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Two-photon quark exchange scattering 73' ~ q?:l is 
of  as fundamental importance as quark pair production 
in e+e - annihilation. This process [1] is expected to 
dominate at high four-momentum transfers which im- 
ply high two-photon invariant masses. Therefore, one 
has to look for a hard scattering process which is char- 
acterized in general by two non-back-to-back jets of  
high transverse momenta, since the two-photon system 
is normally moving with respect to the laboratory sys- 
tem. This letter reports on a jet analysis carried out on 
the data from the JADE detector [2] and discusses 
briefly the question of  the quark charges which enter 
to the fourth power in the cross section. 

In order to avoid a high background from e+e - 
annihilation, we restrict our analysis in this first stage 
to single tagging triggers having an electron shower 
recorded in one of  two sets of  lead glass counters, each 
of  which has 92 elements and surrounds the beam pipe 
about 5 m away from the interaction point covering an 
approximate angular range from 34 to 75 mrad with 
respect to the beam line. In addition the trigger required 
that an energy of  at least 1 GeV was deposited in the 
cylindrical lead glass array or at least two charged tracks 
registered in the central drift chambers [2]. 

The recorded events were further selected by demand- 
ing a tagging cluster of  at least 4 GeV, a well defined 
vertex (of at least 2 charged tracks) within 8 cm of the 
nominal interaction point, and at least four particles 
(charged or neutral) in total. Charged tracks were ac- 
cepted down to 20 ° and photon clusters down to 12 ° 
with respect to the beam line. Since the bulk of  low- 
mass two-photon events is of  no interest for this type 
of  analysis, it was required further that the total visible 
energy Evi s (assuming all charged particles to be pions 
and all neutrals to be photons) exceeded the momen- 
tum component along the beam line Pvis,z by 3 GeV. 
Events with a visible energy greater than 20 GeV were 
excluded. With these selection criteria and a total inte- 
grated luminosity of  9730 nb -1 , (29.9 % x/S-~< 36.7 
GeV) 538 events were found. The visible energy spec- 
trum of these events is shown in fig. la. Even for tagged 
events a contamination from e+e - annihilation must be 
considered and in fig. lb  we show - scaled to the same 
luminosity - the energy spectrum of simulated annihi- 
lation events ,1 with a radiated photon heading towards 

.1 Events were generated with the Lund Monte Carlo program 
[3] and radiative corrections were taken into account ac- 
cording to ref. [4]. 
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Fig. 1. Visible energy of (a) single tag multihadronic two- 
photon events (see text) and (b) Monte Carlo simulated anni- 
hilation events with a radiated photon heading towards one 
of the tagging counters. 

one of  the tagging counters. Since electrons and photons 
cannot be distinguished in the tagging counter all "two- 
photon" events between 15 and 20 GeV can be associ- 
ated with annihilation processes. Normalizing the Monte 
Carlo distribution between 15 and 20 GeV to the actual 
number of  observed events in this energy interval, one 
then obtains for the region from 3 to 10 GeV an annihi- 
lation background of  2% and from 10 to 15 GeV a back- 
ground of  about 20%. 

The beam-gas  background was subtracted in the 
standard way by choosing control regions along the 
beam line away from the interaction point, and its con- 
tribution was found to be of  the order of  1%. The back- 
ground from tau pair production is calculated to be 
about 1%. 

In order to select events with a characteristic two- 
jet structure, a computer scan of  the data was performed 
which resembles the visual grouping of  tracks into nar- 
row cones. Advantage was taken of  the fact that a gen- 
eral jet search method [5] has been proposed and an 
efficient algorithm [6] set up and checked against e+e - 
annihilation Monte Carlo events at 13 and 30 GeV. 
This search method allows for an arbitrary number of  
jets and proceeds via the following steps: 

- Particles within 30 ° of  each other are combined 
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to form preclusters. Single isolated particles are also 
regarded as preclusters. 

- Predusters within 45 ° of  each other are combined 
to form clusters. Single isolated predusters  are also 
regarded as clusters. 

- Assuming all charged particles to be pions and all 
neutrals to be photons,  clusters with an energy of  at 
least 2 GeV and with at least 2 particles (charged or 
neutral) are defined to be jets. 

