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Abstract

Extra spatial dimensions are proposed by recent theories that postulate the scale of gravity to be of the same order as the
electroweak scale. A sizeable interaction between gravitons and Standard Model particles is then predicted. Effects of these
new interactions in boson and fermion pair production are searched for in the data sample collected at centre-of-mass
energies above the Z pole by the L3 detector at LEP. In addition, the direct production of a graviton associated with a Z
boson is investigated. No statistically significant hints for the existence of these effects are found and lower limits in excess
of 1 TeV are derived on the scale of this new theory of gravity. q 1999 Published by Elsevier Science B.V. All rights
reserved.

1. Introduction

Contemporary collider experiments have success-
fully tested the Standard Model of electroweak inter-

Ž . w x y1actions SM 1–3 at its characteristic distance M ,ew
where M ;102 GeV represents the electroweakew
scale. The experimental study of the gravitational
force extends only down to distances of the order of

w xa centimetre 4 , thirty three orders of magnitude
y1 Žabove the distance M . The Planck scale M ;Pl Pl

19 .10 GeV denotes the characteristic scale of the
gravitational interaction.

Deviations from the expected behaviour of gravity
are expected in theories that introduce n extra spatial
dimensions of size R that can be as large as a

w xfraction of a millimetre 5 . This follows from postu-
lating a new scale M for the gravitational interac-S
tion, and imposing it to be of the same order of M .ew

Ž .This Low Scale Gravity LSG is related to the
macroscopic expectations of gravity in terms of the

1 Also supported by CONICET and Universidad Nacional de La Plata, CC 67, 1900 La Plata, Argentina.
2 Also supported by Panjab University, Chandigarh-160014, India.
3 Deceased.
4 Also supported by the Hungarian OTKA fund under contract numbers T22238 and T026178.
5 Supported by the German Bundesministerium fur Bildung, Wissenschaft, Forschung und Technologie.¨
6 Supported by the National Natural Science Foundation of China.
7 Supported by the Hungarian OTKA fund under contract numbers T019181, F023259 and T024011.
8 Supported also by the Comision Interministerial de Ciencia y Tecnologıa.´ ´
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gravitational constant and hence to M by the appli-Pl
cation of the Gauss’ theorem in the extra dimen-
sions:

M 2 ;RnM nq2 . 1Ž .Pl S

In the LSG scenario, spin-two gravitons couple
with SM particles and contribute to the pair produc-
tion of bosons and fermions in eqey collisions.

w xThese effects were searched for previously 6 . The
present analysis extends this investigation using the
same procedure to the 176 pby1 of data collected by

w xthe L3 detector 7–13 at LEP in 1998 at the centre-
'of-mass energy s s188.7 GeV. Other results are
w xdescribed in Ref. 14–17 .

LSG effects in both boson and fermion pair pro-
duction are described in terms of the parameter MS
w x18 , interpreted as a cutoff of the theory. It appears
as 1rM 4 in the LSG and SM interference terms andS
as 1rM 8 in the pure graviton exchange process.S
These terms are multiplied by the factors l and l2,
respectively, which incorporate the dependence on
the unknown full LSG theory and are of order unity
w x18 . For numerical results on the scale M , thisS
analysis assumes ls"1 to allow for different signs
in the interference between the SM and LSG contri-
butions. Throughout this analysis the radiative cor-
rections to SM and LSG processes are assumed to
factorise.

LSG can also manifest itself via the direct produc-
tion of a graviton associated with either a photon or
a Z boson. The first of these signatures is investi-

w xgated elsewhere 6,19 , while the second is reported
here for the first time.

2. Boson pair production

The contribution of virtual graviton exchange to
the pair production of Z bosons affects both the total
cross section and the distribution of the Z production

w xangle 20 . The same discriminating variables previ-
ously used to measure the ZZ cross section and to

w xlimit a possible ZZg or ZZZ vertex 21 are investi-
gated to search for LSG effects, namely the recon-

q ystructed Z mass of ZZ™qq ll ll events, M , theZ
X Xoutput of a neural network for the ZZ™qqq q and

ZZ™qqnn final states and the sum of the visible
and recoil masses in the ZZ™ llqllyll Xqll Xy and

q yZZ™ ll ll nn channels. ZZ events are generated
Ž .with the EXCALIBUR Monte Carlo MC program

w x22 . LSG effects are modelled by reweighting these
events with a modified version of EXCALIBUR that
includes the LSG matrix element for the ZZ final

w xstate 20 . Fig. 1a presents the distributions of MZ
for data, SM expectations and LSG predictions.

