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Two-Pion Correlations in Au 1 Au Collisions at 10.8 GeVyc per Nucleon
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Two-particle correlation functions for positive and negative pions have been measured in Au1 Au
collisions at 10.8 GeVyc per nucleon. The data were analyzed using one- and three-dimensional
correlation functions. From the results of the three-dimensional fit the phase space density of pions was
calculated. It is consistent with local thermal equilibrium. [S0031-9007(97)02850-0]
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Bose-Einstein correlations of identical pions ca
be used to obtain information about the space-tim
momentum distributionSsr, t, pd of pions at freeze-out
(pion source) in a nuclear collision (for a review, see [1]
The two-pion correlation functionCsp1, p2d, defined
as the ratio between the two-particle density and th
product of single particle densities, shows a peak
q ­ p2 2 p1 ­ 0. The width of this peak is inversely
proportional to the size of the pion source. Analysis o
C as a function of different components of the relativ
momentum yields information about the source dimen
sions in different directions. The relation betweenS and
C is complicated by effects like three-particle (and more
correlations [2–4], long-lived resonance decays [5–7
and the distortion of the single-particle spectra by th
two-particle correlations [8,9]. The correlation must als
be corrected for the Coulomb interaction between the tw
pions [10–12].

In this Letter we present results of the correlation anal
sis of pions produced in central Au1 Au collisions at
10.8 GeVyc per nucleon. The data were taken in the fa
of 1993 at the AGS. The central trigger at the level o
10% of the geometrical cross section was used. The ap
ratus allowed a simultaneous measurement of positive a
negative pions with a momentum resolution ofDpyp ø
3%. With two field polarities used, the overall accep
tances for positive and negative pion pairs were simila
2 , y , 4 and0 , pt , 0.5 GeVyc with k yl ­ 3.1 and
kptl ­ 0.1 GeVyc. The analyzed data sample consist
2916 0031-9007y97y78(15)y2916(4)$10.00
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of 1 3 106 central events, and the total number of an
lyzed p1p1, p2p2, and p1p2 pairs is 130 3 103,
210 3 103, and 340 3 103, respectively. The parti-
cle identification (PID) quality was tested by varyin
the PID cuts in order to deliberately accept bac
ground particles. No significant influence on the resu
was observed, implying that particle misidentificatio
does not contribute significantly to the overall sy
tematic uncertainty. A more detailed description
the experiment and of the data analysis can be fou
in [13].

Experimentally, the correlation functionCsqd is defined
as the number of pion pairs in aq bin (signal) divided by
the number of such pairs obtained by event mixing (ba
ground). The variablesqout, qside, andqlong, used in the
three-dimensional “out-side-long” analysis, are the co
ponents ofq in the beam rapidity frameyanal ­ ybeam ­
3.14. Hereqlong is the component parallel to the beam
qside is perpendicular to the beam and to the average p
momentum, andqout is perpendicular toqlong and qside
[14,15]. In our one-dimensional analysis we analyz
two-pion correlations as a function ofq ­ jqj calculated
in the pair c.m. frame. For equal mass particlesq is equal
to Qinv , which is defined as

p
sp2 2 p1d2 2 sE2 2 E1d2.

The background pairs were weighted with the Coulom
correction factor to remove the effect of the Coulom
interaction between the two pions from the correlatio
It is calculated by taking the square of the nonrelativis
wave function describing a particle in a Coulomb fie
© 1997 The American Physical Society
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[16,17]:

Hsk, rd ­
2ph

e2ph 2 1

Ç
F

∑
2ih; 1; ik

µ
r 2

r ? k
k

∂∏ Ç2
,

(1)

whereF is the confluent hypergeometric function,k is the
asymptotic momentum of a pion in the pair c.m. syste
(k ­ Qinvy2), and r is the relative distance of the two
pions at freeze-out. The relative velocity enters throug
h ­ Z1Z2mp cayQinv where mp is the pion mass and
a is the fine structure constant. For pions emitted fro
a pointlike source,F is equal to unity and the Coulomb
correction becomes the well known Gamow factor [10,1
(dot-dashed line in Fig. 1). For a finite-size source, th
Coulomb correction factor can be obtained numerical
by averagingHsk, rd overr. The correctionH calculated
this way for a Gaussian source withsx ­ sy ­ sz ­ 5
fm and st ­ 0 is shown as a dashed curve in Fig. 1
In addition, since it would be incorrect to divide data
which have been measured with a finite resolutionDp by
a correction calculated assumingDp ­ 0, we foldedH
with the momentum resolution of the spectrometer. Th
resulting correctionHDp is shown as a solid line in Fig. 1.

