case of
where Mp=1.2x10'° GeV is the 4D Planck scale. Setting 6=2; these limits weaken substantially kdp=1 TeV for
Mp~1 TeV then determines the compactification radRys  higher values ofs. Mechanical experiments have tested the
of the extra dimensions, with the exact relationship being seinverse-square nature of the gravitational force law down to
by the geometry of the compact dimensions. Assuming thadistances of 15@m [12] for the case off=2. This scenario
the extra dimensions are of toroidal form and are all of equals thus consistent with all data as long as the number of extra
size, we have/ ;= (27R.)°. R, then ranges from a submil- dimensions is greater than 1, with the casedef2 being
limeter to a few fermis for6=2—-6. The case ob=1 is  disfavored in terms of being relevant to the hierarchy prob-
excluded as it predicts corrections to Newtonian gravity atem.
distances comparable to those in the solar system. A similar While the original motivation for the ADD scenario was
scenario can be realized in string theory where the stringo solve the hierarchy problem without the introduction of
scale plays the role of the higher-dimensional fundamentabw-energy supersymmetr§or technicoloy, one still might
scale[4], with the string scale acting as the ultraviolet cutoff ask whether supersymmetry plays a role in such a scenario.
of the theory. Clearly, bulk supersymmetry is not in conflict with the basic
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assumptions of the model. In fact, various reasons exist foous SUSY breaking scenarios thus yield different predictions
believing in a supersymmetric bulk, not least of which is theranging from ultralight gravitinos from weak-scale super-
motivation of string theory. As discussed above, the D-branesymmetry breaking models, light gravitinos in gauge medi-
of string theory provide a natural mechanism for the confineated SUSY breaking, and heavier gravitinos in models of
ment of the SM fields. If string theory is the ultimate theory gravity and anomaly mediated SUSY breaking. The possibil-
of nature then the proposal of ADD might be embeddedity of light gravitinos is an interesting one, and their generic
within it with a supersymmetric bulk, i.e., a bulk supporting collider [18] and astrophysicdl19] implications have been

a supersymmetric gravitational action. In addition, extra di-studied, with direct collider searches yielding a bound of
mensional geometries have been shown to provide nOV‘i’hg,,zZ 10 eV [20]. In particular, the case of gauge medi-
methods for breaking supersymmeffy, 14, the possibility  gted SUSY breakingGMSB) has been intensively studied
that a supersymmetric bulk might provide a source for a tiny>1), as a light gravitino modifies the standard collider search
cosmolog|ca|_ constant has been d'SCUS@' and SUPEI~  techniques for supersymmetry and provides a good candidate
symmetry m_|.ght also serve as a mechanism for st.rclbmzmgOr warm dark mattef22]. In this paper, we work in the
the bulk radii. Supersymmetry ha}s alsq been conS|d9red 'Bontext of gauge mediated supersymmetry as it naturally af-
the context of warped extra dimensions present in th(?ordsalightgravitino state; however, our results apply to any

Randall-Sundrum scenario of localized grai]. upersymmetric model with a light gravitino, includin
In this paper, we investigate the consequences of a supe’cl’- Persy . gnt g ' 9
weak-scale breaking models.

symmetric bulk in the ADD scenario. If bulk supersymmetry .
remains unbroken away from the brane, then it is natural to V& focus on the effects of the virtual exchange of the bulk
ask what happens to the superpartners of the bulk graviton§ravitino and graviton KK tower states in the process
the gravitinos. The bulk gravitinos must also expand into & € —&'®" at a high-energy linear collider. This process
Kaluza-Klein tower of states and induce experimental signais Well known as a benchmark for collider supersymmetry
tures. Up to now, the phenomenology of such gravitino KK studieg 23], as the use of incoming polarized beams enables
states has been unexplored. The existence of a light grav@ne to disentangle the neutralino sector and determine the
photon, which is present if there is no orbifolding, in super-degree of mixing between the various pure gaugino states.
symmetric ADD has been shown to alter the nonsupersym¥he effects of the virtual exchange of a bulk graviton KK
metric ADD phenomenologl7], and hence we also expect tower in selectron pair production were examined2d] for
large effects from the gravitino sector. Here, for concretethe case of nonsupersymmetric large extra dimensions. Here,
ness, we examine the virtual exchange of the bulk gravitinave will see that the introduction of bulk gravitino KK ex-
KK tower in superparticle pair production. change greatly alters the phenomenology of this process by
We now outline the approach taken in this paper. Wemodifying the angular distributions and by substantially in-
study the compactification of the gravitino sector of a genericreasing the magnitude of the cross section. We find that the
supergravity theory living in the bulk and work out the form leading order behavior for this process is given by a
of t_he effective action .descri.bing the free part _of the re.ducerimension-G operator, in contrast to the dimension-8 operator
action on the (3 1)-dimensional brane to which the fields ¢qrresponding to graviton KK exchange. This yields a tre-
of the minimal supersymmetric standard modSSM) are  \anqous sensitivity to the existence of a supersymmetric

assumeq to be confi_n_ed. We assume that supersymmetry Bk, resulting in a search reach for the ultraviolet cutoff of
the wall is broken, giving rise to masses for the zero mode e theory of order (20_259\/§

of the Kaluza-Klein tower resulting from the reduction of the ; )
higher-dimensional gravitinos, and shifting the masses of al] Our paper IS organized as follows. In Selc.. I we present
higher modes. We make no special assumptions about thtge Kaluza-Klein decomposition of the gravitinos in sych a
nature or origin of confinement of the MSSM fields to the Model- In Sec. Il we use the general Noether technique to
wall. We then derive the couplings of the Kaluza-Klein f:ouple the gravitino Kaluza-Klein states to matter_ fields, ar_ld
modes of the higher-dimensional gravitinos to fermions and" Sec. IV we present the phenomenology of this scenario,
their scalar superpartners on the wall, yielding an effectivg?0inting out some generic features of such models. Our con-
4D theory, which we then use to study the corrections tcclusions are given in Sec. V. Various details are relegated to
collider signatures of certain processes in the MSSM. Fothe Appendixes.
purposes of illustration, we work with a ten-dimensional Our notation in this paper is as follows. We assume that
theory; the generality of our results should be appafgmto  space-time possesses 3+ 6 dimensions, with matter con-
considerations of representations of fermions in various difined to a (3+1)-dimensional brane, and pure supergravity
mensiong propagating also in the exti@dimensions. Letters from the
The gravitino zero mode acquires a mass from the sporgreek alphabet are used to denote cur¢edrld) indices
taneous breaking of supersymmet§USY) on the brane, while those from the latin alphabet denote fidangent
with this mass being proportional te A%,s/Mp, where spacg indices. Careted symbols range over the fult &
A gusy represents the supersymmetry breaking scale in a gelimensions; those with overbars are restricted todlestra
neric model, noting that the zero-mode gravitino coupleglimensions, while those without any decoration live on the
with the usualM,* strength. This familiar 4D expression (3+ 1)-dimensional brane. Coordinates over the enbre
can also be seen to arise from the volume factor after inte=(4+ §)-dimensional manifold split ag*=(x*,y*). Our
grating over thes extra dimensions and using Ed). Vari- Minkowski metric convention isy;p=(+1,—1,....—1).
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Il. KALUZA-KLEIN EXCITATIONS OF THE GRAVITINO for local Lorentz transformations, the spin connectigk ,

. . transforming as a covariant vector under general coordinate
We begin by reminding the reader of some general obser- 9 9

vations about string theory and supergravity in ten an(}ransformations. .

