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Abstract. We report the results of analysis of correlations 
of the product protons from inelastic eA collisions at 
small Q2. The experimental data were measured by the 
ARGUS detector. The correlation effect at small relative 
momenta q (interference and final state interaction) is 
closely associated with the angular correlations due to 
momentum conservation. The examined correlations in 
eA collisions also show features similar to correlations in 
hA collisions. 

PACS: 25.40 

1. Introduction 

It is often thought, that "cumulative" particles [1,2] 
(emitted beyond the kinematical region of the free pro- 
jectile-nucleon interaction) result from collision of the 
projectile with so-called fluctons inside the nucleus. These 
fluctons are dense fluctuations of nuclear matter con- 
sidered to be short-range correlations, multiquark bags, 
etc. [3, 4]. 

The intrinsic features of cumulative particle produc- 
tion can be better understood if correlated pair products 
of the inelastic collision are investigated. By studying such 
reactions one has to bear in mind that the projectile may 
collide multiply with fluctons inside the nucleus. Thus, 
both single and multiple scattering of the incident particle 
with fluctons inside the nucleus can contribute to the 
experimentally observed correlated proton pairs. One 
must somehow learn to differentiate between events as- 
sociated with the two principly different contributions. 

Earlier studies of the proton correlations from hA re- 
actions [5, 6] included scattering of negative pions and 
protons from a number of nuclei at different primary 
energies E 0. To determine the size of the interaction 
region r the correlations between the protons at small 
relative momenta were studied [7, 8]. We estimated the 
number of intranuclear interactions n applying the 4-mo- 

mentum conservation law by analysing the angular cor- 
relations. It was found that r and n follow a simple re- 
lation: nr-3 ~const.  This relation implies a constant den- 
sity of fluctons inside the interaction region. Another way 
to assign a number of interactions n to the observed event 
is to find those general characteristics of the reaction, 
say, multiplicity, having a steady relation to n. It is better 
to perform such studies with experimental facilities with 
a large acceptance angle (about 4 ~). We performed an 
analysis of the data set obtained from the ARGUS de- 
tector [9]. 

The data set contained events identified as interaction 
of the primary e + and e -  beams of 5 GeV with residual 
gas (mainly H20 ) in the vacuum beam pipe of the storage 
ring DORIS-IX a DESY. The analysed sample comprised 
115 000 events. It significantly exceeds the statistics of 
events obtained so far by the experimental facilities of 
the largest acceptance angle, which has been used for 
studying cumulative particle production. 

We previously reported [10] the data on inclusive pro- 
duction cross sections and the preliminary results of de- 
termining the size of an interaction region (interferometry 
measurements) derived from analysis of this data sample. 
In the present study, we have concentrated on how cor- 
related proton pairs affect the general characteristics of 
the reaction, namely, multiplicity of the secondary pro- 
tons Np in the event and total deposited energy E h. In 
particular, we would like to investigate the behaviour of 
the relation between r and n as a function of the selected 
general characteristics of the reaction. 

2. Data analysis procedure 

The procedure for selecting the beam-gas events was de- 
scribed in [10]. Here follow the criteria for selcting events 
where e -+ collide with 160 nuclei: 

1. The number of identified protons with momentum p 
in the range of 0.3-1.2GeV/c and production angle 
[cos0[ <0.92 is Np~l; 
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2. The value of W= (XEsh-- 12;Pz ] )/2 E o < 0.07. Here 
summing is performed over all measured charged par- 
ticles and photons, Esh is the energy deposited in the 
shower calorimeter, E 0, the primary beam energy, Pz 
[GeV/c], the z-component (along the beam direction) of 
the product particle; 
3. The total deposited energy E h = X E -  Np. mp < 3 GeV, 
where E is the total product particle energy, and mp, the 
proton mass; 
4. The distance of the event vertex from the beam axis 
is 2 cm and along the z-axis within I zl < 6 cm. 

It has been shown [10] that such criteria reduce the con- 
tribution of events from e +e- annihilation in the studied 
sample to 7%. In this case the first criterion changes to 
Np >= 2, which suppresses the background from e +e-  an- 
nihilation. 