Since thep1p2 correlation is dominated by the mu-
tual Coulomb interaction, we can use it to test the quali
of the Coulomb correction. This correlation function, un
corrected, corrected by the Gamow, and byHDp is shown
in the right hand panels of Fig. 2. The properly correcte
correlation should be equal to unity. The Gamow corre
tion is obviously inappropriate. This is in agreement wit
several theoretical studies [11,18,19] as well as previo
experimental observations [20,21]. The byHDp corrected
p1p2 correlation is close to unity. We therefore use th
same method to correct thep1p1 andp2p2 correlation
functions. The Gamow correction would lead to a sig
nificantly different shape of the corrected correlation (se
Fig. 2 and Table I).

FIG. 1. Coulomb correction factor for two-pion correlation
functions. The dot-dashed lineG represents a correction
assuming a pointlike pion source (Gamow factor). The dash
line H was calculated for a Gaussian source with a realis
size. The same curve folded with the spectrometer moment
resolution is shown as a solid line. This is the correction us
in the data analysis.
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The experimental, Coulomb corrected one-dimension
p1p1 andp2p2 correlations were parametrized by

CsQinv d ­ 1 1 l exps2R2Q2
inv d , (2)

with h̄ ­ 1. The results of a maximum likelihood fit are
shown as the solid line in Fig. 2. The fit parameters ar
given in Table I. Fitting Coulomb uncorrected correla-
tions gives the sameR but a lowerl value of 0.32. We
estimate the uncertainty ofl because of the assumptions
entering the Coulomb correction to be half of the differ-
ence, i.e., 18%.

In the out-side-long analysis, which was per-
formed in the beam rapidity frameyanal ­ 3.14, the
three-dimensional correlation functions were fitted by

Csqout, qside, qlongd ­ 1 1 l exps2R2
outq

2
out 2 R2

sideq2
side

2 R2
longq2

long

2 2jRoljRolqoutqlongd . (3)

The projections of the correlation and of the fit, obtaine
by averaging over the two other components ofq in the
range from250 to 50 MeVyc with a weighting factor
equal to the number of background pairs, are show
in Fig. 3. The particles were labeled such thatqlong .

0. The asymmetric shape of the projectionCsqoutd,
well reproduced by the fit, is caused by the acceptanc
and the finite width of the projection window. The
parameters obtained from the fit are given in Table II
The values were corrected for the momentum resolutio
of the spectrometer using the results of a Monte Carl
simulation.

FIG. 2. One-dimensionalp1p1, p2p2, andp1p2 correla-
tion functions. Presented are (from top to bottom) raw an
Gamow corrected correlations, and correlations corrected b
HDp . The solid line is the Gaussian fit.
2917
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TABLE I. Parameters of the fit to one-dimensional correlatio
functionsCsQinv d ­ 1 1 l exps2R2Q2

inv d. For the purpose of
comparison we also quote the results obtained with the Gam
correction (denoted asG).

With HDp correction WithG correction
l R (fm) l R (fm)

p1p1 0.49 6 0.04 5.5 6 0.3 0.56 6 0.04 5.1 6 0.2
p2p2 0.51 6 0.03 6.2 6 0.2 0.62 6 0.03 5.9 6 0.2

Similarly, as in the one-dimensional fit, thep1 and
p2 sources apparently differ in size. We attribute th
to the distortion of the correlation function caused by th
Coulomb interaction between each of the pions and
rest of the system [12].

The parameterRside is most directly related to the trans
verse size of the pion source. In order to compare it to t
projectile size we first translated the r.m.s. radius of a go
nucleusRrms ­ 5.3 6 0.1 fm [23] to an equivalent Gauss-
ian radiusRG ­ 1y

p
3Rrms ­ 3.08 6 0.06 fm. The ratio

RsideyRG is 1.360.3 for p1 and 1.860.2 for p2. This
increase of the transverse size, combined with the rec
finding of transverse flow velocities from analysis of pa
ticle spectra [24,25], may be used to restrict the expans
dynamics.

It has been shown recently that the two-meson corre
tion function is related to the meson phase space den
(defined as the number of particles per unit volumeh3 in
six-dimensional phase space) at freeze-out [26]. Using
results from [26] we obtained the following formula:

k flp ­
d3n
d3p

p3y2l

Rside

q
R2

outR
2
long 2 R4

ol

, (4)

wherek flp is the phase space density of pions with m
mentump, averaged over the spatial coordinates,d3nyd3p
is the differential pion multiplicity, andl, Rout, Rside,
Rlong, and Rol are the numbers obtained from the ou
side-long fit to the correlation function. This phas
space density can be compared to a theoretical predic
assuming local equilibrium, i.e., to the Bose-Einste
distribution function. However, pions from long-lived
resonances, which result inl , 1 [7,27], decrease the
mean phase space density. This component of the sou
function is not thermalized and should be left out fro
the comparison. Since for a case without long-live
resonancesl ­ 1, and since the actual fraction of pion
s

2918
TABLE II. Parameters of the fit to three-dimensional correlation function
Csqout, qside, qlongd ­ 1 1 l exps2R2

outq
2
out 2 R2

sideq2
side 2 R2

longq2
long 22jRoljRolqoutqlongd.

