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A spin-parity analysis of the p + p- system in the reaction 73'--,p+p- ~ n+n-n°n ° has been performed using the ARGUS detector 
at the e+e - storage ring DORIS II at DESY. The cross section is found to be dominated by the amplitudes Je=0+, and Je=2+ 
(2~=2). 

The final state n+n-n°n  ° produced in two-photon 
reactions has recently been measured by ARGUS [ 1 ], 
and, for the first time, the decomposition of the cross 
section in terms of p+p- ,  p+~n~:n ° and n+n-n°n  ° 
(phase space) was determined. This report is an ex- 
tension of that analysis to determine the spin-parity 
decomposition of the p + p-  system. 

The cross section for 77--, p + p-  [ 1 ] has been found 
to be about a factor four lower than that for 77~p°p ° 
[ 2,3 ]. This difference can be explained by models in- 
volving qqctcl states [4,5]. In ref. [4] the authors 
predict that the pp system will be produced by a mix- 
ture of qqdldl states with masses around 1.4 GeV/c 2 
and 1.6 GeV/c2 and with j e =  2 +, whereas in ref. [ 5 ] 
the authors expect the production of mass degenerate 
JP= 2 + and j e =  0 + states. 

Other experiments [ 2 ] have previously analyzed 
the spin-parity decomposition of the pOpO system. 
Positive parities have clearly been found to dominate 
the cross section, but the separation between 0 + and 
2 + leads to inconsistent results. Recently ARGUS has 
reported on the spin-parity decomposition of the 
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77--,p°p ° channel [3], using a much larger data sam- 
ple than any previous analysis. It was found that the 
pOpO channel is dominated by the 2 + (Jz=2)  ampli- 
tude with a relatively smaller contribution of the 0 + 
amplitude. 

In this paper the first measurement of the spin- 
parity decomposition of the p +p-  system is reported. 
The data correspond to an integrated luminosity of 
234 pb-  ~ and are collected with the ARGUS detector 
at the e÷e - storage ring DORIS II at DESY. ARGUS 
is a universal spectrometer with cylindrical symme- 
try and is described elsewhere [ 6]. The data sample 
and the selection criteria are identical to those of our 
previous measurement [1] of the reaction yT~ 
n+n-n°n  ° and its decomposition in terms of p+p-,  
p +-n~: n °, and n+n-  n°n °. 

Candidate events were selected by requiring two 
oppositely-charged particles which fit to a common 
event vertex and are identified as pions with likeli- 
hood ratios larger than 5%. Exactly four photons were 
required with minimum energies of 50 MeV. A n o 
candidate was defined as a combination of two pho- 
tons with an invariant mass between 60 and 220 
MeV/c a and with an opening angle smaller than 90 °. 
The n o candidates were constrained to the n o mass by 
a kinematical fit. In events with more than two n o 
candidates, only the two which resulted in the small- 
est total transverse momentum, PT, for the event were 
used. The scalar momentum sum of the four pions, 

IPil, was required to be less than 3.5 GeV/c and the 
total transverse momentum, Px = I Y~Pr. i l ~< 100 MeV/ 
c. With these cuts, 1332 events were selected, of which 
1203 were attributed to the reaction y y ~ n + n - n ° n  ° 
and 129 events were background from incompletely 
reconstructed events or events containing noise pho- 
tons [ 1 ]. 

The acceptance was determined by a Monte Carlo 
program which generated events according to the flux 
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of two transverse photons [ 7 ], a constant two-pho- 
ton cross section and a beam energy distribution as 
in the data sample. The final state r~+n-~t°rt ° was gen- 
erated according to a phase space distribution. For 
other final states, such as p+p- ,  the Monte Carlo gen- 
erated n+ n-n°n  ° events were weighted with the rele- 
vant matrix elements (see ref. [ 1 ] and below). A de- 
tailed detector and trigger simulation was performed. 

In our previous report [ 1 ], a maximum likelihood 
method was used to determine the decomposition in 
three incoherent final states: isotropic p+p- ,  p+-n~n ° 
and n÷n-n°n °. Here the method is extended by ana- 
lyzing the p+p-  system in terms of states with defi- 
nite spin-parity, Je. 

The differential cross section for the reaction y/--. X 
for fixed Wvr was parametrized by 

da 
= C  W4(Wr~) Igx(~)  12 , 

d~ 

where C is a constant, I4:4 the four-pion phase space 
density, and gx the matrix element for the various 
final states X, 

X = p + p -  ( j r ) ,  p +_n~no, n+n-nono . 

