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Abstract. The production of  multihadronic states in ),y 
collisions at LEP has been studied with the DELPHI  
detector. The analyzed data correspond to an integrated 
luminosity of about 32 p b - t ,  collected in the LEP runs 
of 1990-1992. Minimum bias data and a sample of events 
with jets at high PT have been selected under the require- 
ment that no scattered electron or positron is observed. 
The two data sets have been compared to Monte Carlo 
predictions. The non-perturbative contribution described 
by the vector meson dominance Model and direct q~ 
production from pointlike photons described by the quark 
parton model were found to be insufficient to reproduce 
the data. It has been necessary to include a third inter- 
action component, which is due to perturbative hard scat- 
tering of the partonic constituents of the photon. Several 
parametrisations of  the quark and gluon densities of  the 
photon have been tested. The interplay with the cut in 
jet transverse momentum, which is necessary for the sep- 
aration of the perturbative and non-perturbative regions, 
is discussed. The data favour parametrisations with rather 
soft partonic content of the photon. 

1 Introduction 

The reaction e + e -  --* e + e -  X, where X is a multihad- 
ronic system, has been intensively studied at PEP [1 ], at 
PETRA [2] and more recently at K E K  [3] and LEP [4]. 
Emphasis has been on collisions of quasi-real photons at 
relatively high ~ ,  centre of mass energy, in order to stay 
away from the two-photon resonance region. These data 
are qualitatively described by a model [5] combining the 
vector meson dominance model (VDM) and the quark 
parton model (QPM). As illustrated in Fig. 1 a and b, 
these models describe the interaction through bound-state 
vector mesons and through direct coupling, respectively. 
However, the data do exceed the QPM prediction of 
particle momenta transverse to the ~ ,  axis P r  above 
1.5 GeV/c  [2]. This observation suggests the presence of 
QCD subprocesses and offers the possibility to constrain 
the quark and gluon density of the photon experimen- 
tally. The picture of hard scattering subprocesses, shown 
in Fig. 1 c and d, relies on high four-momentum transfers 

or high p2, probing the structure of one or both photons 
and resolving them into their partonic constituents. 

The fully non-perturbative term is described through 
VDM as the diffractive scattering of vector mesons. The 
other contributions are treated using Leading Order QCD 
factorisation: a hard scattering subprocess fixes the domi- 
nant scale p2, taken also as the factorisation scale, and 
the photon participates via direct coupling to quarks, or 
via a quark or a gluon produced through a QCD evo- 
lution starting from a bound state or a perturbative qq 

e + '7 e-  

e + 

a) Nonperturbative contribution (VDM) 

q 

e +  e- 

3' 

e + 

q 

b) Direct photon contribution (QPM) 

q 

e + 

e- 

g 

c) QCD singly resolved photon contribution 

e- 

g 

e-  
e + 3' e -  

g 

d) QCD doubly resolved photon contribution 

Fig. 1 a-d. Processes contributing to the production of multihadron 
states in photon-photon collisions 
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pair state. According to the Drees classification [6] there 
are three terms: the direct term of Fig. 1 b, the singly 
resolved photon contribution of Fig. 1 c, and the doubly 
resolved contribution of Fig. 1 d. 

Most secondary particles from two-photon events go 
into the low-angle region of the detector, and only some 
of the particles of the final system are seen. The resolved 
photons produce remnant or beam pipe jets which may 
mix with decay products of the low-pr central system. 
The presence of jets of (moderately) high Pr  at large 
angles forms a signature for the isolation of the hard 
scattering subprocesses against the dominant diffractive 
dissociation contribution. The quark and gluon densities 
of the photon could in principle be obtained from deep 
inelastic ey scattering data at relatively low Q2, where 
Q2 is the absolute squared mass of the photon associated 
to the detected lepton. However, the consistency of such 
a procedure is still an open problem: since the subpro- 
cesses are perturbative, a cut at low transverse momen- 
tum, mi~ Pr  , has to be specified, which in the present study 
is much larger than the mass of the virtual photon, 
whereas Q2 and (p'~in/c)2 ought to be of the same order 
to obtain useful densities. Therefore, various sets of quark 
and gluon densities in the photon, with corresponding 
p~m parameter, have been tested directly against the pre- 
sent data. LEP energies are in principle favoured for such 

studies, since the parton densities inside a photon are 
peaked at low x and jet production approximately probes 
the region x~-2pr/(Wyy), where ( W ~ )  is the average 
invariant mass of the yy system, which is of the order of 
10% of the e+e - centre of mass energy. In practice, due 
to trigger conditions, acceptance cuts or jet search re- 
quirements, the average parton momentum fraction of 
the photon is within the range 0.2-0.3. 

