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Measurement of the average transverse momentum and of the pion-emission volume
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We have measured (pq ) as a function of multiplicity for the reaction proton {antiproton) on pro-
ton, neon, argon, and xenon. For all reactions, (pz) is independent of multiplicity. We observed

that the pion-emission volume is the same for both hydrogen and xenon targets and has a radius

about 1.5 fm. Our analysis shows no indication of a deconfinement phase transition in nuclear
matter.

I. INTRGDUCTIQN

This paper reports on measurements which give some
information on the temperature and the size of the had-
ronic interaction volumes. We have concentrated our in-
vestigation on a comparison of hadronic interactions on
protons and nuclear targets.

In the last few years properties of superdense matter
have been discussed widely and the description of a
quark-gluon plasma in thermodynamical language has re-
gained popularity. ' In the thermodynamical model the
multiplicity is proportional to entropy and the average
transverse momentum (pi ) is related to the temperature
and the size of the interaction volume. More quantitative
treatments of the thermodynamical model, using lattice
gauge calculations in QCD, predict a quark-gluon decon-
finement phase transition at the surprisingly low tempera-
ture of about 200 MeV.

In this experiment we observe in the central rapidity re-
gion twice as many particles per rapidity unit with the xe-
non target as with the proton target (see Table II). This
means that for central collisions the average energy densi-
ty is much higher than inside the stationary nucleon
where the density is about 440 MeV/fm . Many authors
have specu1ated that at higher energy densities a quark-
gluon plasma could be produced, which may extend over
several fermis. '

The paper is organized as follows: The data analysis
pertinent to this investigation is described in Sec. II. In

Sec. III we present (pi ) as a function of multiplicity and
compare our results with recent measurements from the
proton-antiproton collider at CERN. In Sec. IV we com-
pare Bose-Einstein correlations of like- with unlike-
charged-particle pairs in order to obtain the size of the in-

teraction volume. The conclusions are contained in Sec.
V.

II. DATA ANALYSIS

This experiment was performed at the CERN SPS, us-

ing a streamer-chamber vertex spectrometer with a 4m-

solid-angle coverage and excellent multitrack efficiency.
The magnetic field of 1.5 T provided good momentum
and charge information. Range, ionization, and decay sig-
nature were used to identify particles having momentum
below 600 MeV/c. The particles with momentum above
600 MeV/c were treated as pions. A downstream spec-
trometer consisting of seven magnetostrictive spark
chambers was used to improve the momentum measure-
ment. The measuring accuracy was bp/p=0. 0025p (p in
GeV/c) in the streamer chamber and bp/p=-0. 0005p for
tracks also reconstructed in the spark chambers. This ac-
curacy was important in order to obtain sufficient resolu-
tion to measure the dimensions of the interaction volume
up to several fermis in size. Only 10%%uo of the charged
tracks with momentum p ~30 GeV/c had to be recon-
structed using streamer-chamber data only. Our interac-
tion trigger vetoed about 3%%uo of the inelastic events. Ad-
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TABLE I. Numbers of events and pairs for proton and xenon targets.

Reaction
No. of
events

No. of
like pairs

No. of
unlike
pairs

No. of
like pairs
after cuts'

No. of reshuffled
unlike pairs
after cuts'

p+p 55 481
P+p 26440
p+Xe 146 220
p+Xe 155 627

'qo &0.2 GeV, 0.002&q, &0.2 (GeV/c)2.

63 494
33 052

138 773
157 722

7 203
3 465

13 971
15 540

6 891
3 559

11 219
12756

ditional details of this experiment have already been pub-
lished elsewhere. Tables I and II show the number of
events, tracks, and pion pairs for each reaction used in
this analysis.

III. INVESTIGATION OF TRANSVERSE-MOMENTUM
DISTRIBUTIONS

Figure 1 shows the (pz) of charged particles as a func-
tion of charged multiplicity for the central rapidity region

~y ~
& 1.5 for several targets. The rapidity

+P IIy= —, ln
PII

is calculated in the overall pp center-of-mass system
(c.m. s.). The dashed lines represent (pz) for all multipli-
cities, the values of which are given in Table II along with
the average multiplicity (n). We see no correlation of
(pq) with the multiplicity, in agreement with the results
at the lowest energy of the CERN ISR. At higher energy
an increase of (pq) with multiplicity was indicated by
cosmic-ray measurements of Lattes et al. A clear corre-
lation was observed in a pp collider experiment at CERN,
the results of which are represented by the pair of solid
lines (+1 standard deviation) in the pXe diagram of Fig. l.
This observation was interpreted, within the framework of
Landau's thermodynamical model, by Van Hove as pos-
sible evidence for a hadronic phase transition.

