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Direct signals for large extra dimensions in the production of fermion pairs at linear colliders
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We analyze the potential of the next generation ofe1e2 linear colliders to search for large extra dimensions

via the production of fermion pairs in association with Kaluza-Klein gravitons (G), i.e., e1e2→ f f̄ G. This
process leads to a final state exhibiting a significant amount of missing energy in addition to acoplanar lepton
or jet pairs. We study in detail this reaction using the full tree level contributions due to the graviton emission
and the standard model backgrounds. After choosing the cuts to enhance the signal, we show that a linear
collider with a center-of-mass energy of 500 GeV will be able to probe quantum gravity scales from 0.96~0.86!
up to 4.1~3.3! TeV at a 2 (5)s level, depending on the number of extra dimensions.

DOI: 10.1103/PhysRevD.64.035005 PACS number~s!: 12.60.2i, 13.85.Rm, 14.80.2j
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I. INTRODUCTION

Recently there has been great interest in the possib
that the scale of quantum gravity is of the order of the el
troweak scale @1# instead of the Planck scaleMPl
.1019 GeV. A simple argument based on Gauss’s law
arbitrary dimensions shows that the Planck scale is relate
the radius of compactification~R! of the n extra dimensions
by

MPl
2 ;RnMS

n12 , ~1!

where MS is the (41n)-dimensional fundamental Planc
scale or the string scale. Thus, the largeness of the f
dimensional Planck scaleMPl ~or smallness of the Newton’
constant! can be attributed to the existence of large ex
dimensions of volumeRn. If MS;O ~1 TeV!, this scenario
solves the original gauge hierarchy problem between
weak scale and the fundamental Planck scale, and leads
rich low energy phenomenology@1,2#. Then51 case corre-
sponds toR.108 km for MS51 TeV, which is ruled out
by observations of planetary motions. On the other hand,
1/r 2 gravitational force has been shown to hold at sepa
tions ranging down to 218mm which corresponds to th
boundMS*3.5 TeV forn52 @3#.

Fields propagating in compactified extra dimensions g
rise to towers of Kaluza-Klein~KK ! states separated in ma
by O(1/R) @4#. In order to evade the strong constraints
theories with large extra dimensions from electroweak pre
sion measurements, the standard model~SM! fields are as-
sumed to live on a four-dimensional hypersurface, and o
gravity propagates in the extra dimensions. This assump
is based on new developments in string theory@5–7#. If grav-
ity becomes strong at the TeV scale, KK gravitons sho
play a role in high-energy particle collisions, either bei
radiated or as a virtual exchange state1 @2,9–16#. The KK

1In the case where brane torsion is considered, which is not m
datory in this model, one can obtain strong bounds for the st
scale@8#.
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gravitational modes contain spin-2, spin-1, and spin-0 ex
tations; however, the spin-1 modes do not couple to the
particles while the scalar modes couple to the trace of
energy-momentum tensor, therefore not interacting w
massless particles.

In this work we study the potentiality ofe1e2 linear col-
liders ~LCs! to probe extra dimensions through the clean a
easy-to-reconstruct process

e1e2→ f f̄ E” , ~2!

where the missing energy is due to KK graviton radiati
and f can be either a muon or a quark. Since the ferm
masses are negligible, only the spin-2 KK modes are
evant. This process contains not only theZ!G associated
production but also its interference with theg!G contribu-
tion, generalizing the analyses of Ref.@17#. Moreover, we
not only apply realistic cuts and include detector resolut
effects, but also take into account irreducible background

In the framework of the SM, a final state containing le
ton pairs plus missing momentum is due to the production
l l̄ nn̄ via ZZ/g or WW intermediate states. In the case of j
pairs and missing momentum, there is a large additional c
tribution due to the production ofqq̄8ln where the extra
charged lepton is lost in the beam pipe. The SM also gi
rise to two reducible backgrounds viae1e2→ f f̄ or gg

→ f f̄ where the momenta of the fermion pair is misme
sured. However, these two backgrounds turn out to be n
ligible after applying our cuts.