The search for jets was performed in the laboratory 
frame and also in the centre of  mass system of  the mea- 
sured charged particles and photons, and it was found 
that our final results did not  depend on the reference 
system. Here we shall only present the jet  analysis per- 
formed in the centre of  mass system. Out o f  the origi- 
nal data sample 119, 104, and 9 events are assigned as 
one-jet, two-jet, and more than two-jet topologies, re- 
spectively. The two-jet events, being of  prime interest 
for our discussion, contain on the average 85% of  the 
visible energy in the jets. For  this sample of  two-jet 
events we now require that  at least one of  the jets has 
a transverse momentum pT(JET) exceeding 2 GeV/c 
and obtain 46 events. Of these 46 events 2 have a vis- 
ible energy above 15 GeV and are therefore discarded. 
Applying our annihilation background analysis with 
these more stringent cuts, we expect  2 more background 
events below 15 GeV. Therefore one ends up with 42 
high-p T two-jet events after background subtraction. 

The inclusive particle spectra are shown in fig. 2 as 
a function of  the transverse particle momenta  PT with 
respect to the centre of  mass direction of  motion: (a) 
for all selected events, (b) for two-jet events selected as 
described above, and (c) for only those two-jet events 
with at least one of  the jets having a pT(JET) which 
exceeds 2 GeV/c. One observes that the PT distribution 
becomes flatter as more selections are applied to the 
data. The high-PT two-jet class of  events agrees best in 
shape with what is expected [7] for 77 -~ q?:l when in 
addit ion to the QED type process, a standard fragmen- 
tation of  the quarks is taken into account. The curve 
[7] in fig. 2 is normalized to the high-pw two-jet events 
and depicts the expected approximate x~  4 dependence 

where x T = PT/Ebeam. 
This definition of  jets is purely experimental  and it 

was the purpose of  a detailed Monte Carlo simulation 
to see how well the experimental findings resembled 
the leading order quark scattering mentioned above. 
The Monte Carlo calculation employed a two-photon 
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Fig. 2. Inclusive particle distribution for multihadronic two- 
photon events compared with the expected approximate XT4 
dependence (curve) given in ref. [7, fig. 4]. x T = PT/Ebeam is 
taken with respect to the centre of mass direction of motion. 

event generator [8] to produce in a QED-like fashion 
quark pairs (with a mass of 300 MeV for u, d, s and of  
1.5 GeV for c) which then turn into hadrons via the 
standard F i e l d - F e y n m a n  fragmentation mechanism 
[9] *2. In an a t tempt  to observe differences between 
these model calculations and the unselected data sam- 
ple, we found that the model described the shape of  
most experimental distributions of  the original 538 
events surprisingly well, for example the charged and 
neutral multiplicity and the two-photon invariant mass 
spectrum. An exception is the inclusive particle PT dis- 
t r ibution which came out too flat and ordy fitted the 
high-p T two-jet events, as we have already discussed 
above. This comparison reinforces our procedure to 
select high-PT events which is equivalent to selecting 
events with low sphericity in the event centre of  mass 
frame. Whereas the average sphericity of  the unselected 

+2 The constant in the fragmentation function has been chosen 
a = 0.77 for u, d, s, quarks and a = 0 for the c quark. The 
transverse momentum within a jet is limited by x/~ a (PT) 
= 350 MeV. Sea quark contributions are u : d : s = 2 : 2 : 1 
and the vector to pseudo-vector part is 1 : 1. 
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data sample is 0.34, it drops to about half that value, 
i.e. 0.16, for the selected high-p T two-jet events. 

The experimental two-jet cross section may now be 
compared with the absolute prediction for the 3'3` ~ q?:l 
process. Including the first four quark flavours u, d, s, c 
one obtains: 

= ° ( e + e - ~ 3 ' 3 ' ~ q ~  =3 ~ Q4_~_34 
R ~  o(e+e - ~ 7 7 - ~ / a + p - )  i=u,d,s,c 

and the Monte Carlo simulation leads to an expected 
number of  20 two-jet events with at least one pT(JET) 
exceeding 2 GeV/c. Since R~r is close to one, we ex- 
pect roughly the same number of  muon pairs. In fact, 
18 3'3' ~/a+/~- events were observed which were selected 
under identical kinematic conditions. However, the 
actually observed number of  high'PT two-jet events 
was 42 and therefore twice as high as expected. The 
transverse momentum dependence of  the two-jet event 
cross section is shown in fig. 3 as a function o fxT(JET ) 
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Fig. 3. Transverse momentum distribution of  jets for single 
tag aata compared with absolute predictions for fractional 
charged quarks (curve). XT(JET) = pT(JET)/Ebeam is taken 
with respect to the centre of mass direction of motion. The 
cross section is given for the JADE tagging condition on the 
left-hand scale and integrated over all electron angles and 
energies on the right-hand scale. 

