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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 generatioe©é~ linear colliders to search for large extra dimensions
via the production of fermion pairs in association with Kaluza-Klein gravitda, (.e., ete —ffG. 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 frof0.88)6
up to 4.1(3.3) TeV at a 2 (5) level, depending on the number of extra dimensions.
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I. INTRODUCTION gravitational modes contain spin-2, spin-1, and spin-0 exci-
tations; however, the spin-1 modes do not couple to the SM
Recently there has been great interest in the possibilitparticles while the scalar modes couple to the trace of the
that the scale of quantum gravity is of the order of the elecenergy-momentum tensor, therefore not interacting with
troweak scale[1] instead of the Planck scaleMl,; — massless particles.
=10 GeV. A simple argument based on Gauss’s law in In this work we study the potentiality &" e~ linear col-
arbitrary dimensions shows that the Planck scale is related tiders (LCs) to probe extra dimensions through the clean and
the radius of compactificatio(R) of the n extra dimensions easy-to-reconstruct process

by

efe S ffE, 2
M3~RM2, & - @
where the missing energy is due to KK graviton radiation

I;;_mdf can be either a muon or a quark. Since the fermion

scale or the string scale. Thus, the largeness of the fou g X
) : .. masses are negligible, only the spin-2 KK modes are rel-
dimensional Planck scald p, (or smallness of the Newton’s . ; :
evant. This process contains not only tA&G associated

g?mn;asri%r?salfb\?olittn:ggtel? '\t/lo ﬁ](e,) ?i( I'T'Le\?)cethg S'i;gnzrie:traproduction but also its interference with th&G contribu-
. S 1

solves the original gauge hierarchy problem between thgon, generalizing the analyses of RL7]. Moreover, we

weak scale and the fundamental Planck scale, and leads td t only apply realistic cuts and include detector resolution

rich low energy phenomenolodg,2]. Then=1 case corre- effects, but also take into account irreducible backgrounds.

sponds toR=10F km for Mg=1 TeV, which is ruled out In the framework of the SM, a final state containing lep-

by observations of planetary motions. On the other hand, tht@o_n_palrs plus missing momentum is due to the production of

1/r2 gravitational force has been shown to hold at separall ¥7 via ZZ/y or WW intermediate states. In the case of jet
tions ranging down to 218m which corresponds to the Pars and missing momentum, thergs a large additional con-
boundM¢=3.5 TeV forn=2 [3]. tribution due to the production ofig’l » where the extra
Fields propagating in compactified extra dimensions givecharged lepton is lost in the beam pipe. The SM also gives
rise to towers of Kaluza-KleitKK) states separated in mass rise to two reducible backgrounds via'e™ —ff or yy
by O(1/R) [4]. In order to evade the strong constraints on_, ff where the momenta of the fermion pair is mismea-
theories with large extra dimensions from electroweak precisyred. However, these two backgrounds turn out to be neg-
sion measurements, the standard md@all) fields are as- |igiple after applying our cuts.
sumed to live on a four-dimensional hypersurface, and only ~ The real KK graviton emission does not interfere with the
gravity propagates in the extra dimensions. This assumptioBM processes, and consequently, the signal cross section is
is based on new developments in string the@ry7]. If grav- roportional toM 5"~ 2, with the proportionality constant de-
ity becomes strong at the TeV scale, KK gravitons shoulgyenging on the number of extra dimensions due the sum over
play a role in high-energy particle collisions, either beingihe KK modes. The spin-2 KK graviton radiation gives raise
radiated or as a virtual exchange std2,9-16. The KK 15, very characteristic spectrum of missing energy, and we
exploit this feature together with other kinematical distribu-
tions to enhance the signal over the SM backgrounds.
1In the case where brane torsion is considered, which is not man- This paper is organized as follows. In Sec. I, we describe
datory in this model, one can obtain strong bounds for the stringhe techniques used to evaluate the relevant cross sections,
scale[8]. while Sec. Il contains the main characteristics of the signal