In the following the VDM parameters will be fixed 
according to the results of previous experiments and the 
remnant jets will be produced at zero angle with respect 
to the two-photon centre of mass axis. Although this 
approach is not expected to lead to a complete discrimi- 
nation between parametrizations, it should indicate the 
distinctive requirements for a successful parametrization. 
In particular, hard parton distributions will produce more 
high-pr jets in the central region, while soft distributions 
lead to more energy deposition in the remnant jets. 

Data taken with the DELPHI detector during the years 
1990-1992 have been used for an analysis of hadronic 
final states produced in ~ collisions at a mean value of 
the absolute squared virtual photon masses, as evaluated 
by Monte Carlo simulation, of about 0.12 (GeV/d)  2. 

2 The D E L P H I  detector 

A detailed description of the DELPHI detector can be 
found in [7]. Only the components of the detector rele- 
vant to the analysis of the yy events (tracking and elec- 
tromagnetic calorimetry) are briefly described here. 

- The main tracking system is a time projection chamber 
(TPC). The cylindrical TPC has an inner radius of 35 cm, 
an outer radius of 111 cm and is 268 cm long in the beam 

direction. Tracks of charged particles are measured in the 
TPC with a resolution of about 230 gm in the Rq5 plane 
(transverse to the beam) and about 0.9 mm along the 
beam direction. 

- The inner detector (ID) is a cylindrical drift chamber 
with jet-chamber geometry surrounded by 5 cylindrical 
MWPC layers. The space covered by the ID extends from 
12 cm to 28 cm in the radial direction and __ 40 cm in the 
beam direction. The coordinate resolution in the jet 
chamber is about 90 gm in the Rq~ plane. The layers of 
proportional chambers provide a fast trigger and z-co- 
ordinate information and resolve left/right ambiguities 
in the jet section. 

- In the barrel region the tracking system is completed 
by the outer detector (OD) at a radius of about 200 cm. 
Five layers of drift tubes measure Rq~ coordinates with 
a resolution of about 110 gm and three layers also provide 
a z-measurement with a resolution of about 2 cm. 

- Tracking in the forward-backward regions 
(11 ~ < 0 < 33 ~ and 147 ~ < 0 < 169 ~ is complemented 
with two pairs of additional drift chambers (FCA and 
FCB). The FCA modules are mounted directly on the 
endplates of the TPC. Each side consists of three pairs 
of wire planes, rotated by 120 ~ with respect to each other 
in order to resolve ambiguities. The precision of FCA is 
about 150 gm in x and y. The FCB detectors are mounted 
in front of the endcap electromagnetic calorimeter. Each 
detector consists of 12 wire planes arranged with a ge- 
ometry similar to FCA. The precision of FCB is about 
120 gm in x and y. 
- Electromagnetic energy is measured in the forward- 
backward regions by a lead glass calorimeter (FEMC) 
consisting of 4522 lead blocks in each endcap. They cover 
the angular regions 10 ~ < 0 < 36.5 ~ and 143.5 ~ < 0 
< 170 ~ The angular resolution of the FEMC as mea- 

sured for 45 GeV electrons is about 0.3 ~ 

- The small-angle tagger (SAT) is a calorimeter consist- 
ing of alternating layers of lead sheets and scintillating 
fibres, covering polar angles from 2.5 ~ to 7.7 ~ on both 
sides. It was used for luminosity measurements and for 
the suppression of two-photon events with a scattered 
electron within its angular range (anti-tagging), and it 
contributed also to the measurement of the total visible 
energy of each event. 

The hadron calorimeter (HAC) has been used to assist 
in the discrimination of y y events against the background 
from Z decays, but information from this detector was 
not included in the final event analysis. In the barrel 
region, electromagnetic energy is measured by a high den- 
sity projection chamber (HPC). Due to the relatively high 
threshold of the HPC, the low energy photons in the y)p 
events gave a small contribution to the overall energy. 
They were included in the jet reconstruction algorithm 
[8]. 

The quality of the trigger system is very important in 
yy data taking, due to the low multiplicity of the final 
state and the low particle momenta. The main compo- 
nents of the DELPHI trigger for this analysis are the 



coincidence of ID and OD signals, the coincidence of 
signals in the FCA and FCB, and the TPC subtriggers. 
The neutral component contributes negligibly to the ~? 
trigger rate. A determination of the trigger efficiency is 
described in the next section. 

