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We report on the exclusive production of 7r, K and proton pairs from photon-photon interactions at momentum trans- 
fers It[/> 1 GeV 2. Using the PLUTO detector at the e+e - storage ring PETRA, we have observed 15 events in an integrated 
luminosity of 41.7 pb -1 . The data lie far below the expectations for point-like hadrons, and are in reasonable agreement 
with the QCD-based predictions of Brodsky and Lepage. 

A topic of  current interest in the study of  two-pho- 
ton interactions is the reaction 

3'3' ~ h + h -  (1) 

where h may be a ~r, K, or p. In the limit of  large pho- 
ton-to-hadron momentum transfer, t, the cross sections 
have been calculated for real photons in the frame- 
work of  QCD [1,2].  These predictions are now direct- 
ly comparable with data. 

We have used interactions between quasi-real pho- 
tons to measure this process in the reaction e+e - 

e+e -h+h  - (see fig. 1). In a previous study [3] we 
were able to determine only an upper bound on the 
cross section. In this paper, we present the first mea- 
surement of  the above reaction at p h o t o n - p h o t o n  
center of  mass energies above the main hadronic reso- 
nance region. A measurement of  the sub-process, 77 

p~, but at energies near the kinematic threshold, 
has been made by the TASSO collaboration [4].  

Our data stem from an integrated luminosity of  
41.7 pb -1 which was accumulated at PETRA between 
August 1981 and August 1982 at an average e+e - cen- 
ter-of-mass energy of  34.7 GeV. To study hadron pairs 
produced with large momentum transfer by quasi-real 
photons,  we consider only events in which the scat- 

h ÷ 

e + k 1 k2 e- 

h 

t = (k 1- pl )2 

W2= (k l÷ k2)2 

Fig. 1. A schematic diagram of the reaction e+e ----, e+e-h+h -. 

tered beam electrons remain in the beam-pipe,  both  
hadrons appear at large lab angles, ®L, with respect to 
the beam axis ([cos ®L I ~< 0.6), and the momentum 
of  each hadron in the p h o t o n - p h o t o n  center of  mass 

f rame,Pcm,  is at least 1 GeV/c. With these cuts the 
momentum transfer from the photons to the hadrons 
is Itl ~ 1 GeV 2, and ®*, the angle between the photon 
and hadron directions in the p h o t o n - p h o t o n  center 
of  mass frame, is near 90 ° . The average value of 
Icos 0"1 is ~0 .2 .  In this kinematic region we are un- 
able to distinguish between lr's, K's and p's. In fact we 
make no positive identification of  the particles as ha- 
drons, but  require simply that they be non-leptons. 

The details of  the PLUTO detector  have been given 
elsewhere [5] .  We briefly discuss here the relevant 
components.  The final state particles are observed and 
their momenta  measured by  cylindrical proport ional  
chambers in the solenoidal magnetic field of  the cen- 
tral detector.  Lepton identification is made using the 
muon chambers and the central (barrel) shower coun- 
ters. The muon detector  is composed of  two separate 
sets of  chambers: proport ional  chambers after approx- 
hnately 70 cm of  iron and drift chambers after an ad- 
ditional 30 cm of  iron. The chambers cover approxi- 

mately 85% of  the angular region of  this study. The 
barrel shower counter is a lead-scintillator shower 
counter with a total  of  8.6 radiation lengths of  materi- 
al. These detector  components allow us to make a reli- 
able separation of  electrons, muons, and hadrons at 
momenta  larger than 900 MeV/c. In addit ion to the 
barrel shower counters, we use PLUTO's endcap and 
Large Angle Tagger (LAT) to reject events with extra 
photons and electrons. The resulting electromagnetic 
veto covers the complete angular region I cos ®L [ 
=< 0.996. 

