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Abstract

Measurements of the two-photon interaction e e "— ¢ e~ + hadrons at Vs =91 GeV and Vs = 183GeV are presented.
The double-tag events, collected with the L3 detector, correspond to integrated luminosities of 140 pb~! at 91 GeV and 52
pb~! at 183 GeV. The cross-section of y *y * collisions has been measured at (Q*) =3.5GeV? and {Q*) = 14GeV"~. The
data agree well with predictions based on perturbative QCD, while the Quark Parton Model alone is insufficient to describe
the data. © 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

We present the analysis of double-tag two-photon
events, e e  — e*e” + hadrons, obtained at LEP
with the L3 detector. The data, collected at centre-
of-mass energies Vs =91GeV and Vs = 183GeV,
correspond to integrated luminosities of 140 pb~'
and 52 pb~', respectively. Both scattered electrons *
are detected in the small angle electromagnetic
calorimeters. The virtuality of the two photons, QF

" Also supported by CONICET and Universidad Nacional de
La Plata, CC 67, 1900 La Plata, Argentina.

* Also supported by Panjab University, Chandigarh-160014,
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? Electron stands for electron or positron throughout this paper.

and Q3, is in the range of 1.2GeV? < 07, <9GeV*
at Vs =91GeV and 2.5GeV> < 07, <35GeV” at
Vs = 183 GeV. The centre-of-mass energy of the two
virtual photons, Vs = W,,, ranges from 2GeV to
70GeV.

For Q7 = Q} =0 untagged events [1], the two-
photon cross-section, ¢, is dominated by vector-
vector interactions, VDM (Fig. la). With increasing
Q°. the VDM process is suppressed by the vector
meson form factor and the Quark Parton Model
process (QPM), shown in Fig. 1b, (also including
QCD corrections) becomes important. Single-tag
two-photon events, where Qi > Q3 = 0, are usually
analysed within the deep inelastic scattering formal-
ism [2] and a photon structure function is introduced
(resolved photon), in analogy to the proton structure
function. Since the photon, unlike the proton, does
not contain constituent quarks with an unknown
density distribution, one may hope to have a com-
plete QCD calculation under particular kinematical
conditions. In this formalism, used today by the
Monte Carlo generators, one considers one or both
resolved photons (single or double resolved pro-
cesses) to calculate the QCD leading order diagrams.

An alternative QCD approach is based on the
BFKL equation [3]. Here the highly virtual two-pho-
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Fig. 1. Diagrams for the a) VDM, b) QPM. ¢) BFKL Pomeron and
d) one-gluon exchange processes in a y "y " interaction.

ton process, with QF = Q3, are considered as the
“‘golden’’ process where the calculation can be veri-
fied without phenomenological inputs [4,5]. The e
interaction can be seen as the interaction of two gqgq
pairs scattering off each other via multiple gluon
exchange (Fig. 1c). For In§/Q% = 1 a diagram with
one-gluon exchange could be sufficient and the
cross-section would be constant (Fig. 1d). In the
limit of high energy, In§/Q%> 1, the diagram of
Fig. 1c is calculable by the resummation of the large
logarithms. In this scheme the cross-section for the
collision of two virtual photons is [4,5]:

oy (s)""’_'
T > % = ———————— JR—
YV /Q12Q§Y SO

o, ( § )apl W

Joroir | \Jor03 '
Here
o, = const

[h2 2
So = QIQZ, Y=1In(s/s4)

Vi Y2
yi=1- (Ei/Eb)Cosz(oi/z) > (2)

where E, is the beam energy, E; and 6, are the
energy and polar angle of the scattered electrons and

ap is the “‘hard Pomeron’’ intercept. The centre-of-
mass energy of the two-photon system is related to
the e"e” centre-of-mass energy s by §=W} =
5y, ¥, In leading order one has ap, — 1 = (4In2) X
N.a /m where N, is the number of colours. Using
N.=3 and «,=0.2, one obtains ap,—1=0.53
[4,51.

The double-tag interactions have been measured
in previous experiments [6] at lower values of Q2
and W,,. For comparison with the prediction of the
BFKL models, the cross-sections will be given as a
function of the variable Y instead of W, as used in
Ref. [1,6]. The advantage in using this variable is
that ¥ is less dependent on the beam energy, cover-
ing almost the same range in the two data samples,
while the overlap of the Q% and W, ranges is small.