. : : . We now assume the vacuum of space-time to be of the
eleven dimensions. Recall that type ll&en-dimensional A, 6 4 . . . .

\ . : . 7. form M*XT®, where M* is four-dimensional Minkowski
supergravity with two supersymmetries of opposite chirality

-ti 6_glyx... 1 i i
can be deduced via dimensional reduction of the unique 13pace time and®=S"x---XS , the direct product of six

dimensional Ni=1) supergravity theory. The type IIA super- dimensions each compactified on a circle. This product form

. d : . . of the vacuum ensures four-dimensional Poindavariance.
string theory whose low-energy effective action gives rise t . . . :
. - . hysical fluctuations of space-time can be treated in pertur-
the type IIA supergravity admits [pbranes withp even, and

is Sdual to 11-dimensional M theor§25], with the 11- bation theory by expanding the metric around this vacuum.

dimensional supergravity as its low-energy limit. M theor Consistent with the symmetry of the vacuum state, we
. : Perg y 1ergy fimit. Y assume the vielbein takes the form

is believed to unify the five known string theories. The type

[IB string theory (which admits p-branes withp odd) is

T-dual to the type IIA theory. i E,(X) 2 A%(X)K%(y)
D-branes are extended string theoretic objects on which Eqf= a , 3
open strings terminafe’]. Only closed strings can propagate 0 ea;(y)

far away from the D-brane, which on a ten-dimensional

background is described locally by a type Il string theoryyhere we have used the local @Q1) gauge symmetry to set
whose spectrum contains two gravitin@seir vertex opera- o E-# components to zero. Heee is the vielbein on the

Fors carry one vec;or and one spnor '|ntie¥h('e D-brqne _.compactified spacedZ are the massless gauge fields of the
introduces open string boundary conditions which are mvarl-S mmetry aroun of tﬁe internal spaffeere U(1], and the
ant under just one supersymmetry, so only a linear combina-{1 y group P '

tion of the two original supersymmetries survives for theKm aré the Killing vectors associated with this symmetry.
open strings. Since open and closed strings couple to each The gravitino kinetic term of the Lagrangian is
other, the D-brane breaks the origindi=2 supersymmetry ,
down toN=1. The Iow—e_nergy effecti_ve the_ory will then be E-lr= I—EAF’A“A"A’V;‘I’A , ()
a D=10N=1 supergravity theory with a single Majorana- 2~ P
Weyl gravitino which couples to a conserved space-time su-
percurrent. For our model, we assume that the standandith E being the determinant of the vielbein in ten dimen-
model fields are confined to a three-brane, with pure supessions,I'#"? the antisymmetric product of thréé matrices
gravity living in the bulk of space-time. Attempts at con- defined by
structing a standard model on D-branes can be foufdéh

Pure supergravity in four dimensions contains as physical v L] 1 P
fields the vierbeire,™ and the gravitinoV’, [27,28. In the Perp=AP =y (DATP =T AP A=), (9)
free field limit, the gauge action of supergravity reduces to
the standard Fierz-Pauli actiothe linearized part of the andw ; a Majorana-Wey! vector-spinor. We have suppressed
Einstein-Hilbert actiop together with the Rarita-Schwinger the spinor indices for notational clarity.

action,.which are the unique ghost-free actions for a spin-2 \we usel'* to denote Dirac gamma matrices for the full
and spin-3/2 field29,30. _ D-dimensional space, and* to denote them on the
The spin of a fieldD(z) is given by a representation of (3. 1)_gimensional brane. As usual, the Dirac algetira

the tangent space group at a fixed paifi81,32. Under the 0 (angent spagas spanned by a set of constant matrices
above compactification, the metrig;,; decomposes in four (which in ten dimensions are 3232)

dimensions as a metrg,,,, while the componentg,,;- with
one index ranging over the extra dimensions are seen in four {FFn I‘ﬁ}=277ﬁ”ﬁ. (6)
dimensions as a vector, amgj; transforms as a scalar. To ’
study the behavior of spinors on a general manifold, weé Mustye ¢yrved space Dirac matrices are field dependent and
introduce a set of orthonormal basis vectgilse vielbein :

A - i / given by
e;"(z) in the tangent space of the manifold at the paint
with & transforming as a vector index under general coordi- F;L(Z):e@(z)rﬁq )
nate changes, whiléh transforms as a scalar under such m ’
diffeomorphisms, but as a local Lorentz vector index “”dersatisfying
SOMD-1,1), i.e., the Lorentz group acting in the tangent

space at the poir, satisfying[33,34 {Fﬁ(z),F;(z)}=2g’17’(z). )

M _ qAva-Ma. N i e a@aMali A convenient representation of the algel§éa in ten di-
7 =gk"e e, 9u = mmaes €5 ) _ : _ ‘ )
B g mensions which makes manifest the four-dimensional de-
composition is given in Appendix A. The $@1) generators
Associated with the local Lorentz symmetry is a gauge fieldare
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PN RO where

3M= 2 [T7 7). ©) A

Vea= Eﬁ{“‘[’ﬁ , (149
The first four matrices in the sé€Al) furnish a reducible
representation of S@,1). Taking account of the identity act-
ing in the internal 2°=8-dimensional spinor space, we see The linearized action possesses the local Abelian gauge sym-
that aD = 10 Dirac spinor decomposes into eight=4 Dirac  metry
spinors. AD =10 Majorana spinor would decompose into
eight Majorana spinors in four dimensions, andDa= 10 oW = dne, (15

Majorana-Weyl spinor would decompose into four Majorana _ _ . . .
spinors, since thed=10 chirality condition" ;¥ =+ W with e a Majorana-Weyl spinor. This is the same linearized

(wherel';;=iT o --T'q plays the role in ten dimensions gf ~ 9auge invariar)ce one would expect of the fermion?c part of
in four dimensionswould pairwise relate half the degrees of the gauge action of supergravity. The above invariance fol-
freedom, leaving fouD=4 Majorana spinors. There will OWS from the realness of and the total antisymmetry of
also be 24 Majorana spin-1/2 fields. After this reduction wel P _ N

recover the standard definition of the four-dimensional TO Make the Kaluza-Klein decompositigB82], we ex-
spinor generator. The metric in ten dimensions decomposdnd the Rarita-Schwinger field in eigenfunctions of the
into one spin-2 graviton in four dimensions, six vectors, anacompactified spaceof dimensions, which for now is taken

