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Relative Space-Time Asymmetries in Pion and Nucleon Production
in Noncentral Nucleus-Nucleus Collisions at High Energies
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We propose the use of ratios of the pion-proton correlation functions evaluated under diffe
conditions to study the relative space-time asymmetries in pion and proton emission (pion and nu
source relative shifts) in high energy heavy ion collisions. We address the question of the nonce
collisions, where the sources can be shifted spatially relative to each other both in the longitudina
in the transverse directions in the reaction plane. We use theRQMD event generator to illustrate the
effect and the technique. [S0031-9007(97)04801-1]
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The importance of the study of the space-time structu
of particle emission in heavy ion collisions has bee
emphasized repeatedly. In general the question of the c
responding measurements splits into two: measureme
of the extent (size) of the emission zone for each particu
particle species and the measurement of the relat
location of the sources of different particles. Mea
surements of the size of the effective source could
addressed in principle by two (identical) particle in
terferometry. At present, particle sources are stud
intensively by this method both in elementary partic
and heavy ion collisions [1–3]. On the other hand, th
question of the relative space and time asymmetry in
production of different particles (source shifts) remain
almost unexplored, although this question is very impo
tant for an interpretation of the experimental data with
different models (for example, the ones which requi
particle thermalization, chemical equilibration, etc.).

An important first step in the investigation of sourc
shifts in space and time was done in Ref. [4], whe
nonidentical particle correlation functions were propos
as a tool for the study of time delays in the emission
different particle species. This observation was based
analytical calculations [5,6] of the final state interactio
contribution to the correlation function. Recently, a mo
detailed investigation of the possibilities provided by th
correlations of nonidentical particles to study asymmetr
in particle production in relativistic heavy ion collision
was attempted [7].

Here, we use thep6p correlations to study asymme
tries in the pion and nucleon (proton) production in no
central nucleus-nucleus collisions at high energies. To
specific, we investigate particle production in the rapidi
region close to the projectile rapidity in Au1 Au col-
lisions at AGS energies. We select the rapidity regio
where proton directed flow is most pronounced [8], an
where it is natural to expect that proton and pion sourc
could be shifted relative to each other not only in the lo
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gitudinalszd direction but also in the flow direction (along
or opposite to the impact parameter vector;1x or 2x di-
rections, below).

Two-pion interferometry of noncentral collision an
its relation to anisotropic flow was addressed earlier
[9]. In particular, it was noted that the pion sourc
looks different from different directions with respect t
the reaction plane angle, in part due to the fact th
the pion source is screened by nucleons in the direct
of nucleon flow. This implies that the pion source
effectively shifted with respect to the proton source. Th
observation was supported [9] by the analysis of t
pion source shape inRQMD generated events. Recen
experimental results on anisotropic flow of pions an
nucleons [8] confirm this picture. The observed flow o
protons and pions looks very different, and this differen
agrees with the assumption of pion screening by nucleo
More importantly, pions of different charge at very low
transverse momenta flow in the opposite directions. T
fact is naturally explaned by a Coulomb interaction wi
the protons, assuming that the pion and proton sources
shifted in space. In the current paper we show how su
shifts could be detected and measured experiment
using pion-proton correlations, determined mainly by tw
particle final state interactions.

Referring for the quantitative description of final sta
interaction contributions to the correlation function t
the original papers [4–7,10–12], here we discuss
qualitatively. Such a discussion will help us explain an
justify the techniques used below.

Any two-particle (both identical and nonidentical
correlation function is mainly sensitive to the distanc
between particles at the moment when the second part
is produced. (Here and in the discussion below w
mean particles at freeze-out, that is at the point of la
interaction.) Such a separation can be written as

r̃12 ø sr1 2 r2d 2 Vst1 2 t2d , (1)
© 1997 The American Physical Society
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where we introduce the notationsr, t for the space
and time position of particle production, andV ­ sp1 1

p2dysE1 1 E2d for the pair velocity. The difference
between identical and nonidentical particle correlatio
(except quantum statistics effects, which are not essen
for the current study) comes from the fact that th
correlation function in the case of nonidentical particles
general depends on the orientation of the relative veloc
v ; p1yE1 2 p2yE2 (that is, the correlation function is
different for the cases ofv and 2v), while for identical
particles such a dependence is averaged out due to
symmetry of the system.

The dependence of the nonidentical two-particle cor
lation function on the relative velocity becomes clear
one recollects that nonidentical two-particle correlatio
are mostly due to two body interactions in the final sta
The impact of the two body final state interaction obv
ously is different for particles (at the instant of both o
them are created) moving, in the particle pair rest fram
toward each other or moving in the opposite directions.
the centers of the effective sources of two-particle spec
are shifted, then the dependence of the correlation fu
tion on the orientation of the relative velocity with respe
to the shift becomes obvious. Suppose that particles
type “2” are produced on average atz2 . z1 (for simplic-
ity assume also thatt2 ø t1). Then, selecting the pairs
with y1,z . y2,z one would select the pairs which mov
on average toward each other (in the pair rest frame) a
the corresponding final state interaction would be strong
(In this simplified consideration we neglect possible d
ferences between particle velocities at the moment of p
duction and the measured ones). Depending on the t
of final state interaction the correlation function would d
crease or increase. Studying the orientation of the relat
velocity to which the correlation function is the most se
sitive one could find the orientation of the shift in space

