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We present a measurement of the hadronic structure function FzV(x, Q 2) of the photon in the 
Q2 range from 10 to 100 GeV 2. Data were taken with the PLUTO detector at the e+e storage 
ring PETRA. This measurement and previous PLUTO measurements in the Q2 range of 1.5 to 16 
GeV 2 are compared with higher order QCD calculations. The structure function is consistent with 
the predicted log Q2 behaviour when charm contributions are subtracted. The x dependence can 
be well described for 0.1 < x < 0.9 by the regularization scheme of Antoniadis and Grunberg. 
Within their scheme the data yield a value of AMs = 183 + 6 5 / -  40(stat.) + 46/ 36(sys.) MeV 
for the QCD scale parameter. 

1. Introduction 

The reaction 

e e ~ e e  + hadrons (1) 

proceeds mainly through the collision of two virtual photons. If one photon - the 
probe photon 7* - i s  highly virtual ( Q 2 =  _ ( 7 , ) 2  >> m 2, with m 0 = mass of the O 
meson), and the other photon - the target photon 7 - is almost real ( p 2 =  _ ( 7 ) 2  
<< m2), reaction (1) can be interpreted as deep inelastic electron scattering off 
predominantly transversely polarized photons [1]. In the present experiment, one 
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electron (positron) is scattered and measured at large angles (19 ° < 0 T < 39°); it is 
the source of the probe photon and will be called the tagging electron. As long as 
the scattering angle 0 of the other electron which emitted the target photon 7 is 
small (0 ~ 0 max << 1), and W 2 = (7" + 7) 2 >> p2, the cross section for reaction (1) 
factorizes [2,3] into an e7 cross section and a target photon flux N(z ,  0 m~x) [1], 
which depends on the fractional energy z = E r / E  (E = Ebeam ) and the maximum 
electron angle. The deep inelastic ey cross section has contributions from the 
exchange of transverse and longitudinal virtual photons, and the cross section for 
reaction (1) can be written in terms of two structure functions, F 2 and F L, and the 
flux of the (target) photon. 

do 

d z d x d Q  2 

4~rot 2 1 
-- Q4 2 x { ( I + ( 1 - y ) 2 ) F 2 ( x ,  Q Z ) - y 2 F L ( x ,  QZ)}Nv ( z ,  Omax) " 

(2) 

The scaling variables y and x are determined by the energy E T, and the angle 0 T of 
the tagging electron and the mass W of the hadronic system: 

y =  1 - ( ET/E)cos2(½OT),  

x = Q2/ (Q2  + W2). 

The term y2F L in eq. (2) can be estimated to be small compared to the F 2 term. F 2 
can therefore be determined directly from measurements. 

If Q2 is larger than a few GeV 2, hadron production in 7*7 interactions appears 
to proceed largely through the electromagnetic coupling of the probe photon to the 
charges of the virtual constituents (partons) of the target photon, in contrast to 
Q2 < 1 GeV 2, where the interaction appears as the collision of two virtual vector 
mesons [4-6]. 

In the parton picture, the structure function F2(x ) is proportional to the momen- 
tum and squared charge weighted parton distribution function in the target photon. 
QCD calculations for F 2 can be decomposed [5] into a perturbative term due to the 
3' ~ q~t splitting of the target photon (the point-like term) and a non-perturbative 
part. The latter is usually interpreted as the hadronic component of the photon and 
is estimated using VDM arguments [6, 7]. The point-like part has been calculated in 
the quark-parton-model (QPM) [1] and in perturbative QCD, to leading order [8] 
and to higher order [9-13]. Two properties of the structure function have been 
predicted: its Q2 evolution a n d -  with some additional assumptions-  also its 
magnitude within a limited x-range. Both the Q2 evolution and the magnitude of 
F2(x  ' Q2) depend on the QCD scale parameter A. However, to infer a reasonably 
precise value for A from the Q2 evolution of F 2 alone, experiments with statistics 
much higher than presently available would be necessary. 
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In sects. 2 and 3 we present a measurement of the structure function F2(x ) in the 
Q2 range 18 to 100 GeV 2. In sect. 4 we use these and previously published results 
[14] at lower Q2 values (1.5 to 16 GeV 2) to determine A using the QCD predictions 
[11] for the magnitude of F2(x, Q2). The large Q2 range of the combined measure- 
ments (1.5 to 100 GeV 2) allows the predicted Q2 evolution to be checked. 

