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Abstract

The hadronic photon structure function F7 is studied in the reaction e "¢~ — e e hadrons at LEP with the L3 detector.
The data, collected from 1991 to 1995 at a centre-of-mass energy Vs =91 GeV, correspond to an integrated luminosity of
140 pb~!. The photon structure function F} is measured in the Q? interval 1.2 GeV? < Q% < 9.0 GeV? and the x interval
0.002 <x <0.2. F} shows a linear growth with InQ?. The value of the slope o~ 'dF}(Q?)/dInQ? is measured to be
0.079 £ 0.011 £ 0.009. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The photon structure function is measured at e"e~ storage rings via the interaction of two virtual photons
efe">ete y*y—>ete hadrons (Fig. 1) [1,2]. Here we present the results obtained at LEP with the L3
detector at Vs = 91 GeV for an integrated luminosity of Z= 140pb~" from 1991 to 1995. A scattered electron
is measured in the momentum transfer range 1.2 GeV? < Q> <9 GeV?. The photon (y *) of high virtuality is
used as a probe for the structure of the quasi-real target photon (7y) with virtuality ¢> ~ 0. In analogy with ep
deep inelastic scattering (DIS), the cross-section is written as [3]:

d’o 27a? dn(x,)
dxdQ*dx, B xQ*  dx

where « is the fine structure constant, x, is the energy of the target photon relative to the beam energy, F and
F} are photon structure functions. The flux of the quasi-real target photons dn(x,)/dx, is calculated by the

[(1+ (1 =) Fy(5.0°) =V F7 (2,0%)] (1)
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Fig. 1. Diagram of a single tagged two-photon interaction e* e~ — e¢™ e~ hadrons. W, is the two-photon centre-of-mass energy or the
effective mass of the hadronic system. Q2 = — g% and t* = — p? are the virtualities of the probe and target photons, respectively.

Equivalent Photon Approximation (EPA) [3]. The dimensionless deep inelastic scattering variables, x and y, are
defined as:

0’ Eiq 0
Corewy YT RS
YY

tag
2
5 (2)

beam

where Ej,,, is the beam energy, E,,, and 6,,, are the energy and polar angle of the measured electron ? and

W,, is the mass of the two-photon state. In the kinematic regime studied here (E,,, ~ E,,,,), ¥ is so small
({y> ~0.08) that the measured cross-section is only sensitive to the structure function Fy. We study the
structure function in the low x region 0.002 <x < 0.2.

Several types of physical processes contribute to /3. A point-like coupling of the photons to a quark-anti-
quark pair (Quark Parton Model, QPM) gives a contribution that is calculable in QED in the same way as for
the process ete”— e*e /"/~ 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
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 F} is peaked at large x, whereas at small x the gluon radiation of quarks gives the
dominant contribution. Perturbative QCD predicts the evolution of F as a function of InQ?, but the quark and
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.
We compare our data to the GRV-LO [5] parametrisation where the Q* evolution starts at QF = 0.25 GeV?,
SaS-1d [6] with Q2 = 0.36 GeV? and LAC [7] with Q2 = 4 GeV?. In the LAC model we consider two versions,
LACI and LAC2. In the SaS-1d model the effect of non-zero target photon virtuality is also taken into account.

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

Three different Monte Carlo generators are used in this study: PHOJET [8], HERWIG [9] and TWOGAM
[10].

PHOIJET is an event generator for pp, yp and <y interactions, described within the Dual Parton Model
(DPM). It gives a good description of the events yy — hadrons that we studied at Q% =0 [11]. A transverse
momentum cutoff, p*' = 2.5 GeV, is applied to the partons of the resolved photons to separate soft from hard
processes [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 Q? events are described as a DIS process, ey — e + hadrons, including the full
kinematics 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
Model and the QCD resolved photon contribution. The VDM part is generated according to Ref. [13]:

O (P Q) = T E(Q%) E() 5, () Q)
i=T,

where T (transverse) and S (scalar) are the polarisation indices of the virtual photons. The generalized VDM
(GVDM) form factor [14] F; describes the O* and ¢* dependences. For o, (W, ), we use our total cross-section
measurement [11]. As in PHOJET a cutoff, p*' = 2.3 GeV, is applied to separate soft and hard processes.