3 E v e n t  s e l e c t i o n  

The multiplicity and total energy of the charged particles 
in an event formed the basic criteria for event preselec- 
tion. Charged particle tracks were accepted if the follow- 
ing criteria were met: 

- momentum above 0.4 GeV/c; 
- polar angle in the range 20 ~ < 0 < 160~ 
- radial projection of the impact parameter relative to 
the interaction point below 4 cm; 
- projection of the impact parameter along the beam 
direction below 8 cm; 
- relative error on momentum measurement less than 
100%. 

All calorimetric information has been included in the 
event selection for discrimination against background 
from Z decays. Taking into account the sensitivity, sta- 
bility and noise performance of the calorimeters, the fol- 
lowing thresholds were chosen: 0.5 GeV for the FEMC 
and HPC, 1.5 GeV for the HAC and 2.0 GeV for the SAT. 
Data have been compared with Monte Carlo results for 
forward-backward oriented hadronic Z events in order 
to check the quality of the simulation for charged and 
neutral particles. All distributions were found to be in 
good agreement. 

The following criteria were used for the selection of 
two-photon events: 

1. at least 4 charged particles in the event; 
2. total energy of the charged particles below 12 GeV; 
3. total visible energy below 20 GeV; 
4. invariant mass of the hadronic system in the range 
3-13 GeV/c2; 
5. total transverse momentum below 2.5 GeV/c; 
6. net charge of the observed charged particles not more 
than one unit. 

Criterion 1 selects hadronic final states. Criteria 2 and 3 
suppress Z background. Criteria 3 and 5 constrain the 
experimental conditions to explicit anit-tagging and add 
to the suppression of Z background. The lower limit in 
criterion 4 suppresses the resonance region of the ),y in- 
teraction and most of the beam-gas events, while the up- 
per limit further reduces the Z background. Criterion 6 
removes the majority of the remaining beam-gas events. 

Events fulfilling the criteria 1-6 constitute the mini- 
mum bias sample, in the following referred to as sample 
I. This sample was obtained from data taken in 1991 and 
1992. Secondly, a more restricted sample of events with 
high-p r jets was defined (sample II). In addition to the 
cuts mentioned above, two jets with Pr > 1.75 GeV/c and 
polar angles between 40 ~ and 140 ~ were required. The 
jets were defined using the Lund cluster algorithm [8] in 
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the visible centre of mass, optimized for a two-jet search 
with the QPM Monte Carlo. This sample was extracted 
from all data taken in 1990-1992. 

The forward-backward regions of the detector play 
the most important role in the 7~ trigger. Information 
on all trigger components was recorded for each event. 
The single-track trigger efficiency was calculated by use 
of the redundancy among independent triggers. Figure 2 
shows the trigger efficiency in the 1991 and 1992 runs for 
sample I data as a function of the total visible energy of 
charged particles. 

Convolution of the energy dependence of the trigger 
efficiency with the distribution of the total energy of 
the charged particles leads to the following trigger effi- 

_ +0  80 +0.50 
ciencies: 9 5 . 5  li5V0 for sample I and 9 9 . 0  1.0:/0 for 
sample II. 

The cross section for events fulfilling the selection cri- 
teria was calculated for each LEP energy point. A fit of 
the energy dependence of the cross section was performed 
on the 1991 data as an additional check, in order to obtain 
an estimate of the visible cross section from Z back- 
ground and from ~? events. Cahn's formula [9], which 
takes into account dominant radiative effects of Z decays 
only, is sufficient in this case of low statistics and a low 
contamination of the sample with Z decays, and was 
combined with a linear term describing the two photon 
contribution. 



362 

The fit (Fig. 3) applied to the 1991 data selected by 
criteria 1-6 (sample I) gives the following cross sections: 

~e~p _ 23 • 37 pb. %rmexP _-554_+23pb and uzo ) -  

For sample II the values are: 

e x p  e x p  a~r(m = 1 0 . 9 •  and Crz( m=2.0+6.1_ pb. 

A Monte Carlo simulation including both q~ and r + r -  
events was used to check the visible cross section due to 
Z background. The results are compatible with the cross 
sections extracted from the fit above: 

~c  - 7 . 0 + 0 . 7 p b ,  Mc - 0 . 1 4 + 0 . 0 6 p b  O ' q q ( I )  - -  - -  O ' v r  ( I )  - -  - -  

for the minimum bias sample ; 
M C  _ _  M C  _ _  O'qq(n)-- 0.2 • 0.1 pb,  a ~ ( i i ) -  0.02___ 0.01 pb 

for the events with two high-pr jets. 

