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Exclusive production of proton-antiproton pairs by two photon scattering at CM energies between 2.0 GeV and 3.1 
GeV has been measured with the TASSO detector at the e+e - storage ring PETRA. The angular distribution is flat within 
the accepted CM angular range Icos ®'1 ~< 0.7. The integrated cross section (Lcos®*l ~; 0.6) drops from about 4 nb at 2 GeV 
to less than 0.5 nb above 3 GeV. For the two-photon production of the ~c(2984) and its subsequent decay into proton- 
antiproton the upper limit F (r~ c ~ ~,3"). B(r~ c --+ p~) < 0.32 keV (95% CL) is found. 

First results on p r o t o n - a n t i p r o t o n  pair produc- 
tion by  two photon collisions via the reaction e+e 

e+e - p~ were presented by us in ref. [1 ] .  In this 
paper we present a measurement of  the angular de- 
pendence and the energy behaviour of  the cross sec- 
t ion for ~'3' -~ PP obtained with an increase in statis- 
tics by a factor of  10. The results are compared with 
predictions of  QCD [2] .  

The experiment was performed with the TASSO 
detector  at the DESY storage ring PETRA. A descrip- 
tion of  the detector  can be found elsewhere [3] .  The 
data sample corresponds to an integrated luminosity 
of  74 pb -1 at beam energies mainly around 17 GeV 
taken with one of  the following triggers [4] : (1) any 
two coplanar charged particles having associated sig- 
nals in the inner time-of-flight counters separated by 
more than 154 ° in azimuth, or (2) two or more 
charged particles originating from the interaction re- 
gion within + 15 cm along the beamline. The charged 
particle tracks are found in the central chambers by 
a hardware processor, whose track finding efficiency 
depends on the component  IPzl of  the momentum 
transverse to the beam direction. For the majori ty 
of  the data the track finding efficiency was about 
50% for tracks with transverse momenta  of  0.17 
GeV/c rising to 95% above 0.29 GeV/c. The trigger 
did not  require the detection of  the scattered elec- 
trons. 

Candidates for two-photon produced two-prong 
events were selected requiring two opposi tely charged 
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particles in the central detector.  The polar angles (9 
of  the tracks with respect to the beam axis were re- 
stricted to Icos O[ ~< 0.8. In order to minimize uncer- 
tainties originating from energy loss, nuclear absorp- 
t ion and multiple scattering the observed momentum 
of  each track had to be larger than 0.35 GeV/c. Pho- 
t o n - p h o t o n  events with unobserved particles were 
rejected by demanding the vector sum of the trans- 
verse momenta of  the two particles ([~;plL) to be less 
than 0.1 GeV/c. For particle identification we used 
time-of-flight measurements from the 48 scintillation 
counters surrounding the cylindrical drift chamber. 
Since the time-of-flight (TOF) separation of protons 
from the lighter particles deteriorates with increasing 
particle momentum,  the momentum of  each track 
had to be lower than 1.6 GeV/c corresponding rough- 
ly to a 2o (30) TOF separation of  kaons (pions) from 
protons.  These cuts also remove background contribu- 
tions from one-photon annihilation processes. 

For each particle selected by these cuts the square 
o f  the mass - . - (m2oF  j was calculated from its track 
length, momentum and time-of-flight. In fig. 1 a m? FOF 
of  the positive particle is plot ted versus m2OF_ of the 
negative particle. Most of  the events are electron, 
muon or pion pairs and cluster around zero. In this 
analysis we do not distinguish these three particle 
types and will refer to them as "pions" .  In addition 
there is a sample of  kaon pairs [4] ,  a cluster in the 
"Tr-"p-region and a well separated cluster of  p r o t o n -  
ant iproton events. The events in the "~r-p"-band are 
found to be produced mainly by beam-gas  interac- 
tions. 

To select p r o t o n - a n t i p r o t o n  pairs three gaussian 
weights (n --- "Tr", K, p) 

W(n) = exp ( - ( tmeas  - tn)2/2o2), 

are assigned to each particle, corresponding to the 
three hypotheses for the particle to be a "p ion" ,  kaon 
or proton.  Here tmeas is the measured TOF and t n is 
the calculated TOF for hypothesis n. The resolution 
o of  the difference (tmeas - tn) is given by 
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Fig. 1. (a) m~ro F _  of the positive track versus m~Fo F of the 
negative track. All but the TOF cuts have been applied to 
the data. (b) Distribution of ISp±l 2 for candidate events for 
the reaction 3'7 --> PP. 

a2 = a2 + 2 
I'll eas OH" 

ameas is the rms time resolution (265-455  ps) de- 
pending on the position of  the hit along the TOF 
counter and o n is the uncertainty of  the calculated 
time resulting from the resolutions of  the track length 
and the momentum in the central detector. Both con- 
tributions are comparable for proton momenta around 
0.45 GeV/c. The weight W(p) for each track had to 
be consistent with the proton hypothesis within three 
standard deviations. 