We make the following cuts to reduce background,  
to ensure trigger efficiency, and to select a sample 
upon which we can make reliable lepton identification. 
Cosmic rays are removed by a time-of-flight cut and 
by  the requirement that the intersection of  each re- 
constructed track with the beam axis be within 40 mm 
of the beam crossing point.  To reduce r contamination,  
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the neutral energy not associated with the charged 
particles is limited to  100 MeV. Muon pairs produced 
by e+e - annihilation are removed by  requiring Pcm 
~< 5 GeV/c. The two tracks are required to be coplanar 

within 6 ° to ensure uniform trigger efficiency, and 
each track must have a momentum of  at least 0.9 
GeV/c to permit efficient lepton hadron separation. 
The requirements that no high energy electron be seen 
in the LAT or central detector  shower counters, and 
that the net transverse momentum of  the event be less 
than 0.5 GeV/c, ensure that the beam electrons are 
scattered at small angles. The average virtual photon  
mass squared is then - 0 . 0 0 8  GeV 2. 

At this stage about 2000 ")'7 -~ two-prong exclusive 
events remain. More than 99% of  the final states are 
leptonic. Since we identify hadrons only by  requiring 
them to be neither electrons nor muons, unidentif ied 
3,')' ~ ee and 77 ~ ~t/~ events are a potent ial ly serious 
background. Lepton identification proceeds as follows. 

Two-electron final states are removed by  rejecting 
events in which at least one particle deposits either 
more than 500 MeV, or more than an energy equal to 
half of  its momentum,  in the barrel shower counter.  
The probabi l i ty  that  a single electron fails to be iden- 
tified by  this criterion has been measured to be 0.017 
-+ 0.005. Since the identification of  each prong is inde- 
pendent,  the residual 7~' -+ ee contamination in the 
987 events identified as not containing electrons is 
only 0.3 + 0.2 event. Unfortunately,  since hadrons 
occasionally interact in the shower counters, this cut 
also rejects approximately  30% of  the q,~, ~ hh events. 

To identify 77 -+/~t events with sufficient efficien- 
cy, it is necessary to reject events in which the tracks 
point  toward an area of  iron absorber which is too 
thick for them to penetrate,  or toward an area with 
poor p-chamber coverage. For each event the probabil- 
ity that at least one of  the tracks would hit a/~-cham- 

ber, if it were in fact a/1, is calculated. The distribu- 
tion of  this muon identification probabi l i ty  displays a 
sharp peak within a few tenths of  a percent of  1.0. 
Only those events for which the probabil i ty  is greater 
than 98% are retained. 

This leaves 651 events, of  which 16 do not contain 
an identified muon. The estimated residual contamina- 
tion of  unidentified muons is 0.9 events. Residual un- 
identified electrons represent 0.2 events, since one- 
third of  the previously unidentified 3'7 ~ ee events can 
be expected to fail the requirement on the ninon iden- 

tification probabil i ty.  The background, including 
beam-gas  interactions, from processes other than ~'7 
-* h+h - , ee, or pp is estimated to be negligible. Thus 
we have 14.9 -+ 4.0 77 '* h + h -  events. The number of  
hadron events incorrectly rejected as muons is calcu- 
lated to be negligible. When we adjust for the hadrons 
which were incorrectly rejected as electrons, we obtain 
21.7 + 5.8 produced hadronic events. The average val- 
u e o f  [tl for these events is 2.1 + 0.2 GeV 2. The aver- 
age value of  I cos ®* I is 0.25 + 0.04. 

We have studied the reaction 3"Y -* PP in order to 
understand our muon detect ion efficiency and found 
its cross section consistent with QED. Because it pro- 
vides a convenient calibration reaction, we express our 
results in terms OfRhh , the observed ratio of  hadron 
to muon pairs, 

dN(e+e -+ e + e - h + h - ) / d P c m  
R h h ( P c m  ) = (2 )  

dN(e+e - ~ e+e-/~+/~-)/dPcm 

Fig. 2. shows Rhh, calculated for our entire angular 
acceptance, Icos ® L [ ~  < 0.6, as a function of  pc m . 
After correcting bin-by-bin for acceptance losses, a 

single value Of Rhh for the momentum range 1 ~<Pcm 
~< 5 GeV/c can be calculated. We find 

Rhh = 0.060 + 0.019 (stat.) + 0.015 (sys t . ) .  

