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Search for TeV strings and new phenomena in Bhabha scattering at CERN LEP2
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A combined analysis of the data on Bhabha scattering at center-of-mass energies 183 and 189 GeV from the
CERN LEP experiments ALEPH, L3, and OPAL is performed to search for effects of TeV strings in quantum
gravity models with large extra dimensions. No statistically significant deviations from the standard model
expectations are observed and a lower limit on the string scaleMS50.631 TeV at 95% confidence level is
derived. The data are used to set lower limits on the scale of contact interactions ranging from 4.2 to 16.2 TeV
depending on the model. In a complementary analysis we derive an upper limit on the electron size of 2.8
310219 m at 95% confidence level.

PACS number~s!: 04.50.1h, 12.60.Rc, 13.10.1q, 14.60.Cd
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INTRODUCTION

The standard model~SM! is very successful in confront
ing the data coming from the highest energy accelerat
Still, there are theoretical reasons to expect that it is
complete, and one of the first questions in the quest for n
physics is what is the relevant scale where new phenom
can give experimental signatures. Recently, a radical p
posal @1–3# has been put forward for the solution of th
hierarchy problem, which brings together the electrowe
scale mEW;1 TeV and the Planck scaleMPl51/AGN
;1015 TeV. In this framework the effective four
dimensionalMPl is connected to a newMPl(41n) scale in a
(41n) dimensional theory:

MPl
2 ;MPl(41n)

21n Rn ~1!

where there aren extra compact spatial dimensions of radi
;R. This can explain the observed weakness of gravity
large distances. At the same time, quantum gravity beco
strong at a scaleM of the order of 1 TeV and could hav
observable signatures at present and future colliders.

The first experimental searches for large extra dimens
have concentrated on the effects of real and virtual grav
emission.1 In a string theory of quantum gravity@7,8# there
are additional modifications of standard model amplitud
and new phenomenological consequences. Effective con
interactions caused by massive string mode oscillati
might compete with or even become stronger than those
to virtual exchange of Kaluza-Klein excitations of graviton
and thus provide the first signature of low scale gravity o
lower bound on the string scale.

Bhabha scattering above the Z resonance offers a re
hunting field for new phenomena@9,6#. It can be used to
search for manifestations of contact interactions and a
very sensitive probe of the pointlike structure of the electr

This paper is organized as follows. In Secs. II and III t
experimental data and the analysis technique are prese
In the following section, we describe the search for effects

*Email address: Dimitri.Bourilkov@cern.ch
1For searches in Bhabha scattering see, e.g., Refs.@4–6#.
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TeV strings in Bhabha scattering. In Secs. V and VI we u
the data to obtain limits on the scale of different conta
interaction models, and on the size of electrons, respectiv
We conclude with a discussion of the results.

EXPERIMENTAL DATA

Data on fermion-pair production at 183 or 189 Ge
center-of-mass energies from the CERNe1e2 collider LEP2
has become available recently. In the following we will co
centrate on the measurements of Bhabha scattering at t
two highest energy points, where large data samples h
been accumulated during the very successful LEP run
1997 and 1998.

The ALEPH@10#, L3 @11#, and OPAL@12,13# Collabora-
tions have presented results for the differential cross sec
of Bhabha scattering. In the case of L3 and OPAL the res
are for both energy points and the scattering angleu is the
angle between the incoming and the outgoing electrons in
laboratory frame. In the ALEPH case the measurements
at 183 GeV and the scattering angle is defined in the ou
ing e1e2 rest frame. The acceptance is given by the angu
rangeucosuu,0.9 for the ALEPH and OPAL measuremen
and by 44°,u,136° for the L3 measurement.

The experiments use different strategies to isolate the h
energy sample, where the interactions take place at ene
close to the full available center-of-mass energy. This sam
is the main search field for new physics. L3 and OPAL ap
an acollinearity cut of 25° and 10°, respectively. ALEP
defines the effective energy,As8, as the invariant mass of th
outgoing fermion pair. It is determined from the angles of t
outgoing fermions. For details of the selection procedur
the statistical and systematic errors we refer the reader to
publications of the LEP experiments.