To separate pro ton-ant ipro ton  pairs from "Tr .... 7r", 
"lr"K, KK,,"n"p pairs the following cuts were ap- 
plied to the event weights, i.e. to the products of  the 
particle weights: 

W(p)" Wff) > 1000" 10" W(Tr + )" W(Tr-), 

W(p)" W(~) >/ 6- I0" W(Tr+)- W(K;),  

W(p). wff)  1> 1 .10-  W(~r + ). w(~), 

W(p)-W(~) ~> 5- 10- IV(n-)- W(p), 

W(p).W(O)~> 10. 10.W(K+).W(K ). 

The factors 1000, 6, 1,5 and 10 take roughly account 
of the observed relative abundances of  the different 
particle pairs. The additional factor 10 suppresses 
background from misidentified particles. 

Applying all the cuts described above to the data 
sample we obtain 72 proton-ant±proton events pro- 
duced by p h o t o n - p h o t o n  interactions. To demon- 
strate that these events are exclusively produced pro- 
ton-ant±proton pairs we plot in fig. lb the distribu- 
tion o f  the squared vector sum of  the transverse mo- 
menta of  both tracks (]Ep±[ 2) without the transverse 
momentum balance cut. The distribution peaks at 
zero as expected for ??-events with no missing par- 
ticles. The ]Ep± ]2-distribution of  the data has been 
compared to the corresponding distribution obtain- 
ed from a Monte Carlo simulation of  ??  ~ p~ events 
(see below). A background contribution from events 
with non-detected particles is expected to have a flat 
distribution in I~;pzl 2. This background contribution 
was determined by fitting the sum of  the Monte Carlo 
distribution for 77 --> PP and a constant term to the 
experimental distribution in the range 0 < I~PLI 2 
< 0.05 GeV2/c 2. From this fit we found that below 
I~P±I < 0.1 GeV/c the background from events with 
missing particles is 2 events. 

The background of  misidentified proton-ant±pro- 
ton pairs was estimated from the scatter-plot in fig. la 
to be less than 2 events. The background from b e a m -  
gas reactions is found to be less than 1 event. In total 
the estimated background is 5 o f  the 72 p r o t o n -  
ant±proton events. 

The detection efficiency e was determined with a 
Monte Carlo program simulating the reaction e+e - 

e+e - pO in the detector. Events were generated ac- 
cording to 

451 



Volume 130B, number 6 PHYSICS LETTERS 3 November 1983 

dOe+e___,e+e_p~ _ dL(W3`3`,o3) 

dW dcodcos®* dW dco 
3`3` 'y"f 

X do3`3`_.pp(W3`, r , cos 19") 

dcos®* 

where co represents all kinematical variables of the 
two-photon system other than the invariant mass 
(W3`3`). L(W3`3`, co) is the two-photon luminosity 
function [5 ] and 19" is the product ion angle mea- 
sured in the 77-CM system. The cross section for 

77 ~ PP was assumed to be independent of  WT. r and 
cos 19". The simulation of  the detector  included ener- 
gy loss, multiple scattering and nuclear interactions.  
The generated events were passed through the same 
cuts as described above. The detection efficiency was 

found to be 1.0 -+ 0.17% at W3`3  ̀= 2.0 GeV, 6.5 +-- 0.6% 
at 2.5 GeV and 3.0 -+ 0.6% at 3.1 GeV (see fig. 2a). 
The rise above the kinematical  threshold is caused 
by the lower momentum cut while the decrease above 
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Fig. 2. (a) Uncorrected invariant mass distribution of p~ 
events and energy dependence of the detection efficiency e 
(full line). (b) Cross section for 3'3' ~ PP integrated over the 
angular range Icos ®*1 < 0.6. 

2.5 GeV is due to the TOF cuys. The error of  the de- 
tection efficiency is dominated at small IVy3` by the 
uncertainties of  the energy loss and nuclear interac- 
tions and above 2.8 GeV by the TOF resolution. 

The uncorrected invariant mass distribution of  
the p ro ton -a n t i p ro ton  events is given in fig. 2a. In 
fig. 2b we give the cross section integrated over the 
angular range Icos ®*[ ~< 0.6. The integrated cross sec- 
t ion is large above threshold and decreases rapidly 
with increasing W3̀ 3̀  ; it is about 4 nb at 2 GeV and 
smaller than 0.5 nb above 3 GeV. In our previous 
analysis we obtained a total cross section of 4.6 +- 1.6 
nb for 2.0 GeV < W.r, r < 2.6 GeV assuming a flat an- 
gular distribution [1 ] .  This value corresponds to an 
integrated cross section of  2.8 -+ 0.5 nb for Icos ®*1 
~< 0.6 which is in good agreement with the new data 
points. 