21 scalars. to be arbitrary, assumed here to be the torti§, with vol-

In ten dimensions, a Majorana-Wey! spinor contains 164meV,;=(27R.)’. The expansion is
real components. To see this, note that in ten dimensions the " i
Dirac matrices are 3232, so a Dirac spinor would contain v.= P5(x)
32 complex components. The Majorana condition reduces m i \/V—5
this by half by imposing a reality condition. Finally, the Weyl
condition reduces this again, for a final total of 16 real com-The four-dimensional fields are seen to arise as the coeffi-
ponents. The equations of motion for this spinor imply thatcients in this expansion.
not all of the remaining components are independent, reduc- We take as our starting point the linearized act{ag).
ing further the independent propagating degrees of freedonWe now substitute Eq.16) together with Eq(3) in the ac-

For simplicity we assume the compactification radii of all tion (13); then decompose the ten-dimensional indiceghas
six dimensions to be the same, although the generalization is (m,m), with the indicesm andm transforming as vectors
obvious. Physically, this compactification amounts to theunder S@3,1) and SQ@¢), respectively. The Rarita-
identification Schwinger field then splits as

dp= Eﬁ;}&;. (14b

el /Re, (16)

yh=y"+2mnR,, (10) V=V, Vi), (17)
with n an arbitrary integer anB. the common radius of the where
compactified dimensions. The condition on the fields then U =En ¥, (189
becomes, recalling our notatiaft = (x*,y*), B B
_ _ Va=Ef'V =eq'V .
W, (X", Yy +2mnR) =V, (x",y"). (11 (18b

The transformation properties of the Rarita-Schwingerintroducing the shorthand notation
field ¥, are the product of a vector and a spinor. The cova-

! e o —ig.y +it-y
riant derivativeV;, is given by a=— y, B= = y, (19)
C C
i . :
V,=d,+ Za)'&r*nﬁzmn, (12 we find

.. i * * _ -
whereX™ are the S@,1) generators given in Eq9), and e L= WE 2 {[d)fnl“mnp(an@;)
o 1S the sum of the standard spin connection and terms ST =
quadratic in gravitino field$35], with supercovariantization — o= ;
giving rise to four fermion terms. + OR3P 0) + P MP(9,P )

Using the vielbein to translate from curved to flat indices, — == Eyqnat By S o oo
we can rewrite the actiof¥), after linearizing the spin con- + OR3P ) Je* P[P M P (drel) D,
nection, in the form - P — -

+Op T MP(gref) Do+ DT ™ P(d7ef) Dy
B = .. . -
E 1£: E\I’ﬁqrmmaﬁq,f , (13) +(I)%anp(07ﬁeﬁ)q)%]ea} (20)
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with e being the determinant of the four-dimensional vier-wherey2 = (x3)'y°®1g, the 3™ are given by restricting
bein. The first set of terms propqrtionaleﬁ*ﬁ and with the  the indices of the S@,1) generatorg9) to the first 3+1
derivative acting on the fieldd}, and @ are the kinetic ~dimensions, and we have summed oweranging over the
terms since the derivative is taken with respect to coordinate@xtra dimensions. _ _
in M#, while the remaining terms proportional ¢ with the The only dependence on the coordinates of the extra di-
derivative acting on the exponentief will give rise to the ~Mmensions in Eq(25) is isolated in the exponentia®"~.
mass terms of the spin-3/2 and -1/2 fields in the effectivdntegrating over the extra dimensions gives the four-
four-dimensional action. It is important to note that fields dimensional effective Lagrangian

with indices ranging over 31 dimensions ¢,,) appear in

this Lagrangian coupled to those with indices in the exira _

dimensions @), in both the kinetic and mass terms. This ‘Ceﬁ(x)_f dyy---dys £(X,Y). (26)
mixing prevents us from interpretingp,, as the four-

dimensional Rarita-Schwinger field. We introduce the fieldThe integrals in Eq(26) can be performed using the or-

redefinition[36,37] thogonality of the exponentials, with the result
N (x)=d(x)+ Ir I df(x) (22) Re Re i . 4
Xm m 2 m r ’ J' d)ﬁf dy(s ex —R_(§—t)y :Vﬁl_[ 5S-t-!
— R, — R ¢ =y it
which will be identified as the four-dimensional Rarita- (27

Schwinger field. In what follows, we shall systematically
drop all terms coupling only fields with vector indices in the WhereV ;= (27R;) is the volume of the compactified extra
extra dimensiongthese would give rise to spin-1/2 terms in dimensions. The effective Lagrangian defined by E2f)
the four-dimensional effective thedryand concentrate on Can be written as a sum over Kaluza-Klein states,

the gravitino(spin-3/2 part of the effective theory. The field

redefinition(21) completely decouples the kinetic term into - .

spin-1/2 and spin-3/2 pieces, but the mass term still contains Le(X)= 2 LX), (28
couplings between spin-3/2 and -1/2 fields. The mixing with =

spin 1/2 in the mass term is due to the fact that the figld

with the Lagrangian for each level
transforms as the

11| [[1 1\] (1 1) (1 18 ()= =5 o pmnp 8
[5:3)el[3olelog]=(3 4ol 25]=[3 9 I
. 1\ .
® o,; (22) —iifn(X)Emp(R—CF“S?)Xﬁ(X)’ (29

representation of S@,3. To project out the (1/2,0) and the fieldsxfn describing an individual Kaluza-Klein
®(0,1/2) part we impose the $81) invariant gauge con- mode. In Eq.(29), the I™"P and 3™P are still 32<32. We

dition note that the masses of the Kaluza-Klein excitations of the

- gravitino are the same as for the gravitons. To arrive at a

IMym(x)=0, (23)  proper gravitino mass term, we must diagonalize the term

. . , I'"s;in the internal space. First we note that in the represen-
leaving only a spin-3/2 field. tation (A1)

To evaluate the derivatives in the mass terms of (£6),
we note that they are taken over coordinates in the extra
dimensions, and sincg ranges over the same coordinates,
they yield

mnp= ,ymnp® 18!

Emnza'mn®18, (30)
i
B—__t—B . .
e R the”. (24 with the y™"P and ¢™" being products of %4 four-
dimensional Dirac matrices. We decompose the fermions
Putting together Eqs(20), (21), and (24), we see that the into four-dimensional onegz;— w,; with @=1,...,32 and

spin-3/2 part of the Lagrangian takes the form a=1,...,4 spinor indices in ten and four dimensions, respec-
i tively, andj=1,...,8 serving as an internal index, and then
I z { S _(5)T,0 i i i
e 1L(x,y)= WZ 2 e‘”ﬁ{ﬁ(x)l“m“p(anx;(x)) use}.fn—(xfn) Yolg. Maklng a unitary transform{;mon on
st the fields allows us to diagonaliZ&'s; without affecting the

