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Abstract

The hadronic photon structure function Fg is studied in the reaction eqey™eqeyhadrons at LEP with the L3 detector.2 'The data, collected from 1991 to 1995 at a centre-of-mass energy s ,91 GeV, correspond to an integrated luminosity of
140 pby1. The photon structure function Fg is measured in the Q2 interval 1.2 GeV2 FQ2F9.0 GeV2 and the x interval2

g 2 y1 g Ž 2. 20.002-x-0.2. F shows a linear growth with lnQ . The value of the slope a d F Q rdlnQ is measured to be2 2
0.079"0.011"0.009. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The photon structure function is measured at eqey storage rings via the interaction of two virtual photons
q y q y ) q y Ž . w xe e ™e e g g™e e hadrons Fig. 1 1,2 . Here we present the results obtained at LEP with the L3

y1'detector at s ,91 GeV for an integrated luminosity of LLs140 pb from 1991 to 1995. A scattered electron
2 2 2 Ž ) .is measured in the momentum transfer range 1.2 GeV FQ F9 GeV . The photon g of high virtuality is

Ž . 2used as a probe for the structure of the quasi-real target photon g with virtuality t ;0. In analogy with ep
Ž . w xdeep inelastic scattering DIS , the cross-section is written as 3 :

3 2d s 2pa dn xŽ .2 2 g 2 2 g 2s 1q 1yy F x ,Q yy F x ,Q 1Ž . Ž .Ž . Ž .Ž . 2 L2 4 d xd xdQ d x xQ 22

where a is the fine structure constant, x is the energy of the target photon relative to the beam energy, Fg and2 2
g Ž .F are photon structure functions. The flux of the quasi-real target photons dn x rd x is calculated by theL 2 2

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 Supported by Deutscher Akademischer Austauschdienst.
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 Technologia.´
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Fig. 1. Diagram of a single tagged two-photon interaction eqey™eqey hadrons. W is the two-photon centre-of-mass energy or thegg

effective mass of the hadronic system. Q2syq2 and t 2sy p2 are the virtualities of the probe and target photons, respectively.

Ž . w xEquivalent Photon Approximation EPA 3 . The dimensionless deep inelastic scattering variables, x and y, are
defined as:

Q2 E ut a g ta g2xs , ys1y cos , 2Ž .2 2 2 E 2Q q t qW b eamgg

where E is the beam energy, E and u are the energy and polar angle of the measured electron 9 andb eam ta g ta g
Ž .W is the mass of the two-photon state. In the kinematic regime studied here E ;E , y is so smallgg t a g b eam

Ž² : . gy ;0.08 that the measured cross-section is only sensitive to the structure function F . We study the2
structure function in the low x region 0.002-x-0.2.

Several types of physical processes contribute to Fg. A point-like coupling of the photons to a quark-anti-2
Ž .quark pair Quark Parton Model, QPM gives a contribution that is calculable in QED in the same way as for

q y q y q y w xthe process e e ™e e l l which we studied previously 4 . The photon may also fluctuate into a virtual
vector meson via a non-perturbative effective coupling. The partonic constituents of the vector meson may be

Ž .probed by the highly virtual photon Vector Dominance Model, VDM . Finally, the virtual partonic content of
the target photon, quarks or gluons, may participate in a hard scattering process, leading to the so called
‘‘resolved photon’’ contribution.

The point-like part of Fg is peaked at large x, whereas at small x the gluon radiation of quarks gives the2
dominant contribution. Perturbative QCD predicts the evolution of Fg as a function of lnQ2, but the quark and2
gluon distributions inside the photon must be determined experimentally. Since the uncertainty of the present
measurements is large, there exist several models with rather different predictions for the small x behaviour.

w x 2 2 2We compare our data to the GRV-LO 5 parametrisation where the Q evolution starts at Q s0.25 GeV ,0
w x 2 2 w x 2 2SaS-1d 6 with Q s0.36 GeV and LAC 7 with Q s4 GeV . In the LAC model we consider two versions,0 0

LAC1 and LAC2. In the SaS-1d model the effect of non-zero target photon virtuality is also taken into account.

9 Electron stands for electron or positron throughout this paper.
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2. Monte Carlo models

w x w xThree different Monte Carlo generators are used in this study: PHOJET 8 , HERWIG 9 and TWOGAM
w x10 .

PHOJET is an event generator for pp, g p and gg interactions, described within the Dual Parton Model
Ž . 2 w xDPM . It gives a good description of the events gg™hadrons that we studied at Q ,0 11 . A transverse
momentum cutoff, pcuts2.5 GeV, is applied to the partons of the resolved photons to separate soft from hardt

w xprocesses 12 . The complete lepton-photon vertex for transversely polarised photons is simulated in the
program.

