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Abstract. We present results on jet production in yy
interactions where both photons are quasi-real. The
invariant masses of the hadronic system are limited
to the range 4 < W,;, <12 GeV/c% The data approach
the Quark-Parton-Model (QPM) expectation at the
highest p¥¢* values (=4 GeV/c). Jet production at low
pr (£1 GeV/c) can be described by a Vector Domi-
nance derived model. The data also have a compo-
nent with no apparent jet structure in the range, 1.0
<pit<4.0 GeV/c which can be described by phase
space or by models of the QCD hard scattering pro-

cesses yy—qgg and yy —qgqq.

Introduction

The production of two-jet events in yy interactions
[1] has been studied by the JADE [2], TASSO [2]
and PLUTO [3] collaborations. These studies have
shown that for virtual photons the cross-section for
the production of jets with high transverse momen-
tum, pi¢, relative to the yy axis approaches that pre-
dicted by the quark parton model (QPM) (Fig. 1a)
as pift increases. In contrast, for low p¥!, the data
are well described by models based on vector domi-
nance (VDM) in which the photons interact via their
hadronic components, (Fig. 1b). For the case of quasi-
real yy interactions the TASSO collaboration have
reported on the production of charged hadrons in
the range 1.5=<p;<3.0 GeV/c where they observe an
excess of hadrons over the predictions of the QPM
by a factor of four. This observation has been con-
firmed by the PLUTO collaboration [3] who have

(b) YY-=pp->hadrons

(d) YY—=qgaq

(c) yy—qgg

Fig. 1. a The pointlike QPM interaction. b The VDM interaction.
cyy—qgg.dyy—qdqd. The hard scattering subprocess is indicated
by the dashed line
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shown however that the excess is not present when
events with high pJ* are selected and that the cross-
section for high p¥' is in agreement with the QPM
expectation.

Higher order QCD calculations predict the pro-
duction of multijet events in yy interactions [4] (Fig.
lc, d) in addition to the two-jet topology. In this
paper we report on the results of an analysis of events
of the type e™ e” —e* ¢ +hadrons where the scat-
tered electrons are anti-tagged and consequently the
interacting photons are constrained to be quasi-real.
We present an analysis of the topology of these yy
events and evidence for the presence of higher order
QCD processes.

The Pluto Detector

The data were obtained with the PLUTO detector
at the storage ring PETRA, at an e*e™ centre of
mass energy of 34.7 GeV. The deails of the PLUTO
detector have been described in previous publications
[3, 5]. In the angular region 25<0<155° detection
and momentum measurement of charged particles is
performed by a cylindrical central detector, in a solen-
oidal magnetic field of 1.65T. In addition, forward
spectrometers [6] cover the regions 5<0<15° and
165£6=<175° and 85% of full azimuth, providing
charged particle detection at small angles to the e* e”
beams with a momentum resolution of ¢,/p=3%-p
(p in GeV/c). The barrel and endcap shower counters
which cover 96% of the full solid angle are used for
the detection of photons.

An important feature of the detector for the classi-
fication of yy interactions is the presence of electron
taggers at small angles to the e™ e~ beam axis. The
small angle taggers (SAT) and large angle taggers
(LAT) cover the angular regions of 30 <6< 55 mrad
and 87 <0260 mrad with energy resolutions (og/E

with E in GeV) 16.5%/]/E and 25%/]/E respectively.

Data Selection

If an electron were detected in the SAT or LAT with
an energy greater than 8 GeV the event was rejected.
This procedure limits the mean Q2 of the interacting
photons to 0.008 GeV?2,

In order to identify jets and also to reduce the
large backgrounds in this sample of yy events the
following selections were made:

® charged multiplicity =4
® 4<W,, <12 GeV/c?, where W,y is the observed in-
variant mass of the hadronic system. The lower limit
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is chosen to avoid the region of s-channel resonance
production and to ensure sufficient energy for jet for-
mation; the upper limit is required to reduce the back-
ground from e* ¢~ — hadrons.