2. Monte Carlo generators

Two different Monte Carlo generators are used in
this analysis: PHOJET [7] and TWOGAM [8]. Both
give a good description of the single-tag events [2]
and use the GRV-LO [9] parton density in the photon
to initiate QCD processes.

PHOIJET is an event generator for pp, yp and
quasi-real two-photon interactions, described within
the Dual Parton Model. A transverse momentum
cutoff, po* =2.5GeV, is applied to the partons of
the resolved photons to separate soft from hard
processes [10]. The complete lepton-photon vertex
for transversely polarised photons is simulated.
PHOIJET gives also a good description of the un-
tagged yy — hadrons events [1].

TWOGAM generates three different processes
separately: the Vector Dominance Model, the Quark
Parton Model and the QCD resolved photon contri-
bution. The VDM part is generated according to Ref.
[11]:

o, (W,.07.05)= ¥ F(0Q7) F(03)

i=T.L

.U‘YY(WY'Y) (3)

where T (transverse) and L (longitudinal) are the
polarisation indices of the virtual photon. The gener-
alised VDM form factor [12] F, describes the Q°
dependence. For UW(WW), we use our total cross-



338 M. Acciarri et al. / Physics Letters B 453 (1999) 333342

section measurement [1]. The QCD contribution of
TWOGAM has been tuned to describe our measure-
ment of single-tag events [2].

The dominant backgrounds are e*e” —
e“e” 7t 77, simulated by JAMVG [13], and single-
tag two-photon hadronic events, where a hadron is
misidentified as a scattered electron. The contamina-
tion by annihilation processes is simulated by PY-
THIA [14] (e*e~ — hadrons), KORALZ [15] (e*e~
— 7777 ) and KORALW [16] (eTe > WTW™).

All Monte Carlo events are passed through a full
detector simulation using the GEANT [17] and the
GEISHA [18] programs and are reconstructed in the
same way as the data.

3. Data analysis
3.1. Event selection

A detailed description of the L3 detector is given
in Ref. [19-23]. The two-photon hadronic events are
mainly triggered by two independent triggers: the
central track [24] and the single and double tag
energy [25] triggers. The central track trigger re-
quires at least two charged particles, each with p, >
150 MeV, back-to-back in the transverse plane. The
single tag energy trigger requires an high energy
cluster in one of the small angle electromagnetic
calorimeters, in coincidence with at least one track in
the central tracking chamber. For the double tag
trigger the back-to-back small angle electromagnetic
calorimeters must have both an high energy cluster
and no track coincidence is required. The total trig-
ger efficiency of the selected events is = 100% at
both beam energies.

Two-photon hadronic event candidates, e*e™ —
e“e” + hadrons, are selected using the following
cuts:

+ There must be two identified electrons, forward
and backward (double-tag), in the small angle
electromagnetic calorimeters. Each electron is
identified as the highest energy cluster in one of
the calorimeters, with energy greater than 30 GeV
for Vs =91 GeV and 40GeV for Vs = 183 GeV.
The polar angle of the two tagged electrons has to
be in the range 30mrad < 6, <66 mrad and
30mrad < 7 — 8, < 66 mrad.

- The number of tracks, measured in the polar
angle region 20° < 6 < 160°, must be greater than
two. The tracks are required to have a transverse
momentum, p,, greater than 100MeV and a dis-
tance of closest approach in the transverse plane
to the interaction vertex smaller than 10 mm.

» The visible invariant mass, W, of the hadronic

final state is required to be larger than 2 GeV. The

calculation of W, includes tracks, assumed to be
pions, and isolated neutral energy clusters in the
electromagnetic calorimeters with energies greater
than 100MeV.

+ The value of ¥ =
range 2 <Y <6.

After these cuts, 137 events are selected at Vs =
91GeV and 34 events at Vs = 183GeV. The esti-
mated backgrounds are listed in Table 1. The domi-
nant background is e*e”—=efe 77 at 91GeV
and misidentified single-tag events at 183 GeV. The
background from single-tag events is higher at

183 GeV because the energy cut on tagged electrons

is much lower relative to the beam energy. The

contamination from annihilation processes is negligi-
ble at both energies.