HERWIG is a general-purpose QCD Monte Carlo generator to simulate hadron emission reactions with
interfering gluons. The high Q2 events are described as a DIS process, eg™eqhadrons, including the full

w xkinematics of the scattering electron. The flux of target photons is generated using the EPA 3 .
TWOGAM generates three different processes separately: the Quark Parton Model, the Vector Dominance

w xModel and the QCD resolved photon contribution. The VDM part is generated according to Ref. 13 :

s W ,Q2 ,t 2 s F Q2 PF t 2 Ps W 3Ž . Ž .Ž . Ž .Ž . Ýgg gg i i gg gg

isT ,S

Ž . Ž .where T transverse and S scalar are the polarisation indices of the virtual photons. The generalized VDM
Ž . w x 2 2 Ž .GVDM form factor 14 F describes the Q and t dependences. For s W , we use our total cross-sectioni gg gg

w x cutmeasurement 11 . As in PHOJET a cutoff, p s2.3 GeV, is applied to separate soft and hard processes.t
The dominant background sources to the reaction eqey™eqeyhadrons are eqey™eqeytqty , simulated

w x q y w xby the program of Vermaseren et al. 15 , and e e ™hadrons, simulated by JETSET 16 . The background
q y q y w xfrom e e ™t t is simulated by KORALZ 17 .

w xAll Monte Carlo events are passed through a full detector simulation using the GEANT 18 and the GEISHA
w x19 programs and they are reconstructed in the same way as the data.

3. Data analysis

3.1. EÕent selection

w xA detailed description of the L3 detector is given in Ref. 20 . The single tagged two-photon hadronic events
Ž .are triggered by the central track trigger 84% of events with an efficiency of 81% and by the single tag trigger

Ž . w x81% of events with an efficiency of 76% . The central track trigger 21 requires at least two charged particles,
w xeach with p )150 MeV, back-to-back in the transverse plane within 418. The single tag trigger 22 requires att

least 30 GeV deposited in one of the small angle electromagnetic calorimeters, in coincidence with at least one
track in the central tracking chamber. The total trigger efficiency is 95"3% which takes into account also the

w xhigh level software triggers 23 and is almost independent of the visible mass of the hadronic final state.
Candidate single tagged two-photon hadronic events are selected by the following cuts:

Ø A tagged electron is identified as the highest energy cluster in one of the small angle electromagnetic
calorimeters with E )35 GeV and a polar angle in the range 26 mrad-u -66 mrad.t a g ta g

Ø The energy of the most energetic cluster in the small angle electromagnetic calorimeter opposite to the
Ž .identified tagged electron is required to be less than 12 GeV anti-tag condition .

Ø The number of charged particles must be greater than two. The charged particles are selected by requiring a
transverse momentum, p , larger than 100 MeV and a distance of closest approach in the transverse plane tot
the interaction vertex smaller than 10 mm.
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Table 1
y1'The number of selected events in data taken at s ,91 GeV, for a total integrated luminosity of 140 pb . The expected background

w xcontributions from the Monte Carlo simulations 15,16 are normalised to the data luminosity
2 2 q y q y q y q yŽ .Q GeV selected e e ™e e t t e e ™hadrons

1.2–3.0 5772 117 35
3.0–9.0 4156 119 84

Ø The visible invariant mass, W , of the hadronic final state, calculated from the tracks and the calorimetricÕ i s
clusters, is required to be in the range 3 GeV FW F40 GeV. The energy clusters in the small angleÕ i s
electromagnetic calorimeter, excluding the tagged electron, are assumed to be pions and are also included in
the W calculation.Õ i s

Ø The transverse momentum component of the hadronic state perpendicular to the tag plane, pout, is requiredt
to be less than 5 GeV. The tag plane is defined by the beam axis and the tagged electron. The sum of the
transverse momentum of the tagged electron and the transverse momentum component of the hadronic state
in the tag plane, pb al, has to be smaller than 5 GeV.t

After the selection cuts, a total of 9928 events is selected in the Q2 range 1.2 GeV 2 FQ2F9 GeV 2. The
sample is divided into two Q2 bins of similar statistics: 1.2 GeV 2 FQ2-3 GeV 2 and 3 GeV 2 FQ2F9
GeV 2. Table 1 shows the number of selected events and the expected backgrounds from eqey™eqeytqty
and eqey™hadrons. The background contamination is small. The contamination of eqey™tqty is negligi-
ble. The contamination from beam gas and beam wall events is found to be negligible by inspection of the radial
distribution of track intersections and considering the ratio of the number of positive and negative charged
particles.

