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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 9dafe 0.631 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
X101 m at 95% confidence level.

PACS numbgs): 04.50+h, 12.60.Rc, 13.16:q, 14.60.Cd

INTRODUCTION TeV strings in Bhabha scattering. In Secs. V and VI we use
the data to obtain limits on the scale of different contact
The standard modéBM) is very successful in confront- interaction models, and on the size of electrons, respectively.
ing the data coming from the highest energy acceleratordVe conclude with a discussion of the results.
Still, there are theoretical reasons to expect that it is not
complet(_a, and one of the first questions in the quest for new EXPERIMENTAL DATA
physics is what is the relevant scale where new phenomena
can give experimental signatures. Recently, a radical pro- Data on fermion-pair production at 183 or 189 GeV
posal[1-3] has been put forward for the solution of the center-of-mass energies from the CERNe™ collider LEP2
hierarchy problem, which brings together the electroweakhas become available recently. In the following we will con-
scale mgy~1 TeV and the Planck scaldp=1/J/Gy  centrate on the measurements of Bhabha scattering at these
~10* TeV. In this framework the effective four- two highest energy points, where large data samples have
dimensionalMp, is connected to a neWlpy4,y Scale in a been accumulated during the very successful LEP runs in

(4+n) dimensional theory: 1997 and 1998.
The ALEPH[10], L3 [11], and OPAL[12,13 Collabora-
M§|~M§H+n)R“ (1)  tions have presented results for the differential cross section

of Bhabha scattering. In the case of L3 and OPAL the results
where there arae extra compact spatial dimensions of radiusare for both energy points and the scattering arfgle the
~R. This can explain the observed weakness of gravity agéngle between the incoming and the outgoing electrons in the
large distances. At the same time, quantum gravity becomegboratory frame. In the ALEPH case the measurements are
strong at a scal/ of the order of 1 TeV and could have at 183 GeV and the scattering angle is defined in the outgo-
observable signatures at present and future colliders. inge’e rest frame. The acceptance is given by the angular
The first experimental searches for large extra dimensiongange|cos6|<0.9 for the ALEPH and OPAL measurements
have concentrated on the effects of real and virtual gravitond by 44%<§<136° for the L3 measurement.
emissiont In a string theory of quantum gravify,8] there The experiments use different strategies to isolate the high
are additional modifications of standard model amplitudegnergy sample, where the interactions take place at energies
and new phenomenological consequences. Effective contagtose to the full available center-of-mass energy. This sample
interactions caused by massive string mode oscillationés the main search field for new physics. L3 and OPAL apply
might compete with or even become stronger than those dugn acollinearity cut of 25° and 10°, respectively. ALEPH
to virtual exchange of Kaluza-Klein excitations of gravitons, defines the effective energy’s’, as the invariant mass of the
and thus provide the first signature of low scale gravity or aoutgoing fermion pair. It is determined from the angles of the
lower bound on the string scale. outgoing fermions. For details of the selection procedures,
Bhabha scattering above the Z resonance offers a readhe statistical and systematic errors we refer the reader to the
hunting field for new phenomen@®,6]. It can be used to publications of the LEP experiments.
search for manifestations of contact interactions and as a
very sensitive probe of the pointlike structure of the electron.
This paper is organized as follows. In Secs. Il and Il the
experimental data and the analysis technique are presented. The standard model predictions for the differential cross
In the following section, we describe the search for effects okections of Bhabha scattering at 183 and 189 GeV are com-
puted with the Monte Carlo generatBrwiDE [14]. We as-
sign a theory uncertainty of 1.5% on the absolute scale of the
*Email address: Dimitri.Bourilkov@cern.ch predictions. In all cases the individual experimental cuts of
For searches in Bhabha scattering see, e.g., Refs. the selection procedures and the isolation of the high energy
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samples are taken into account. The results are cross checkes N
=N 10 % ® [3 Data

— SM

with the semianalytic programorAzo [15]. =

The effects of new phenomena are computed as a functior@
of a generic parameter, defined for each individual case in
the corresponding section. Initial-state radiatidiSR)
changes the effective center-of-mass energy in a large frac®
tion of the observed events. We take these effects into ac
count by computing the first order exponentiated differential
cross section following16]. Other QED and electroweak
corrections give smaller effects and are neglected.