The distributions of Q;, v, and E, of the two
scattered electrons are shown in Fig. 2 and Fig. 3. In
Fig. 4, the distributions of W, and Y are presented.
The variable W, is calculated using the kinematics
of the two scattered electrons, taking advantage of
the good resolution of the energy of scattered elec-
trons (about 1.3% [23]). The resolution on W, is
about 18% at W, /\/— 0.08 and about 6% at

W, /s = 0.2. Both PHOJET and TWOGAM give a
reasonable description of the shape of data at both
beam energies. TWOGAM agrees well with the data
also in absolute normalisation. The absolute normali-
sation of PHOJET is correct at Vs = 183 GeV, but is
about 40% too low at Vs = 91 GeV.

Contrary to the case of untagged or single-tag
events the W, measurement does not rely on the

In(s/s,) is required to be in the

Table 1
The numbers of selected signal and estimated background events
91GeV 183GeV
Selected events 137 34
Single-tag 5.7+18 32432
ete  mete 7T 7.1+ 1.7 1.0+0.4
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a) Vs=91 GeV b) Vs=183 GeV
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Fig. 2. Distributions of Q? (a and b) and y (c and d) of scattered
electrons. The data are compared to the Monte Carlo predictions.
normalised to the number of data events after background subtrac-
tion. There are two entries per event.

W,,, measurement. The analysis is, therefore, less
dependent on the Monte Carlo modelling of the
structure of the final state.

> 60l J§;91 GeV
. ata
O — TWOGAM
2 4q —PHOUET
hany R Bkg
3
‘£ 207
[=4
L ]
o4 :
25 30 35 40 45 50
E [GeV]
> " Js=183 GeV *
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o
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E [GeV]

Fig. 3. Distributions of the energies of the scattered electrons. The
data are compared to the Monte Carlo predictions, normalised to
the number of data events after background subtraction. There are
two entries per event.
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Fig. 4. Distributions of the two-photon mass, Ww’ (a and b) and
of the variable Y (c and d). The data are compared to the Monte
Carlo predictions, normalised to the number of data events after
background subtraction.

3.2. Double-tag cross-section

The cross-sections are measured in the kinematic
region limited by:

+ E,>30GeV, 30mrad < ¢, <66 mrad and

30mrad < 7 — 6, < 66 mrad.

- 2<¥Y<6.

The data are corrected for efficiency and acceptance
with TWOGAM. The correction factors vary from
about 30% at low values of Y to about 80% at high
values of Y. The correction factors calculated with
PHOIJET are similar. The differential cross-sections
do(e*e”— e*e™ + hadrons)/dY are measured in
three AY intervals. They are listed in Table 2.

The systematic error due to the selection cuts is
5% for both beam energies, estimated by varying the
cuts. The uncertainties on the cross-section from the
background estimation of single-tag events are 2% at
91GeV and 11% at 183 GeV. The uncertainties due
to the acceptance correction are 9%, estimated by
comparing TWOGAM and PHOJET. The different
systematic uncertainties are added in quadrature to
give the total systematic error listed in Table 2.
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Table 2

The differential cross-section, do(e*e” —e*e™ +hadrons)/dY
in picobarn measured in the kinematic region defined in the text,
at Ys =91GeV and Vs = 183GeV. The first error is statistical
and the second is systematic. The predictions of the QPM and the
different Monte Carlo models are also listed

Data QPM  TWOGAM PHOIJET

Vs Ay do/dy do/dY do/dY  de/dy

91GeV 2-3 1.0240.14+0.11 0537 085 0.33
3~4 0.4340.06+0.05 0.191 041 0.29
4-6 0.1440.03+0.01 0.026 0.15 0.09

183GeV 2-3 0.36+0.12+0.05 0.181 031 0.32
3-4 0.2340.07+0.03 0.066 0.21 0.25
4-6 0.1340.04+0.02 0.012 0.19 0.17

As can be seen in Table 2 and in Fig. 5, the QPM
cross-section, estimated with JAMVG, lies below the
data. The QPM cross-section is dominated by the u
and ¢ quarks (m, =300 MeV, m = 1600 MeV).
Varying by 100 MeV the quark masses, the cross-
section changes by 2-3% at Vs = 91GeV and the
change is negligible at Vs = 183 GeV. The predic-
tions of QCD Monte Carlo models implemented in
TWOGAM and PHOJET are also listed in Table 2
and shown in Fig. 5. TWOGAM gives the best
overall description. PHOJET lies below the data at

do,/dY [pb]