2. Selection of high Q2 tagged events 

The data were obtained with the PLUTO detector [3,15] at the e+e storage ring 
PETRA, running at beam energies of 17.3 GeV, during the period 1981 to 1982. The 
total evaluated luminosity was 40.1 pb-~. 

Deep inelastic e7 events were triggered inclusively by electrons scattered at angles 
0 from 19 ° to 39 ° into the end cap (EC) shower counter. Shower energies above 
3 GeV were sufficient to trigger the detector. 

To select the EC tagged multihadron events we adopt a procedure similar to that 
used in a previous analysis of events tagged by the large angle tagger (5 ° < 0 < 15 °) 
at lower Q2 [14]. Because the background contributions are larger at the EC tagging 
angles we have to impose slightly tighter cuts for event acceptance. 

2.1. TAG DEFINITION AND CALIBRATION OF THE ENDCAP TAGGER (ECT) 

The EC shower counter has a thickness of 10.3 radiation lengths over the polar 
angular region 0 from 16 ° to 39 °. In the azimuthal angle ~ it is segmented into 30 
equal sectors (Aep = 12°). After 2.5 radiation lengths each sector is interleaved with 
one proportional chamber with a wire spacing of A0 = 1 o. 

Tracks are reconstructed using the interaction point, the EC proportional cham- 
ber and at least 2 central detector track chambers. This permits track recognition 
down to 0 = 19 °. It was required that the lateral spread of the tagging shower was 
no broader than observed in Bhabha events (not more than 3 adjacent sectors), and 
that a track pointed towards the shower center within z~0 = 6 °. The direction (0, ~) 
of the tagging electron was taken from the reconstructed track, and its energy from 
the shower counter. The shower energy resolution was A E / E =  6.8% at beam 
energy, and the polar angle was resolved to +_0.5 °. The Q2 resolution, on average 
9%, is mainly determined by the energy resolution. 

The tagging efficiency for the ECT was determined from simulated ey events. It 
was cross checked with data by selecting tags from real and simulated Bhabha 
events where cross sections are known. Both samples gave the same fraction of 
accepted tags within 1%. The ECT provides an entirely inclusive trigger for all e~, 
events with E T >/3 GeV. After rejection of clean Bhabha events a total of 3354 
events with E T > 8 GeV was found. 
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2.2. BACKGROUND REJECTION 

Most of the 3354 events accepted by inclusive EC tagging are still background 
from QED processes and from e+e annihilation. The following cuts were applied 
to further reject background: 

(i) A "clean tag" was required by allowing no further track near the tagging 
track, i.e. at 0 < 45 ° on the same EC side and within an azimuthal angle relative to 
the shower center of acp= 20 °. This cut removes 80% of the tags faked by 
annihilation events. 

(ii) Events with a second tagging shower of E > 4 GeV, in the small (1.5°-4 °) 
and large (5°-15 °) angle taggers on the opposite 0-side were rejected. This cut 
removes degraded Bhabha and double tag events, and defines 0 ma~. 

(iii) To reject QED events it was required that the final state had at least one 
non-showering track with a momentum of >/1.0 GeV/c ,  or at least 3 tracks which 
were not positively identified as electrons. Events with fewer than 2 measured tracks 
were rejected. Two-track events were kept only if they had no identified electron or 
muon, and if their neutral shower pattern required more than a single photon. 