ANALYSIS METHOD

The standard model predictions for the differential cro
sections of Bhabha scattering at 183 and 189 GeV are c
puted with the Monte Carlo generatorBHWIDE @14#. We as-
sign a theory uncertainty of 1.5% on the absolute scale of
predictions. In all cases the individual experimental cuts
the selection procedures and the isolation of the high ene
©2000 The American Physical Society05-1
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DIMITRI BOURILKOV PHYSICAL REVIEW D 62 076005
samples are taken into account. The results are cross che
with the semianalytic programTOPAZ0 @15#.

The effects of new phenomena are computed as a func
of a generic parameter«, defined for each individual case i
the corresponding section. Initial-state radiation~ISR!
changes the effective center-of-mass energy in a large f
tion of the observed events. We take these effects into
count by computing the first order exponentiated differen
cross section following@16#. Other QED and electrowea
corrections give smaller effects and are neglected.

In total we have 47 data points: 28 from the 3 different
spectra at 183 GeV and 19 from the L3 and OPAL spectr
189 GeV. A fitting procedure similar to the one in Re
@6,17# is applied.

A negative log-likelihood function is constructed by com
bining all data points at the two center-of-mass energies

2 logL5(
r 51

n S @prediction~SM,«!2measurement#2

23Dmeasurement
2 D

r

,

~2!

Dmeasurement5error@prediction~SM,«!2measurement#,
~3!

where prediction(SM,«) is the SM expectation for a give
measurement~a point in the differential spectra! combined
with the additional effect of new phenomena as a function
the mass scale or electron size, and measurement is the
responding measured quantity. The indexr runs over all data
points. The error on a deviation consists of three parts, wh
are combined in quadrature: a statistical error and a sys
atic error ~as given by the experiments! and the theoretica
error assigned above. The systematic errors account for s
correlations between data points.

TeV STRINGS IN BHABHA SCATTERING

In Ref. @8# the authors develop a model to study the
fects of string Regge excitations on physical cross sect
by a simple embedding of the quantum electrodynamics
electrons and photons into string theory. They use only
gauge group and only vectorlike couplings, in order to av
complications but grasp the general phenomenological
ture. The results are model dependent.

The effects of TeV scale strings on Bhabha scattering
computed from the leading-order scattering amplitudes.
amplitudes are multiplied by a common form factor

S~s,t !5
G~12s/MS

2!G~12t/MS
2!

G~12s/MS
22t/MS

2!
. ~4!

In the case where the string scaleMS is close to or smaller
than the center-of-mass energy, the Gamma functions in
form factor produce a very reach and complicated resona
structure. On the other hand, in the limit where the Mand
stam variabless and t are much smaller thanMS , we have
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S~s,t !5S 12
p2

6

st

MS
4

1••• D . ~5!

So in this model the leading corrections are proportiona
MS

24 , corresponding to an operator of dimension 8.
To compare the string predictions to the data on Bha

scattering above theZ resonance one has to handle also
contributions due toZ exchange and the interference wi
photon exchange amplitudes. TheZ is not part of the string
QED model developed in Ref.@8#, but as all QED Bhabha
scattering amplitudes are multiplied by the common fac
S(s,t), the authors suggest to compare the differential cr
section to the simple formula

ds

d cosu
5S ds

d cosu D
SM

uS~s,t !u2. ~6!

The data from the LEP Collaborations at 183 and 1
GeV show no statistically significant deviations from the S
predictions due to string effects. In their absence, we use
log-likelihood method, which after proper normalizatio
gives the confidence level for any value of the scaleMS in
the physically allowed region. The exact definition can
found in Ref.@6#. The one-sided lower limit on the scaleMS
at 95% confidence level is

MS50.631 TeV. ~7!

