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Abstract

We search, in the context of extra-dimension scenarios, for the possible existence of brane fluctuatiobsanalsdEvents
with a single photon or a single Z-boson and missing energy and momentum collected with the L3 detector aollisions
at centre-of-mass energie&2 = 189-209 GeV are analysed. No excess over the Standard Model expectations is found and a
lower limit at 95% confidence level of 103 GeV is derived for the mass of branons, for a scenario with small brane tensions.
Alternatively, under the assumption of a light branon, brane tensions below 180 GeV are excluded.
0 2004 Published by Elsevier B.V.

1. Introduction with couplings of the same order as the brane ten-
sion, f.
Searches for gravitons and branons are in a sense

The possible existence of additional space dimen- complementary5]. If the brane tension is above the
sions was suggested by Kaluza and KIglh more gravity scale f > M, the first evidence for extra di-
than eighty years ago. In the original theory, the fun- mensions would be the discovery of gravitons, giving
damental scale of gravitation/y, coincides with the information about the fundamental scale of gravitation
Planck scaleMp ~ 1019 GeV. Since then, several and the characteristics of the extra dimensions. If the
theories have used this idea as an alternative way tobrane tension is below the gravity scajgt,™ ¢~ Mp,
solve some fundamental problems of physics, partic- then the first signal of extra dimensions would be the
ularly those related with gravitation and the unifica- discovery of branons, allowing a measurement of the
tion of all forces. One of the most attractive models brane tension scale, the number of branons and their
is proposed in Ref[2]. This model assumes the re- masse$6].
striction of the dynamics of the Standard Model to Many experimental results were reported on direct
a three-dimensional spatial brane, leaving the grav- searches for gravitons at LEP-9] and at the TEVA-
itation and perhaps some other exotic particles the TRON[10]. This Letter describes a search for branons
freedom to propagate in the extra dimensions. If in data collected at LEP. Branons couple to Standard
these extra dimensions have a large si#g; is of Model particles by pairs, suggesting the study of two
the order of the electroweak scale and the existenceproduction mechanisms inte~ collisions: e e~ —
of extra dimensions could manifest at present and 77y and € e- — 77Z. They proceed via the dia-
future colliders with detection of gravitons, as de- grams shown irFig. 1L The experimental signature
scribed by an effective theory with couplings of or- for branon production at LEP is the presence of either
derMp. a photon or a Z boson together with missing energy

A different scenario is considered in this Letter. and momentum. This is due to the two branons which
In this approach, the presence of a three-dimensionaldo not interact in the detector and are hence invisi-
brane as an additional physical body in the theory, ble. In the following, only decays of the Z boson into
with its own dynamics, leads to the appearance of ad- hadrons are considered. For a given centre-of-mass en-
ditional degrees of freedom. These manifest as new ergy, only the lighter branons give a significant contri-
scalar particlesz, calledbranons Branons are asso-  bution to the cross sections of thees — 77y and
ciated to brane fluctuations along the extra-dimensions e" e~ — 77Z processes. For simplicity, we will as-
[3] and are also natural dark-matter candiddtds sume a scenario with only one light branon species of
Their dynamics is determined by an effective theory massM.
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Fig. 1. Feynman diagrams contribgito the branon production process:es — 77 Vg, whereVy denotes a photon or a Z boson.

2. Data and Monte Carlo samples ergy loss, multiple scattering and showering in the
detector. Time-dependent detector inefficiencies, as
Data collected by the L3 detectftl] at LEP in monitored during the data-taking period, are included
the years from 1998 through 2000 are considered. in the simulation.
They correspond to an integrated luminosity of about
0.6 fb~! at centre-of-mass energiggy, from 188.6 to

2092 GeV. 3. Searchintheete™ — axZ — axqg channel
The following Monte Carlo generators are used to
simulate Standard Model process&2f [12] for The single-Z signature for branon production at

ete” — vuy(y) and € e — qq(y), GGG [13] for LEP is similar to the signature of the associated
ete” — yy(y), BHW DE [14] and TEEGG [15] for production of a Z boson and a graviton which was
large- and small-angle Bhabha scattering, respectively, previously studied in data collected by L3 afs =

PHQJET [16] andDl AG36 [17] for hadronand lepton 1886 GeV[8]. The events selected for that search are

production in two-photon interactionKORALW/[18] reanalysed in this Letter to search for branons, and the

for W-boson pair-production anBXCALI BUR [19] same analysis procedure is used to select candidate

for Z-boson pair-production and other four-fermion fi- events at,/s = 1916-2092 GeV. The integrated lu-

nal states. The predictions &K2f for the ere” — minosities considered for each value @f are listed

vy (y) process are checked with tReINUGPV [20] in Table 1

generator. Unbalanced hadronic events with a visible mass
The efficiencies for branon production through the compatible with that of th Z boson are selected. The

processesee” — iy and €e” — aaZ — AAQ] large background from¥e~ — ggy events with a