The real KK graviton emission does not interfere with t
SM processes, and consequently, the signal cross secti
proportional toMS

2n22 , with the proportionality constant de
pending on the number of extra dimensions due the sum o
the KK modes. The spin-2 KK graviton radiation gives rai
to a very characteristic spectrum of missing energy, and
exploit this feature together with other kinematical distrib
tions to enhance the signal over the SM backgrounds.

This paper is organized as follows. In Sec. II, we descr
the techniques used to evaluate the relevant cross sect
while Sec. III contains the main characteristics of the sig

n-
g
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ÉBOLI, MAGRO, MATHEWS, AND MERCADANTE PHYSICAL REVIEW D64 035005
and backgrounds and the cuts chosen to enhance the
graviton radiation process. In Sec. IV, we present our res
and conclusions.

II. CALCULATIONAL TOOLS

We are considering the production of fermion pairs a
companied by large energy and momentum imbalan
which can be generated by the emission of undetectable
gravitons. In the case of lepton pairs we analyze only
final state involving muons since the inclusion of taus w
present just a small gain in the limits due to the loss in
detection efficiency. On the other hand, the process involv
electrons is described by an other class of Feynman diagr
besides the ones computed here, thus deserving an ana
by itself.

The signal and backgrounds were simulated with full t
level matrix elements and, for the hadronic case, we t
into account all quark contributions with the exception of t
top quark. The spin-2 KK graviton emission is described
14 Feynman diagrams, see Fig. 1, where the KK gravito
attached to each of the SM fields and vertices appearin
the SM processe1e2→ f f̄ . Our notations and Feynma
rules for the KK graviton interactions are the ones in R
@12#, and we have calculated the signal cross section ana
cally using FORM @18#. On the other hand, the backgroun
matrix elements fore1e2→ f f̄ nn̄ andqq̄8ln were generated
using the packageMADGRAPH @19#. For the background pro
cess e1e2→qq̄8ln special care is required in the pha
space integration due to a collinear divergence that app
when the final lepton is an electron or a positron. In this c
we employed the prescription for the phase space give
Ref. @20#.

In our analyses, the kinematical region of thef f̄ pair is
such that it is possible that they originate from the on-sh
production of Z’s, therefore, we must regulate theZ ex-
change diagrams in such a way that we do not spoil
gauge invariance of the scattering amplitude. We chose
regulate theZ propagator by introducing finite width effects
In principle, this presents an apparent problem as the ma
elements are not gauge invariant when we simply add
imaginary part in the theZ propagator. Though a forma

FIG. 1. Feynman diagrams contributing to the KK graviton

diation processe1e2→ f f̄ G.
03500
K
ts

-
s
K
e
l
e
g

ms
sis

e
k

y
is
in

.
ti-

rs
e
in

ll

e
to

ix
n

prescription should be able to take care of this problem,
resorted to an approximation that is extremely reliable
such cases@16,21#. The prescription is to multiply an overa
factor of the form

~s2MZ
2!2

~s2MZ
2!21~MZG!2

~mf f̄
2

2MZ
2!2

~mf f̄
2

2MZ
2!21~MZG!2

~3!

to the summed squared matrix element and not to include
finite width at the matrix element level. Here,s stands for the
total center-of-mass energy whilemf f̄ is the invariant mass
of the final state fermion pair. This factor introduces a Bre
Wigner resonance for theZ boson and for regions far awa
from the Z resonance it is essentially of the order of unit

In order to check our signal matrix element, we verifi
that it is gauge invariant. Writing the totalZ (g) amplitude as
M abeab* (k), whereeab(k) is the polarization vector of a
KK graviton of momentumk, we explicitly showed that
M abka independently vanishes for bothZ andg exchange
diagrams. Furthermore, we used the gauge invariance to
plify the expression for the cross section, though it remain
huge.

We included in our analyses the energy losses due to
emission of photons off the initial state, which we treated
the structure function formalism@22#. The differential cross
section is then given by

ds5E dx1dx2f eue~x1 ,As! f eue~x2 ,As!dŝ~ ŝ5x1x2s!,

~4!

whereŝ(s) is the cross section in the absence of initial st
radiation, and

f eue~x,As!5bF ~12x!b21S 11
3

4
b D2

b

2
~11x!G , ~5!

with b5(aem/p)@ log(s/me
2)21#, is the leading-log re-

summed effectivee6 distribution function. Note that we did
not include beamstrahlung, which is expected to furth
smear out the peak in thee1e2 luminosity atŝ5s, since it
depends on details of accelerator design.