=\ - kinetic term, since in the chosen representation it is already
—ﬁ(x)(ZZm”)Fﬁ(—n) XE(X)J (25)  diagonal in the internal space. After diagonalization in the
R. internal subspace, the Lagrangian can be written as
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) Yl L N symmetry, hence the interpretation as the gauge field of su-
eflﬁgﬁ(x)zE EE?,;‘(X) Y (Fnwp! (X)) persymmetry, their contributions vanish. We assume that
=1 supersymmetry on the brane is broken, giving a mass to the
- R lowest-lying Kaluza-Klein statess& 0) in Eq. (33), and ad-
+5fﬁ’(x)0mp75mjgw§'1(x)}1 (31)  ditively shifting the masses of the higher modes iy
—mgz+mg. A natural mechanism for breaking supersymme-
with the mass eigenvalue coming from the diagonalizatiod’y that ensures a light gravitino is gauge mediafiaa]. In

and given bymlg:(_l)j\/g,—gmc_ The fields associated these models, the gravitino is the lightest supersymmetric

with the negative mass eigenvalues can be redefined to r@article, and iR parity is a good symmetry, itis the terminus

move this sign; however, care must be taken with the Feyn-or the decay chains of all superparticles. The lightness of the

man rule for the coupling of the gravitino to matter. THe gravitino simplifies_ the sur_nmation over thE.’ Kaluza-Klein
in the mass term can be removed via a chiral rotation of thétate§(see Appendix Cleading to results which are essen-
fields, which introduces an extra factor ointo the mass tally mdepende.nt of th_e mass of the zero m_ode.
without affecting the kinetic term. The sum in E®1) runs The Lagrangiar(33) implies the field equation
over the four Majorana vector spinors in four dimensions.
We have applied the Majorana-Weyl condition in ten dimen-
sions, which, as previously discussed, yields four Majorana
spinors after the decomposition into four dimensions. Gener-
ally, the masses of the four gravitinos at each Kaluza-Kleirgpbeyed by each Kaluza-Klein excitation. Contraction of Eq.
level can be shifted by supersymmetry breaking effects onz4) with y,, yields
the brane. When we consider the phenomenology of such
models, we will assume that tiN=4 supersymmetry is bro- m,Si— o

: Y wp!=0, (35
ken at scales near the fundamental sddlg, with only N
=1 supersymmetry surviving down to the electroweak scale. . . .
This symmetry breaking may be accomplished by a variet mci,\ bsyj taklng_ the dlvergence_ of Ec(34? We_ have
of mechanisms, including orbifoldirgThe gravitinos asso- L#»7"]@y’=0. This shows that the field equati¢84) indeed
ciated with the breaking of the extended supersymmetry nedfeScribes a particle of spin 3/2 with no spin-1/2 admixture
the fundamental scale will be heavy and their phenomend-34: Each vector componeritm) of the Rarita-Schwinger
logical contributions will thus be highly suppressed, due tofield wy satisfies a Dirac equation.
the large mass for these individual excitations. Our assump- We note that the kinetic part of the compactified action
tion of N=1 supersymmetry at the electroweak scale, withstill possesses the local gauge symmetry arising from the
its associated single light KK tower of gravitino states, rep-decomposition of15), but the mass term breaks this sym-
resents the most conservative case in terms of phenomen@etry, thus allowing us to invert the free quadratic operator

i
. mz .
Emnrp’ys’)/n&rw’S)Y](X)_F 25[7m17’p]wg'J(X):0 (34)

logical consequences. in the Lagrangian to find an appropriate propagator, which
Using the identity we derive in Appendix B.
Y= =€y, s, (32

IIl. GRAVITINO COUPLINGS TO MATTER

the compactified action for each gravitino can be put in the |n this section we discuss the coupling of fermions and
standgrd for_m for the action of a massive spin-3/2 particle inscalars to gravitinos. We begin by formulating a globally
four dimensions: supersymmetric theory, and then proceed to gauge this super-
symmetry via the Noether procedure, deriving a locally su-
persymmetric Lagrangian yielding the coupling of the fermi-
ons and scalars to the graviton and gravitino. The Noether
- procedure provides a systematic technique for deriving an

X[y™ YPlop! (%), (33 action with a local symmetry from an action possessing a

global one[28,38. Gauging the rigid supersymmetry trans-

The mass term appearing in E@3) has the same form as formations yields the coupling of the Rarita-Schwinger field,
the mass generated by spontaneous breaking of supersymmghich is the gauge field of the local supersymmetry, to the
try. The massless limit of the propagator associated with thignatter multiplet.

Lagrangian contains singular terms, but these terms are all The y matrices are, in the chiral representation, given by
proportional toq™ or g°, and sincew,, couples to a con-

. 1 . .oooomb
e L (x) = = 5 €™Ml (x) Y5 yndr i () — 7wl (X)

served currenfthe Noether current associated with super- 0 ot
M= , 36
Y (?* 0 ) (36)
%f orbifolding is employed, it is possible that part of the gravitino
and, in principle, graviton KK wave functions may be modded out, Wit
This scenario could then modify the phenomenology of the tradi- o
tional ADD model in a nontrivial fashion. o*=(1,0), o*=(1,—0), (37
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and¢ being the Pauli matrices. A Dirac spinor is constructed Sutr =Vl (0" EPy bié E
as follows: g‘% [I(O- )aﬁg 3#(,25 ga ]1
a6 S X" =VaLI(T)*PL,p* +°G*],
V= L) =12, 38 .
(w (yﬁ) %8 Seb=VIEY,,
where we have introduced indices with and without overdots 0P =V2L X
[39], and ¢ ;g are, in the massless limit, states of definite = an
helicity each satisfying a Weyl equation. OF =iV2&,(a™)*Pd g,
We begin with the following off-shell Lagrangian in 3 . .
+|1 (iimensions{two copies ofN=1,D =4, chiral supermul- 5§G:ix/igiy(?‘)“5aﬂxﬁ. (43
tiplet

We now take the fields in the left- and right-handed mul-
_ tiplets to transform under the same supersymmetry transfor-
L£=(9,D") (D) +iVy g, ¥+ F'F, (39  mations(yielding N=1 supersymmetjy with ® a Majorana
spinor, and apply the Noether procedure to derive the cou-

which describes a free massless fermion, a multiplet of comP!ing of the supergravity multiplet to the matter fields. The
plex scalar fields, and a set of auxiliary fields, with the com-9ravitino will appear as the gauge field of local supersym-
plex scalar fields written as metry. Supersymmetry breaking will manifest itself through

the appearance of a mass for the gravitino.
To gauge the global symmetry, we let the supersymmetry

o= ¢ e F (40) transformation parametd® become space-time dependent
“p) G ®—0(x). The Lagrangian will no longer be invariant, but
will vary as
Here, F and G are nondynamicalnonpropagatingin the SL=3"9,0, (44)

sense that their equations of motion are algebraic constraints

that aI'Iow us to eliminate them from the action. They hav ith J* the global supersymmetry current. We must now add
been introduced to ensure that the number of bosonic al

C rms to the Lagrangian and the supersymmetry transforma-
fermionic degree_s of freedom match Off shell and_ that theon ryes until we restore the invariance of the Lagrangian
algebra closes without use of the equations of motion. After(up to a total derivative We add a term coupling the local

elimination of F andG, th_e supersymmetry algebra no longer S#Jpersymmetry gauge field to the symmetry current
closes and demonstration of invariance requires the use o

the equations of motion for the remaining fields. The super-
symmetry transformation paramet@rforms a Dirac spinor
built from left- and right-handed Weyl parameters