are determined by reweighting Monte Carlo events of low-angle high-energy photon is reduced by requiring

the processes'®™ — viy(y) and €e” — viZ — the missing momentum vector to point in the detec-

vuqQ, respectively, with the differential cross sections tor. Cuts on event-shape and jet-shape variables are
of Ref.[6]. Events from the first process are generated applied to suppress other backgrounds: Z-boson pair-
with KK2f and events from the second process with production with one of the Z bosons decaying into
EXCALI BUR, through W-boson fusion. neutrinos and the other into hadrons, W-boson pair-
The L3 detector response is simulated using the production with one of the W bosons decaying into
GEANT program[21], which describes effects of en- hadrons and the other into a low-angle undetected
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Table 1 @ Data, <Vs>=198 GeV a)
Luminosity, number of selected data evemNs,, and expected Stan- 4000  — Background
dard Model background eventd/z, as a function of,/s inthe | ... SM + branon signal (f=40 GeV)
search for the €e™ — 7#7Z — #7qq process. The expected num- | ...
ber of signal eventsys, is also given fod =0andf =40Gev [ &TTYLOE

0 3000
Vs (GeV) £ (pbt) Np Ng Ns N |
1886 1768 129 1263 209 S T
1916 298 22 231 41 &
1955 841 63 657 128 ©2000 + i
1995 833 59 637 180 g *
2017 37.2 30 289 88 w
2025-2055 790 51 599 205 +
2055-2092 1390 101 102 379 1000 -
Total 6292 455 4698 1230

] 1
%.45 0.5 0.55

charged lepton and a neutrino, and single-W produc-
tion through the €e~ — Wev process, followed by a
hadronic decay of the W boson.

Table 1summarises the yield of the selection at
the different centre-of-mass energies. In total, 455
events are observed while 470 events are expected 1q00
from several Standard Model processes. The domi-
nant background is W-boson pair-production (47%).
Other sources of background are single-W produc- —,800
tion (25%), Z-boson pair-production (13%) and the
ete” — qgy process (12%).

Expectations for a branon signal witth = 0 and
f =40 GeV are also listed ifable 1 The efficiency
to detect such a signal is 55%. Two variables are most § 400
sensitive to discriminate a possible signal from the &
Standard Model background: the reduced energy of

ts / Alcos 0
3
o

Vi

the Z bosonxz = Ez/+/s, and the cosine of its po- 200
lar angle, co8z. The distribution of these variables
for data and Standard Model backgrounds are shown 0

in Fig. 2(a) and (b). These figures also show the pre-
dictions in the presence of a branon signal. No excess
with respect to the Standard Model expectations is ob-
served.

0.6

@ Data, <Vs>=198 GeV
—— Background
[ eeeeee SM + branon signal (f=40 GeV)

0 0.2 0.4 0.6

Icos 6]

0.8

Fig. 2. Distributions for events selected in thtee — 77Z —

4. Searchintheete™ — wxy channel

Events with a single photon and large missing

energy and momentum, selected by L3 b =

1886—-2092 GeV[7], are re-analysed for the presence
of a signal due to the'®™ — 77y process in ad-
dition to the Standard Model contributions from the
ete” — viy(y) and € e~ — eTe y(y) processes.

77 search: (a) the reduced energy of the Z bosgns E7/./s,

and (b) the absolute value of the cosine of its polar arige;The

points represent the data, the sdlidtogram is the expectation from
Standard Model processes and the dashed histogram is an example
of the expectations in the presence of an additional signal due to
branon production witld/ = 0 and f = 40 GeV.

A breakdown of the integrated luminosities as a
function of /s is given in Table 2 Two different

energy regimes are considered, depending on the
value of the transverse momentum of the photon,
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Table 2

Luminosity, number of selected data evemNs,, and expected Stan-
dard Model background eventd/g, as a function of,/s for the
high-p; and the lowp; single-photon selections. Expectations;,
for branon production through thé"e™ — 77y process are also
given forM =0 and f = 150 GeV

V5 (Gev)  Lpb D High p; Low py
Np Np Ns Np Np Ng

1886 1760 249 2547 710 156 1520 166
1916 295 37 402 130 32 282 35
1955 839 123 1101 429 73 801 115
1995 813 114 1026 472 74 770 130
2017 348 53 439 218 35 327 60
2025-2055 748 103 904 523 71 706 151
2055-2072 1302 151 1589 965 93 1059 277
207.2—-2092 86 8 104 6.7 9 70 19
Total 6191 838 8112 3514 543 5544 953

p:, relative to the beam energ¥peam and its po-
lar angle, 6,,. High-p; events, 4Epeam < pr <
0.60Epneam are selected in both the barrgtoss, | <
0.73, and endcap,.8 < |cosd, | < 0.97, regions of
the electromagnetic calorimeter. The selection of low-
p: events, MW16FEpeam< pr < 0.04Epeam relies on a
single-photon energy trigger with a threshold around
900 MeV which is active only in the barrel regi{22].
Table 2lists the number of observed data events
together with the Standard Model expectations for
different values of,/s. The highp, analysis selects
ete” — vy (y) events with purity above 99% and
efficiency above 80%. In total, 838 events are ob-
served in data while 811 are expected from Standard
Model processes:ig. 3(a) and (b) show the measured
differential cross sections for thete™ — voy(y)
processes as a function 8f = E,, /Epeam the frac-
tion of the beam energy carried by the photon and of
|cosd, |. Data obtained by the higp; selection are

corrected for detector acceptance and integrated over

the polar-angle fiducial regioncoss, | < 0.97. The

measured differential cross sections are in good agree-

ment with the Standard Model expectations.