LSG effects in W pair production modify its
w xdifferential cross section 20 , as displayed in Fig. 1b

and 1c, where the polar angle of the emitted Wy

boson is shown. Semileptonic and hadronic decays
w xof the W pairs are analysed 23 . Data and SM

w xexpectations as calculated by the KORALW MC 24
are also illustrated. The inclusion of LSG effects
proceeds through the reweighting of the MC events

w xwith a modified version of EXCALIBUR 25 which
includes the virtual graviton exchange matrix ele-

w xment 20 for double-resonant processes. A 5% cor-

q yq yŽ .Fig. 1. a Reconstructed Z mass for e e ™ZZ™qq ll ll
Ž . q yevents. Distributions of the polar angle for: b hadronic e e ™

q y Ž . q y q y Ž .W W events, c semileptonic e e ™W W events, d
eqey™gg events. Data at 188.7 GeV, SM signal and back-
ground expectations are presented together with LSG predictions
for M s0.65 TeV and ls"1.S
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rection is applied to account for other diagrams
contributing to the semileptonic electron final states.

The differential cross section of the process eqey
™gg is also sensitive to s-channel graviton ex-

w xchange 26,20 . Fig. 1d compares the photon polar
w xangle distribution of the data 27 to LSG and QED

predictions.

3. Fermion pair production

Contrary to boson pair production, where effects
of extra dimensions are mainly expected in the total
cross section, in the case of fermion pair production

w xdistortions of the angular distributions occur 18,26 .
Events with high effective centre-of-mass energy,

X X' ' 'Ž .s , s )0.85 s are studied.
Fig. 2a and 2b compare the angular distributions

w xof muon and tau pairs selected in data 28 to SM
and LSG expectations. The SM predictions are mod-

w xelled by MC events generated with KORALZ 29
w xand reweighted to the ZFITTER 30 differential

cross sections. The effects of extra dimensions are
studied by reweighting these events to the LSG

w xdifferential cross sections 18,26 .
For the qq final states only the total cross section

is investigated and thus the higher sensitivity inter-
w xference term 18,26 vanishes. The measurement of

w xthe cross section 28 is sensitive only to the pure
graviton exchange and is independent of the sign of
l.

Ž . q yFig. 2. Distributions of the fermion polar angle for: a e e ™
q y Ž . q y q ym m and b e e ™t t processes. Selected data events at

188.7 GeV are shown together with SM signal and background
expectations. LSG predictions for the two signs of the interference
and M s0.55 TeV are also presented.S

.Fig. 3. a Measured and predicted differential cross sections for
Bhabha scattering. LSG expectations for ls"1 and M sS

.0.8 TeV are also shown. b Differences D of the measured and
LSG differential cross sections with respect to the SM prediction.
Data collected at 188.7 GeV are presented.

The Bhabha scattering is the channel with the
highest sensitivity to LSG effects owing to their
large interference with the SM t-channel diagram.
Fig. 3 presents the measured differential cross sec-
tion for events in the polar angular range of the
scattered electron between 448 and 1368. The SM

w xpredictions as obtained from TOPAZ0 31 are also
shown together with the deviations expected from

w xLSG 32 .

4. Results

The distributions in Figs. 1–3a are separately
4analysed in terms of lrM . In addition the qq crossS

section is compared with the LSG predictions in
terms of l2rM 8 and the other four distributionsS
describing the different decay modes of the Z boson

w xpair production 21 are considered as well. Previous
' w xresults from lower s data 6 are included. A

likelihood is determined as a function of lrM 4. TheS
deviation d of the maximum of the likelihood from
the SM value of zero is measured in units of one
sigma errors and is reported in Table 1. In all the
quoted fits, the background dependence on LSG
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effects is negligible. No significant deviations from
the SM expectations are found. The likelihood func-
tions are then integrated over the physical region for
lsq1 and lsy1 to yield the 95% confidence

Ž .level CL limits on M , also reported in Table 1.S
The sensitivity of the ZZ channel is comparable to

that of the gg and WqWy ones, despite the signifi-
cantly lower cross section. The expected high sensi-
tivity of the Bhabha channel is confirmed, as it
dominates the limits.