_
o
'

Vs=91 GeV

T I - T

=
2
>.
o
3
=]
Vs=183 GeV™._
2 3 4 5 6

Fig. 5. The cross-section of e"e” —e*e” +hadrons as a func-
tion of Y in the kinematical region defined in the text at Vs =
91GeV and \/5 = 183GeV compared to the predictions of the
Monte Carlo models and of QPM.

Table 3

The two-photon cross-section, g** in nanobarn, as a function of
Y at \/— 91GeV and f = 183 GeV The first error i$ statistical
and the second is systematic

91 GeV 183GeV
AY (Ty*y* 0-7*7*
2-3 27+443 72+23+1.1
3-4 20+£3+2 72+22414.1
4-6 21 +442 82+284+1.2

Vs =91GeV, in particular in the low Y region; this
effect being related to the separation of soft and hard
processes in this Monte Carlo. In fact PHOJET
applies the p™' cutoff also to the QPM diagram,
while TWOGAM considers the QPM as an indepen-
dent diagram. The QPM contribution of TWOGAM
is similar to the JAMVG cross-section. In the mea-
sured kinematical region the VDM contribution is
about 10% at Vs = 91 GeV and about 3% at Vs =
183 GeV, estimated with the TWOGAM Monte

80
Vs=91 GeV

® Data
607 . rkL

)
=
= ] one-gluon
> 404 —FIT
&
£

201Vs=183 GeV

Fig. 6. Two-photon cross-sections, o, -, +, after subtraction of the
QPM contribution at Vs =91GeV ({. Q > 35GeV?) and s =
183GeV ({Q?) = 14GeV?). The data are compared to the predic-
tions of the BFKL model and of the one-gluon exchange diagram.
The continuous line is a fit to the data with Eq. (1) by leaving «,
as a free parameter.
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Carlo. The QCD contribution dominates at large
values of Y.

From the measurement of the efe”—efe™ +
hadrons cross-section, g,,, we extract the two-photon
cross-section, a';*, by using only the transverse
photon luminosity function [26,27], o,. = L;7- 0';';*.
This measurement gives an effective cross-section

(TY and
A¥

tr);r\;hn contrihntione fraom tranguerg T) and

~nn o
Lunitaiiing  LULMIUUUULS LIV daisverse

longitudinal (L) photon polarisations:

(ry’f/* =Orp+ €00, €0+ €60,
L 21—y,

e 4)
Ly 1+ (1-y)

where €; is the ratio of transverse and longitudinal
photon luminosity functions. In the present kinemati-
cal region the values of ¢; are greater than 0.97, but
the values of o,, 0,; and o, are expected to be
small [4]. The values of the two-photon cross-sec-
tions are given in Table 3.

In Fig. 6 we show .3, after subtraction of the
QPM contribution given in Table 2, as a function of
Y. Using an average value of Q2, (Q*) =3.5GeV?
at Vs =91GeV and (Q?)=14GeV? at Vs =
183 GeV, we calculate the one-gluon exchange con-
tribution with the asymptotic formula (Eq. (10.2) of
Ref. [4]). The expectations are below the data. The
leading order expectations of the BFKL model (Eq.
(4.19) of Ref. [4]). shown as a dotted line in Fig. 6,
are too high. By leaving «, as a frec parameter, a fit
to the data, taking into account the statistical and
systematic errors, yields:

ap—1=028+005atys =91 GeV;
ap—1=040+0.07 atys =183 GeV. (5)

The results are shown in Fig. 6 as a continuous line.

4. Conclusions

The cross-sections of double-tag e*e” > ete™ +
hadrons events are measured at Vs =91GeV and
Vs = 183GeV. They are well described by the
TWOGAM Monte Carlo model which uses the
GRV-LO parton density in the photon and leading
order perturbative QCD. At Vs = 91 GeV, the fitted
value of a, —1 is not in agreement with that ex-

pected from the BFKL model (a, — 1 = 0.53). The
disagreement becomes less visible at Vs = 183 GeV.
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