In total we have 47 data points: 28 from the 3 differential cos©
spectra at 183 GeV and 19 from the L3 and OPAL spectra a1E 14 ¢

Q
o
o
~

189 GeV. A fitting procedure similar to the one in Refs. @ 13 ¢ - M. = 0.44 TeV
[6,17] is applied. s l2F s=H
A negative log-likelihood function is constructed by com- § L prersmnnenne S e S N
bining all data points at the two center-of-mass energies R — R . | . S S
09 F T
n .. 08 F ) —40x10"°
[ predictior{ SM,&) — measuremeit 07 F r,=%Ux m
—|og£:r§_‘,l X A2 : o EL A, =9.1TeV
N measurement r 05 bt v v b e e e b e
2 06 04 02 0 0.2 04 06
cos®
A measurement €170 predictiorf SM, e ) — measuremerf FIG. 1. The differential cross section for Bhabha scattering as

measured by the L3 Collaboration at 189 GeV. The lower plot
shows the ratigdata/SM expectationtogether with the expected
where prediction(SMVg) is the SM expectation for a given deviations from the SM for string mode{dot-dash, finite electron
measurementa point in the differential spectracombined  size(dotted, andVV contact interactiongdashedl
with the additional effect of new phenomena as a function of
the mass scale or electron size, and measurement is the cor- 2 st
responding measured quantity. The indexns over all data S(s,t)= ( -5t ) : 6)
points. The error on a deviation consists of three parts, which Ms
are combined in quadrature: a statistical error and a syste
atic error(as given by the experimentand the theoretical
error assigned above. The systematic errors account for sma
correlations between data points.

"o in this model the leading corrections are proportional to
g“, corresponding to an operator of dimension 8.
To compare the string predictions to the data on Bhabha
scattering above thg resonance one has to handle also the
contributions due tZ exchange and the interference with
TeV STRINGS IN BHABHA SCATTERING photon exchange amplitudes. THds not part of the string
QED model developed in Ref8], but as all QED Bhabha
scattering amplitudes are multiplied by the common factor
(s,t), the authors suggest to compare the differential cross
ection to the simple formula

In Ref.[8] the authors develop a model to study the ef-
fects of string Regge excitations on physical cross section
by a simple embedding of the quantum electrodynamics o
electrons and photons into string theory. They use only one
gauge group and only vectorlike couplings, in order to avoid do o
complications but grasp the general phenomenological pic- d 0:<d 9) |S(s,t)|% (6)
ture. The results are model dependent. cos oS0 su

The effects of TeV scale strings on Bhabha scattering are The data from the LEP Collaborations at 183 and 189

computed from the leading-order scattering amplitudes. AllGeV show no statistically significant deviations from the SM
amplitudes are multiplied by a common form factor predictions due to string effects. In their absence, we use the

log-likelihood method, which after proper normalization
) ) gives the confidence level for any value of the sddlg in
:F(l_S/Ms)F(l_t/Ms) 4) the physically allowed region. The exact definition can be

(st I'(1-s/Mi-t/M2) found in Ref.[6]. The one-sided lower limit on the scalkg
at 95% confidence level is
In the case where the string sci is close to or smaller Ms=0.631 TeV. (7)

than the center-of-mass energy, the Gamma functions in this

form factor produce a very reach and complicated resonance Examples of the data analysis at 189 GeV are shown in
structure. On the other hand, in the limit where the Mandel+Figs. 1 and 2, where the SM predictions and the expectations
stam variables andt are much smaller thaMg, we have  from several manifestations of new phenomena are com-
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= ° TABLE |. Results of contact interaction fits to Bhabha scatter-
& e OPAL Data ing. The numbers in brackets are the values of
@ 10F — sM [ 7L, 7rR LR, 7rL] defining to which helicity amplitudes the
8 : contact interaction contributes. The models cover the interference
= F of contact terms with single as well as with a combination of helic-
o 10 ¢ ity amplitudes. The one-sided 95% confidence level lower limits on
© 3 the parameters\ . (A_) given in TeV correspond to the upper
= (lowern) sign of the parameters, respectively.
! é_.l...I...I...I...I...I...I...I...I.
08 06 -04 02 0 02 04 06 08 ete”
cos© Amplitudes A_ Ay

s 14 ¢ Model [ 700+ RRs LR TIRL] [Tev] [TeV]
@ i; E M; = 0.4 TeV LL [+1,0,0,0 7.7 6.0
g O _+ RR [0,+1,0,0] 7.6 6.0
A 1k T s e LR [0,0+1,0] 9.2 7.0