where Mg is the (4+n)-dimensional fundamental Planck
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prescription should be able to take care of this problem, we
resorted to an approximation that is extremely reliable in
such casefl6,21]. The prescription is to multiply an overall
factor of the form
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to the summed squared matrix element and not to include the
N F finite width at the matrix element level. Heiestands for the
W a total center-of-mass energy whites; is the invariant mass
f of the final state fermion pair. This factor introduces a Breit-
Wigner resonance for th# boson and for regions far away
FIG. 1. Feynman diagrams contributing to the KK graviton ra- from the Z resonance it is essentially of the order of unity.
diation procese*e” —ffG. In order to check our signal matrix element, we verified
that it is gauge invariant. Writing the totdl(y) amplitude as

and backgrounds and the cuts chosen to enhance the KK!“Pe}4(k), wheree,4(K) is the polarization vector of a
graviton radiation process. In Sec. 1V, we present our result&K graviton of momentumk, we explicitly showed that

+

e

and conclusions. M Pk, independently vanishes for bothand y exchange
diagrams. Furthermore, we used the gauge invariance to sim-
Il. CALCULATIONAL TOOLS plify the expression for the cross section, though it remained
' huge.

We are considering the production of fermion pairs ac- We included in our analyses the energy losses due to the
companied by large energy and momentum imbalancesmission of photons off the initial state, which we treated in
which can be generated by the emission of undetectable Kkhe structure function formalisif22]. The differential cross
gravitons. In the case of lepton pairs we analyze only thesection is then given by
final state involving muons since the inclusion of taus will

present just a small gain in the limits due to the loss in the :f Nl
detection efficiency. On the other hand, the process involving do dxldxzfe|e(xl,\/§)fe|e(x2,\/§)dcr(s X1X2S),

electrons is described by an other class of Feynman diagrams (4)
besides the ones computed here, thus deserving an analysis . o o
by itself. whereo(s) is the cross section in the absence of initial state

The signal and backgrounds were simulated with full treg@diation, and
level matrix elements and, for the hadronic case, we took 3
into account all quark contributions with the exception of the feje(X, \/E)ZB[(l_X)Bl( 14+-8
top quark. The spin-2 KK graviton emission is described by 4
14 Feynman diagrams, see Fig. 1, where the KK graviton is . _ . .
attached to each of the SM fields and vertices appearing i/!th 5_(“em/.”)[+log,(5/rfﬁ)__l]' is the leading-log re-
the SM processe+e‘—>ff_ Our notations and Feynman summed effective™ distribution function. Note that we did

. ; . . not incl mstrahlung, which is expected to further
rules for the KK graviton interactions are the ones in Ref. ot include beamstrahlung, ch is expected to furthe

. + —_ . - ~ _ . .
[12], and we have calculated the signal cross section analytfMear out the peak in the"e~ luminosity ats=s, since it

cally using FOrRM [18]. On the other hand, the background 9€Pends on details of accelerator design. ,
matrix elements foe+e‘eff_v7andqa’lv were generated For strongly interacting final states, we simulated the

. - resolution of the hadronic calorimeter by smearing the ener-
using the pac'@gADGRAPH [19]. For the background pro- gies (but not directions of all final state partons with a

cesse"e”—qq'lv special care is required in the phase Gayssian error given by
space integration due to a collinear divergence that appears

B

—§(1+X) , (5

when the final lepton is an electron or a positron. In this case SE 0.30
we employed the prescription for the phase space given in = =T@O.01, (6)
Ref.[20]. had VE

In our analyses, the kinematical region of thepair is  whereE is given in GeV.
such that it is possible that they originate from the on-shell
production ofZ’s, therefore, we must regulate the ex- IIl. SIGNAL AND BACKGROUND PROPERTIES
change diagrams in such a way that we do not spoil the
gauge invariance of the scattering amplitude. We chose to We started our analyses imposing the following set of
regulate theZ propagator by introducing finite width effects. acceptance cut§C1) We required that the events present a
In principle, this presents an apparent problem as the matrimissing transverse momenturp;>10 GeV; (C2) the
elements are not gauge invariant when we simply add amuons or jets should have a transverse momenfpm
imaginary part in the theZ propagator. Though a formal >5 GeV;(C3) we also required that the muons/jets be ob-
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TABLE I. Total signal cross section in fb for the muonic channel
(aji”g) and hadronic channebgsj'%”ab for different number of extra

dimensions, using/s=500 GeV andMg=1 TeV after applying

the acceptance cut€1)—(C4), as explained in the text. For com-
parison, the total cross sections for the SM backgrounds;-%fgk

=73.6 fb ando g =3562 fb.