= pT(JET)/Ebeam and compared to the curve expected 
for 3'3' -~ q?t. It appears that the point-like 3'3' ~ qrq 
cross section is approached from above *3. Whereas the 
measurement and the prediction differ by a factor of  
nearly 4 at pT(JET) of  2 GeV/c, this difference drops 
down to a factor of  about 1.5 for pT(JET) values above 
3 GeV/c. The excess of  events may possibly be accounted 
for by the high-p T tail of  diffractive events which domi- 
nate at low PT and also by processes [1,7] like 3'q ~ gq 
or 3'g ~ q?:t which may have a steeper PT dependence 
than 3'3' ~ q?:t. 

The measured invariant mass of  the observed high-p T 
two-jet events range from 5 to 15 GeV. Because of  this 
high mass the c quark was included in the charge count- 
ing for the quark coupling which also determines the 
normalization in fig. 3. The above calculations assumed 
standard fractional charged quarks. If, however, one fol- 
lows the conjecture [11 ] of  integer charged quarks, then 
the curve in fig. 3 has to move up by a factor of  2.65, 
and the data points beyond pT(JET) of  3 GeV/c would 
fall below this curve by nearly a factor of  two. Even 
with our limited number of  events this conjecture seems 
to be ruled out. Another point of  interest is that within 
the scheme of  integer charged quarks the prediction 
should increase by an additional factor of  1.8 when the 
colour threshold is crossed. This threshold effect is not 
expected for fractional charged quarks, and for integer 
charged quarks it is certainly excluded in the energy 
range of  our two-photon two-jet events. 

In conclusion, we observe that the high-p T two-jet 
cross section in two-photon interactions approaches 
the theoretical point4ike 3'3' ~ q?:l cross section from 
above and that the scheme of  integer charged quarks 
is excluded from this process by four standard devia- 
tions. More data would be needed to decide at which 
pT(JET) value above 3 GeV/c the point4ike 3'7 ~ q?t 
limit is reached. 
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*3 A similar analysis is in progress for the PLUTO and TASSO 
experiments [ 10]. 

166 



Volume 107B, number 1,2 PHYSICS LETTERS 3 December 1981 

Ruther fo rd  Labora tory .  The visiting groups wish to 

thank the DESY directorate  for their  hospi tal i ty .  

References 

[1] H. Suura, T.F. Walsh and B.L. Young, Lett. Nuovo 
Cimento 4 (1972) 505; 
C. Llewellyn Smith, Phys. Lett. 79B (1978) 83; 
S. Brodsky, T. DeGrand, J. Gunion and J. Weis, Phys. 
Rev. Lett. 41 (1978) 672; Phys. Rev. D19 (1979) 1418; 
K. Kajantie, Phys. Scr. 29 (1979) 230; Acta Phys. 
Austriaca, Suppl. XXI (1979) 663. 

[2] JADE CoUab., W. Bartel et al., Phys. Lett. 88B (1979) 
171. 

[3] B. Anderson, G. Gustafson and T. Sj6strand, Phys. Lett. 
94B (1980) 211. 

[4] G. Bonneau and F. Martin, Nucl. Phys. B27 (1971) 381. 
[5] K. Lanius, preprint DESY 80/36 (1980). 

[6] H.J. Daum, H. Meyer and J. Buerger, Z. Phys. C8 (1981) 
167. 

[7] K. Kajantie, Proc. 4th Intern. Coll. on Photon-photon 
interactions (Paris, France, 1981), to be published. 

[8] P. Bhattacharya, J. Smith and G. Grammer, Phys. Rev. 
D15 (1977) 3267; 
J. Smith, J.A.M. Vermaseren and G. Grammer, Phys. Rev. 
D15 (1977) 3280; 
J.A.M. Vermaseren, Program write-up (1978), unpublished. 

[9] R.D. Field and R.P. Feynman, Nucl. Phys. B136 (1978) 1 
[10] W. Wagner, Proc. XXth Intern. Conf. on High energy 

physics (Madison, WI, USA, 1980) p. 576; 
D. Cords, Proe. 4th Intern. Coll. on Photon-photon 
interactions (Paris, France, 1981), to be published. 

[11] Y. Nambu and M.-Y. Han, Phys. Rev. D10 (1974) 674; 
J.C. Pati, Proc. Intern. Summer Inst. on Theoretical 
particle physics (Hamburg, Germany, 1975) p. 384; 
H.K. Lee, preprint Intern. Centre of Theoretical Physics 
(Trieste, Italy, IC/78/95, 1978). 

167 