For strongly interacting final states, we simulated t
resolution of the hadronic calorimeter by smearing the en
gies ~but not directions! of all final state partons with a
Gaussian error given by

dE

E U
had

5
0.30

AE
% 0.01, ~6!

whereE is given in GeV.

III. SIGNAL AND BACKGROUND PROPERTIES

We started our analyses imposing the following set
acceptance cuts:~C1! We required that the events present
missing transverse momentump” T.10 GeV; ~C2! the
muons or jets should have a transverse momentumpT
.5 GeV; ~C3! we also required that the muons/jets be o

-
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DIRECT SIGNALS FOR LARGE EXTRA DIMENSIONS . . . PHYSICAL REVIEW D 64 035005
served in the regionucosuu,0.98, whereu is the muon or jet
polar angle;~C4! the jets~muons! are required to be sepa
rated byDR.0.4, where (DR)25(Dh)21(Df)2, with h
being the pseudo-rapidity andf the azimuthal angle.

In Table I, we display the total signal cross section af
these initial cuts for a center-of-mass energy of 500 G
assumingMS51 TeV and the number of extra dimensio
n5227. We can see from this table that the signal cro
section drops quickly as we increasen, as expected. After the
acceptance cuts~C1!–~C4!, we found that the cross sectio
of the SM backgrounde1e2→ f f̄ nn̄ is s

mmE”
back

573.6 fb in
the muonic case ands j jE”5285.8 fb in the hadronic case
For the hadronic final state, the presence of a collinear
gularity leads to a large cross section for the processe1e2

→qq̄8en̄ where thee6 is lost in the beam pipe. After cut
~C1!–~C4! and requiringucosue1(e2)u.0.98 in order to miss
thee6 into the beam pipe, the cross section for this react
is s

j jE”
coll

53276 fb, making this the dominant background
the hadronic case. Consequently, we needed to introduce
ther cuts to take care of this background, rendering the an
ses of the hadronic case quite different from the muonic o
We finally checked that when a muon or tau is lost into
beam pipe instead of ane6, this reaction does not give
significant contribution to the total background after our a
ceptance cuts due to the absence of collinear divergenc

The dramatic drop of the signal cross section for la
values ofn compels us to refine our analyses by study
kinematical distributions in order to determine further cuts
enhance the signal. In Fig. 2 we display the missing invar
mass (Mmiss) distributions of the SM backgrounds and K
graviton emission signal for the muonic case after impos
the acceptance cuts and takingMS51 TeV andn53. Al-
though they are experimentally indistinguishable, we sh
the SM background distributions classified by the final n
trino flavor in order to see in detail their behaviors. T
electron and tau neutrino flavors present a peak near thZ
mass, since they originate from theZZ contribution to this
process, while the distribution due to the muon neutrino
broader, because of the contribution of twoW production to
this final state. Moreover, the electron neutrino backgrou
mimics the signal distribution due toW fusion process. Of
course, we added up all backgrounds to obtain the final
sults. Notice that the dips in the distributions at highMmiss
values are due to the acceptance cuts. Clearly,Mmiss will be
an important variable to reduce the SM background, a

TABLE I. Total signal cross section in fb for the muonic chann
(s

mmE”
signal

) and hadronic channel (s
j jE”
signal

) for different number of extra
dimensions, usingAs5500 GeV andMS51 TeV after applying
the acceptance cuts~C1!–~C4!, as explained in the text. For com
parison, the total cross sections for the SM backgrounds ares

mmE”
back

573.6 fb ands
j jE”
back

53562 fb.

n 2 3 4 5 6 7

s
mmE”
signal

~fb! 55.1 17.2 6.08 2.27 0.888 0.357

s
j jE”
signal

~fb! 723 203 64.4 21.9 7.82 2.86
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consequently we required~C5! Mmiss.320 GeV.
Due to the KK graviton emission the final state jets a

muons are not expected to be back-to-back. Figure 3 c
tains the distribution of the cosine of the angle between
final state muons (cosumm) after imposing cuts~C1!–~C5! for
MS51 TeV andn53. We can see that the KK gravito
signal slightly prefers the region where the two muons
close together while the background receives a large co

l

FIG. 2. Missing invariant mass (Mmiss) spectrum originated
from the KK graviton radiation~solid line! and the SM contribu-
tions to the muonic channel divided in the neutrino flavors:ne ~dot-
dashed!, nm ~dotted!, and nt ~dashed!. We assumed As
5500 GeV, MS51 TeV, n53, and applied the acceptance cu
~C1!–~C4! described in the text.