Examples of the data analysis at 189 GeV are shown
Figs. 1 and 2, where the SM predictions and the expectat
from several manifestations of new phenomena are c

FIG. 1. The differential cross section for Bhabha scattering
measured by the L3 Collaboration at 189 GeV. The lower p
shows the ratio~data/SM expectation! together with the expected
deviations from the SM for string models~dot-dash!, finite electron
size ~dotted!, andVV contact interactions~dashed!.
5-2
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SEARCH FOR TeV STRINGS AND NEW PHENOMENA IN . . . PHYSICAL REVIEW D62 076005
pared to the measurements of the L3 and OPAL Collabo
tions, respectively. In these figures we plot the combin
statistical and systematic errors; the theory uncertainty is
shown. In the area of the forward peak the theory uncerta
in the SM prediction starts to limit the precision of our stud

CONTACT INTERACTIONS

The standard framework, used in searches for deviat
from the SM predictions, is the most general combination
helicity conserving dimension-6 operators@18#. In this
scheme, new interactions beyond the standard model
characterized by a coupling strengthg and by an energy scal
L which can be viewed as the scale of compositeness
energies much lower thanL, we have an effective Lagrang
ian leading to four-fermion contact interactions.

The differential cross section for fermion-pair producti
in e1e2 collisions can be decomposed in the usual way

ds

dV
5SM~s,t !1«•Cint~s,t !1«2

•CCI~s,t !, ~8!

where SM(s,t) is the standard model contribution,CCI(s,t)
comes from the contact interaction amplitude, andCInt(s,t) is
the interference between the SM and the contact interac
terms. The exact form of these functions is given in R
@18#. By convention g2/4p51 and uh i j u<1, where (i , j
5L,R) labels the helicity of the incoming and outgoing fe
mions. We define

FIG. 2. The differential cross section for Bhabha scattering
measured by the OPAL Collaboration at 189 GeV. The lower p
shows the ratio~data/SM expectation! together with the expected
deviations from the SM for string models~dot-dash!, finite electron
size ~dotted!, andVV contact interactions~dashed!.
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4p

sgn~h!

L2
, ~9!

where the sign ofh enables to study both the cases of po
tive and negative interference.

As discussed in the previous section, the data from
LEP Collaborations at 183 and 189 GeV show no stati
cally significant deviations from the SM predictions. In the
absence, using the same technique we derive one-sided l
limits on the scaleL of contact interactions at 95% confi
dence level. They are summarized in Table I and Fig. 3. T
results presented here improve on the limits obtained by
dividual LEP experiments@10,13,19,20#.

ELECTRON SIZE

In the standard model leptons, quarks, and gauge bo
are considered as pointlike particles. A possible substruc
or new interactions at as yet unexplored very high energ
could manifest themselves as finite radii and anomal

s
t

TABLE I. Results of contact interaction fits to Bhabha scatt
ing. The numbers in brackets are the values
@hLL ,hRR,hLR ,hRL# defining to which helicity amplitudes the
contact interaction contributes. The models cover the interfere
of contact terms with single as well as with a combination of he
ity amplitudes. The one-sided 95% confidence level lower limits
the parametersL1 (L2) given in TeV correspond to the uppe
~lower! sign of the parametersh, respectively.

e1e2

Amplitudes L2 L1

Model @hLL ,hRR,hLR ,hRL# @TeV# @TeV#

LL @61,0,0,0# 7.7 6.0
RR @0,61,0,0# 7.6 6.0
LR @0,0,61,0# 9.2 7.0
RL @0,0,0,61# 9.2 7.0
VV @61,61,61,61# 16.2 13.0
AA @61,61,71,71# 8.0 10.4

LL1RR @61,61,0,0# 10.7 8.6
LR1RL @0,0,61,61# 12.9 10.1
LL2RR @61,71,0,0# 4.3 4.2

FIG. 3. One-sided 95% confidence level lower limits on t
scaleL1 andL2 for contact interactions in Bhabha scattering.
5-3



o
n

s,

ur

it
e
tiv

a
n

te
in

y

e
th

8
n

it
th
o

io
m
es

-

a
r

to

it

v-
er

h.

ize
ss

of
sics

nt
ting
ber

ec-

tant

ar
in

-

n

and
ret-
o-
EP
re-
sen-
he

lso
t
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magnetic dipole moments of these particles.
The high precision measurements of the magnetic dip

moment (g22)e of the electron can be used to put stringe
limits on the electron radiusr e @21,22#. If nonstandard con-
tributions to (g22)e scale linearly with the electron mas
the bound isr e;2310223 m. On the other hand, if they
scale quadratically with the electron mass, which is a nat
consequence of chiral symmetry@21#, the bound is reduced
to r e;3310218 m. In Ref. @22# the authors perform an
analysis of the high precision data on theZ resonance, noting
that while the assumption of elementary photons is qu
natural, the same is less obvious for the very massivZ
bosons. In the pure electron case the limit is not competi
with the (g22)e results.