Ž .Fig. 2. Monte Carlo PHOJET comparison of the generated two-photon mass W distribution, with the distribution W , the massgg Õ i s
reconstructed with the measured particles, and W , the mass obtained by imposing transverse momentum conservation.r ec
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To improve the measurement of W , we include the kinematics of the tagged electron in the visible massÕ i s
calculation. Assuming that the transverse momentum of the target photon is negligible, we define W , asr ec

w xsuggested in Ref. 24 :

2 ei n et a g i < et a g < 2W ' p yp p y p 4Ž .Ž . Ýr ec q q y tž /
i

where i runs over all measured hadrons, e is the initial particle, e the tagged electron and p 'E"p . Thei n ta g " z
comparison of W , W and W is shown in Fig. 2. A significant improvement is seen in the W variablegg Õ i s r ec r ec
which uses the constraint of transverse momentum conservation.

3.2. Comparison of data and Monte Carlo

Due to the finite detector resolution and acceptance, the correlation of W and W depends on ther ec gg

modelling of the final state. Therefore a good modelling is necessary for an accurate measurement of Fg. To2
choose the best model we have compared single particle and global event distributions of the data to Monte
Carlo predictions.

As an example the W and Q2 spectra are shown in Fig. 3a and Fig. 3b. All three Monte Carlos give ar ec
Ž .reasonable description of the data. The x and x spectra, calculated by Eq. 2 with W and W ,Õ i s r ec Õ i s r ec

. . 2 . .Fig. 3. Distribution of a W , b Q of the tagged electron, c x and d x spectra. The data are compared to the Monte Carlor ec Õ i s r ec
predictions, normalised to the data luminosity. The backgrounds are from eqey™eqeytqty and eqey™hadrons.
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Fig. 4. Distribution of the transverse momentum, p , of charged particles. The data are compared to the Monte Carlo predictions, normalisedt
to the data luminosity. While PHOJET and TWOGAM reproduce rather well the data, the spectrum of HERWIG is too soft. The
backgrounds are from eqey™eqeytqty and eqey™hadrons.

Ž .respectively, are rather well reproduced by PHOJET and TWOGAM Fig. 3c and Fig. 3d . HERWIG disagrees
with the data in the small x region. The comparison in the p spectrum of charged particles is shown in Fig. 4.t
HERWIG disagrees with the data in the high p region. The energy flow versus the pseudorapidity, defined ast

Ž Ž .. 2hsyln tan ur2 where u is the polar angle of final state particles, is shown in different Q and x rangesr ec
in Fig. 5. The tag direction is always on the negative side and the energy of the tagged electron is not shown in
the plot. Reasonable agreement between data and the different Monte Carlo predictions is found for the large
x values. At small values of x , both TWOGAM and HERWIG deposit too much energy in the forwardr ec r ec
region but TWOGAM reproduces better the data in the central region.

w xFrom a statistical comparison of many distributions 25 we see that PHOJET shows the overall best
agreement with the data. TWOGAM reproduces our data better with pcuts2.3 GeV than with the default valuet

cut w xp s1.8 GeV 10 . Because of the large discrepancies with the data, we do not use HERWIG for the results.t

3.3. Unfolding and extraction of Fg
2

As shown in Fig. 2, the observed W is smaller than the true two-photon invariant mass W . Therefore ther ec gg

w xvalue of x is larger than the true value of x. To extract the x distribution, the same unfolding technique 26r ec
w xis used as in Ref. 11 :

<P x j x i P x iŽ . Ž . Ž .Ž .Ž .r ecx i s A x j , A s 5Ž . Ž . Ž .Ý i j r ec i j <P X j x l P x lŽ . Ž . Ž .Ž .Ž .Ý r ecj
l
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Fig. 5. Hadronic energy flow as a function of the pseudorapidity, h, in different Q2 and x bins. The polar angle u is defined with respectr ec
to the tagged electron. The tag direction is always on the negative side.

Ž < . Ž .where P x x is the likelihood of measuring x given a generated x value and P x is the generated xr ec r ec
distribution after detector acceptance cuts. The matrix A is obtained from the Monte Carlo. After unfolding,i j
the differential cross section in each x interval is calculated by correcting for detector acceptance.

2 Ž . gNeglecting the y term in Eq. 1 , the differential cross-section is proportional to the structure function F :2

1 d2s
g 2F x ,Q s = 6Ž .Ž .2 22 d xdQK x ,QŽ .