(iv) Events were rejected if the hadronic system had a mass of Wvi ~ > 12 GeV. 
(v) The missing momentum pmiss had to be compatible with an unobserved high 

momentum electron escaping through the beampipe: p~i~ < 3 GeV, and p ~ S  > 6 
GeV opposite to the z-direction of the tagging electron. Fig. 1 shows the distribution 
of pmiss after the p~S~ cut, for data, and for a MC simulation or annihilation and e'/ 
scattering according to the QPM. At pmi~ > 6 GeV there is only a small contamina- 
tion by annihilation events. 

The effects of these cuts were checked by visually scanning samples of rejected 
events, both in data and in simulated samples. After the cuts, 114 events remained. 
The acceptance efficiency of the cuts for e~, events was determined to be 55% from 
simulated ey events as described below. 

The contamination of the sample of 114 events was estimated using Monte Carlo 
simulations of the following reactions: 

e+e ~ hadrons 
e+e - ~ e+e-~-~- 
e+e - ~ e+e - + hadrons 

via the Compton diagrams from 
virtual bremsstrahlung 

8.0 events, 
11.1 events, 

4.8 events. 

Other background sources, like e+e ~ ~-~ or beam gas events were found to be 
negligible. 

The Monte Carlo simulation predicts that only 0.05% of annihilition events, 
equivalent to 8 events, will pass the e7 cuts. This prediction can be checked with the 
data at p~SS < 2.0 G e V / c .  Fig. 1 shows that almost no e~, events are expected for 
pmiss < 2.0 GeV/c ,  while annihilation events giving false tags peak near p~SS = 0. 
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Fig. 1. Missing Pz distribution from data, and Monte Carlo (MC) simulations for e'r ~ e + hadrons 
(QPM) and e+e - -- ,hadrons.  p~s s  is the momentum missing along beam direction opposite to the 

observed tag. 

Hence the data at p ~ S <  2.0 GeV can be used to (re-)calibrate the predicted 
rejection efficiency for annihilation events by the e7 event selection cuts. This 
method gives a background of 6,2 events. A visual inspection of the 114 accepted 
events yielded 9 events which were clearly identified as e +e-  annihilation events on 
the basis of obvious back-to-back 2-jet topology with one jet simulating a tag. The 9 
events were removed from the data sample instead of performing a statistical 

subtraction. 
The -r pair and the Compton backgrounds are events with a real tagging electron. 

They cannot be further distinguished from the other e-{ events and were subtracted 
statistically. 

3. Determination of the photon structure function 

To evaluate F2(x, Q2) from the accepted events after background subtraction we 
have to 

(1) correct for losses of e~, events due to the background rejection cuts, 
(2) invert the detector dependent "smearing" x--*Xvi s introduced by particle 

losses and resolution, 
(3) correct for effects of radiative and other higher order processes. 
To exclude badly reconstructed events from the Xvi s ~ x unfolding, only those 89 

events with charge balance better than +_3 and the observed hadronic mass 
Wvi s > 1.5 GeV were used. Furthermore, we neglected the term with F L in eq. (2). 
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Its contribution depends on the unknown ratio FL/F2, and a model is required. At 
the average Q2 of the data, (Q2) = 45 GeV 2, we find FL/F 2 = 0.16 from the QPM. 

The F L term contributes less than 2% to the cross section in the accepted kinematic 
region. No correction is applied to F 2 for neglecting the F L term. Corrections (1), 
(2) and (3) are incorporated in an unfolding procedure. 

In this procedure Monte Carlo events were generated according to eq. (2) with an 
appropriate hadronization model, Fz(x, Q2) is factorized into a Q2 interpolating 
function and F2(x, Q2= (Q2))  [14]. Fz(x,(Q2)) was set to unity at the event 
generation step. The simulated events were then weighted with a smooth weight 
function w(x) such that the observed Xvis distribution (fig. 2) was best reproduced. 
The quantity w(x) is then the unfolded structure function Fz(x, (Q2)).  Further 
details are given in refs. [14,16]. 