® |) g;|<2, where g denotes the charge of the had-
rons in units of e.

® | pril <2 GeV/c, where py; is the transverse mo-
mentum of each particle with respect to the e*e”
beam axis.

® |z,| <35 mm, where z, is the distance between the
interaction vertex and the e*e” beam intersection
point as measured along the beam axis.

The third and fourth selections reject badly measured
events while the last selection suppresses events aris-
ing from beam-gas interactions. The residual beam-
gas background is estimated from the z, sidebands
and constitutes 1.5% of the final data sample.

Backgrounds have been calculated by Monte Car-
lo techniques; the following processes have been con-
sidered:

® ¢ e —hadrons
@cte 1™
@cte sete 171,

The production of tau pairs via one and two photon
couplings contributes backgrounds of 0.2 and 0.5%
respectively. The most severe background is from the
annihilation production of hadrons which contributes
3.1% overall to the data sample [7]. This background
is large (~ 50%) in the regions of high pi¢* (=4 GeV/c)
and high thrust (= 0.8) and limits the maximum W,
and hence pi¥, at which jet production can be studied.
The annihilation background has been studied in de-
tail over the full range of invariant masses up to the
e* e~ CM energy; the annihilation Monte Carlo is
found to describe the data well in background domi-
nated regions.

From an integrated luminosity of 12 pb~! we ob-
tain a final event sample of 6293 events of which 5.3%
are due to background processes. The backgrounds
due to beam-gas, annihilation and tau-pair produc-
tion have been statistically subtracted from the data
sample.

Monte Carlo Models

The comparison of theory and experiment is compli-
cated by the limited resolution and acceptances of
the detector. We use Monte Carlo techniques to gen-
erate events according to the differential yy cross-sec-
tion predicted by models, and to simulate effects of
the detector. To describe hadron production in yy
interactions, two classes of model have been used
namely:
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@ jet models which produce a two jet topology. The
pointlike QPM process yy—>gq4 and the VDM are
of this type. We use the same models that described
well the tagged PLUTO data [3].

® multijet models where hadron production is de-
scribed by higher order QCD processes yy = g4 g and
y7—q{dqg or by phase-space.

We now describe the models in more detail.

(a) The Quark Parton and Vector Dominance Models

The event generator for QPM is based on a program
due to Vermaseren [8] which simulates the process
ete  —sete u*u~. To generate yy — q4q the u’s are
replaced by quark-antiquark pairs ui, dd, s§, c¢ with
fractional charges and masses of 0.3, 0.3, 0.5 and
1.6 GeV/c? respectively. The quarks are fragmented
using the standard Feynman-Field [9] scheme. The
quarks u, d and s are fragmented using the distribu-
tion dN/dk%~ e *%/** with 6=350 MeV/c, f(z)=1—
a+3a(l1—z)? with a=0.77, P/(P+V)=0.5 and a sea
quark ratio of u:d:s=2:2:1. The fragmentation of
the charm quark follows the prescription in [10].

To simulate the hadronic interaction of the pho-
tons we used a Vector Dominance Model with pa-
rameters determined from the VDM dominated re-
gion of the PLUTO tagged data. Thus the cross-sec-
tion was taken to be 240 nb and the fragmentation
of the two jets follows the Field-Feynmann scheme
with a=0.45 and 0 =450 MeV/c. We use the incoher-
ent sum of QPM and VDM to describe two-jet pro-
duction and refer to this sum as the two-jet model.

(b) Multi-jet Models

(i) Higher Order QCD Processes. In QCD, higher
order processes are predicted to occur in yy interac-
tions with a cross-section of the order of the pointlike
y7 — qg cross-section [4]. Two of these hard scatter-
ing processes, ¥y —qggg and yy—qggqq, have been
simulated by Monte Carlo. The W-dependence for
the yy cross-sections are assumed to be proportional
to 1/W?2. The event simulation is as follows:

YY—4q8.