Ž 2 . 2The average weight, K x,Q , for each bin of x and Q is calculated semi-analytically as described in detail in
w xRef. 4 .

3.4. x dependence of Fg
2

2 Ž 2 2 2 2The data are subdivided in six x bins for each Q interval 1.2 GeV FQ -3 GeV and 3 GeV
2 2 .FQ F9 GeV and unfolded with PHOJET for the variable x . The results are given in Table 2. Ther ec

unfolding procedure gives strong correlations between neighbouring bins. The correlation matrix, estimated by
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Table 2
g 2 ² 2: 2 2 2 2 2The measured F ra as a function of x in two Q bins. Q is the average of Q in the intervals 1.2 GeV FQ -3 GeV and 3 GeV2

2 2 ² :FQ F9 GeV . x is the centre of the x bins. The set1 is unfolded with PHOJET and the set2 unfolded with TWOGAM. The first error
is statistical. The second error is the systematic error from the data selection and unfolding

2 2 g g² : w x ² : Ž . Ž .Q GeV x range x F ra set1 F ra set22 2

0.002–0.005 0.0035 0.184"0.009"0.013 0.231"0.011"0.016
0.005–0.010 0.0075 0.179"0.007"0.009 0.199"0.008"0.010

1.9 0.010–0.020 0.015 0.176"0.006"0.006 0.191"0.007"0.006
0.020–0.030 0.025 0.191"0.008"0.004 0.193"0.008"0.004
0.030–0.050 0.040 0.193"0.008"0.007 0.199"0.008"0.007
0.050–0.100 0.075 0.185"0.007"0.015 0.206"0.008"0.017

0.005–0.010 0.0075 0.307"0.021"0.035 0.394"0.027"0.045
0.010–0.020 0.015 0.282"0.014"0.027 0.318"0.016"0.031

5.0 0.020–0.040 0.030 0.263"0.011"0.015 0.277"0.012"0.016
0.040–0.060 0.050 0.278"0.013"0.007 0.279"0.013"0.007
0.060–0.100 0.080 0.270"0.012"0.008 0.275"0.012"0.008
0.100–0.200 0.150 0.252"0.011"0.029 0.287"0.013"0.032

PHOJET, for x bins in the Q2 range 1.2 GeV 2 FQ2-3 GeV 2 is given in Table 3. The correlation matrix in
2 2 Ž 2 2 .the higher Q range is similar. Since the Q is well measured DQ rQ s2% , the correlations between

different Q2 bins are negligible.
The uncertainties from the selection procedure are estimated by varying the cuts on E , u , number oft a g ta g

charged particles, pout and pb al. The uncertainties from the individual selection cuts are added in quadrature.t t
The difference of Fg obtained using x or x measures the unfolding uncertainty; the maximum2 r ec Õ i s

difference is 10% at the lowest and highest x points. The second error in Table 2 is the quadratic sum of the
uncertainties from the selection and unfolding. To study the modelling dependence of the measured Fg, we2

Ž . Žcompare the data corrected with PHOJET and with TWOGAM Table 2 . The difference at large x maximum
. Ž .14% is smaller than the one at low x maximum 28% .

w xRadiative corrections are checked by using the Monte Carlo program RADCOR 27 , which includes real and
virtual photon radiation from the incoming and outgoing electrons to first order in a . The effect on Fg is2
estimated to be 1 to 2%. Compared to the measurement uncertainties, this correction can be neglected.

² 2: 2The mean value of the virtuality of the target photon, t , is about 0.075 GeV , as estimated by PHOJET
and TWOGAM, or 0.087 GeV 2, as estimated by the QPM as implemented in TWOGAM. The change of Fg

2
² 2: w x w xbecause of a non-zero t is estimated by two different models: SaS-1d 6 and GVDM 14 . For the GVDM
g Ž .model, the value of F decreases by 7.5% with a slight x dependence ;1% in the studied x range . For the2

g ² 2:parametrisation of SaS-1d, F decreases by 10 to 20% depending on the x value. Since the non-zero t2