The fit results are corrected for momentum resolution. That is whyl’s differ from the values
in Table I.

l Rout sfmd Rside sfmd Rlong sfmd Rol sfmd

p1p1 0.62 6 0.06 5.8 6 0.5 3.9 6 0.8 5.5 6 0.4 2.4 6 0.7
p2p2 0.62 6 0.05 6.5 6 0.5 5.6 6 0.7 5.8 6 0.4 3.7 6 0.8
n
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FIG. 3. Projections of the three-dimensionalp1p1 and
p2p2 correlation functions. Solid lines represent projection
of the fit.

coming from the core is
p

l, the following formula
describes the average phase space density in the core:

k flcore
p ­

d3n
d3p

p3y2
p

l

Rside

q
R2

outR
2
long 2 R4

ol

. (5)

Taking the correlation parameters from Table II (with the
error matrix properly taken into account) and using ex
perimentald3nyd3p from Ref. [28], we calculatedk flcore

p
for several points in thespt , yd plane (Table III). We
assume that the correlation parameters do not chan
significantly between the points and thus the entire mo
mentum dependence comes fromd3nyd3p; a more correct
approach would require a separate correlation analysis
everyspt , yd bin.

In the absence of transverse flow and neglecting spect
changes due to resonance decay, the phase space de
of pions in thermal equilibrium would follow the Bose-
Einstein distribution (for each pion species):

fBEspd ­
1

expfmt coshs y 2 ySdyT g 2 1
, (6)

with the pion transverse massmt and rapidity y,
and the source rapidityyS. Since transverse mo-
mentum spectra of pions and protons at these r
pidities have similar slopes [28,29], the neglec
of transverse flow seems to be appropriate. Ne
ertheless, to estimate an upper limit for the influ
ence of flow effects, we found by Monte Carlo simulation
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TABLE III. Pion phase space density at freeze-out as a function ofpt and y. The statistical
errors fromd3nyd3p are about 2%. The systematic error fromd3nyd3p, combined with the
error from the correlation analysis, is 32% forp1 and 21% forp2. (These errors act on all
numbers collectively.)

p1 p2

pt sGeVycd y ­ 3.05 y ­ 3.15 y ­ 3.25 y ­ 3.05 y ­ 3.15 y ­ 3.25

0.05 0.190 0.167 0.146 0.158 0.134 0.115
0.10 0.124 0.110 0.094 0.100 0.083 0.071
0.20 0.039 0.033 0.027 0.028 0.022 0.018
g,

t,

.

,

that transverse flow withb ­ 0.3 results in a phase space
density lower by 20% than the one given by Eq. (6
Deviations of the spectral shape from thermal distributio
due to D decays could be handled best if the analys
were done in bins ofpt and y. This is planned for the
high-statistics data sets taken in the 1994 and 1995 ru
of E877.

Under these assumptions, we can test the thermalizat
of pions by comparing the experimental phase spa
density to that given by Eq. (6). The comparison i
simplified by the fact that the experimental differentia
multiplicity can also be parametrized by the Bose-Einste
function

d3n
d3p

­
A

expsmtyTeffd 2 1
(7)

with two fit parameters: effective transverse temper
ture Teff and normalization A. We assume that
Teff ­ Ty coshs y 2 ySd. Consequently, the comparison
betweenk flcore

p andfBEspd is reduced to the comparison
between the parameters of the two-pion correlatio
function and the normalization of the pion spectraA:

k flcore
p

fBEspd
­ A

p3y2
p

l

Rside

q
R2

outR
2
long 2 R4

ol

. (8)

Since thept spectra have a somewhat concave shape,A
depends on the range of the fit: low (high)pt ’s yield high
(low) A. Using A obtained from a fit to the entire mea-
sured transverse momentum spectra0 , pt , 0.6 GeVyc
in the rapidity range 3.0–3.3 and the correlation pa
rameters from Table II, we evaluated the experimenta
to-thermal density ratio of0.97 6 0.28sstatd 6 0.14ssystd
and 1.02 6 0.15sstatd 6 0.14ssystd for p1 and p2, re-
spectively. Thus the experimental pion phase space de
sity is consistent with the presence of local equilibrium.

Summarizing, the multidimensional pion source param
eters have been determined in the Au1 Au system at the
AGS. The observed source is significantly larger than
gold nucleus. The extracted pion phase space density
freeze-out indicates local equilibrium.
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