FIG. 3. Distribution of the cosine of the angle between the fi
state muons originated from the KK graviton radiation and the S
contributions as in Fig. 2 forAs5500 GeV. We assumedMS

51 TeV, n53, and applied the cuts~C1!–~C5! described in the
text. Thent distribution is not displayed since it is too small.
5-3
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bution from muons in opposite hemispheres. Therefore,
further demanded that~C6! cosumm.0.

We display in Table II the total cross section for th
muonic signal after cuts~C1!–~C6! as a function of the num
ber of large extra dimensions forMS51 TeV. After these

cuts, the SM background is reduced tos
mmE”
back

53.24 fb, a
reduction by a factor of more than 20 while the signal
reduced by a factor of less than 3. Therefore, these cuts
hance considerably the signal and extend the attain
bounds for the number of extra dimensions up to 6.

In the hadronic case the main background ise1e2

→qq̄8en̄. This background is mainly due toWen production
with theW further decaying inqq̄8. Thus a cut in the invari-
ant mass of the jet pair near theW mass can reduce substa
tially this background. However, the signal cross sect
peaks at theZ mass, as we can see from Fig. 4. Neverthele
we found a cut in the jet pair invariant mass that suppres

FIG. 4. Dijet invariant mass (M j j ) spectrum originating from
the KK graviton radiation~solid line! and the SM contributions to

the hadronic caseqq̄8en ~dashed! and qq̄nn ~dotted! for As
5500 GeV. We assumedMS51 TeV, n53, and applied the ac
ceptance cuts~C1!–~C4!.

TABLE II. Total signal cross sections in fb for the muonic an
hadronic channels as a function of the number of extra dimensi
assumingAs5500 GeV andMS51 TeV. In the muonic case, we
applied the cuts~C1!–~C6!. In the hadronic case, set of cuts
stands for cuts~C1!–~C4! and ~C7!–~C9! while set of cuts B for
~C1!–~C4! and ~C10!–~C11!. The SM cross sections ares

mmE”
back

53.24 fb ands
j jE”
back

5285. (8.13) fb for cuts A~B!.

n 2 3 4 5 6 7

s
mmE”
signal

~fb! 18.7 7.46 3.05 1.27 0.537 0.230

s
j jE”
signal

~fb!: cut A 387 123 40.7 14.1 5.06 1.87

s
j jE”
signal

~fb!: cut B 30.5 12.4 5.16 2.18 0.931 0.400
03500
e
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the background while exhibiting a good efficiency for th
signal @23#: ~C7! M j j ,35 GeV orM j j .85 GeV.

In the backgroundqq̄8en̄, a large amount of the missin
energy is carried by thee6 escaping through the beam pip
To illustrate this fact, we present in Fig. 5 the distribution
the cosine of the polar angle of the missing momentum a
applying the acceptance cuts~C1!–~C4!, which suggested
the introduction of the following cut:~C8! ucosumissu,0.8.

After these cuts theqq̄8nn̄ total cross section is compa

rable with qq̄8en̄; see Fig. 6 which was obtained applyin
cuts ~C1!–~C4! and ~C7!, ~C8! for As5500 GeV, MS

51 TeV, andn53. Theqq̄8nn̄ reaction presents a peak i
the missing invariant mass (Mmiss) distribution near theZ
mass. In order to reduce this background we imposed
conservative cut~C9! Mmiss.200 GeV.