We studied the angular distribution of  the process 

3")' -~ PP for two mass bins (2.0 GeV ~< W3`3  ̀~< 2.4 
GeV and 2.4 GeV < W3`3  ̀~< 2.8 GeV). The uncorrect- 
ed cos ®*-distributions of the p r o t o n - a n t i p r o t o n  
events are given in figs. 3a, 3b together with the de- 
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Figs. 3(a), (b). Uncorrected distribution of the proton scat- 
tering angle in the 73" CM system and the angular dependence 
of the detection efficiency e (full line). (c),(d) Differential 
cross section da/d cos(0* of 3̀ 3̀  ~ p~ for 2.0 GeV ~ W73 , 

2.4 GeV and 2.4 GeV < W77 < 2.8 GeV. The data are com- 
pared to predictions of the Born approximation for Dirac 
protons and to a QCD calculation. 
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tection efficiency. The detection efficiency is largest 
for cos ®* = 0 and decreases smoothly toward for- 
ward angles reaching zero at [cos 19"1 t> 0.8 because 
of  the cut in the laboratory polar angle. The correct- 
ed differential cross section do/dcos  19" is shown in 
figs. 3c, 3d for both mass regions. The error bars in- 
dicate the statistical errors of  the data points.  Within 
the errors the measured cross section is in agreement 
with a flat angular distribution over the accepted an- 
gular range. Tile hypothesis of  a constant differential 
cross section gives a X 2 of  3.3 (6.1) in the case of  the 
lower 01igher) mass bin for 5 (6) degrees of  freedom. 

The r/c meson at 2.984 -+ 0.004 GeV [6] has posi- 
tive C-parity and can therefore couple to two pho- 
tons. We looked for its formation in the reaction 
73' --~ r/c ~ PP. The mass resolution of  the detector  
is 0.038 GeV in this mass range. No event was ob- 
served in the mass range 2.984 -+ 0.076 GeV yielding 
the upper limit on the product  o f  the 77-width times 
the branching ratio of  the r/c to p~: 

r(,Tc -~ 77)-B(n c -~ PP) < 0.32 keV (95% CL). 

We compared our cross section data for 77 -+ PP with 
a Born term calculation assuming the protons to be 
pointlike Dirac particles with a pure QED coupling 
to the photons.  The size of  the predicted cross sec- 
tion is roughly one order of  magnitude larger than 
observed (see figs. 3c, 3d). The discrepancy is even 
larger (e.g. at W.~. r = 2.0 GeV by roughly a factor of  
200~, if  the anomalous magnetic moment  of  the pro- 
ton is included in the calculation [7] .  

Recently the differential cross section o f  77 ~ PP 
has been calculated within the framework of  pertur- 
bative QCD [2].  The basic feature o f  this calculation 
is the factorization o f  the scattering ampli tude into 
a quark scattering part and a distribution function for 
the valence quarks in the proton.  The domain o f  va- 
lidity o f  this calculation is the region o f  large four 
momentum transfers, i.e. large WT~ and large scat- 
tering angles. The four momentum transfer squared 
between photon and proton for cos O* = 0 varies 
from 2.0 to 3.0 GeV 2 (1 .I - 2 . 0  GeV 2) for the higher 
(lower) mass bin. We extrapolate the results o f  [2] 
from the J /~  mass region into the W.r. r range of  our 
data. The extrapolat ion is given as shaded bands in 
figs. 3c, 3d. The widths of  the bands represent the 
spread o f  cross sections obtained for different choices 
of  the distr ibution function. The cross section values 

predicted around cosO* = 0 are a factor o f ~ 3 - 5  
smaller than the measured ones. 

To summarize, we have measured differential cross 
sections of  the reaction 73' -+ PP for 2.0 GeV ~< W.y.y 
~< 3.1 GeV and Icos ®*1 ~< 0.7. Within this kinema- 
ical region the angular distributions are flat. The in- 
tegrated cross section (Icos O*1 ~< 0.6) is large above 
threshold and decreases rapidly towards higher W.y~. 
The observed cross section is an order of  magnitude 
smaller than predicted by the Born approximation 
for pointlike Dirac protons.  Around cos @* = 0 the 
cross section values calculated within the framework 
of  QCD are considerably lower than the measured 
data. An upper limit has been derived for the product  

P(r/c ~ 77)'B(r~ c -+ p~) < 0.32 keV (95% CL). 
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