Systematic uncertainties are included in the fit.
They are calculated as the sum in quadrature of the
systematic error on the measured cross section and
the theory uncertainty on its prediction and amount
to 10% for the ZZ channel, 4% for WW, 1% for gg ,

q y q y2.4% for m m , 3.5% for t t , 1.4% for qq and
3.0% for Bhabha scattering. Only the limits from the
qq and Bhabha channels are affected by these sys-
tematic effects.

Assuming that no higher order operators give
sizeable contributions to the LSG mediated boson
and fermion pair production and that the meaning of
the cutoff parameter is the same for all the investi-
gated processes, it is possible to fit simultaneously
all the boson and fermion channels, and finally to
combine these two results into a final fit. No statisti-
cally significant extra dimensions effects are found.
The 95% CL lower limits on M are listed in TableS

Table 1
Lower limits at 95% CL on the cutoff M for different processesS
and values of l. Deviations d from the SM, defined in the text,
are also given

Ž . Ž .Process d M TeV M TeVS S
lsq1 lsy1

q ye e ™ZZ y0.55 0.77 0.76
q y q ye e ™W W y1.10 0.79 0.68

q ye e ™gg y0.03 0.79 0.80

Bosons combined y0.79 0.89 0.82

q y q ye e ™m m y1.12 0.69 0.56
q y q ye e ™t t q0.56 0.54 0.58
q ye e ™qq "2.30 0.49 0.49

q y q ye e ™e e y0.91 0.98 0.84

Fermions combined y1.04 1.00 0.84

Bosons q Fermions y1.30 1.07 0.87

Table 2
Expected cross sections s for the graviton plus Z signalZG
Ž .M s0.5 TeV , detection efficiency ´ , upper limit at 95% CLS
s lim on the cross section and lower limit on the scale M as aZG S
function of the number of extra dimensions n

n 2 3 4

Ž .s pb 0.64 0.081 0.011ZG

´ 0.56 0.56 0.55
lim Ž .s pb 0.29 0.30 0.30ZG
Ž .M TeV 0.60 0.38 0.29S

1. They reach 1.07 TeV for lsq1 and 0.87 TeV
for lsy1.

5. Single Z production

In addition to the possible LSG effects in pair
Ž .production of SM particles, the direct graviton G

production associated with a Z boson is studied for
w xthe first time, complementing the Gg search 6,19 .

The expected cross section s is proportional toZG
yŽ nq2. w xM 33 and thus falls rapidly with the numberS

of extra dimensions n. It is shown in Table 2 for a
benchmark value of M s0.5 TeV. The symbol MS S
represents the LSG scale analogous to the M pa-D

Fig. 4. Visible mass for eqey™ZG candidate events at
188.7 GeV together with SM expectations, dominated by W pair
and single W production. The effect of real graviton production
with two extra space dimensions and M s0.5 TeV is also shown.S
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w xrameter 26 investigated in the Gg channel. In the
particular case of ns2 the two parameters are

4 4 w xrelated by M s4M 34 . The reduced sensitivityS D
with respect to the Gg channel follows from the
limited phase space available for graviton emission
due to the mass of the Z.

The signature of this process is a single Z boson
in the detector as the graviton is emitted in the extra
dimensions and hence undetected. Only hadronic Z
decays are considered. A sample of 1068 unbalanced
hadronic events with missing energy pointing in the
detector and a visible mass compatible with that of
the Z is selected. The SM expectation amounts to
1096 events. The signal efficiency is 87%. Efficien-
cies and distributions for the signal are estimated by

q yanalysing a sample of e e ™Znn events generated
in the W fusion process with EXCALIBUR and then
reweighted to the Z energy and polar angle distribu-

q y w xtions of the e e ™ZG process 33 . The analysis is
designed to be independent of n.

Event-shape and jet-shape variables similar to
q y w xthose used in the e e ™ZZ™qqnn 21 and

w xhadronicaly decaying single W 35 selections are
used to suppress the dominant backgrounds: radia-
tive return to the Z, double resonant W pair produc-
tion followed by semileptonic decays into either a
tau or an undetected low angle lepton and hadronic
decaying single W events. A final sample of 129
events is selected with 126 expected from SM pro-
cesses with the signal efficiencies listed in Table 2.
A fit to the visible mass distribution of Fig. 4 yields
the 95 % CL cross section upper limits in Table 2
from which the corresponding lower limits on MS
are extracted.

In conclusion no evidence for extra dimensions is
found and limits in excess of 1 TeV are set on the
scale of LSG.
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