The dominant background sources to the reaction e e~ — e*e hadrons are e*e” > e*e 7777, simulated
by the program of Vermaseren et al. [15], and e* e~ — hadrons, simulated by JETSET [16]. The background
from e*e”— 777" is simulated by KORALZ [17].

All Monte Carlo events are passed through a full detector simulation using the GEANT [18] and the GEISHA
[19] programs and they 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. [20]. The single tagged two-photon hadronic events
are triggered by the central track trigger (84% of events with an efficiency of 81%) and by the single tag trigger
(81% of events with an efficiency of 76%). The central track trigger [21] requires at least two charged particles,
each with p, > 150 MeV, back-to-back in the transverse plane within 41°. The single tag trigger [22] requires at
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
high 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:

+ A tagged electron is identified as the highest energy cluster in one of the small angle electromagnetic
calorimeters with £,,, > 35 GeV and a polar angle in the range 26 mrad < 6,,, < 66 mrad.

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

- 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 to

the interaction vertex smaller than 10 mm.
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Table 1

The number of selected events in data taken at \/; =91 GeV, for a total integrated luminosity of 140 pb~'. The expected background
contributions from the Monte Carlo simulations [15,16] are normalised to the data luminosity

0*(GeV?) selected ete” sete T et e” — hadrons
1.2-3.0 5772 117 35
3.0-9.0 4156 119 84

The visible invariant mass, W,,, of the hadronic final state, calculated from the tracks and the calorimetric
clusters, is required to be in the range 3 GeV < W, <40 GeV. The energy clusters in the small angle
electromagnetic calorimeter, excluding the tagged electron, are assumed to be pions and are also included in
the W, calculation.
The transverse momentum component of the hadronic state perpendicular to the tag plane, p’*, is required
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, p’“/, has to be smaller than 5 GeV.

After the selection cuts, a total of 9928 events is selected in the O range 1.2 GeV? < 0* <9 GeV?. The
sample is divided into two Q? bins of similar statistics: 1.2 GeV? < 0% <3 GeV? and 3 GeV? < 0% <9
GeV?2. Table 1 shows the number of selected events and the expected backgrounds from e*e” > e*e 777~
and e*e™ — hadrons. The background contamination is small. The contamination of e* e~ — 77~ 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.

t 0808 WYY

40001 i, Wi
> - ins
)
O]
©
o
2
o
® 2000+
L

0 ey X ]k L. ; = 'I g e
0 10 15 20 25

Mass [GeV]

Fig. 2. Monte Carlo (PHOJET) comparison of the generated two-photon mass W,, distribution, with the distribution 1,

is» the mass
reconstructed with the measured particles, and W, ., the mass obtained by imposing transverse momentum conservation.
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To improve the measurement of . , we include the kinematics of the tagged electron in the visible mass
calculation. Assuming that the transverse momentum of the target photon is negligible, we define W,, , as
suggested in Ref. [24]:

Wi.= (Pi”—Pi””)(ZPi_) — | pgres|? (4)
i

where i runs over all measured hadrons, e,, is the initial particle, e,,, the tagged electron and p .= E £ p,. The
comparison of W, , W, and W,,. is shown in Fig. 2. A significant improvement is seen in the W,,. variable
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 the
modelling of the final state. Therefore a good modelling is necessary for an accurate measurement of F). To
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 Q% spectra are shown in Fig. 3a and Fig. 3b. All three Monte Carlos give a
reasonable description of the data. The x,;, and x,, spectra, calculated by Eq. (2) with W . and W,