Since QCD calculations are performed for massless quarks, i.e. without threshold 
effects, we present also a "charm-subtracted" structure function for QED compari- 
sons. Here the contribution from heavy charm quark production to the F 2 structure 
function is estimated using the QPM, and subtracted from the measured structure 
function. 

3.1. MODELLING THE HADRONIC FINAL STATE 

For  hadronization of the 7*7 system we have used a Lorentz invariant all-pion 
phase space model (IP), and a special quark model (QM). The latter differed from 
the standard QPM in so far as only the angular distribution of the process Y*7 ~ qF:l 
was taken from QED while the total cross section was adjusted to give F2(x ) = 1 for 
all x. The quarks were then fragmented according to the Feynman-Field scheme 
[17]. The fragmentation parameters for the phase space model were the same as in 
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[14]. Below W = 3.5 GeV the IP model was used and above W = 7 GeV the QM. In 
the intermediate W-region we used a linear transition from 100% IP to 100% QM. 
We have checked that the average x - xvi s shifts from both models are compatible. 

In the Q2 region of 18 to 100 GeV 2 charm quark production contributes to 
x-values up to 0.8. For these events we expect a fragmentation different from that 
for u- (and d-) quark events, with a larger x -  Xv~s shift. MC studies yielded 
( x -  x~i~) = 0.08 for u-quark events, and { x -  Xvis)= 0.13 for events with charm 
quark decays, after their reconstruction in the PLUTO detector. To avoid an 
inappropriate unfolding of the expected charm contribution contained in the data 
we used the QPM to estimate the charm Xvi ~ distribution (16% of the observed 
events) - shown as the curve in fig. 2 - and subtracted it from the observed X vi s 
distribution before the unfolding step. The resulting unfolded F2(x ) will be called 
"charm subtracted". The complete F2(x ) structure function was obtained by adding 
FzCha~(x) as given by the QPM. 

The hadronic final state model satisfactorily reproduces the kinematic properties 
of the data that are important for the corrections (1) and (2) discussed above. This is 
illustrated in the distributions shown in fig. 3a-c: 

(3a) the single charged particle transverse momentum PT, with respect to the 
e + e -  beam direction, 

(3b) the charged particle multiplicity rich , and 
(3c) the neutral energy E n. 

The normalization of the MC distribution is produced by the unfolded F2(x ) 
structure function, and in fig. 3a additionally by the charged track multiplicity 
spectrum of the MC events. 

In fig. 4 we show the measured distributions of (a) E x, (b) Q2 and (c) Wvis, 
together with the result of unfolding. Even though the distributions were not used to 
determine the unfolded structure function, they are well described by the hadroniza- 
tion model together with the unfolded FE(X, Q2) solution. 

3.2. RADIATIVE CORRECTIONS 

Formula (2) for reaction (1) is derived in lowest order QED (LOQ). Radiation by 
the initial and final state electrons modifies the relation between F2(x, Q2) and the 
measured cross section. We have investigated the size of radiative effects using a 
computer program by Berends et al. [18] and employing the QPM for the 3'*7 
hadrons transition. The effect is an increased cross section Ora d as compared to 
OLO Q, at small tagging energies, which in turn leads to an increased cross section at 
small x, mainly at x,~ s _< 0.4. In total the rate of accepted events Nra d is larger than 
the lowest order rate, NLo Q, by 6.9%. An exact procedure for the radiative 
correction of F2(x ) is complicated. Since these effects are small, we have performed 
an approximate correction by weighting the measured Xvis distribution (fig. 2) with 
the event ratio NeoQ(x~is)/Nrad(Xvi~) in the unfolding step. 
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and radiatively corrected. 

3.3. R E S U L T S  

The unfolded structure function with radiative corrections is shown in fig. 5, 
interpolated to the average Q2 value of the data sample of <Q2> = 45 GeV 2. The 
results for the complete and for the charm subtracted structure function are shown 
separately. Both rise with x. 