Table 3
The correlation matrix, estimated by PHOJET, for x bins in the interval 1.2 GeV2 FQ2-3 GeV 2. The correlation matrix in the higher Q2

range is similar

x 0.002–0.005 0.005–0.01 0.01–0.02 0.02–0.03 0.03–0.05 0.05–0.1

0.002–0.005 1.0
0.005–0.010 0.85 1.0
0.010–0.020 0.63 0.92 1.0
0.020–0.030 0.37 0.67 0.87 1.0
0.030–0.050 0.23 0.46 0.66 0.88 1.0
0.050–0.100 0.15 0.29 0.45 0.60 0.81 1.0
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g ² 2: 2 ² 2: 2Fig. 6. The measured F ra at Q s1.9 GeV and Q s5.0 GeV as a function of x. The set1 is unfolded with PHOJET and the2
set2 unfolded with TWOGAM. The statistical and systematic errors are added in quadrature. The data are compared with the predictions of

w x w x w x 2 2 2GRV-LO 5 , LAC 7 and SaS-1d 6 at t s0. The prediction of SaS-1d at t s0.075 GeV is also indicated. The change of shape of
predictions at large x is due to the charm threshold.

effect depends upon the unknown mixture of point-like and hadronic photon coupling in the data, we do not
apply any correction for it. For example, the simulation of TWOGAM gives a mixture of 34% QPM, 54% VDM
and 12% QCD in our kinematic range.

The measured values of Fg in two different Q2 bins are shown in Fig. 6. The predictions for t 2s0 of2
GRV-LO, LAC and SaS-1d are superimposed on the data. For SaS-1d, the t 2/0 effect is also shown. The
predictions of GRV-LO and SaS-1d lie below the measured Fg values. The LAC model, with Q2s4 GeV 2, is2 0

² 2: 2 2apparently consistent with our data at Q s5 GeV but it has too steep a Q dependence as shown below.

3.5. Q2 eÕolution of Fg
2

To study the Q2 evolution of Fg, the data are unfolded in four Q2 bins in the x interval 0.01-x-0.1. The2
result is shown in Table 4 and in Fig. 7. The function aqblnQ2 is fitted to the data taking into account the

Table 4
The measured Fgra as a function of Q2 for 0.01- x-0.1. The set1 is unfolded with PHOJET and the set2 unfolded with TWOGAM.2
The first error is statistical. The second error is the systematic error from the data selection and unfolding

2 2 g g² : w x Ž . Ž .Q GeV F ra set1 F ra set22 2

1.5 0.173"0.004"0.009 0.196"0.005"0.010
2.4 0.195"0.005"0.004 0.208"0.005"0.004
3.8 0.245"0.006"0.007 0.252"0.006"0.007
6.6 0.278"0.009"0.013 0.292"0.009"0.014
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g 2 w x w x w xFig. 7. The measured F ra as a function of Q compared to the predictions of GRV-LO 5 , LAC 7 and SaS-1d 6 . The set1 is unfolded2
with PHOJET and the set2 unfolded with TWOGAM. The solid line is a fit to the data, unfolded with PHOJET, of the function aqblnQ2.
The statistical and systematic errors are added in quadrature. LAC2 has a similar behaviour as LAC1.

statistical and systematic errors from the data selection and unfolding. The fit result is:

Fg Q2 ras 0.131"0.012"0.021 q 0.079"0.011"0.009 = ln Q2rGeV 2Ž . Ž .Ž . Ž .2

x 2rdofs2.52r2
The correlation coefficient between the two parameters is y0.93. The second error on the coefficients gives the
uncertainties from the Monte Carlo models, estimated by repeating the fit with values unfolded from
TWOGAM.

The measured Fg shows clearly a linear growth with lnQ2 as expected. The fitted value of slope b is similar2
q0.05 w xto the value 0.10"0.02 obtained by OPAL 2 in the adjacent interval 0.1-x-0.6. The predictions of they0.02

GRV-LO, LAC and SaS-1d models are also shown in Fig. 7. The GRV-LO agrees reasonably well with the
data. The slope predicted by LAC is much larger than our fitted value. The slope predictions of SaS-1d are too
low compared to the data.

4. Conclusions

g 'The photon structure photon F has been measured at LEP with the L3 detector at s ,91 GeV. The2
2 2 ² 2:measurement is done in the Q interval from 1.2 to 9.0 GeV . The x range is 0.002-x-0.1 for Q s1.9

2 ² 2: 2GeV and 0.005-x-0.2 for Q s5.0 GeV .
At low values of x the data are above the predictions of the GRV-LO and SaS-1d models, indicating a

higher contribution of gluons in the photon structure function. The LAC model can reproduce the x behaviour
g ² 2: 2 g 2of F at Q s5 GeV but it predicts too fast a rise of F as a function of lnQ . In the interval2 2
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g 2 y1 g Ž 2 . 20.01-x-0.1 the value of F increases linearly as a function of lnQ , with a slope a d F Q rdlnQ s2 2
0.079"0.011"0.009.
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