IV. DETERMINATIQN OF THE INTERACTION
VOLUME FROM PION CORRELATIONS

The like-pion interference, first observed by &oldhaber
et al. , ' allows one to determine the time-space charac-

teristics of the pion-emission volume. ' The two-particle
correlation function of identical bosons emitted with near-
ly equal momentum p, and opening angle 0 by two in-
dependent one-particle sources, is described by the formu-
la

8'= 2[1+cos(pR 8)],
where R is the distance between the two sources.

However, this formula holds only for two point sources.
To analyze our data we used the specific parametrization
for a model of a uniformly radiating disc of radius R and
lifetime ~, which was developed by Kopylov and
Podgoretsky. " In addition to the energy and momentum
differences of two pions, calculated in the overall pp c.m.s.
by

qo ——
~

E; E~ and q—=p; —p

they introduced a new variable

i(p; —p, )x(p;+p, )
i

7

I p(+p, I

where q, is the projection of q onto the plane perpendicu-
lar to p;+pj It is closely related to the effective mass
M (for q0~0, q, =M —4m ).

In this model, the ratio of like-sign pairs (NL ) to back-
ground pairs (N~) in small intervals of qc, q, is given by
the expression

NL I (qR)
- = I+

1+(q..)' '

where

TABLE II. Number of events and average transverse momentum &p~) and multiphcjty &n) pf
charged particles in the rapidity region ~y, ,

~
& 1.5.

Reaction

p+p
P+p
p+Ne
p+Ne
p+Ar
p+Ar
p+Xe
p+Xe

No. of
events

3252
1643

104
82

929
835

1344
1341

No. of
tracks

17778
8 724

658
505

7 857
7 257

14070
14 628

&p~ &

(GeV/c)

0.366+0.002
0.366+0.003
0.376+0.010
0.372+0.012
0.376+0.003
0.376+0.003
0.363+0.003
0.359+0.003

&n)

5.47+0.06
5.31+0.08
6.33+0.39
6.16+0.40
8.46+0. 18
8.69+0.20

10.50+0. 18
10.95+0.18
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FKx. 1. The average transverse momentum of charged hadrons (V s = 19.4 GeV) as a function of charged track multiplicity in the
rapidity interval ~y ~

& 1.5. The dashed line is the (pz) value. The solid lines represent (+1 standard deviation) the result of Ref. 8.

2J)(q,R)
I(q, R )=

q, R

with J~ being the first-order Bessel function. X~ is the
number of "background" pairs, i.e., the number of pairs if
there were no correlations.

In order to extract only the correlation arising from
Bose-Einstein statistics, but not other possible dynamical
and kinematical correlations, one takes a restricted qo, q,
kinematical region. For 1V& one usually takes the number
of opposite-sign pairs. Unfortunately the dependence of
this X~ on qo, q, is not free of dynamical correlations. In
fact the (~+m ) mass spectrum and hence the q, distribu-
tion is strongly affected by resonances such as tl and co. A
discussion of possible ways to determine NL and N~ is
given in Ref. 12.

We now summarize the procedure chosen for this
analysis. In order to suppress the contribution of reso-
nances we used only pairs with qo & 0.2 GeV and
0.002&q, &0.2 (GeV/c); the lower limit removes possi-
ble electron-pair contamination. X~ was found by first
randomly mixing the transverse momentum components
of pions in each event. Then the variables q, and qo of the
randomly mixed pairs were computed in the c.m.s. of the
interaction in the same manner as for the nonreshuffled
events. Finally %~ was normalized to the total number of
like pairs in the qo, q, region given above.

The experimental ratio NL, /Nz in bins of qo and q,
was fitted with the least-squares method to the modified
Kopylov-Podgoretsky expression

XL I (q, R)=C 1+A,
Xg 1+(qual)

where C is a normalization constant and A, the degree of
incoherence (A, =1 represents a fully incoherent source).
The maximum value of the function (1) is given by
C(1+A, ). Introducing A, we take into account effects not
originating from Bose-Einstein correlations.

In Fig. 2, we show the ratio EL /Xz, i.e., the experimen-
tal correlation function versus q, for two intervals of qo,
for both incident particles and for hydrogen and xenon
targets. The solid line represents the fit of the theoretical
expression [Eq. (1)] to the data. This fit was made simul-
taneously for both qo intervals. In Table III the fitted pa-
rameters with the corresponding 7 are given. The fitted
values for A. and C are close to one and the radius R is
about 1.5 fm for all four reactions. The fitted value of C
close to one indicates that our Xz normalization is reason-
able. The result for pp is in good agreement with a previ-
ous experiment.