09 b e _f_? AT RL [0,0021] 9.2 7.0

08 E o A% [£1,+1,+1,+1] 16.2 13.0

07 F = 1,=40% 107" m AA [£1,=1,71,F1] 8.0 10.4

o6 A, =91TeV LL+RR [+1,+1,0,0] 10.7 8.6

=R YUY [N S T WU (NN TN SN ANV W [N U ST S BTSN ST N SVRNT N MY
03 08 -06 04 02 0 02 04 06 08 LR+RL [O‘O'i_l’i 1] 12.9 10.1
LL-RR [£1,71,0,0] 4.3 4.2

cos©®

FIG. 2. The differential cross section for Bhabha scattering as
measured by the OPAL Collaboration at 189 GeV. The lower plot g° sgn(n)
shows the ratiqdata/SM expectationtogether with the expected ==
deviations from the SM for string mode(dot-dash, finite electron
size (dotted, andVV contact interactionsdashedl

e= 47T Az 1 (9)

where the sign ofy enables to study both the cases of posi-

tive and negative interference.

Egrr]esd :gsthgc?vee?suﬁrqﬁgi c:fl tS?els_Swaendlgptﬁle_ Scc))rlLabti)r?{ea_ As discussed in the previous section, the data from the
S, esp Y. . g P o EP Collaborations at 183 and 189 GeV show no statisti-

statistical and systematic errors; the theory uncertainty is ng

._cally significant deviations from the SM predictions. In their
_shown. In the area of the forw_arql peak the_ t_heory uncertalnt3<§1b5ence using the same technique we derive one-sided lower
in the SM prediction starts to limit the precision of our study. '

limits on the scale\ of contact interactions at 95% confi-
dence level. They are summarized in Table | and Fig. 3. The
CONTACT INTERACTIONS results presented here improve on the limits obtained by in-

dividual LEP experiment§10,13,19,20
The standard framework, used in searches for deviations

from the SM predictions, is the most general combination of
helicity conserving dimension-6 operatofd8]. In this
scheme, new interactions beyond the standard model are |n the standard model leptons, quarks, and gauge bosons
characterized by a coupling strengfland by an energy scale are considered as pointlike particles. A possible substructure
A which can be viewed as the scale of compositeness. Aér new interactions at as yet unexplored very high energies
energies much lower thah, we have an effective Lagrang- could manifest themselves as finite radii and anomalous
ian leading to four-fermion contact interactions.

The differential cross section for fermion-pair production
in e*e” collisions can be decomposed in the usual way as

ELECTRON SIZE

LEP2 e'e - e'e”

Model A_ A,
LL
do ) RR
gq =SM(s)+e-Ciu(s) +e>Ca(st),  (8) LR
AR
where SM§,t) is the standard model contributioB(s,t) LL+RR
comes from the contact interaction amplitude, &qpd(s.t) is LR+RL
the interference between the SM and the contact interaction '—'—‘RIF? : : .[T.e.V.]

terms. The exact form of these functions is given in Ref. 10' IOI ' 1'0

[18]. By conventiong?/47=1 and |7i;|=<1, where {,j

=L,R) labels the helicity of the incoming and outgoing fer-  FIG. 3. One-sided 95% confidence level lower limits on the
mions. We define scaleA , and A _ for contact interactions in Bhabha scattering.
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magnetic dipole moments of these particles. which modifies the differential cross section. The lower limit