These estimates from simualtion were used for the 
subtraction of Z background. A selected sample of 
events originating far from the interaction point 
(10 cm < I zl < 20 cm) was used to estimate the cross sec- 
tion of the beam-gas background: 

o-bgm=3.0+_0.5pb and O-bg(ii) : 0.0 ___+ 0.1 pb. 

Other sources (virtual Compton process, tau pairs from 
yy interactions) give much lower contributions, in agree- 
ment with previous studies. 

4 Models 

Both event samples have been compared with model pre- 
dictions. 

The Vector Meson Dominance Model was used to 
describe the fully non-perturbative regime. The yy cross 
section is given by: 

ary (W z, Qz, p2) (1) 

= FvDM(Q2)FvDM(p2) [A + B ] 

where W is the invariant mass of the two-photon system 
and Q2 and p 2  a re  the absolute squared masses of the 
two virtual photons. We have taken A =275 nb and 
B = 300 nb. GeV [ 10]. These values are about 10% larger 
than in the standard Rosner formula [11]. This type of 
parametrization has already been used by previous ex- 
periments [ 12, 13]. The quantity FVD ~ is the generalized 
VDM form factor [14]: 

1 + Q2/4m~ 
Fv~ ~' rv (1 + a2/m~)2 

V = p , o ~ , e p  

0.22 
q l + Q2/mg (2) 

where m v denotes a vector meson mass and r v is related 
to the vector meson coupling to the photon. The last term 

in (2), where the value m o = 1.4 GeV was used, describes 
the contribution from the radial excitations of vector mes- 
ons. The multihadronic final state was generated as a qq 
pair, with a quark distribution da/dp~.~-exp ( -  5p~) in 
the yy centre of mass system, fragmented according to 
JETSET 7.3 [8]. The parameter o-q in JETSET, describing 
the width of the Gaussian distribution of primary had- 
rons within a jet, was set to 450 MeV/c in order to take 
into account the bound-state origin of the quarks [2]. 

The quark parton model generator was used to de- 
scribe the interaction term due to direct photon-quark 
coupling, analogous to the QED process ee~eelulu. 

Within the QCD multi-jet component, the central p~ 
of the hard scattering subprocess, which is always greater 
than the perturbative cut-off (p~in)2, probes the structure 
of one photon in singly resolved processes, or both pho- 
tons in doubly resolved processes [ 15]. In this approach 
the two photons need to be quasi-real. This is indeed the 
case, since their average absolute squared masses, as 
obtained from Monte Carlo, are of the order of 0.1 
(GeV/c2) 2, much lower than ( p ~ h l / c ) 2 .  The quarks and 
gluons are emitted from a photon through QCD evolu- 
tion, starting from either a point-like or a bound state 
coupling, whose separation implies the use of another 
momentum transfer or pO cut-off [16] at the first quark 
pair creation level. Since the existing quark and gluon 
parametrizations do not allow such a distinction, the ap- 
proach in the present study has been that the outgoing 
partons will give rise to high-pr jets, while the spectator 
partons produce remnant jets. The latter were generated 
along the direction of the incoming quasi-real photons. 
This point deserves further study, together with the pO 
cut, because of the efffect on the detected particles from 
remnant jets. Many partonic density functions of the pho- 
ton are available, but since they are extracted from deep 
inelastic ey scattering at high Q2, they sometimes cannot 
be used for hard scattering at relatively low p~/c 2. Only 
Leading Order parametrisations have been considered. 

A priori, each parametrisation is associated to a 
special value of mii1 Pr  , constrained by the description 
of the visible total cross section. The following parton 
density functions [17], starting from Q2 larger or equal to 
1 GeV2/c 4, have been used: the parametrisations due to 
Duke and Owens (DO) [18], Drees and Grassie (DG) 
[15], Levy, Abramowicz and Charchula (LAC 1) [19] and 
Gordon and Storrow (GS) [20]. The main differences 
among these sets stem from their behaviour at low x. 

5 Results and discussion 

After background subtraction and efficiency corrections, 
the following values were obtained for the visible cross 
section of the two samples of yy events: 

e x p  _ _  crrr (i) -- 573 + 5 (stat) ___ 19 (syst) pb 

e x p  ar t  (ii)12.8 + 0.7 (stat) _+ 0.4 (syst) pb. 
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The quoted systematic errors are the quadratic sum of 
uncertainties in trigger efficiency (1%), in selection effi- 
ciency (1%) and in the background estimation (3%). 