The effects of cuts~C1!–~C4! and~C7!–~C9! in the signal
cross section are shown in Table II, where we can see tha

total background is reduced froms
j jE”
back

53562 to 284.7 fb,
while the signal is reduced by a factor of two at most, resu
ing in significant enhancement of signal over backgrou
The effects of cuts on the signal are larger for smaller nu
ber of dimensions since the cross section for each KK m
goes asMS

2n22mG
n21 , with mG being the KK mode mass

However, forn>5 the ratioS/B is lower than 0.1, which
means that we need a precise background estimation. In
der to have a betterS/B ratio we imposed more stringen
cuts. We found out that requiring~C10! a harder missing
invariant mass ofMmiss.300 GeV~C11! and an acoplanar
ity cut of cosuj j.0.8, produces the results shown in the la
line of Table II. As we can see, even forn56 we have
S/B.0.1.

s,

FIG. 5. Missing momentum polar angle (cosumiss) spectrum
coming from KK graviton radiation and the SM contributions to t
hadronic case. We assumedAs5500 GeV, MS51 TeV, n53,
and applied the acceptance cuts~C1!–~C4!. The lines follow the
conventions as in Fig. 4.
5-4
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IV. RESULTS AND DISCUSSIONS

In this work we studied the potential ofe1e2 colliders to
probe the quantum gravity scaleMS via the KK graviton
emission associated with two fermions~muons and quarks!.
We considered a LC with a center-of-mass energyAs
5500 GeV and three different integrated luminositiesL
550, 200, and 500 fb21. We derived the constraints onMS
assuming that no deviation from the SM predictions wa
observed. For a given integrated luminosityL, the statistical
significance of the signal is

FIG. 6. Missing invariant mass (Mmiss) spectrum originating
from KK graviton radiation and the SM contributions to the had
ronic case. We assumedAs5500 GeV, MS51 TeV, n53, and
applied the acceptance cuts~C1!–~C4! plus the kinematical cuts
~C7!,~C8!. The lines follow the convention as in Fig. 4.
03500
s

ssignal

Asback
AL, ~7!

where sback is the total SM background cross section an
ssignal the total signal cross section; see Sec. III. Since t
quantum gravity signal does not interfere with the SM bac
grounds, the KK graviton emission cross section is propo
tional toMS

2n22 and we can write the signal cross section a

ssignal~MS ,As!5
1

MS
n12

ssignal~1 TeV,As!, ~8!

whereMS is given in TeV. Notice thatssignal depends upon
the number of extra dimensionsn due to the sum over the
KK modes. Therefore, one can obtain the 2 (5)s bounds on
MS from Eqs.~7! and ~8! as

MS<S ALssignal~1 TeV,As!

2 ~5!Asback D 1/(n12)

. ~9!

We present in Table III the 2s and 5s attainable bounds
on MS for several choices ofn, taking into account the
muonic, hadronic, and combined channels and using Eq.~9!
and the results in Table II. The combined limits were ob
tained requiringS/B>0.1, except forn57, and we used the
x2 formalism, i.e., the sum of muonic and hadronicx2

should result in aDx2.4 (25) to be consistent with
2 (5)s limits as prescribed in Ref.@24#. Notice that the
hadronic bounds are slightly better than the muonic ones
n<5 and that for small values ofn, the set of cuts A gives a
better significance even thoughS/B is bigger for the B cuts.

Our bounds are comparable with the ones derived fro
the analysis of the associated KK graviton production with
Z in @17#, however, our simulations of the signal and back
grounds are more detailed, e.g., we take into account
r

tter we
TABLE III. 2 (5) s limits in TeV on the quantum gravity scaleMS in TeV as a function of the numbe
of extra dimensionsn for a 500 GeV LC with luminositiesL550, 200, and 500 fb21. We present the results
for the muonic, hadronic with the two cut selections as in Table II, and combined channels. For the la
requiredS/B>0.1, except forn57.

n 2 3 4 5 6 7

50 fb21 2.46~1.96! 1.71~1.42! 1.35~1.16! 1.14~1.00! 1.01~0.90! 0.92~0.83!
muonic 200 fb21 2.93~2.33! 1.97~1.64! 1.51~1.30! 1.26~1.10! 1.10~0.98! 0.99~0.89!

500 fb21 3.28~2.61! 2.15~1.79! 1.63~1.40! 1.34~1.18! 1.16~1.04! 1.04~0.94!