£y=cQ 3%, (45)

with 5# a Majorana vector spinor, which we expect to be-
come the gravitino, and hence must transform as

0= (%) (41 2
50/&:;(9#@ (46)
Decomposing the Lagrangiai39) into a sum of left- and

right-handed parts yields to leading order ink in the supergravity theoryhere «

=.8mGy). The local variation vanishes t©(«°) if c=
o . — /2, but not to orderx. Iterating this process to higher
Lien= (9, ™) (") +idhe(a7) 0 yih + F*F, orders in«x and covariantizing with respect to gravity, we
arrive at a locally supersymmetric Lagrangian at orgér
A The result consists of the Einstein-Hilbert and the Rarita-
Liight=(d,p*)(3*p) +ix*(o") 4od X"+ G*G, Schwinger actions together with the original acti¢39)
(42) minimally coupled to gravity, plus a term coupling spinors,
scalars, and gravitinos, and higher-order four-point terms.
which is a sum of two Wess-Zumino actions, one each forl € term coupling scalars, spinors, and gravitinos, and mini-
left- and right-handed multiplets. mally coupled to gravity, is
The Lagrangian42) is invariant, up to a total divergence
which does not contribute to the acti¢at least for topologi- K -~ Y -~ Y
cally trivial field configurations under the following set of ~ 17~ %leH(aﬂ(b'-)vay It (0, PR) Q7Y YR}
supersymmetry transformations, which we write in Weyl
component form, forming a closed algebra on the fields: +H.c,, 47
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~ IV. PHENOMENOLOGICAL ANALYSIS
CLr . AND NUMERICAL RESULTS
P T2 Pl rPLe We are now read -
. y to apply our results to a phenomeno
x;\ AN A A, logical analysis. For purposes of iIIustration_ V\ie _focus on
v U Y v selectron pair production in high-energy polarizsce™ col-
lisions. As discussed in the Introduction, this process pro-
vides a valuable tool within the MSSM for determining the
eLr composition of the mixed neutralino statgg, in terms of
FIG. 1. Feynman rule for the gravitino, fermion, scalar cou-the various pure S(2) and U1) W-ino andB-ino compo-
pling. P, g represent the standard projection operators. nentsW? BC. Here, we investigate how the existence of su-
persymmetric extra dimensions modifies this reaction.
with O, a Majorana vector spinor. Expandifg to leading The tree level processes contributing to selectron pair pro-

order in the vierbein yields the Feynman rule displayed induction in the presence of a supersymmetric bulk are pre-
Fig. 1, with the obvious generalization to the Hermitian con-Sented in Fig. 2. In addition to the standapZ schannel
jugate piece. exchange and®® WP t-channel contributions present in the

(b)

et ,'gt,R
Iu’
hpv
_____ —
\\_J\
€ erR
() (d)
ey > eq RRRRREEP
C) C)
CDWua C)‘Vuc(
C) C)
e — < - <{---8lg e <----8fg
(e) (f)
> >--8 e >R
B’ B
e G e SRR
(9 B
> > 8T
W
et— ¢ .. {----8f

FIG. 2. Processes contributing to scalar electron pair production in polaizzd collisions. The staté,,, represents the bulk graviton
KK tower, ¥, the bulk gravitino KK tower, an®®, WP correspond to the unmixed MSSM gaugino states.
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TABLE I. The diagrammatic contributions to individual scattering processes for polarized electron beams.
A blank indicates that there are no contributions for that polarization configuration.

——t ——t —= —

N erel € er Erer
e e* s-channely,Z,G, s-channely,Z,G,
t-channelW,B, ¥, t-channeiB, ¥,
eqet s-channely,Z,G, s-channely,Z,G,
t-channelB, ¥, t-channelB, ¥,

MSSM, we now have contributions arising from the K2 _ PWT _i8p
s-channel exchange of the bulk graviton KK tower and the 7En ':——24) W( = 3 7"7”) (49
t-channel exchange of the bulk gravitino KK tower. There M; ¢

are nou-channel (_:ont_rlbutlons due to the _non!dentlcal flnalin the matrix element; the structure of the summed gravitino
states. The contributions from neutral Higgsino states ar

- . ropagator is thus altered from that of a single massive state.
negligible due to the smallness of the Yukawa coupling. Th pag g

di " tributi 1o the individual tteri ence the leading order behavior for gravitino KK exchange
lagrammatic contributions to the individual SCattering pro- o ii5 i a dimension-6 operator. This is in stark contrast to

CESSES for_left- and right-handed selectron prodqction Wiﬂbraviton KK exchange which yields a dimension-8 operator

initial polarlze~d electron beams z.are summarized in Table Iat leading order. We thus expect an increased sensitivity to

Note that theW® exchange contributes only to the processthe fundamental scalbly, in the case of a supersymmetric

e e" =B ¥, and that the-channel gravitino and thB®  bulk. Our derivation of the summation over the bulk grav-

contributions are isolated in the reactiore_ ze”  itino KK states in the matrix element is detailed in Appendix

—B RerL - C. Lastly, the bulk graviton KK tower contributes an addi-
Our amplitudes for the standard MSSM contributions totional amplitude of the forni24]

the reactiore™ (p,)e* (p;) —& (ky)&" (k) (with the direc-

tion of the charge flow as indicated in Fig. &2produce the M= —:

results in[23]. The unpolarized matrix element for the case A‘C1

of massive gravitino KK exchanges is

(t=u)(kyi—kz) ,€(p2) y*€(p1). (50

In order to perform a numerical analysis of this process,
kP we need to specify a concrete supersymmetric model. We
_r 172 — Aur choose that of gauge mediated supersymmetry breaking as it
M 2 2,:‘ t— m§ &P 7,7 P17y, v.8(P),  (48) naturally contains a light zero-mode gravitino. We specify a
sample set of input parameters at the messenger scale, where
the supersymmetry breaking is mediated via the messenger
— %ector, and use the renormalization group equati®GESg
recall thatk= y87G\=Mp " is the reduced Planck scale. g gptain the low-energy sparticle spectrum. We choose two
P™~T represents the numerator of the propagator for &ets of sample input parameters describing the messenger
Rarita-Schwinger field of mass; and is given in Appendix  sector which are consistent with our model. The RGE evo-
B. The mass splitting between the evenly spaced bulk gravution of these parameter sets is performedsiET V. 7.51
itino KK excitations is given by R;, which lies in the [40] and results in the sparticle spectrum
range 104 eV to a few MeV for 6=2—-6 assumingVip
~1 TeV; their number density is thus large at collider ener- Set I: mg =217.0 GeV, mg =108.0 GeV,
gies. The sum over the KK states can then be approximated

by an integral which is log divergent fof=2 and power X?=(76.5, 141.5, 337.0, 367.0GeV,
divergent for 6>2. We employ a cutoff to regulate these

ultraviolet divergences, with the cutoff being set Aq., Set Il: mz =210.5 GeV, mg =104.5 GeV,
which in general is different fronM, to account for the