All data points have an additional systematic error of 10% mainly due to 
uncertainties in the hadronization model employed in calculating acceptance correc- 
tions. 

4. Comparison with QCD calculations 

We use the results presented above and our previous F 2 measurements at lower 
Q2 [14] for a comparison with QCD calculations and a determination of A. The 
basic properties predicted for the charm-subtracted photon structure function 
F2(x  ' Q2) in leading [8] and higher [9-13] order QCD calculations, namely a rise 
with x and with Q2 (approximately as ln(Q2/A2)) are qualitatively observed in the 
data shown in figs. 5 and 6, respectively. In fig. 6, (F2(Q2)> is the charm-subtracted 
structure function, averaged over the x-interval 0.3-0.8. 

For a quantitative test of QCD and for a determination of the QCD scale 
parameter A, a higher order calculation has to be used. The full solution of the 
higher order evolution equations for F2(x, Q2), however, contains non-perturbative 
terms associated with the quark-antiquark wave function of the photon. This 
hadronic component cannot be calculated at present, but can be furnished as 
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boundary conditions in terms of a known (measured or estimated) photon structure 
function at a specific value of Q2 [12]. The full solution is then obtained by an 
evolution in Q2 which depends on A. For a determination of A from the Q2 
evolution high accuracy data on F 2 are required over a large range of In(Q2). We 
have insufficient statistical accuracy to determine A using this procedure. 

Another approach is to separate the full higher order solution for F 2 into a 
calculable perturbative term and a term which contains the incalculable hadronic 
pieces [5, 6, 8-11]. 

F2(x ,  Q 2 ) = F p ° i n t [ x  I'i 2 A ~ 2 , , ~ : ~ ,  / + F 2 h a d ( x ,  Q 2 )  • (3) 

The calculable term, F p°int is due to the point-like part of the photon. It grows with 
Q2, dominates at asymptotic Q2 values, and is referred to as the asymptotic 
solution. The asymptotic solution of the higher order evolution equation, however, is 
singular at x = 0 and negative for x < 0.2 [9,10]. Since F 2 has to be positive and 
finite, F~ ad has also to contain a singularity to make the sum F p°int -F F2 had positive 
and finite. If one approximates the incalculable F2 had by the usual estimate based on 
SU(3) and VDM [6, 7]: 

FVDM(x, Q2) = 0.2~(1 - x ) ,  ( 4 )  

the singularity in F p°int is obviously not cancelled. 
Antoniadis and Grunberg [11] have proposed a regularization scheme for F p°int 

to remove the divergence, which occurs in the second moment of F p°int. They 
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F ig .  7. S e n s i t i v i t y  o f  t he  p h o t o n  s t r u c t u r e  f u n c t i o n s  F 2 to  A.  So l id  l i ne s  s h o w  the  A n t o n i a d i s - G r u n b e r g  

a p p r o a c h  [11] fo r  A ~ g =  100, 200 a n d  300 M e V  a n d  w i t h  H =  0 .018 in  eq. (6). D a s h e d  l i n e s  a re  
p r e d i c t i o n s  f r o m  a Q2 e v o l u t i o n  c a l c u l a t i o n  [13] for  A = 0, 100, 300 a n d  1000  MeV.  

modify this moment by adding an extra term which explicitly cancels the pole for 
x ~ 0. The structure function then reads: 

F2(x ' Q2) = fpoint,reg(x, Q2, A, t)  + Fhad'reg/x Q2) 
2 \ , " (5) 

This decomposition differs from eq. (3) in so far as both terms are now finite and 
positive. F f  °int,'eg, however, depends on a parameter t which is not determined 
perturbatively. For t = 0 eq. (3) is restored, and for t > 0 the shape of f2P°int'reg(x) 
depends on In(t), mainly at small x. At x > 0.3, F f  °int,'eg differs little from the 
original F2P°int. The sensitivity of F p°int'reg resulting from [11] to A is displayed in 
fig. 7. Here we show F p°int'reg for A = 100, 200 and 300 MeV, as solid lines. The 

dashed curves show predictions from a QCD-improved QPM to first order in a~ 
[13]. The two types of F 2 calculation are controversial, and the evolution approach 
[13] is too insensitive to A to allow a significant determination from our data. 
Therefore we evaluate A only in the Antoniadis-Grunberg scheme. 