W Ep

do/dM, ,  (pb/GeV)

n 2 3 4 5 6 7

o9 () 551 172 608 227 0888 0.357 10°
U”'é“a'(fb) 723 203 644 219 782 286

served in the regiofcosg|<0.98, whered is the muon or jet 10"
polar angle;(C4) the jets(muong are required to be sepa-
rated byAR>O4, where AR)ZZ(A”])Z'F(AQB)Z, with n ||; |IE\I|I\I\llIII|IIII|I\\Il\\lll\lll‘:"‘l;l;ll
being the pseudo-rapidity angl the azimuthal angle. 50 100 150 200 250 300 350 400 450 500

In Table I, we display the total signal cross section after M, (GeV)
these initial cuts for a center-of-mass energy of 500 GeV,
assumingMg=1 TeV and the number of extra dimensions
n=2-—7. We can see from this table that the signal cros
section drops quickly as we increageas expected. After the
acceptance cuteC1)—(C4), we f(yrﬁj thatbit'ke cross section =500 Ge\;L, Mgs=1 TeV, n=3, and applied the acceptance cuts
of the SM background§+e_—>ffVV is O-,U«Mé:736 fb in (C]_)_(C4) described in the text.
the muonic case and;;¢=285.8 fb in the hadronic case.
For the hadronic final state, the presence of a colllfegr Siconsequently we require@5) M c>320 GeV.
gularity leads to a large cross section for the proeess Due to the KK graviton emission the final state jets and
—qq’ev where thee™ is lost in the beam pipe. After cuts muons are not expected to be back-to-back. Figure 3 con-
(C1)—(C4) and requiring|cosfe+|>0.98 in order to miss tains the distribution of the cosine of the angle between the
thee™ into the beam pipe, the cross section for this reactiorfinal state muons (cas,,) after imposing cut$C1)—(C5) for
is o' =3276 fb, making this the dominant background inMs=1 TeV andn=3. We can see that the KK graviton
the hadronic case. Consequently, we needed to introduce fupignal slightly prefers the region where the two muons are
ther cuts to take care of this background, rendering the analy:lose together while the background receives a large contri-
ses of the hadronic case quite different from the muonic one.
We finally checked that when a muon or tau is lost into the =
beam pipe instead of ae*, this reaction does not give a 3;
significant contribution to the total background after our ac- %i -

2
<

500 GeV ; n =3 ;Mg =1TeV i

&

FIG. 2. Missing invariant massM,sd Spectrum originated
from the KK graviton radiatior(solid line) and the SM contribu-
%ions to the muonic channel divided in the neutrino flavegs(dot-
dasheg, v, (dotted, and v, (dashed We assumed Js

500 GeV ;n =3 ;Mg =1TeV i Ep

ceptance cuts due to the absence of collinear divergences.
The dramatic drop of the signal cross section for large
values ofn compels us to refine our analyses by studying
kinematical distributions in order to determine further cuts to
enhance the signal. In Fig. 2 we display the missing invariant
mass Ms9 distributions of the SM backgrounds and KK
graviton emission signal for the muonic case after imposing
the acceptance cuts and takiMg=1 TeV andn=3. Al-
though they are experimentally indistinguishable, we show
the SM background distributions classified by the final neu-
trino flavor in order to see in detail their behaviors. The
electron and tau neutrino flavors present a peak nea? the
mass, since they originate from tiz&Z contribution to this