s )is rec>

20004 b) e Data
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o) o) 15 RHERWIG
1500F]%
© QTS0 TwocAm
) .: o 1K ®mBk
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Fig. 3. Distribution of a) W,,., b) Q2 of the tagged electron, ¢) x,;, and d) x,,. spectra. The data are compared to the Monte Carlo
predictions, normalised to the data luminosity. The backgrounds are from e*e” —>e*e 777~ and e*e™ — 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, normalised
to the data luminosity. While PHOJET and TWOGAM reproduce rather well the data, the spectrum of HERWIG is too soft. The
backgrounds are from e*e” —>e*e 777" and e* e~ — hadrons.

respectively, are rather well reproduced by PHOJET and TWOGAM (Fig. 3¢ 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.
HERWIG disagrees with the data in the high p, region. The energy flow versus the pseudorapidity, defined as
n = —In(tan(6,/2)) where 6 is the polar angle of final state particles, is shown in different Q% and x,,. ranges
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 forward
region but TWOGAM reproduces better the data in the central region.

From 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 p*' = 2.3 GeV than with the default value
pi" = 1.8 GeV [10]. Because of the large discrepancies with the data, we do not use HERWIG for the results.

3.3. Unfolding and extraction of F)

As shown in Fig. 2, the observed W, . is smaller than the true two-photon invariant mass W, . Therefore the
value of x,,, is larger than the true value of x. To extract the x distribution, the same unfolding technique [26]
is used as in Ref. [11]:

P50 P(x(D) )
EP( (DX P((D)

x(i) = ZAijxrec(j) ., Ay
J
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Fig. 5. Hadronic energy flow as a function of the pseudorapidity, 7, in different Q* and X, bins. The polar angle 6 is defined with respect
to the tagged electron. The tag direction is always on the negative side.

where P(x,,.|x) is the likelihood of measuring x,,, given a generated x value and P(x) is the generated x
distribution after detector acceptance cuts. The matrix 4,; is obtained from the Monte Carlo. After unfolding,
the differential cross section in each x interval is calculated by correcting for detector acceptance.

Neglecting the y? term in Eq. (1), the differential cross-section is proportional to the structure function Fy:

d’o 6
K(x.0%) * dxd0Q’ (6)

The average weight, K(x,0?), for each bin of x and Q? is calculated semi-analytically as described in detail in
Ref. [4].

FY(x,0%) =

3.4. x dependence of F}

The data are subdivided in six x bins for each Q7 interval (1.2 GeV? < (0% <3 GeV? and 3 GeV?
< 0?<9 GeV?) and unfolded with PHOJET for the variable x,,. The results are given in Table 2. The
unfolding procedure gives strong correlations between neighbouring bins. The correlation matrix, estimated by
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Table 2

The measured F¥/« as a function of x in two Q2 bins. {(Q?) is the average of Q? in the intervals 1.2 GeV? < 0% <3 GeV? and 3 GeV?
< 0% <9 GeV2. {x) is the centre of the x bins. The setl 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

(0?*) [GeV?] X range {x) F} /a (setl) F} / a (set2)
0.002-0.005 0.0035 0.184+0.0094+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 4 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 0.2824+0.0144+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+0.0134+0.007 0.279+0.013 £0.007
0.060—0.100 0.080 0.270+0.012 4+ 0.008 0.275+0.012+0.008
0.100-0.200 0.150 0.2524+0.0114+0.029 0.287+0.013 +£0.032

PHOIJET, for x bins in the Q* range 1.2 GeV? < Q? <3 GeV? is given in Table 3. The correlation matrix in
the higher Q? range is similar. Since the Q? is well measured (AQ*/Q? = 2%), the correlations between
different O? bins are negligible.

The uncertainties from the selection procedure are estimated by varying the cuts on E,,,, 6,,,, number of
charged particles, p°*' and p’“’. The uncertainties from the individual selection cuts are added in quadrature.