The symbol ~ represents the set of  seven variables 
needed to describe the four-pion system, 

~= (m 122, m]4, (1234) 

= ( m 2 2 ,  m 2  012 12 12 34 tit34 , t.,p , 07t , ~ :  , 0 34) 

where the numbers 1, ..., 4 refer to the four pions us- 
ing the convention: ~l+ n2n3° -/~4.° The variable m~j de- 
notes the invariant mass of  two pions i and j; 0~ the 
production angle of  the system ij in the y), center-of- 
mass system with the yy direction defining the z axis; 
0~ and 0~ the polar and azimuthal angles of the 
charged pion in the ij center-of-mass system. 

The matrix element gop for a definite spin-parity 
j e  and a helicity J~ of the p+p-  system was defined 
a s  

1 
g~'J~ = v/~ [BW(mI2)BW(m34) ~P:~'J~ ((1234) 

+BW(m14)BW(m23) ~ge,g~ (~1432) ] , 

where BW denotes the Breit-Wigner amplitude for 
the p [ 1 ]. The angular part ~ i s  given by 

~_.lJP,Jz (~1234)Q C ~ J P J z  y ~  t~qlz ,~12~ 
O[L,~z,Sl2,S34 ~ v p  , ,?.13 ! 

VSl2 t jQ 12 , ,A12~Vs34[ IQ34  × - - I  ~ ' ~  , V'~ ,--1 ~ '~  , 0 3 4 )  , 

where Y are the usual spherical harmonics. Since the 
p+p-  production is observed reasonably close to the 
threshold, only the lowest orbital angular momenta 
between the two p's which are allowed by parity con- 
servation, L = 0 and L = 1, were used. Combining the 
orbital angular momentum L with the total spin S of 
the two p's one obtains the following j e  assignments: 
0 ÷, 0 - ,  (2 ÷, Jz=0,  2) and (2 - ,  J~=O, S =  1, 2). Us- 
ing a maximum likelihood method as in ref. [ 1 ] the 
relative contributions of the eight modeled final 
states, the six j e  states and the isotropic p -+ n~ n ° and 
the n+Tt-n°r~ ° states, were determined for 200 MeV 
wide W w intervals. Possible interferences were ne- 
glected. The cross sections obtained from the fit are 
summarized in table 1. 

The results show the reaction ~r/~ p +p-  to be dom- 
inated by the 0 ÷ and 2 + (Jz= 2) amplitudes. The cor- 
responding cross sections are given in figs. la and lb 
respectively and the sum of all the different j e  con- 
tributions in fig. l c. Only the statistical errors are 
given. 

As a test of consistency with our earlier results [ 1 ] 
where we had assumed isotropic production of p +p- ,  
p-+ r~:= ~ ° and ~+~-n°~ °, a comparison was made with 
the corresponding fractions derived here. The p+p-  
fractions derived with an isotropic matrix element 
were compared to the sum of the fractions for the six 
JP amplitudes. When cross sections are compared the 
acceptance for the JP is different than the one de- 
rived for isotropic pp production. For example the 
acceptance of 2 ÷ ( Jz=2)  is about 50% higher than 
the acceptance for the isotropic pp production. In all 
three cases the agreement was excellent. 

The results of  the jR analysis were checked by com- 
paring the one-dimensional distributions of  the ~ -+ n ° 
masses, the five angles ( and the angle between the 
charged pions to Monte Carlo expectations. Exam- 
ples of  such distributions are shown in fig. 2 for two 
different intervals of W w. The data points (crosses) 
agree very well with the Monte Carlo distributions 
(dotted histogram) using the fractions derived by the 
fit. 

The maximum likelihood technique was tested ex- 
tensively by Monte Carlo simulation [ 8 ]. Different 
admixture of the various Je amplitudes for the p+p-  
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Fig. 1. Cross sections for the dominant spin-parity amplitudes 
for y t ~ O + p - :  ( a )  0 +, (b )  2 + ( J ~ = 2 ) ,  and  (c)  the sum of all the 
JP  contributions. The full line represents the prediction by Acha- 
soy et al. [4] and the dashed line the prediction by Li and Liu 
[51. 

system were generated, and subjected to the same fit- 
ting procedure as the data. In all cases the input ad- 
mixture was properly reproduced. In particular with 
only one JP state as input, but with the full eight pa- 
rameters used for the fit the migration between the 
different j e  amplitudes remained within the ex- 
pected statistical fluctuations. The two amplitudes 0 ÷ 
and 2 + (Jz=2) ,  which dominate the data, were 
clearly separated. 