As a check the fit was tried for different q, (0.015
GeV /c ) and qo (0.05 GeV) bins. The fit results were al-
most the same. We also tried the fit with A, as a fixed pa-
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FICJ. 2. q, dependence of the correlation function for the two intervals of qo. The curves are fits of Eq. (1) to the data.

rameter: A, = 1 and A, =0.5. For the case 1=1, we found
results similar to the case where A, was a free parameter.
In the case A, =0.5, the value of R did not change, but v.

was very small (ex=0 01 fm for p.Xe).
Since our interaction volume is probably not a simple

sphere, but more likely an ellipsoid, we tried to make
specific cuts, in order to measure its length and width.
We define 8 to be the angle between the beam axis and the
momentum vector of the pion pair and P to be the angle
between the plane defined by the two pions and the plane

Reaction Cuts

TABLE III. Fitted values of model parameters [see Eq. (1) in text].

C7
(fm)

x'
(NDF = 16)

pp Average
Length
Width

1.66+0.04
1.02+0.08
1.74+0. 11

1.02+0. 18
0.62 +0.25
1.04+0.28

0.96+0.08
1.14+0.10
1.04+0. 15

0.90+0.02
0.65+0.02
0.90+0.03

9.0
8.4

13.5

pp Average 1.51+0.08 1.31+0.21 1.30+0.20 0.72 +0.02 29.8

Average
Length
Width

1.53+0.13
0.82+0.05
1.58+0. 12

0.93+0.16
0.94+0. 16
0.89+0.17

1.27+0. 11
1.52+0. 11
1.38+0.13

1.14+0.05
0.78 +0.03
1.14+0.05

25.4
15.1
23.2

pXe n &20 1.45~0. 11 0.95+0.10 1.55+0. 16 1.12+0.05 21.1

pXe Average
Length
Width

1.47+0. 11
1.36+0.10
1.48+0. 11

0.95+0.11
0.78+0.28
0.98+0.12

1.34+0.08
0.94+0. 11
1.43+0. 11

1.07+0.05
1.18+0.04
1.04+0.06

14.7
10.9
11.8

pXe n ~20 1.53+0.10 . 0.95+0.16 1.27+0. 12 1.16+0.05 19.1
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defined by the beam axis and the momentum vector of the
pion pair. In the part of the data where

~

cos8
~

is small
and

~

cosP
~

is approximately one, the fitted values of R
will be dominated by the length of the interaction volume.
To obtain adequate statistics, we used cuts of

~

cos5
~

&0.5 and
~

cosP
~

&0.7. In the complementary
data sample the value of R will be dominated by the width
of the interaction volume. The results of these fits are
also shown in Table III (except for pp where statistics were
inadequate) and they indicate that the width of the in-
teraction volume is larger than the length.

The values of the fitted parameters are similar for hy-
drogen and xenon, which we would not expect if a quark-
gluon plasma were produced in the nuclear target. This
result rather agrees with the expectation from the additive
quark model, which was found to be consistent with many
other aspects of hadron-nucleus collisions.

Central collisions are expected to be more favorable for
the production of a quark-gluon plasma, because they pro-
duce a higher energy density. We have attempted to en-
rich the event sample with central-collision events by
selecting xenon events with overall charged-pion multiph-
city greater than 20. However, even with this multiplicity
requirement we still obtained similar R and c~ values (see
Table III).

It is interesting to compare the radius of interaction
found in this anaIysis using elementary projectiles with
that found in the Bevelac experiments using the projectile

Ar. ' Their radius is about three times ours, consistent

with the larger radius of Ar. However, in contrast with
our results, their R increases with multiplicity. Similar re-
sults are obtained at the CERN ISR.' The size of the
formation zone of pions was also measured in e+e an-
nihilation. ' lt was found to be a factor of 2 smaller than
in hadron-hadron and hadron-nucleus collisions.

I

V. CONCLUSIONS

We have investigated the correlation between (pi ) and
multiplicity in the central rapidity region. No correlation
is observed in contrast to experiments at higher energies.

We have obtained values for the size and lifetime of the
pion-emission volume in both hadron-proton and hadron-
xenon interactions. The radius is about 1.5 fm in both
cases. This result is consistent with our previous observa-
tion that the proton interacts inside the nucleus in the
manner predicted by the additive quark model.

This analysis shows no indication of a deconfinement
phase transition in nuclear matter.
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