The event accumulation trigger did not include the 
requirement to detect the scattered primary-beam par- 
ticles. Therefore, practically all events in the analysed 
sample do not have beam particles detected. For this 
reason, the selected events can be considered as reactions 
of the beam particles with a60 nuclei at small Qz. 

The two-proton correlation function was calculated as 
the ratio 

RD = N12/Nmi~, 

where N12 and Nmix were determined from distributions 
of pairs of protons in one e 160 collision and distribution 
of the proton pairs from different e 160 events, corre- 
spondingly. It is seen that the definition of R2 D assumes 
cancellation of single-particle detection efficiency. It is 
worth noting, however, that triggers by accumulation of 
events and drift chambers contribute partly to the effi- 
ciency which is not cancelled out. Examples of such trig- 
gers are: the presence of at least one pair of charged tracks 
in the barrel region ( ]cos 0 [ < 0.75) with the azimuthal 
difference Ar > 120 ~ or the presence of at least one 
charged track in each z-hemisphere. 

We calculated the detector efficiency using a generated 
sample of events with similar angular and momentum 
distributions. The Monte-Carlo generator is based on the 
phenomenological model [11]. The most essential fea- 
tures of the model are: 

a) The energy lost by particles in excitation of the nu- 
clear matter is proportional to the length of the path 
inside the nucleus. 
b) The massless nuclear constituents along the primary 
trajectory heat up to 200 MeV. 
e) The energy and momentum are conserved during the 
hadronization stage. 
d) The total transverse momentum of all secondaries 
equals 0, and the longitudinal component of the momen- 
tum results from the energy lost by the primary particle. 

Discussion of the model is not the task of this paper. For 
our purposes here, it is important only that we thus ob- 
tained an events sample which describes inclusive [11] 
and correlation (see next section) characteristics suffi- 
ciently well. 

For generated events the correlation function R~ and 
the detector response were calculated. The correlation 
function R2 ae was determined using the events from this 
sample which satisfied the trigger conditions. The detec- 
tor efficiency was then determined from the ratio 
R] e/R2 ~. We believe that this ratio provides a good es- 
timate of efficiency, as the function R2 aD is close to the 
function R~. We calculated then the two-particle corre- 
lation function from the following equation: 

R2-Rf ,/R . 
We tried different procedures for obtaining mixed-pair 

distributions to see what changes would result. Figure 1 
shows the obtained distributions of mixed pairs as the 
cosine function of the angle between the two tracks: 
cos q/= (Pl P2)/(P~P2). The distribution number 1 refers 
to the case when the protons of the pair were selected 
from different events, the set for distribution number 2 
was assembled from protons from different events with 
the same multiplicity Np. The protons for distribution 3 
were selected from artificial events. Such events have pro- 
tons from another event instead of real ones and satisfy 
the trigger conditions. The obtained distributions are very 
similar to each other. Data set 1 was used to calculate 
correlation functions. 

The reliability of data analysis here is essentially de- 
pendent on the momentum resolution of the detec- 
tor within the whole momentum range of the secondary 
protons 0 . 3 < p <  1.2GeV/c and production angle 
]cos 01 < 0.75. The momentum resolution changed from 
5 MeV/c to 20 MeV/c for the collected sample of events 
over the whole accumulation period, which is sufficient 
for studies of correlations, including interferometry mea- 
surements, as has been established already. 
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3. Experimental  results 

The values of  the correlation function R 2 against the ef- 
fective mass of  the two protons Meff, transverse momen-  
tum squared p2 and cosine of the angle between the two t ~  

protons cos ~ are shown in Fig. 2. R 2 is clearly dependent 
on these kinematical variables. The local maximum of  R 2 
at small Met f is due to interference [7] caused mainly by 
proton interaction in the final state [8]. Function R~ is 
compared with experimental data in Fig. 2 .  A qualitative 
agreement between R 2 and R2 a is clearly seen. The dotted 
lines in Fig. 2 correspond to the detector efficiency. It  
rather weakly depends on cos ~ when compared with its 
dependences on other variables. We use the cos ~u variable 
in order to be able to compare the results of  the present 
analysis of  eA  interactions with earlier analysis results of  
hA interactions [5]. Following [5], we fitted the function 
R2(cos ~u)= C . e  -B~176 to the experimental data satis- 
fying the condition: - 1.0 < cos ~u < 0.9. The value of 
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Fig. 2a-c. The dependence of two-proton correlation function R 2 
on cos ~,, Met f and p2. Solid line, R2 a, dotted line, efficiency 
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the slope parameter  /3 for the data presented in Fig. 2 
equals 0.55 + 0.01. 