uncertainties from the unknown ultraviolet physics. This ap- x'=(110.5, 209.6, 322.5, 324.0GeV,

proach is the most model independent and is that generally

used in the case of virtual graviton exchari§é An impor-  where x? with i=1,4 corresponds to the four mixed neu-
tant phenomenological feature of the evaluation of this intetralino states. The first set of parameters yield3-imo-like

gral is that, to leading order, the result is independent of thetate for the lightest neutralino, whereas the second set re-
mass of the zero mode, as long as this mass is much smallsults in a Higgsino-like state fqyg. These two sets are cho-
than A.. In practice, the integral over the gravitino KK sen so we can investigate the dependence of the kinematic
states is more complicated than that in the case with spin-distributions on the composition of the lightest neutralino
gravitons due to the dependence of the gravitino propagatgtate. Note that thé, and@gz masses are essentially equiva-
on m;. We find that the leading order term fafitf<A, lent between the two sets and hence will not induce any
results in the replacemefin the case of5=6) kinematical differences in the distributions. In addition, these
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& so0— 6 =6 ] G ° :
) r 5 -
@ a 10000
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- 5000
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cos 8 cos 6
FIG. 3. The angular distribution faeze" —8;8 from the D FIG. 4. A comparison of the event rates for the cases With

=4 supersymmetric model I, plus the addition of bulk graviton KK =2 and 6, corresponding to the top and bottom curves, respectively.

tower exchange, and with bulk gravitino KK tower exchange, cor- . o .

responding to the bottom, middle, and top curves, respectively. In Fig. 4 we explore the modifications to the angular dis-
tribution for exe* —858x from a supersymmetric bulk as

input parameters were selected in order to obtain a sparticie value ofs changes, using our parameter set | for demon-
spectrum which is kinematically accessible to the linear colstration. In principle there are two competing effects which
lider; our results are essentially insensitive to the exact demay modify the distributionsti) the number of degenerate
tails of the spectrum. We stress that our analysis is purelgravitinos in each KK level as a result of the reduction of
phenomenological and that our conclusions do not depend ofgrmions, versugii) the volume factor that appears in the
the physics inherent to GMSB. Except where noted, we perdensity of states in the integral over the gravitino propagator
form our numerical analysis for the case ®#6, following  which sums over the states in the KK tower, and its depen-
our above discussion of supergravity models. From here orjence om\ .. As discussed above, the number of degenerate
we refer to these two spectra as ddir=4 supersymmetric  gravitinos is reduced as the number of extra dimensions de-
models. creases; this results in a reduction of the cross section in the
It is instructive to first examine the effects of each class ofgeneral case of extended low-energy supersymmetries. How-
contributions to selectron pair production. This is displayedever, this effect does not modify our analysis since we have
in Fig. 3, which shows the angular distribution for the pro- gssumed thél=1 at low energy. The second effect arises
cessepe’ —BL8; with \/s=500 GeV assuming 100% po- from the increase ik, with A. being held fixed, for
larization of the electron beam; we show this particular re-smaller values ofs as can be seen in Appendix C. This
action merely for purposes of demonstration. The bottormvolume factor arises in the integral over the propagators for
curve represents the full contributiofsandt channel from  the bulk gravitino KK tower and is discussed in Appendix C.
the four-dimensional standard gauge mediated supersymmea this figure, we compare the event rates for this process for
ric model discussed above in the case Wher@\/l%hs B-ino-  the cases’=2 and 6, corresponding to the top and bottom
like, corresponding to parameter set I. Our numerical resultsurves, respectively. We note that the shape of the distribu-
for the MSSM case agree with those in the literati28]. tion differs in the two cases due to the form of the subleading
The middle curve displays the effects of adding only theterms in the integral over the propagator of the KK states.
s-channel contributions of the bulk graviton KK tower in the For the remainder of our analysis, we will display results
scenario of a nonsupersymmetric bulk with,=1.5 TeV.  only for the more conservative case &f 6.
We see that there is little difference in the distribution be- Let us now study the variations in the distributions be-
tween theD =4 supersymmetric case and with the additiontween the two different compositions of the lightest neu-
of the graviton KK tower, in either shape or magnitude. lttralino. Figure 5 shows the angular distributions with 100%
would hence be difficult to disentangle the effects of gravitonelectron beam polarization for each helicity configuration
exchange from an accurate measurement of the underlyingted in Table | for the two sets of parameters discussed
supersymmetric parameters using this process alone. The tepove, with and without the contributions from supersym-
curve corresponds to the full set of contributions from a su-metric extra dimensions. In each case, the solid curve corre-
persymmetric bulk, i.e., our standard supersymmetric modedponds to th@-ino-like case and the dashed curve represents
plus KK graviton and KK gravitino tower exchange for the the Higgsino-like scenario. The top set of curves are those
case of six extra dimensions with.=1.5 TeV. Here we see for a super-symmetric bulk with .= 1.5 TeV, while the bot-
that the exchange of bulk gravitino KK states yields a largetom set corresponds to our twd=4 supersymmetric mod-
enhancement in the cross section and a substantial shift ils, i.e., without the graviton and gravitino KK contributions.
the shape of the angular distribution, particularly at forwardWe note that théd =4 results agree with those in the litera-
angles, even for\,=3./s. This provides a dramatic signal ture [23]. We see from the figure that in the process where
for a supersymmetric bulk. the gravitino contributions are dominarg, pe* —&; &g,
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FIG. 5. Angular distributions for each helicity configuration with supersymmetric bulk contributionsferl.5 TeV (top curve$, and
for the D=4 supersymmetric model®ottom curves The solid(dashedl curves correspond toBrino-like (Higgsino-like composition of
the lightest neutralino.

there is little difference in the shape or magnitude between We now examine in Fig. 6 the total cross section as a
the two x9 compositions. The use of selection pair produc-function of center-of-mass energy for each helicity configu-
tion in polarizede™ e~ collisions as a means of determining ration. In each case, the bottom curve representDtiet

the composition of the lightest neutralino is thus made moréds-ino-like supersymmetric model, while the remaining
difficult in the scenario with supersymmetric large extra di-curves, from top to bottom, are for a supersymmetric bulk
mensions. In what follows, we present results only for thewith A,=1.5,3.0,6.0 TeV. In some reactions, the results for
B-ino-like X‘{ as a sample case; our conclusions will not beA.=6.0 TeV are indistinguishable from tli®=4 case. Here
dependent on the assumptions of the composition of theve can see the effects of unitarity violation @& approaches
lightest neutralino. the value of the cutoff scale. Clearly, the new, as of yet
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FIG. 6. Total cross sections as a function of center-of-mass energy. The bottom curve corresponds-td thepersymmetric model,
and the other curves are for & 6 supersymmetric bulk with the cutoff as labeled. (b)) and (d), the A,=3 TeV curve is barely
distinguishable from that for the case D=4 supersymmetry.