The criteria of the lowp, selections are much more
stringentin order to be sensitive to very low photon en-
ergies while minimizing the hugete™ — ete~y(y)

component. In total, 543 events are observed in data

151

25

® Data, <Vs>=198 GeV

20 a)

— SM

SM + branon signal (f=150 GeV)

0 ] ] ] ] 1
0.1 0.2 0.3 0.4 0.5 0.6
X
Y
12
® Data, <Vs>=198 GeV .
LU b) /
Iy g L SM + branon signal (f=150 GeV)
2
=
@
7]
8 6
°
ke
~
[9)
3 |
2
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Icos eyl

Fig. 3. Measured differential cross sections for thee — viy (y)
process as a function of (&), = E, /Epeam the fraction of the
beam energy carried by the photon and (b) the absolute value of the
cosine of its polar angle),, . Data selected by the highy selection

at 004Epeam=< pr < 0.6Epeamare shown. They are integrated over
the fiducial region|cosd), | < 0.97. The points represent the data,
the solid curves are the Standaviddel predictions and the dashed
curves show the expectations in the presence of an additional signal
due to branon production with/ = 0 and f = 150 GeV.

and 554 are expected from Standard Model processes.

The main contribution is from &g~ — ete y(y)
events and the'ee~ — vy (y) purity is around 24%.

The event selection is described in detail in H&j.
Fig. 4(a) and (b) compare the distributionsof and
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200 @ Data, <\s>=198 GeV
— SM a)
------ SM + branon signal (f=150 GeV)
8150
8 | e
o
P ¢
%)
t100 | ?
g
& ¢
50 |=- i ....
0 ] | ] ]
0.02 0.025 0.03 0.035 0.04
X
Y
300
@ Data, <\s>=198 GeV
— sM b)
;>— ------ SM + branon signal (f=150 GeV)
€N200
8 ¢
<
~
n
Lo
c
z ¢
100 [ ¢
] ] ]
0 0 0.2 0.6

0.4
Icos eyl

Fig. 4. Distributions for events selected by the Ipywselection at
0.016Epeam< pr < 0.04Epeamin the ere™ — 77y search: (a) the
fraction of the beam energy carried by the photon= Ey, / Epeam
and (b) the absolute value of the cosine of its polar arfgle,The
points represent the data, the sdlidtogram is the expectation from

The presence of a branon leads to an increase in the
differential cross sections which is a function of the
branon masg/ and the brane tensiof [6]:

d%o (ete” — 77y)

dx, dcos,
_s(s(L—x,) —4M?)? 4M?
61440872 s(1—x)

X |:x), (3 —3xy, + in) — x)::’ sin? 0y

_ _ 2
+2(1 x) A+ 1-xy) )jl’ )

Xy sir? 0y

whereq is the electromagnetic coupling constant.

Figs. 3 and 4how the typical distortion in the dif-
ferential cross sections expected in the presence of a
branon signal.

5. Results

Evidence for branon production was found neither
in the e'e™ — 77Z — 77qQ nor in the de~ —
7wy channels and the data are interpreted in terms
of bounds on the possible production of branons. For
each centre-of-mass energy, the data and the expec-
tations are compared in bins of the two-dimensional
distributions ofxz vs. co®7 for the efe™ —» 777 —
77qq channel and of, vs. co®, for the ef'e” —
a7y channel. Assuming a Poisson probability distri-
bution for each bin, 95% confidence level exclusion
limits are derived according to the method described
in Ref.[23]. Systematic uncertainties are taken into ac-
count in the calculation of the limit. For the'e™ —
arnZ — 77qq channel, they are similar to those en-
countered in the study of Z-boson pair-production
when one of the bosons decays into hadrons and the
other into neutrinog24] and are dominated by un-

Standard Model processes and the dashed histogram is an examplecertainties on the background normalization, on the
of the expectations in the presence of an additional signal due to detector energy scale and modeling and from limited

branon production witld/ =0 and f = 150 GeV.

Monte Carlo statistics. The main systematic uncertain-
ties forthe ée~ — 77y channe[7] are the modeling
of Standard Model process, the determination of the

| cos, | observed in data with the expectations of the trigger efficiency and the treatment of photons which
Standard Model processes. A good agreement is ob-convert in electron—positron pairs in the detector ma-

served.

terial in front of the electromagnetic calorimeter.
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