The analysis results reported in [5] show a dependence 
of the correlation function and, hence, B on momenta  of  
the secondary protons. It  is seen in Fig. 3 that /?  increases 
with the increase of  PlP2. A similar behaviour for fl 
is also observed in hA interactions. We fitted the func- 
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Table 1 

E~, GeV 0-0.7 0.7-1.4 1.4-2 2-3 

fi, GeV/c 0.53 0.57 0.59 0.60 

/7, GeV/c 0.45 0.45 0.49 0.46 
q < 0.1 GeV/c 

Np 2 3 4 __>5 

/7, GeV/c 0.58 0.57 0.56 0.54 

/7, GeV/c 0.50 0.47 0.43 0.42 
q < 0.1 GeV/c 

tion B = a l  (pip2) a~ to the experimental data and ob- 
tained the following parameter  values: a] = 1.41 __ 0.06 
and a 2 = 0.68 • 0.04. 

Figures 4a, b show/?  as a function of  E h and Np. ,8 
drops by a factor of  3 with the increase of  E h or Np. The 
mean value of the proton momentum changes within 10% 
as E h and Np vary within the range selected for analysis 
(see Table 1). As follows f rom the fitted function for /~,  
a 10% change o f p  causes a 15% change of B. This means 
t h a t / / i s  more sensitive to change in E h and Np. Thus, 
B dependence on E h and Np cannot be explained by its 
dependence on the product  PIP2. It  is interesting to de- 
termine the value of fl at small E h and Np. For  E h < 1 GeV 
(mean Eh=0.71  GeV) and Np=2, ,8 equals 1.81 __0.07, 
which is quite large. Indeed, the correlation function 
changes by a factor of  35 for - 1 < cos ~, < 0.9. As men- 
tioned above, the maximum value of correlation function 
R 2 at small Moff is due to the final-state interaction. It  is 
convenient to perform the analysis of  correlations at small 
relative momenta  using the variable q = ] P l -  P2[- The 
central drift chamber of  the A R G U S  detector becomes 
inefficient for paired tracks with small relative momenta  
below q equal to a tenth of  the mean proton momentum.  
At q < 0.1 GeV/c ,  the mean proton momen tum equals 
about  0.5 GeV/c  and the lowest momentum which can 
be measured in the detector is about  0.05 GeV/c.  

The correlation function R2(q) is given in Fig. 5a. A 
clear maximum is seen below q = 0 . 1  GeV/c ,  and the 
function slowly increases at q > 0.1 GeV/c.  This increase 
reflects the dependence of the correlation function on 
cos q/, which has already been discussed above, and was 
fitted by the function 1 § kq 2, where k is a free parameter.  
The theoretical models [7, 8] account for interference and 
final-state interaction. However, they do not include cor- 
relations due to the momentum conservation law. We try 
to account for the effect of  momentum conservation using 
the function R~ (q) = R 2 (q)/(1 + kq 2) to determine the 
size of  the interaction region. The correlation function 
R~ (q) is presented in Fig. 5b. Assuming a spherically 
symmetrical gaussian form of the proton source, we ob- 
tained an estimate of  the emission region size equal to 
r = 2 . 6 •  •  fm. The value is given with both ran- 
dom and systematic error components.  The estimate of  
the systematic error was obtained by analysing the results 
for the different distributions for Nmi x. The systematic 
error estimate comes from comparing the integrals of  the 
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Fig. 5. a The dependence of R 2 o n  q. b The dependence of R~ on 
q. The curve is the result of theoretical calculation for rms radius 
r=2.6 fm 

function R~ - 1 and theoretical correlation function over 
q < 0.1 GeV/c.  The latter method does not take into ac- 
count the shape of the maximum of the correlation func- 
tion at small q, but it is less sensitive to the momentum 
resolution of  the detector. The dependence of r on E h 
and Np is illustrated in Fig. 4c, d. The value o f r  increases 
with the increase of  E h and Np. For  E h < 1 GeV and 
Np = 2 the value of r = 1.9 _ 0.2 • 0.3 fro. 