unknown, ultraviolet physics will set in at this point to regu- the bulk graviton and gravitino KK tower exchange fog

larize the cross section. =1.5,3.0,6.0 TeV from top to bottom. As before, the contri-
Next, we present in Figs. 7 and 8 the number of events fobutions with A.=6.0 TeV are distinguishable from the

the binned angular distribution for each helicity configura-=4 results only in the case @&_ge"—8 8z . The error

tion with 80% polarized electron beams fQs=500 GeV  bars on the “data” points are statistical only. We see that in

and 500 fib* of integrated luminosity. In each case, the solid most of the reactions, the case/of=3.0 TeV leads to only a

histogram corresponds to tie=4 B-ino-like supersymmet- slight increase in event rate in each bin, whereas for

ric model, while the “data” points represent the addition of e ;e* —% 85, the t-channel bulk gravitino KK exchange
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10000 ————— T ] We now compute the potential sensitivity to the cutoff
(a) efe* » &8 ] scale from selection pair production using our sample case
8000 Vs = 500 GeV S with a B-ino-like lightest neutralino state for purposes of
i L = 500 fb~! L= * 1 demonstration. We employ the usyd procedure, taking
[ P,- = 80% - ]
eool- 0= 8 .= ] 2y (do/d cosé) ,p— (do/d cosh)10p|? 52
Z§ I x * E X = bins 5(d0’/d COS@) ’
40001 L= N 7 where we include statistical errors only. We sum over both
I x ] initial left- and right-handed electron polarization states, as-
2000 = ] suming P,-=80%. The resulting 95% C.L. search far,
[ ] from each final stat& &, 818, ande &g is given as a
N T function of integrated luminosity in Fig. 10 fafs=0.5 and
-1.0 -05 0.0 05 1.0 1.0 TeV. We see that for 500 T of integrated luminosity,
cos § corresponding to design values, the search reach in the left-

, and right-handed selectron pair production channels is given
] roughly by A= (6—10)X /s, which is essentially what is

i ] achievable for bulk graviton KK exchange in the reaction
40000 = . 7] e"e”—ff [9]. However, the® &; production channel

50000 T T

(b) ezre’ - &8y x

[ - ] yields an enormous search capability with a 95% C.L. sen-
30000 — - sitivity to A of the order of 25 /s for design luminosity.

i " ] This process thus has the potential to either discover a super-
I « ] symmetric bulk, or eliminate the possibility of supersymmet-
200001 e 7] ric large extra dimensions as being relevant to the hierarchy
[ < ] problem. We stress that there is nothing special about our
* 1 choice of supersymmetric parameters; our results will hold
as long as selectrons are kinematically accessible to high-
i 288 e energye*e” colliders. We conclude that selectron pair pro-
-1.0 -05 0.0 05 1.0 duction provides a very powerful tool in searching for a su-
cos 6 persymmetric bulk.

Nbln

10000 [— . %
% s &
L =S

s a8 89 2

FIG. 7. (a), (b) Polarized binned angular distributions for each
helicity configuration, taking an 80% polarization of the initial elec- V. CONCLUSIONS
tron beam. The solid histogram represents e 4 B-ino-like
model, while the “data” points correspond to the effects of a super-
symmetric bulk withA .=1.5,3.0,6.0 TeV from top to bottom. The
A.=6.0 TeV case is discernible onl(}p).

In summary, we have examined the phenomenological
consequences of a supersymmetric bulk in the scenario of
large extra dimensions. We assumed that supersymmetry is
unbroken in the bulk, with gravitons and gravitinos being
L . . free to propagate throughout the higher-dimensional space,
is significant, leading to observable deviations from e and that the SM and MSSM gauge and matter fields are

=4 case even foh;=6.0 TeV. . confined to a three-brane. Motivated by string theory, we
An interesting polarization asymmetry can be defined forworked in the framework ob = 10 supergravity, and found
the case 0B & and®}ex production. It is given by

that the KK reduction of the bulk gravitinos yields four Ma-
jorana spinors in four dimensions. We then assumed that the
do, —dog residualN=4 supersymmetry is broken near the fundamen-
Apolzm’ (51) tal scaleMp, with only N=1 supersymmetry surviving at
the electroweak scale.

Starting with theD =10 action for this scenario, we ex-
where the left- and right-handed subscripts refer to the popanded the bulk gravitino into a KK tower of states, and
larization of the initial electron beam, i.edgj=do(e "  determined the field equation obeyed by the spin-3/2 KK
—B_ 8 BzBgr)/d cosé. This asymmetry is displayed in Fig. excitations. We then derived the coupling of the bulk grav-
9, where the solid histogram again represents Dur4 itino KK states to fermions and their scalar partners on the
B-ino-like supersymmetric model and the “data” points are brane. We applied these results to a phenomenological analy-
for a supersymmetric bulk witth.=1.5 and 3.0 TeV. The sis by examining the effects of virtual exchange of the grav-
error bars are again statistical only and assume an integratétho KK tower in superparticle pair production. We focused
luminosity of 500 fo'X. The electron beam polarization is on the reactiore e —&*®~ as this process is a benchmark
taken to be 80%. We see that the asymmetry varies substafer collider supersymmetry studies. Our numerical analysis
tially from its D=4 value with the addition of gravitino KK was performed in the framework of gauge mediated super-
exchange, thus providing an additional signal for a supersymmetry breaking as it naturally affords a light zero-mode
symmetric bulk. gravitino. However, our results do not depend on the specif-
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FIG. 8. (a)—(c) Polarized binned angular distributions for each helicity configuration, taking an 80% polarization of the initial electron
beam. The solid histogram representshe 4 B-ino-like model, while the “data” points correspond to the effects of a supersymmetric bulk
with A.=1.5,3.0,6.0 TeV from top to bottom.

ics of this particular model, with the exception of the exis-mass. This is in stark contrast to the virtual exchange of
tence of a light zero-mode gravitino state. spin-2 graviton KK states, which yields a dimension-8 op-
Performing the sum over the KK propagators, we founderator at leading order. We thus found that the gravitino KK
that the leading order contribution to this process arises froncontributions substantially alter the production rates and an-
a dimension-6 operator and is independent of the zero-modgular distributions for selectron pair production, and may
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FIG. 9. Polarization asymmetry defined in the text binned in&cd$e solid histogram represents the= 4 B-ino-like model, while the
two sets of “data” points include the contributions from supersymmetric bulk Witk 1.5 and 3.0 TeV.
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FIG. 10. 95% C.L. search reach fdr, in each production channel as a function of integrated luminosity/fs# 0.5 and 1.0 TeV.

essentially be isolated in tH& 85 channel. The resulting M=y 01,814,
sensitivity to the cutoff scale is tremendous, being of the
order of (20— 25X \/s. 3+2-Y=ySg 0 ®a;,
We expect that the virtual exchange of gravitino KK states
in hadronic collisions will have somewhat less of an effect in [37@h=,5¢ 038 B;, (A1)

squark and gluino pair production than what we have found

here. The reason is that these processes are initiated by botihere they* are standard four-dimensional Dirac matrices,
quark annihilation and gluon fusion subprocesses, only ong j=1,2,3, andu=0,...,3. Herea and 3 are 4x4 matrices
of which will be sensitive to tree level gravitino exchange for satisfying

a given production channel. The sensitivity to the cutoff

scale will then depend on the relative weighting of the quark {a;,a}={B; .Bj}=—25",
and gluon initial states. In additiotvchannel gravitino con-
tributions will be numerically relevant only for up- and {ai,B;}=0, (A2)

down-squark production due to flavor conservation; hence

their effect will be diluted by the production of the other the o’s are standard Pauli matrices satisfying

degenerate squark flavors and the relative weighting of the S .