Here we perform a new analysis based on the LEP2 d
on Bhabha scattering, where again the photon excha
gives the dominating amplitudes both in thet ands channels,
and good sensitivity to electron substructure can be expec
The differential cross section for fermion-pair production
e1e2 collisions far above theZ is modified as

ds

dQ2
5S ds

dQ2D
SM

Fe
2~Q2!F f

2~Q2!, ~10!

where Fe and F f are the form factors of the initial~final!
state fermions. They are parametrized in the standard wa
@22#

F~Q2!511
1

6
Q2r 2, ~11!

where Q2 is the Mandelstam variables or t for s- or
t-channel exchange, andr 2 is the mean-square radius of th
fermions. This formalism is a convenient way to estimate
electron size in the case where the productQ2r 2 is small.

From the data of the LEP Collaborations at 183 and 1
GeV we extract the following upper limit on the electro
radius at 95% confidence level

r e,2.8310219 m. ~12!

This limit is one order of magnitude lower than the lim
derived from (g22)e measurements in the case where
deviations from the SM of the magnetic dipole moment
the electron depend quadratically on its mass.

High energy analyses have been performed in interact
involving electrons and quarks, assuming a single for
factor for all fermions. The H1 Collaboration at HERA us
deep inelastic scattering and obtains a limit ofr ,26
310219 m at 95% confidence level@23#. The Collider De-
tector at Fermilab~CDF! Collaboration at the Tevatron stud
ies the Drell-Yan process to put a limit ofr ,5.6310219 m
at 95% confidence level@24#.

DISCUSSION

The search for TeV strings motivates a fresh look
Bhabha scattering. In the model analyzed here the string
alization of quantum gravity is manifested as a form fac
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which modifies the differential cross section. The lower lim
obtained in our analysis of LEP2 data isMS50.631 TeV. In
Ref. @6# from the study of virtual graviton exchange in gra
ity models with large extra dimensions we obtained a low
limit on their scale ofLT51.412 TeV for positive intefer-
ence (l511).2 As noted in Ref.@8#, the gravity scale is
between 1.623.0MS , depending on the coupling strengt
The results on the gravity scale from@6# and on the string
scale from this analysis agree well with each other.

It is interesting to note that our study of the electron s
also leads to form factors modifying the differential cro
section, but with opposite sign. The limit derived here,r e
,2.8310219 m, becomesMr.0.705 TeV, if translated to a
mass scale. This is a reflection of the similar magnitude
the effects at LEP2 energies in both cases, even if the phy
mechanisms involved are different.

In the framework of contact interactions very stringe
bounds exceeding 10 TeV are obtained. When interpre
the physical meaning of these limits, we should remem
that a strong couplingg2/4p51 for the novel interactions is
postulated by convention. If we assume a coupling of el
tromagnetic strength, the limits can be translated

L85AaQEDL50.085L, ~13!

where we have used the value of the fine structure cons
and ignored the small effect of a runningaQED. For instance
theVV model with positive interference gives effects simil
to the ones resulting from a finite electron size, as shown
Figs. 1 and 2. The limit for theVV model translates as fol
lows:

L1513.0 TeV⇒L851.1 TeV⇒r 51.8310219 m.
~14!

This result is comparable with the upper limit for electro
substructure, derived using form factors.

The measurements of Bhabha scattering above theZ reso-
nance confirm the predictions of the standard model
reach already a similar level of precision as the best theo
ical tools available. In order to fully exploit the physics p
tential of the large data samples collected during the L
running in 1999 and expected in 2000, improved theory p
dictions are very desirable. Bhabha scattering is a probe,
sitive enough to provide a first window to new physics at t
TeV scale.
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