Setting one of  the dominant JP contributions arbi- 
trarily to zero the fit still converged and the likeli- 
hood function changed significantly to smaller values 
than the values for the full fit. In particular, when the 
2 ÷ (Jz=2)  was set to zero the fit compensates by in- 
creasing the contributions of the 0 +, 2 -  and p±n~n °. 
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Fig. 2. Comparison of  the measured one-dimensional distributions (crosses) with Monte Carlo simulations of  all fitted contributions 
(histogram). The curves show the expectations for different spin-parity states, 2 + (full l ine), 0 + (dotted line), 0-  (dashed line) and 
2-  (dash-dotted line). The left side shows the distributions for 1.2 < Ww< 1.4 GeV/c 2 and the right side for 1.4 < Ww< 1.6 GeV/c::  
(a) the polar angle of  the P with respect to the direction of  the 77 center-of-mass system, (b) polar angle of the pions with respect to the 
p center-of-mass system, (c) the angle between the two charged pions each taken in the corresponding p rest frame. 

When the 0 + contribution was set to zero then the 
fractions of the 2 + (Jz=2)  and the p+xT~ ° were in- 
fluenced. This effect was reproduced very well by 
Monte Carlo studies where a known mixture of dif- 
ferent states was given as input and the fit tried to 
reproduce it. The fit results are sensitive to the nor- 
malization of the probabilities in the likelihood func- 
tion which has to be derived by Monte Carlo simu- 
lation. We varied this normalization within the 
uncertainty estimated for the Monte Carlo. From 

these tests the systematic uncertainty of the likeli- 
hood method to reproduce the input fractions was es- 
timated to be less than 10%. We have neglected inter- 
ference between amplitudes mainly because of the 
relatively small statistics and a strong model depen- 
dence for the interference between the 9P and the non- 
P9 terms. However, some justification for the ansatz 
comes as feedback from the fact that the two domi- 
nant Je amplitudes, having different Jz values, do not 
interfere. 
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The overall  systematic  uncer ta inty  in the mea- 
sured cross sections is es t imated  to be + 17% for all 
the reactions. It is composed o f  the contr ibut ions from 
event  generat ion and detector  s imula t ion  ( + 11%), 
exper imenta l  luminos i ty  ( + 3%), trigger s imula t ion  
( + 5.5%), background es t imat ion ( + 5%), and  un- 
cer ta inty f rom the m a x i m u m  l ike l ihood technique 
( _ 10%). 

Consistent with the predict ions o f  the qq~ldl models, 
the p + p -  cross section is domina t ed  by the ampl i -  
tudes J P = 2  + and 0 ÷. The measured  cross sections 
for the j e =  2 +, J z=  2 ampl i tude  is about  a factor  four  
lower than the corresponding one of  the react ion 
~/~pOpO measured  by A R G U S  [3 ], whereas in the 
case o f J e =  0 + they are o f  the same magni tude.  

In fig. 1, the measured  cross sections are compared  
to the model  predic t ion  of  refs. [4,5 ]. The 2 ÷ cross 
section (fig. l b )  shows in the da ta  an enhancement  
o f  about  12 nb between 1.2 and 1.4 GeV which agrees 
with the f2 (1270)  cont r ibut ion  predic ted  in ref. [ 4 ]. 
At higher Ww, however, the data  exhibit  a broad  peak 
at Wry~ 1.8 GeV reaching about  1 1 nb where the 
model  [ 4 ] predicts  only about  2 nb. The model  o f  
ref. [5 ] does not  include the %(1270)  and predicts  a 
peak a round  1.6 GeV which is inconsis tent  with the 
structure o f  the measured  cross section. A 0 + contri-  
but ion  is only included in ref. [ 5 ] but  the pred ic ted  
cross sect ion is about  a factor o f  5 smaller  than the 
observed one. 

Both models  succeed in the pred ic t ion  of  the sup- 
pressed p + p -  compared  to the pOpO cross section, but  
they both fail to give the correct  absolute scale for the 
cross section as well as its structure. It should be men-  
t ioned  that  s imilar  problems have been found in 
compar ing  the two models  to recent A R G U S  mea-  
surements  [9 ] of  o ther  vector-meson pairs  p roduced  
in two-photon reactions.  

In conclusion, a sp in -pa r i t y  analysis has been per- 
fo rmed for the p + p -  system produced  in two-photon 
interact ions.  The p + p -  cross section was found to be 

domina t ed  by two ampli tudes,  je= 0 + and j e =  2 + 
with helicity 2. 
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