parton densities. alol=81+iekok (A3)
Lastly, we note that virtual exchange of gravitino KK — )

states may also have a large effect on selectron pair produ@d »” anticommutes with the/*;

tion in e"e~ collisions, which are tailor-made farchannel 4 51

Majorana exchanges. High-energy linear colliders thus pro- 17", 771=0.

vide an excellent probe for the existence of supersymmetriq.

large extra dimensions and have the capability of discovering

(A4)

he « and 8 matrices can be represented as folldws]:

this possibility or eliminating it as being relevant to the hi- 0 o 0 -o
erarchy problem. = ! . ap= 3 ,
— 01 0 g3 0
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B=\ o _isal (A5)
APPENDIX A: REPRESENTATION g

OF THE DIRAC ALGEBRA . . . .
This representation of the Gamma matrices makes manifest

A convenient representation of the Dirac algebra, whichthe decomposition to four dimensions, sinté for u
simplifies the Kaluza-Klein decomposition, can be given in=0,...,3 is the tensor product of four-dimensional Gamma
the ten-dimensional space-time as follows: matrices with an & 8 identity acting on an internal index.
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With these conventions, the spacelike Gamma matriceleading to a large number of states to be summed over. The
are anti-Hermitian, while the timelike Gamma matrix is mass of the individual KK state is given by E@L):
Hermitian.

1)

n-
R’

m

2
APPENDIX B: PROPAGATOR FOR A SINGLE MASSIVE n (CY)

KK STATE

To find the propagator for a single massive Kaqua-KIeinWhere R. is the common compactification radius. The near
state, we invert the kinetic piece of the operator appearing iffegeneracy of the KK state masses allows us to treat the

Eq. (33). We solve discretg population pf states on the _Iat-tice labeled by the
vectori=(nq,...,ns) in the continuum limit. The number of
On.urph =i(k2—m§) SH (81 KK statesdN in the thin shell betweem% and m§+dm§ is
for P"_, whereO™#" is obtained by writing the Lagrangian dN=p(mZ)dn¥, (C2

for a single Kaluza-Klein state in E433) as
with the density function

.o 1— ..
LN'==T O+ . B2 _
2 M v ( ) (m (ZWRC)a(mﬁ‘_mg)(a 2)/2

p 2\

/= (47)%PT (512)

(C3
The propagator for the mode specified by the vector of inte-

gersri is then given by The coherent sum over these states is at the amplitude

ph level and involves terms of the form
y7ax
. B3
k2—mﬁ+ie ( ) A2 ) ) F(rﬁ
We are free to drop thiee convergence term as we are inter- Mo n

ested in computing-channel diagrams for which<0, and o ]
so no poles are encountered. To solve @), we expand Where the momentum exchange is in thehannel witht

P;V as a linear combination of the standard set of 1644 < 0. Here, we have included an explicit ultraviolet cutaff

matrices formed from antisymmetrized combinations of thein order to regulate this divergent integral. As can be seen in

gamma matrice$1,y*,a*",y*v5,v}, which form a basis Appendi?( B, in the case of the grayitino propagator there are
for complex 4x4 matrices, together withi,, .k, .k,}, to four distinct classes of , ; to consider, given by
generate the correct tensor structure. We then solve for the

e _|o—=2
coefficients in this expansion. The result is Foi=msl "%, (€9

) KHKY with 0=0,1,2,3. Using Eq9/C1) and(C5) and the change of
PV 4 =i (k+mg) —z 77””) variablesy=m;/y, with y=\/[t], the integral(C4) can be
n put in the form
k# v
- (o k_m* vy B4 —2i(27R S5, 0+6—4
3 Y s ( Wl Y e (B4) D.(1)~ ( 775/20) X
(4ar)%<T (512)

and satisfiegon shel) the standard conditiok,,P#”=0 to- o 2 21y 2)(6-2)i2y 01
gether withy,,P“*=0 which projects out the spin-1/2 com- Xf c Xdy(y —mo/x%) y (CH)
ponents. mo x 1+y? '
APPENDIX C: SUMMATION OF KALUZA-KLEIN STATES This integral can be evaluated by making use of Appell's

hypergeometric functiofr,(a;b,,b,;c;z;,2,) which gener-

The summation over the Kaluza-Klein states contributingyjizeg hypergeometric series to two variaflé3]. It has the
to the propagator for the exchange of a virtual gravitino KK ;ne_dimensional integral representation

tower is inherently more complicated than in the case of

spin-2 exchange, and leads to a quantitatively different re- I'(a)l(c—a)

sult. In addition, we must also include the effects of the finte ————F,(a;b;,b,;c;2;,2,)
mass of the zero-mode gravitinmy, [42]. We state here the I'(c)

basic result to leading order in the cutoff, for the case 1

whenA2>|t|, m3, and5=6 extra dimensions, which is the =f U N (1-u)* * (1-uzy) " (1-uz) PAdy,
example considered in the text. The result is easily general-

ized to other values of. (C7)

The mass difference between neighboring KK states,
|[Am|~1/R., is much smaller than the cutoffAm|<A.)  and the series expansion
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® @ (a) (b1),(b2) TABLE Il. Values of the integrals over the terms in the gravitino
Fi(a;by,by;cizy,2,) = Z > me ol "ZNz3,  propagator in six extra dimensions.
m=0n=0  MINN(C)mn
(C9 o iD (73RS ~1
where @), is the Pochhammer symbol defined as 0 AZI2
1 AY3
(a)p=a(a+1)--(at+tn—1). (C9 2 A4
: : . . 3 A3I5
For 6=6 extra dimensions, the result to leading order in
tl/A<1is
An interesting feature of this result when applied to the
_ i _3p6bAro+2 L. . . . . L
D ~ P REAL c10 gravitino propagator is that it modifies its qualitative struc-
o o+2 (C10 ture, so that the summed propagator is dominated by a few

terms. This gives rise to the followingr& 3) leading order
We note that at this order, the result is independent of théehavior(for six extra dimensions
mass of the zero mode, so long as this mass is much smaller
than the cutoff scale. The results for the various values of
are explicitly listed in Table Il. Fow=2 extra dimensions,
the leading order result far=3 is

—imASRS

Ry cRe
2 Pt

Following Hanet al. in [8], we take the relation between the

1
7' =3 7"7”) . (C12

D,—3~—2i7RZA,. (C11)  compactification radius and the cutoff scale to be
We note that the behavior of the subleading termssfe2 is 87?7 (6812) c13
quite different from that displayed in Table Il for the case of Re= P 2 '

6=6. We do not rely on the above approximations, but

evaluate Eq(C6) numerically in our analysis.

with the gravitational coupling constart= /8 wGy.
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