The Monte Carlo generated events were processed by 
the detector simulation program and were submitted to 
the same selection procedure as the experimental data. 
The calculations of thrust and jet transverse momentum 
were performed in the y~ visible centre-of-mass system. 
The resulting QPM and VDM predictions for sample I 
are: 

o.QPM = 34.5 + 1.0 (stat) pb y ~, (I) 

aVn~ _ 287.2 + 4.7 (stat) + 140 w ( 0 -  - _ 57 (the~ P b 

with a theoretical error coming from various predictions 
found in the literature. Neglecting for the moment the 
large systematic error, their incoherent sum is not suffi- 
cient to describe the experimental visible cross section of 
sample I. One may of course try to force agreement with 
experiment without inclusion of QCD subprocesses by 
tuning VDM. However, as already shown by the AMY 
collaboration [3] and as evident from the present data, 
it is not possible to explain data in the region of high-pr 
jets by such tuning of VDM. 

Use of the sample of events with two jets at high PT 
(sample II) eliminates the large uncertainty from the VDM 
cross section. The size of the VDM contribution is small 
in this sample. In addition, the influence of errors from 
the determination of the p~n cut in the QCD model be- 
comes strongly reduced for sample I, assuming VDM 
contribution to be 287.2 pb as given by the Monte Carlo. 
The systematic uncertainty in the VDM cross section for 

data sample II is estimated as § 0.35 - 0.14 pb. The model cross 
sections for sample II are: 

o. QPM = 3.9_ 0.5 (stat) pb and v ~ (II) 

o . V D M  r~(n) = 0.7 _+ 0.2 (stat) pb.  

Thus, the result from the two-component model, 

awr~  + QVM _ 4.6 + 0.6 (stat) pb,  
y ~ ,  ( I I )  - -  - -  

is appreciably smaller than the experimental cross section 
for sample II events. 

The next step has been to add the QCD component, 
with several parametrization functions. For each para- 
metrization, the c u t  p~in was determined by the require- 
ment that the three-component model should reproduce 
the measured cross section for sample I. With these values 
o f  r a i n  p r  , the three-component model cross section was 
then determined using the event selection criteria of sam- 
ple II. The results for four different parton density par- 
ametrisations are: 

D O  _ _  aye( m -  7.9 _ 0.6 (stat) pb 

D G  _ _  a r y ( m -  9.4_+ 0.7 (stat) pb 

L A C  1 _ _  ayyft~)- 12.2 _+ 1.2 (stat)pb 

G S  - -  arr(m - 13.3 • 0.9 (stat) pb. 
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Clearly, the DG and DO parametrisations are too soft 
and fail to describe the data in the region of high-pT jets. 
The LAC 1 and GS parton densities give a quantitatively 
correct prediction. The same conclusion follows from 
comparison of the distributions of various event variables 
with the respective Monte Carlo results. Already at the 
level of sample I, it is found that the DG and the DO 
parametrizations disagree with the data in the region of 
the tails of the jet PT and invariant mass of the multi- 
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hadronic system distributions. As a consequence of the 
procedure adopted here, these parametrizations lead to 
very small cross sections for sample II for any p~'~. This 
is illustrated by Fig. 4. In fact, parton distributions peaked 
at very low x mainly lead to 1ow-pT jets carrying only a 
small fraction of the two-photon invariant mass, which 
implies a small high-pr jet visible cross section. The mix- 
ing of central particles and particles from remnant jets is 
quantified through the thrust variable. The GS and LAC 1 
parametrizations produce reasonable agreement in most 

of the distributions (Figs. 5-8). The differences between 
the GS and LAC 1 predictions are very small. Further 
studies are underway concerning the effect of the treat- 
ment of remnant jets on the photon structure description. 

If  the three-component model is considered as proven, 
a reduction in the uncertainty on the size of  the VDM 
contribution can be attempted. For both data samples, 
the correlation can be determined between the cut p~in 
and a rescaling factor of  VDM at which the model cross 
sections agree with the data. In the case of the GS par- 
ametrisation, only sample I exhibits a high sensitivity: a 
+ 45% variation in the VDM scaling factor implies a 
corresponding + 20% one in min 

- -  PT �9 Nevertheless sample 
II  constrains p~in around the central value. The LAC 1 
parametrisation gives similar results. 

6 C o n c l u s i o n s  

We have studied multihadron production in two-photon 
collisions at LEP. A three-component model which in- 
cludes QCD hard scattering subprocesses is needed to 
describe the data. Rather soft parametrisations of the 
partonic content of  the photon are preferred, although 
differences in the behaviour at small x remain, in broad 
agreement with recent AMY results [21]. Further studies 
of effects related to the simulation treatment of remnant 
and central jets are continuing. 
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