111 |\||||\|\|||\\||||\|\|||3\|E\E¥:||\[.E\|§|§

process, while the distribution due to the muon neutrino is 1 08 06 04 02 0 02 04 05 08 1
broader, because of the contribution of t¥bproduction to cosb

this final state. Moreover, the electron neutrino background Hi
mimics the signal distribution due t/ fusion process. Of FIG. 3. Distribution of the cosine of the angle between the final

course, we added up all backgrounds to obtain the final restate muons originated from the KK graviton radiation and the SM
sults. Notice that the dips in the distributions at high,ss  contributions as in Fig. 2 forn/s=500 GeV. We assume#
values are due to the acceptance cuts. Clebt|y, will be =1 TeV, n=3, and applied the cutC1)—(C5) described in the
an important variable to reduce the SM background, andext. Thew, distribution is not displayed since it is too small.
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TABLE Il. Total signal cross sections in fb for the muonic and
hadronic channels as a function of the number of extra dimensions,
assuming\/§= 500 GeV andMig=1 TeV. In the muonic case, we
applied the cutdC1)—(C6). In the hadronic case, set of cuts A
stands for cut§C1)—(C4) and (C7)—(C9) while set of cuts B for

(C1)—(C4 and (C10—(C11). The SM cross sections arei‘;cz

=3.24 fb ando 4 =285. (8.13) b for cuts AB).

pb)

500 GeV ;n,=3; Mg =1TeV

N

do/dcosd

n 2 3 4 5 6 7

Ujgng'(fb) 187 7.46 3.05 1.27 0.537 0.230
S|

U_ﬁ“a'(fb); cutA 387 123 407 141 506 1.87 ivv
gi_'%nal(fb); cutB 305 124 516 218 0931 0.400

bution from muons in opposite hemispheres. Therefore, we | | | | L | | |

further demanded th4C6) cos¢,,>0. 1 08 06 04 02 0 02 04 06 05 1
We display in Table Il the total cross section for the

muonic signal after cut€C1)—(C6) as a function of the num-

ber of large extra dimensions fdls=1 Ie}(/- After these FIG. 5. Missing momentum polar angle (of§s) Spectrum
ac

cuts, the SM background is reduced d%ﬂé:&z‘l fb, a coming from KK graviton radiation and the SM contributions to the
reduction by a factor of more than 20 while the signal ishadronic case. We assume®=500 GeV, Mg=1 TeV, n=3,
reduced by a factor of less than 3. Therefore, these cuts eAd applied the acceptance c¢l)—(C4). The lines follow the
hance considerably the signal and extend the attainabf@®nVventions as inFig. 4.

bounds for the number of extra dimensions up to 6.

cosemiss

In the hadronic case the main background ese™ the background while exhibiting a good efficiency for the
—qq’ev. This background is mainly due Wewv production ~ signal[23]: (C7) M;;<35 GeV orM;;>85 GeV.
with the W further decaying imqq’. Thus a cut in the invari- In the backgroundjq’ev, a large amount of the missing

ant mass of the jet pair near th¢ mass can reduce substan- energy is carried by the™ escaping through the beam pipe.
tially this background. However, the signal cross sectionfo illustrate this fact, we present in Fig. 5 the distribution of
peaks at th& mass, as we can see from Fig. 4. Neverthelesshe cosine of the polar angle of the missing momentum after
we found a cut in the jet pair invariant mass that suppressespplying the acceptance cut€1)—(C4), which suggested
the introduction of the following cut(C8) |cos#id <0.8.

After these cuts the g’ vv total cross section is compa-

500 GeV ;ny=3;Mg=1TeV rable withqq’ev; see Fig. 6 which was obtained applying

e cuts (C1)—(C4) and (C7), (C8) for s=500 GeV, Mg
P =1 TeV, andn=23. Theqq’ vv reaction presents a peak in
the missing invariant masdV,is9 distribution near thez
mass. In order to reduce this background we imposed the
conservative cutC9) M ss>200 GeV.