R h h  

1.00 

, , ' ' i . . . .  i . . . .  i , , , , 

PLUTO 
--~ ~ & ~ e  ~ Fo-ns . . . . . . . . . . . . .  

o.lo ~'Z_@~ j, L 

1.00 1.25 1.50 1.75 2.00 
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Fig. 2. Ratio o f  hadron to muon pairs: The observed rat io o f  

3"3" ~ h+h - to 3'3' --* #+/~- as a func t ion  o f  the f inal state part i-  
cle momenta  in the#  center o f  mass. Both  particles are pro- 

duced at Icos 0LI ~< 0.6. The solid line is the QCD prediction 
for 7r's, K's and p's with C = 0.4 GeV 2 (see text). The dashed 
line is obtained by fitting the value C to the data. (C = 0.68 
GeV2.) The dot ted line is the expectation for pointqike n's, 
K's and p's. (Error bars are statistical only.) 
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The quant i ty  Rhh is a directly measured experimental  
quanti ty,  which has the disadvantage of  being tied to 
our specific acceptance, but  is at least free of  any de- 
pendence on assumptions concerning the hadron 
masses or angular distr ibution.  Although in principle 

the calculation of  pc m (and hence Rhh ) from the mea- 
sured laboratory momenta  depends on the mass of  the 
hadrons, the magnitude of  the effect is insignificant 
everywhere within our acceptance. 

To provide a result more easily comparable to  theo- 
retical predictions, we calculate the p h o t o n - p h o t o n  
to hadron pair cross section at 90 ° in the center of  
mass, which is plot ted as a function of  pc m in fig. 3. 
In calculating this cross section, however, it is neces- 
sary to introduce assumptions about the hadron 
masses, which we do not measure, and the angular dis- 
t r ibution,  which we measure only poorly.  For  the 
sake of  comparison with the QCD calculations to be 

discussed below, we assume a Pcm -independent com- 
posit ion ~ : K : p  = 5 0 : 5 0 : 0  and an angular distribu- 
t ion in cos ®* identical to that  of  muons. Assuming a 
100% K or ~r composit ion would move the data points 
in fig. 3 by at most -+10%. Protons, however, can 
create larger uncertainties. If the hadron composit ion 

were 100% protons,  the data point  at Pcm = 1.05 
GeV/c, where the effects are largest, would increase 

10.0 I Y Y~'aZz . . . . . . . . . .  
"Z 
c 

,o, 
% 

1.0 

P 
0 ~ 8  

0.1 

1.00 1.25 I. 50 1.75 2.00 

Pcm {OeV/c) 

Fig. 3. The cross sect ion do~n,--.hh/d cos 0*  at cos 0*  = 0 ver- 
sus Pcm: The solid line is the QCD prediction for n's, K's and 
p's with C = 0.4 GeV 2 (see text). The dashed line is obtained 
by fitting the value of C to the data. (C = 0.68 GeV2.) The 
dashed-dotted line is the -y~, ~ ~ cross section at cos 0* = 0 
for comparison. (Error bars are statistical only. Systematic er- 
rors are discussed in the text.) 

by  a factor of  1.75. If  the hadron distr ibution were 
flat in cos ®*, an assumption still consistent with our 
limited statistics, rather than the (1 + cos2® *)/ 
( 1  - cos2® *) distribution characteristic of  muons, all 
the data points in fig. 3 would increase by a factor of  
1.5. 