50 fb21 3.00~2.39! 1.91~1.59! 1.43~1.23! 1.17~1.02! 1.01~0.90! 0.90~0.81!
cut A 200 fb21 3.57~2.84! 2.20~1.83! 1.60~1.38! 1.29~1.13! 1.10~0.98! 0.97~0.88!

hadronic 500 fb21 4.00~3.18! 2.41~2.01! 1.73~1.49! 1.38~1.21! 1.16~1.04! 1.02~0.92!
50 fb21 2.48~1.97! 1.73~1.44! 1.36~1.17! 1.15~1.01! 1.02~0.91! 0.93~0.84!

cut B 200 fb21 2.95~2.35! 1.99~1.65! 1.53~1.31! 1.27~1.12! 1.11~0.99! 1.00~0.90!
500 fb21 3.31~2.63! 2.18~1.81! 1.65~1.42! 1.36~1.19! 1.18~1.05! 1.05~0.95!

50 fb21 3.07 ~2.44! 1.97 ~1.64! 1.48 ~1.27! 1.20 ~1.06! 1.06 ~0.94! 0.96 ~0.86!
combined 200 fb21 3.65 ~2.91! 2.26 ~1.88! 1.66 ~1.42! 1.33 ~1.17! 1.15 ~1.03! 1.03 ~0.93!

500 fb21 4.10 ~3.26! 2.48 ~2.06! 1.79 ~1.54! 1.42 ~1.25! 1.22 ~1.09! 1.09 ~0.98!
5-5
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ÉBOLI, MAGRO, MATHEWS, AND MERCADANTE PHYSICAL REVIEW D64 035005
g* /Z* interference, more realistic cuts, and reducible ba
grounds. Moreover, we were able to extend the bounds to
values ofn in contrast with the results in Ref.@17# which are
valid only for n52. It is important to notice that forn57
the ratioS/B.0.05 which means that the bounds presen
here should be taken with a grain of salt since we nee
more careful study of the backgrounds in order to take s
ously then57 limits into account.

We can also see from Table III that a 500 GeV LC will b
able to probe the quantum gravity scaleMS above the new
gravitational direct experimental limitMS>3.5 TeV for n
52 @3# provided its integrated luminosity is larger tha
200 fb21. Present collider limits are, in general, less str
gent than this one. For instance, graviton direct productio
the CERN 200 GeVe1e2 collider LEP gives 95% C.L.
limits of MS>1.02–1.25 TeV forn52 @25#, and searches
for virtual graviton effects lead to 95% C.L. limits ofMS
>0.75–1.3 TeV for any number of extra dimensions d
pending on the LEP experiment@25#. The Fermilab Tevatron
DO” experiment presented a 95% C.L. bound ofMS
>1.37 TeV forn52 based on searches for virtual gravito
effects on dielectron or diphoton systems@26#.

We should compare our limits to the ones obtained fr
alternative signatures at a 500 GeVe1e2 linear collider. The
most significant bounds come fromg G production giving a
5s limit of MS>3.66 TeV@27#, and gauge boson pair pro
duction (VV) giving a 2s limit of MS
>2.8 (3.0) (3.2) TeV forV5W ~Z! (g) @14#. These results
B
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e
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.

ys
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are comparable to the ones presented in Table III, howe
we expect that our signature can give direct informat
about the graviton spin through the study of the angular d
tributions of the final particles.

In brief, we showed in detail that 500 GeV LC with a
integrated luminosity of 500 fb21 will be able to exclude
MS up to 4.1~1.1! TeV for n52 ~7!. Although our results are
well above the actual experimental limits from LEP a
Tevatron, they are a factor of 2 less stringent than the
pected ones from the CERN Large Hadron Collider~LHC!
@15#, however, the LC leads to cleaner and easier to rec
struct events. Moreover, at the LHC there is an ambiguity
how to unitarize the cross sections since at very high par
parton center-of-mass energies the subprocesses invo
KK gravitons violate unitarity. The signals studied here a
free from this ambiguity as we have the direct production
the graviton. In addition it might be possible to probe t
spin of the graviton looking at angular distributions@28#.
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