The high precision measurements of the magnetic dipolebtained in our analysis of LEP2 dataNks=0.631 TeV. In
moment g— 2), of the electron can be used to put stringentRef.[6] from the study of virtual graviton exchange in grav-
limits on the electron radius, [21,22. If nonstandard con- ity models with large extra dimensions we obtained a lower
tributions to @—2). scale linearly with the electron mass, limit on their scale ofA+=1.412 TeV for positive intefer-
the bound isrg~2x10 2 m. On the other hand, if they ence §@=+1).2 As noted in Ref[8], the gravity scale is
scale quadratically with the electron mass, which is a naturabetween 1.6 3.0Mg, depending on the coupling strength.
consequence of chiral symmetr®1], the bound is reduced The results on the gravity scale frofi] and on the string
to re~3x1018 m. In Ref. [22] the authors perform an scale from this analysis agree well with each other.
analysis of the high precision data on theesonance, noting It is interesting to note that our study of the electron size
that while the assumption of elementary photons is quitealso leads to form factors modifying the differential cross
natural, the same is less obvious for the very mas&ve section, but with opposite sign. The limit derived herg,
bosons. In the pure electron case the limit is not competitive<2.8x 10~ 1° m, becomedvl,>0.705 TeV, if translated to a
with the (Q—2), results. mass scale. This is a reflection of the similar magnitude of

Here we perform a new analysis based on the LEP2 datthe effects at LEP2 energies in both cases, even if the physics
on Bhabha scattering, where again the photon exchangaechanisms involved are different.
gives the dominating amplitudes both in thends channels, In the framework of contact interactions very stringent
and good sensitivity to electron substructure can be expectetiounds exceeding 10 TeV are obtained. When interpreting
The differential cross section for fermion-pair production inthe physical meaning of these limits, we should remember
e*e” collisions far above th& is modified as that a strong coupling?/47=1 for the novel interactions is
postulated by convention. If we assume a coupling of elec-
do do 2 N2y D tromagnetic strength, the limits can be translated
iQ | dQ? Fe(QIFF(QY), (10)

SM
A= \/aQEDA = 0085\, (13)

where F, and F; are the form factors of the initiaffinal)

state fermions. They are parametrized in the standard way g8ere we have used the value of the fine structure constant

[22] and ignored the small effect of a runniagyep. For instance
1 theVV model with positive interference gives effects similar
F(QY)=1+=Q%? (11)  to the ones resulting from a finite electron size, as shown in
6 Figs. 1 and 2. The limit for th& V model translates as fol-

. . lows:
where Q? is the Mandelstam variabls or t for s or

t-channel exchange, and is the mean-square radius of the

fermions. This formalism is a convenient way to estimate the A+=13.0 TeV=A'=11 TeV=r=1.8x10"" m.

electron size in the case where the prodQét? is small. (14)
From the data of the LEP Collaborations at 183 and 189

GeV we extract the following upper limit on the electron This result is comparable with the upper limit for electron

radius at 95% confidence level substructure, derived using form factors.
1 The measurements of Bhabha scattering abové tleso-
re<2.8x10 m. (12 nance confirm the predictions of the standard model and

e . ... reach already a similar level of precision as the best theoret-
This limit is one order of magnitude lower than the limit joo 15015 available. In order to fully exploit the physics po-
derived from @—2), measurements in the case where thegniia| of the large data samples collected during the LEP
deviations from the SM of the magnetic dipole moment of\,nning in 1999 and expected in 2000, improved theory pre-
the electron depend quadratically on its mass. dictions are very desirable. Bhabha scattering is a probe, sen-

_High energy analyses have been performed in interactiongiye enough to provide a first window to new physics at the
involving electrons and quarks, assuming a single form-rqay gcale.

factor for all fermions. The H1 Collaboration at HERA uses
deep inelastic scattering and obtains a limit 0&26

X101 m at 95% confidence levgR3]. The Collider De- ACKNOWLEDGMENTS
tector at FermilaCDF) Collaboration at the Tevatron stud-

ies the Drell-Yan process to put a limit 0&5.6X 10 1° m The author is grateful to A. Bam, M. Peskin, and I.
at 95% confidence levéR4]. Antoniadis for valuable discussions.

DISCUSSION
2This value ofA corresponds, depending on the convention, also

The search for TeV strings motivates a fresh look atio a gravity scalévl=1.261 TeV. The gravity scale with subscript
Bhabha scattering. In the model analyzed here the string r&mall s should not be confused with the string sddlg, studied
alization of quantum gravity is manifested as a form factorhere.
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