The incalculable F2had'reg(x, Q2) we assume to be proportional to the VDM 
estimate: 

F2had,reg(x ' Q2) = Ha(1 - x ) .  (6) 

The parameters A, In(t) and h have been determined in a common fit to the data at 
Q2 ___ 4.3, 9.2 and 45 GeV z as shown in fig. 8. For the QCD scale parameter within 
approach [11] we find 

A~g = 183 + 6 5 / -  40(stat) + 4 6 / -  36(syst) MeV. (7) 
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Fig .  8. C o m p a r i s o n  of  the  Q C D  fit  d e s c r i b e d  in  the  t ex t  w i t h  the  m e a s u r e d  F2(x , Q2). T h e  d a t a  a t  
Q2 = 4.3 G e V  2 a n d  9.2 G e V  2 a re  f r o m  [14]. 

The value for A is only moderately correlated with the two non-perturbative 
parameters ln(t)  and H (correlation coefficients c(A, ln(t)) = 0.36, c(A, H )  = 0.18). 
It turns out that these parameters are not well determined since they are strongly 
correlated (ln(t) = 0.8 _+ 0.16, H = 0.018 _+ 0.012, correlation coefficient c(ln(t), H )  
= 0.87). If the charm subtraction is altered by + 20%, A is changed by only _+ 1 
MeV. If the VDM term (6) is parametrized as H x ° 4 ( 1 -  x) 11 [19] the fitted A 
differs from (7) by much less than the statistical error. The systematic error quoted 
above is dominated by uncertainties in the event acceptance calculations, and 
includes uncertainties from luminosity, radiative corrections and target mass effects. 

Fig. 8 shows that the fitted F2(x ) (solid curves) describes the data well at all three 
values of Q2. The Q2 dependence of the measured F 2, averaged over the interval 
0.3 < x < 0.8, is displayed in fig. 6. The QCD curve with A~s=  183 MeV adjusted 
to fit the absolute value of F 2 on average, also agrees well with the Q2 dependence 
of F 2 from 4.3 to 45 GeV 2, and even with the data point at Q2 = 2.4 GeV 2 which 
was considered to be too low in Q 2 to be included in the QCD fit. 

The value of A found in this analysis of the reaction ey ~ e + hadrons is 
consistent with that found in similar experiments [20], and in many other processes 
[21, 22]. 
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5. Conclusions 

W e  have  p resen ted  new da t a  for the p h o t o n  s t ructure  funct ion F2(x ) at  Q 2 =  

45 G e V  2. The  cha rm subt rac ted  s t ructure  funct ion at Q2 = 45 GeV 2 together  with 

p rev ious  measu remen t s  at  Q 2 =  9.2 and  4.3 GeV 2 have been analysed  in terms of a 

d ivergence  free higher  o rder  Q C D  predic t ion.  The Q C D  scale pa rame te r  A in the 

po in t - l i ke  p a r t  and  pa ramet r i za t ions  for the unknown  non-per tu rba t ive  con t r ibu-  

t ions  have been  f i t ted to the data .  The x and  Q2 dependence  of the da ta  is well 

r e p r o d u c e d .  Wi th in  the A n t o n i a d i s - G r u n b e r g  app roach  we f ind a value of  

A ~  = 1 ~ q + 6 5 + 4 6  MeV, 
~ u "  - 4 0  3 6  

which  is in good  agreement  with the results  f rom other  processes.  
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