The effects of cut$éC1)—(C4) and(C7)—(C9) in the signal

cross section are shown in Table Il, where we can see that the
back

total background is reduced from“é =3562 to 284.7 fb,

while the signal is reduced by a factor of two at most, result-
! N ing in significant enhancement of signal over background.
10 i The effects of cuts on the signal are larger for smaller num-
ber of dimensions since the cross section for each KK mode
ol b bl L R L goes asMg" ?m2 *, with mg being the KK mode mass.
0 50 100 150 200 250 300 350 400 450 500 However, forn=5 the ratioS/B is lower than 0.1, which
M. (GeV) means that we need a precise background estimation. In or-
. der to have a bette®/B ratio we imposed more stringent
FIG. 4. Dijet invariant massNlj;) spectrum originating from ~ cuts. We found out that requiringC10 a harder missing
the KK graviton radiatior(solid line) and the SM contributions to  invariant mass oM ,ss>300 GeV(C11) and an acoplanar-
the hadronic casejq’ev (dashedl and qquy (dotted for s ity cut of cos#;>0.8, produces the results shown in the last
=500 GeV. We assumels=1 TeV, n=3, and applied the ac- line of Table Il. As we can see, even for=6 we have
ceptance cutéC1)—(C4). S/B>0.1.

-

(pb/GeV)

i

do/dM.,
s

[

10

10

TTTTOIS

“n
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500 GeV ;n, =3; Mg =1TeV VL, 7

0_aC

where o”* s the total SM background cross section and

59" the total signal cross section; see Sec. Ill. Since the
quantum gravity signal does not interfere with the SM back-
grounds, the KK graviton emission cross section is propor-

tional toM 5"~ % and we can write the signal cross section as

-
2

Jivy

do/dM_ . (pb/GeV)

-
=]
S

. 1 !
oI 5 =z oL TeVis),  (®)
0 S
whereMg is given in TeV. Notice that>9"@ depends upon
the number of extra dimensiomsdue to the sum over the
KK modes. Therefore, one can obtain the 2 §3j)ounds on

-\\\‘\\l\‘ll\\‘l\\\‘l\ \‘l\\\ll\\\l\\\\l\\\\l\\\
10 =50 100 150 200 250 300 350 400 450 500 Mg from Egs.(7) and(8) as

M _. (GeV
l‘l‘llSs( ) \/Z()'Signatl TeV,\/g) 1/(n+2)

FIG. 6. Missing invariant massMs9 Spectrum originating WIS hack . 9
from KK graviton radiation and the SM contributions to the had- 2 (5o
ronic case. We assumedgs=500 GeV,Mgs=1 TeV, n=3, and
applied the acceptance cut€1)—(C4) plus the kinematical cuts
(C7),(C8). The lines follow the convention as in Fig. 4.

&

We present in Table Ill the 2 and 5o attainable bounds
on Mg for several choices of, taking into account the
muonic, hadronic, and combined channels and using &q.
and the results in Table Il. The combined limits were ob-
tained requiringS/B=0.1, except fon=7, and we used the
x? formalism, i.e., the sum of muonic and hadronjé

In this work we studied the potential ef e~ collidersto  should result in aAy?=4 (25) to be consistent with
probe the quantum gravity scaMg via the KK graviton 2 (5)¢ limits as prescribed in Ref.24]. Notice that the
emission associated with two fermiofrauons and quarks  hadronic bounds are slightly better than the muonic ones for
We considered a LC with a center-of-mass enerdy n<5 and that for small values of the set of cuts A gives a
=500 GeV and three different integrated luminositiés better significance even thou@B is bigger for the B cuts.
=50, 200, and 500 fb!. We derived the constraints dvig Our bounds are comparable with the ones derived from
assuming that no deviation from the SM predictions washe analysis of the associated KK graviton production with a
observed. For a given integrated luminositythe statistical ~Z in [17], however, our simulations of the signal and back-
significance of the signal is grounds are more detailed, e.g., we take into account the

IV. RESULTS AND DISCUSSIONS

TABLE Ill. 2 (5) o limits in TeV on the quantum gravity scaMg in TeV as a function of the number
of extra dimensions for a 500 GeV LC with luminositie€£=50, 200, and 500 fb'. We present the results
for the muonic, hadronic with the two cut selections as in Table Il, and combined channels. For the latter we
requiredS/B=0.1, except fom=7.