The two-photon production of  point-like hadrons 
has been calculated in QED [6] .  The dashed line in fig. 
2 indicates these Born-term expectations for the sum 
of lr's, K's and p's. They exceed the data by well over a 
factor of  ten, confirming that at momentum transfer of  
I tl ~ 2 GeV 2 the effects o f  hadronic structure make 

themselves apparent.  
In the framework of  QCD, Brodsky and Lepage 

have calculated the differential cross section do/dt for 
the two-photon production of  meson pairs [1].  Using 
a similar technique, Damgaard has calculated the two- 
photon  production of  baryon pairs [2].  Since the cal- 
culations are similar in method,  we briefly describe 
only the calculation of  Brodsky and Lepage. 

The production amplitude of 3'7 ~ MI~ factorizes 
into two parts, a parton distr ibution amplitude and a 
hard scattering amplitude. The hard scattering ampli- 

tude is calculated in first-order QCD. The parton dis- 
t r ibut ion ampli tude,  which cannot be calculated in 
perturbat ion theory,  is related to the pion form fac- 
tor  in order to normalize the cross section. The cross 

section is then writ ten 

do/dt = (2/W 2) do/d cos ®* 

= 161r~ 2 [IFm(WZ)I2/W4] g(O*), (3) 

where F m (W 2) is the meson electromagnetic form fac- 
tor.  For charged mesons, the function g(O*) yields an 
angular dependence which is very similar to that of  
3'3' -+/a/a and depends only weakly on the form of the 
parton distr ibution amplitude. 

The mesons relevant to our measurements are 
charged ~r's and K's. Assuming that the parton wave 
functions exhibit flavor symmetry.  Brodsky and 
Lepage show that Fm(W 2) should be directly propor- 
t ional to ] -2 ,  the leptonic meson decay constant.  The 
values offTr and fK,  which are known to a few per- 
cent, indicate that do(T' /-~ K+K - )  should be 2.1 
times larger than do(77 ~ lr+rr - )  at the same W. At  the 
same .value o fPcm,  however, WKK , the invariant mass 
of  a kaon pair, is larger than W~rTr. The steep W-depen- 
dence of  the cross sections then suppresses the kaon 
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contr ibut ion with respect to the pions, particularly at 
small values of  pc m . For  example,  at Pcm = 1 GeV/c 
the QCD predict ion indicates that the observed ratio 
o fkaons  to pions should be 0.85. Overall, the QCD 
prediction indicates that the number of  K's and . ' s  in 
our sample should be about equal. Such mass effects 
also contr ibute to the suppression of  p ro ton -an t i p ro -  
ton final states. In fact, using the QCD calculation of  
Damgaard [2] to extrapolate the TASSO [4] mea- 
surement of  p~ product ion near threshold, we find 
that the expected number of  p~ events in our sample 
is about 0.5. 

Brodsky and Lepage [1] take the pion form factor 
to be 

Frr(W2 ) = C/W 2 , (4) 

with C = 0.4 GeV 2. The QCD predict ion for the sum 
of  ~r's, K's and p's, using this value of  C, is shown as 
the solid line in figs. 2 and 3. It lies somewhat below 
our measurements.  A quantitative comparison can be 
made by  letting the value of  C in eq. (4) be a free pa- 
rameter. Our observed number of  events then corre- 
sponds to 

C = 0.68 -+ 0.1 l (stat .) + 0.08 (syst.) GeV 2. 

The resulting fitted curve is shown as the dashed line 
in figs. 2 and 3. 

In conclusion, we have measured the reaction e+e - 
-+ e+e h+h - at momentum transfers of  about 2 GeV 2. 
The data lie an order of  magnitude below the expecta- 

tions for point-like hadrons, and are in reasonable 
agreement with the predictions of  a QCD-based calcu- 
lation. Considering that this calculation was carried 
out in the limit of  asymptotically large t, the extent 
of  its agreement with our measurements, in which the 
kaon mass still plays a significant kinematic role, is re- 
markable.  
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