One of the photons is split into a qq pair. The quarks
are assumed to have a flat x dependence where x
is the fractional four-momentum of the photon car-
ried by the quark. The other photon interacts with
a quark in a hard scattering process yq—qg, as
shown in Fig. 1c. This point-like interaction is as-
sumed to have the same angular distribution in its
centre of mass as that in yy — qg. Finally the gq sys-
tem is fragmented in the same way as the ¢4 system
in the QPM.
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YY—>449494.

For this channel both of the photons are split into
a gq pair with a flat x dependence. The hard scatter-
ing process gq—qgq, see Fig. 1d, is simulated and
the quarks are fragmented as for the pointlike yy — g4
process.

(ii) Phase-Space. For the low W-values of this data
it may not be possible to resolve multijet formation.
We therefore consider also phase-space distributions.
We have employed two all-pion phase-space models
which differ in the W and Q? dependence of the yy
cross-section. The model called PS1 has the same W
and Q* dependences for the yy cross-section as the
vector dominance derived model ("3 (W)oc W°). The
second model (PS2) has a QPM like cross-section
(6®52(W)oc W ~2). The multiplicity of the pions is tak-
en from e* e~ annihilation data at comparable centre
of mass energies.

These multijet models could be substantially re-
fined by, for example, using an alternative splitting
function for the photon and a more accurate descrip-
tion of the hard scattering process. However our mo-
tivation for using these models has not been to find
an exact description of multijet processes but rather
to find out if one model could be distinguished from
another at the relatively low yy invariant masses ac-
cessible to this experiment [7].

Results

We emphasise that all the distributions shown here
include detector effects and therefore cannot be direct-
Iy compared with theoretical predictions.

The data are analysed in the hadronic centre of
mass frame and the jet axis is defined by the thrust
axis. In the case of untagged yy events, the photon
four-vectors cannot be determined; it is, however, a
good approximation to replace the unknown yy axis
by the e* e~ beam axis. The jet transverse momen-
tum, pit, is thus defined with respect to the e* e™
beam direction.

Jet structure in the data will manifest itself as a
limited transverse momentum (k) for the hadrons
with respect to the jet axis. In contrast, the longitudi-
nal momentum component (k;) increases with the
centre of mass energy. Figure 2 shows the distribution
of the mean values of k; and k; as a function of
the observable hadronic invariant mass W,;,. The data
are compared with the predictions of the two-jet mod-
el and an all pion phase-space model. The band on
the Monte-Carlo curve represents + 1 standard devia-
tions on the statistical uncertainty. Both the k limita-
tion and the growth of k; observed in the data are
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Fig. 2. The average transverse and longitudinal components of mo-
mentum for charged particles with respect to the thrust axis in
the hadronic centre of mass frame. The data is compared to the
incoherent sum of VDM and QPM and to a phase-space model

well described by the jet model demonstrating the
dominant two jet structure of the data.

Having shown the presence of the jet structure
in the data, we study the distribution of jet transverse
momentum, pif'. We compare the data with the point-
like yy — g process using the quantity:

Rr (i) =
observed number of events at a given pif*
number of events predicted by QPM at the same pi**’

(1)

In Fig. 3 R is shown as a function of pi* for
all the data together with the prediction of the two-jet
model. From Fig. 3 we observe:

® At high p¥' the data approach the QPM expecta-
tion from above with R"?=1.9+0.9 for pif*> 4 GeV/c.
e Jet production at low p; is well described by VDM.
® An excess of events over the prediction of the two-
jet model is evident in the intermediate p¥' region
of 1.0 pit<4.0 GeV/c. When two-jet events are se-
lected (thrust =0.9), no excess is observed (Fig. 4).
To study the excess of events at intermediate p¥*
we examine the thrust distribution. Figure 5 shows
the distribution of thrust together with the prediction
of the two-jet model. The two-jet model approaches
the observed distribution at high thrust while at low
thrust there is an excess of events. To correlate the
thrust distribution with the jet transverse momentum
we show in Fig. 6 the mean thrust as a function of
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Fig. 6. The mean thrust value as a function of p§'. The two-jet
model is shown by the solid curve; the sum of the multijet and
two-jet models is shown by the shaded area

p¥*. Evidently the deviation of the mean thrust from
that expected for two jets is most marked at interme-
diate p§* values lying between 1.0 and 4.0 GeV/c, i.c.
at those pif* values where an excess of events is ob-
served in the R”?(pic") plot.