4. Discussion 

At low Q2, eA interactions are almost equivalent to in- 
teractions of  real gamma with nuclei. Due to the vector 
dominance effect, one may assume that  a virtual gamma 
quantum interacts with the nucleus in the same way as a 
hadron does. The validity of  this assumption has already 
been confirmed by the results of  earlier analysis of  the 
same data sample to determine the inclusive production 
cross section for e -  O collisions [10]. Therefore, we con- 
tinue the data analysis assuming an hA interaction sce- 
nario for the studied reaction. In this case, it is natural 
to think that Np increases with the number  of intranuclear 
interactions n (or number  of  fluctons involved into the 
collision). Bearing this in mind, one may interpret the 
dependence of  B and r on Eh and Np as equivalent to its 
dependence on n. Thus, the variables /3 and r show a 
close correlation. 

The dependence of r on /3  is shown in Fig. 6, where 
the results of  the previous analysis of  hA interactions are 
also presented. It  is seen that the data follow a universal 
dependence r (/~). The function shows no correlation with 
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the mode  of  the change of  n, which depends on Eh, Np, 
E o and A. The fit o f  the funct ion r = b 1 fib2 to the data  
in Fig. 6 provided the following parameter  values: 
b 1 = 2.22 ___ 0.05 and b 2 = - 0.37 __ 0.02. The value o f  b 2 is 
very close to - 1 / 3 ,  which implies a constant  density o f  
fluctons in the interaction region. 

For  the p roduc t  particles emitted f rom a single pro- 
jectile-flucton interaction, one m a y  consider fl = 1.81 as 
a lower limit for  the slope parameter  o f  the correlat ion 
funct ion and r = 1.9 fm as an upper  limit for the size o f  
the flucton. The estimate o f  the slope parameter  for the 
case o f  a single projectile-flucton collision in an hA in- 
teraction was reported in [12]. Tha t  estimate was based 
on the assumpt ion that  R 2 = R* ** + R2 , where R* refers 
to the protons  f rom a single projectile-flucton collision 
and R** to protons  f rom different collisions. The value 
o f  R* depends on the angle ~ ,  whereas R** does no t  
depend on it. R** has been estimated as R 2 at small ~,. 
The slope parameter  o f  the funct ion R* (cos ~,) does not  
depend on the a tomic mass o f  nucleus A and pr imary  
energy E o. The mean  value o f  the slope is 1.90 +__ 0.26, 
which is in good  agreement  with the value obtained here 
for the events f rom eA interactions. 

At  polar  angles o f  the emitted particle close to 0 = 90 ~ 
the slope fl can be compared  with the widely known 
azimuthal  asymmetry  ~. The value o f  e can be calculated 
f rom ~ = th (f l /2) ,  which is derived f rom the equat ion for 
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R 2 introduced above:  R 2 (cos ~,),~ e - pcos v,. The statisti- 
cal model  relates an azimuthal  asymmetry  with a number  
o f  secondary particles N by the following expression at 
N>> 1: ~ ~ 1/(N- 1). For  fl = 1.81 one obtains N =  2.4. 
One may  interpret this value as the mean  number  o f  par- 
ticles taking par t  in the compensat ion  o f  the transverse 
m o m e n t u m  of  cumulative pro tons  generated f rom a single 
projectile-flucton collision. 

5. Conclusion 

1. The size o f  the interaction region is related to the 
number  o f  fluctons involved in the reaction. This effect 
was first discussed in [5], when both  these parameters  
were considered to be a funct ion o f  the initial energy and 
A. I t  is also related, as we have shown here, to the general 
characteristics o f  the reaction, namely the multiplicity Np 
and energy deposit  E h. 
2. Quantitatively, this relation agrees well with the con- 
stant space density o f  fluctons in the interaction region. 
3. The strength of  the pairing correlations in the case of  
a single projectile-flucton collision estimated using two 
independent  methods  yields consistent results. 
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