The difference of F) obtained using x,,. or x,, measures the unfolding uncertainty; the maximum
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 F), we
compare the data corrected with PHOJET and with TWOGAM (Table 2). The difference at large x (maximum
14%) is smaller than the one at low x (maximum 28%).

Radiative 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 «. The effect on F) is
estimated to be 1 to 2%. Compared to the measurement uncertainties, this correction can be neglected.

The mean value of the virtuality of the target photon, {¢>), is about 0.075 GeV?, as estimated by PHOJET
and TWOGAM, or 0.087 GeV?, as estimated by the QPM as implemented in TWOGAM. The change of FY
because of a non-zero {t?) is estimated by two different models: SaS-1d [6] and GVDM [14]. For the GVDM
model, the value of F; decreases by 7.5% with a slight x dependence (~ 1% in the studied x range). For the

parametrisation of SaS-1d, F} decreases by 10 to 20% depending on the x value. Since the non-zero {¢*)

Table 3
The correlation matrix, estimated by PHOJET, for x bins in the interval 1.2 GeV? < Q2 <3 GeV?. The correlation matrix in the higher Q>
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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Fig. 6. The measured F7/a at (Q?) =1.9 GeV? and (Q*) = 5.0 GeV? as a function of x. The setl is unfolded with PHOJET and the
set2 unfolded with TWOGAM. The statistical and systematic errors are added in quadrature. The data are compared with the predictions of
GRV-LO [5], LAC [7] and SaS-1d [6] at ¢> = 0. The prediction of SaS-1d at ¢> = 0.075 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 F} in two different Q? bins are shown in Fig. 6. The predictions for #* =0 of
GRV-LO, LAC and SaS-1d are superimposed on the data. For SaS-1d, the > # 0 effect is also shown. The
predictions of GRV-LO and SaS-1d lie below the measured F} values. The LAC model, with Q3 =4 GeV?, is
apparently consistent with our data at (Q*) =5 GeV? but it has too steep a Q* dependence as shown below.

3.5. Q7 evolution of F}

To study the Q? evolution of F7, the data are unfolded in four Q? bins in the x interval 0.01 <x < 0.1. The
result is shown in Table 4 and in Fig. 7. The function a + bInQ? is fitted to the data taking into account the

Table 4

The measured Fy/a as a function of Q* for 0.01 < x < 0.1. The setl 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

(Q*) [GeV?] FY /o (setl) FY /o (set2)

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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Fig. 7. The measured F¥/« as a function of Q? compared to the predictions of GRV-LO [5], LAC [7] and SaS-1d [6]. The setl is unfolded
with PHOJET and the set2 unfolded with TWOGAM. The solid line is a fit to the data, unfolded with PHOJET, of the function a + banz.
The statistical and systematic errors are added in quadrature. LAC2 has a similar behaviour as LACI.

statistical and systematic errors from the data selection and unfolding. The fit result is:
FY(0%)/a=(0.131 £ 0.012 4 0.021) + (0.079 £ 0.011 £ 0.009) X In(Q*/GeV?)

X2/dof=2.52/2
The correlation coefficient between the two parameters is —0.93. 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 F shows clearly a linear growth with InQ? as expected. The fitted value of slope b is similar
to the value 0.10 + 0.02*9-03 obtained by OPAL [2] in the adjacent interval 0.1 < x < 0.6. The predictions of the
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

The photon structure photon F) has been measured at LEP with the L3 detector at Vs =91 GeV. The
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*) =1.9
GeV? and 0.005 < x < 0.2 for {Q*) =5.0 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
of F} at {Q?) =35 GeV? but it predicts too fast a rise of FJ as a function of InQ?. In the interval
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0.01 <x < 0.1 the value of F} increases linearly as a function of InQ?, with a slope o 'dF}(Q?)/dInQ* =
0.079 + 0.011 £ 0.009.
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