The data thus demonstrate the existence of events
which have a lower average thrust than two-jet
events; we refer to these events as the low-thrust
events. We take the number of low-thrust events to
be equal to the number of data events minus the
number of events predicted by the two-jet model. If
the two-jet model has the cross-section extrapolated
from the PLUTO tagged data using the GVDM Q2
dependence the number of low-thrust events is about
20% of the total data sample.

Four models have been described above which
yield low-thrust events, namely two phase space mod-
els, and models for the QCD processes yy —qgg and
7Y —q444. The cross-sections for these processes are
not precisely known; also the cross-section for the
VDM is uncertain due to the extrapolation of the
PLUTO data [3] from Q?~0.5GeV? to
Q?~0.0 GeV/c%. Consequently we have fitted the
data of Fig. 3 to

R(p¥Y)=aRypu(pi)+ Ropm (PF)+ bR i jot Y

where a and b are parameters that are fitted subject
to the constraint that the number of events predicted
by the sum of the two-jet and multijet models is equal
to the number of data events. R, Rypy, Rgpy and
Rounijer are the RY7(ple) distributions of the data,
VDM, QPM and multijet models, respectively. The
fitted fractions (x?) of multijet events are 6+ 1% (66),
10+ 1%(23), 16 +1%(22) and 26 +2%(7) for the PS1,
PS2, g4g and qdqg models respectively. The results
of the fits are shown in Fig. 7. The fits show that
the PS1 model can be excluded due to the poor y2
and that the other models, individually or mixed,



356
25 T T T T T
N ]
RN _—-vomsapu+psg FEUTO ]
AN T YBMQPMePS 2
Ly * +qq i
20r 40 VDM« GPM-+ qaag
- \)‘\ Data
150
L
10F
5_
0
0

Pt {Gev/c)

Fig. 7. R'? versus p¥¢* for all data. Each curve results from the sum
of the two-jet model and a multijet model (see text)

T T

VDM +QPM 5
+multijet

10 My 3

0% pLUTO

el ( f !
T 00 o
a Particle P# (GeV/c)?

5 T T

VDM +0PM
+multijet 5

dN/d (P2 ) (GeV/c)?

PLUTO
102

10° 100 10!
b Jet P#(GeV/c)?
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would give a satisfactory description of the R?”(pi)
distribution *. For the g4 g and ¢§qg models the frac-
tion required is close to the 20% estimated using
VDM extrapolated from the PLUTO tagged data.
This fraction is in- agreement with theoretical expecta-
tions [4]. On the basis of the fits, we cannot distin-
guish between the PS2, ggg and g4qq models. Also
the thrust distribution does not allow a distinction.
We therefore show in Figs. 5 and 6 the range of pre-
dictions of these models as a shaded band. These fig-
ures demounstrate that the sum of a multijet model
and the two-jet model gives a good description of
the thrust distribution, both on average and as a func-
tion of pif. The agreement with the data is further
demonstrated in Fig. 8 which shows the particle and
jet p? distributions.

Conclusions

The existence of jet production in yy interactions at
Q?=0 has been shown. The conclusions of the jet
analysis are:

@ For high jet transverse momentum, the data ap-
proach from above the predictions of a Quark Parton
Model with constituent masses and fractionally
charged quarks.

® When two-jet events are selected by requiring
thrust =0.9, the -data at all jet transverse momenta
are described well by the incoherent sum of a Vector
Dominance derived model and the Quark Parton
Model.

® Between 10 and 26% of the events do not have
a two-jet topology. These events can be described by
models representing multijet processes.
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