n 2 3 4 5 6 7

50 fb! 2.461.99 1.741.42 1.351.16 1.141.00 1.040.90 0.920.83
muonic 200 f5! 2.932.33 1.971.64 1.511.30 1.261.10 1.100.99 0.990.89
500 fb! 3.282.6) 2.151.79 1.631.40 1.341.189 1.161.04 1.040.94

50 fo! 3.002.39 1.911.59 143123 1.171.02 1.040.90 0.900.81)

cutA 200 fo! 3.572.84 220183 1.601.39 1.291.13 1.100.99 0.970.89
hadronic 500 fb! 4.003.18 2.412.01) 1.731.49 1.381.2) 1.161.04 1.020.92
50 fo ! 2.481.97 1.731.44 1.361.17 1.151.0) 1.020.9) 0.930.84

cutB 200 fbl 2952.35 1.991.65 1.531.3) 1.271.12 1.110.99 1.000.90

500 fol 3.312.63 2.181.8) 1.651.42 1.361.19 1.181.05 1.050.95

50 fb! 3.07(2.44 1.97(1.64 1.48(1.27 1.20(1.0§ 1.06(0.94 0.96(0.86
combined 200 fo! 3.65(2.9) 2.26(1.89 1.66(1.42 1.33(1.17 1.15(1.03 1.03(0.93
500 fb! 4.10(3.26 2.48(2.06 1.79(1.54 1.42(1.25 1.22(1.09 1.09(0.99
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v*1Z* interference, more realistic cuts, and reducible backare comparable to the ones presented in Table Ill, however,
grounds. Moreover, we were able to extend the bounds to alke expect that our signature can give direct information
values ofn in contrast with the results in RdfL7] which are  about the graviton spin through the study of the angular dis-
valid only for n=2. It is important to notice that fon=7 tributions of the final particles.
the ratioS/B=0.05 which means that the bounds presented In brief, we showed in detail that 500 GeV LC with an
here should be taken with a grain of salt since we need thtegrated luminosity of 500 fb' will be able to exclude
more careful stgdy o_f the backgrounds in order to take serip ¢ up to 4.1(1.1) TeV for n=2 (7). Although our results are
ously then=7 limits into account. _well above the actual experimental limits from LEP and
We can also see from Table IIl that a 500 GeV LC will be 1gyatr0n, they are a factor of 2 less stringent than the ex-
able to probe the quantum gravity scal; above the new  necteq ones from the CERN Large Hadron CollidefiC)
gravitational direct experimental limMs=3.5 TeV forn 15 however, the LC leads to cleaner and easier to recon-
=2 [3]_1prowded its integrated luminosity is larger than gyt events. Moreover, at the LHC there is an ambiguity on
200 fb~". Present collider limits are, in general, less strin- g\ o ynitarize the cross sections since at very high parton-
gent than this one. For instance, graviton direct production garon center-of-mass energies the subprocesses involving
the CERN 200 GeVe" e collider LEP gives 95% C.L. kg gravitons violate unitarity. The signals studied here are
limits of Ms=1.02-1.25 TeV fom=2 [25], and searches fee from this ambiguity as we have the direct production of
for virtual graviton effects lead to 95% C.L. limits s the graviton. In addition it might be possible to probe the

=0.75-1.3 TeV for any number of extra dimensions de-gjin of the graviton looking at angular distributiof2s].
pending on the LEP experimef25]. The Fermilab Tevatron

DO experiment presented a 95% C.L. bound bfg
=1.37 TeV forn=2 based on searches for virtual graviton
effects on dielectron or diphoton systeh2$].

We should compare our limits to the ones obtained from We would like to thank D. Zeppenfeld for discussions.
alternative signatures at a 500 GeVe™ linear collider. The  This research was supported in part by Conselho Nacional de
most significant bounds come fromG production giving a  Desenvolvimento Cierfico e Tecnolgico (CNPq, by Fun-

50 limit of Ms=3.66 TeV[27], and gauge boson pair pro- da@o de Amparo aPesquisa do Estado de &&aulo
duction (VV) giving a 20 limt of Mg (FAPESP, and by Programa de Apoio a Meos de Exce-
=2.8 (3.0) (3.2) TeV foV=W (2) () [14]. These results léncia (PRONEX.
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