It is natural to study the two nonidentical particlesp6pd
correlations in the pair rest frame and as a function
kp, half of the particle relative momentum in this sys
tem skp ­ pp ­ 2ppd. In the region of small values of
kp (much less than the inverse size of the particle sour
the final state interaction of two charged particles is dom
nated by the Coulomb interaction. In this case the corre
tion function can be written in analytical form [5,10–12
which makes it possible to estimate the ratio of the co
relation functions evaluated under different conditions.
we denote the correlation functions for two different case
for example,kp

i . 0 andkp
i , 0, asR

s1d
i andR

s2d
i , then

in the limit of smallkp [7],

R
s1d
i

R
s2d
i

ø
a 1 2krpl 1 2krpkpykpls1d

a 1 2krpl 1 2krpkpykpls2d

ø
1 1 2krpl kkpykpls1dya
1 1 2krpl kkpykpls2dya

ø 1 1 2krpliya , (2)

where a is the Bohr radius (for thep6p system
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a ø 6222 fm) and rp is the relative separation in par-
ticle production points. Then,krpl is the shift between
sources in the pair rest frame, the quantity of inte
est. It should be mentioned, that in the derivation o
Eq. (2) it is assumed thatkrpl ø jaj, and thatjRe fj ø

jaj, wheref is the strongs-wave pion-proton scattering
amplitude. [The correlation function then reduces (se
for example, Eqs. (1) and (5) in [4]) to:R ­ Acshd 3

kjFs2ih, 1, irdj2l, where Acshd ­ 2phyfexps2phd 2

1g is the modulus squared of the nonrelativisti
Coulomb wave function at the origin,Fsa, 1, zd ­ 1 1

az 1 asa 1 1d szy2!d2 1 . . . is the confluent hyperge-
ometrical function,h ­ 1yskpad and r ­ kprp 1 kprp.
Equation (2) immediately follows from the substitution
in the considered limit, of the confluent hypergeo
metrical function with its linear approximation:F !

1 1 rh ­ 1 1 skprp 1 kprpdyskpad.] The average in
formula (2) is taken over all pairs from the correspond
ing subsample. It was also used that in the limit o
kp ø kptl, krpl kkpykpls6d ­ 6krpliy2 for the above de-
fined cuts onkp

i .
For the current study we use theRQMD v1.08

[13] event generator to simulate Au+Au collision a
11.4 GeVynucleon. We selectparticles in the rapidity
region 2.8 , ylab , 3.2 and within a relatively nar-
row sector in azimuthal space, such thatpx . 0 and
jpyypxj , 0.5. We create two event subsamples in
accordance with the orientation of the reaction plan
“Cr ­ 0” (in this case nucleons flow in the positive
x direction) and “Cr ­ p” subsamples. The relative
shifts between pion and proton sources for both cas
are presented in Table I as calculated both in the cen
of mass system of colliding nuclei and in the particl
pair rest frame. In theRQMD generated events we ob-
serve strong momentum-position correlations in partic
production (especially for pions); the values presente
in the table correspond to the average of the producti
points over the particles which contribute to the pairs wit
kp , 15 MeV. This restriction limits significantly the
effective transverse momentum range of pions, decreas
its average value in the sample. For both subsamp
the average components of the pair velocity in the cent

TABLE I. The mean values of spatial and temporal shifts (i
fm) of pion and proton sources for two different orientations o
the reaction plane in the center of mass frame of the collidin
nuclei (upper half) and in the pair rest frame (lower half).

kxp 2 xpl kyp 2 ypl kzp 2 zpl ktp 2 tpl

Cr ­ 0 24.7 0.1 28.3 23.7
Cr ­ p 1.5 0.1 27.1 22.8

kxp
p 2 xp

pl kyp
p 2 yp

pl kzp
p 2 zp

pl ktp
p 2 tp

pl

Cr ­ 0 25.8 0.1 212.3 10.3
Cr ­ p 0.9 0.2 210.5 8.3
4767
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of mass system of colliding nuclei areVz ø 0.89 and
Vx ø 0.17.

We analyze approximately200 3 103 pairs in each of
the subsamples, the typical statistics for modern expe
ments. Our goal is to show the sensitivity of thepp
correlation function to the shifts presented in Table I.

Below we consider only thep1p correlation function
(which decreaseswith the strength of the interaction)
the results forp2p case would be very similar taking
into account the change in sign of the Coulomb inte
action, which dominates at low values of the partic
relative velocity. The correlation functions are evalu
ated by weighting the simulated particle pairs with th
modulus squared of the two-particle wave functio
c

S
2kp srpd averaged over the spinS of the pair. [Note that

the two-particle amplitudecS
2kp srpd is often substituted

by the usual wave functioncS
kp srpd (see, for example

[2,11]). This substitution is of no importance for identica
particles or in the case of a symmetric distribution of th
relative coordinatesrp. However, it may be seen from
Eq. (2) that it would lead to the incorrect sign of th
asymmetry contribution in the ratioR1

i yR2
i .] The cor-

responding wave functions are calculated in accordan
with the Lednicky-Lyuboshitz [5] formulas taking into ac
count both the Coulomb as well as the strong interacti
in the final state. In Fig. 1 we show the correlation fun
tions calculated for the “Cr ­ 0” event subsample for
two sets of cutskp

x . 0 skp
x , 0d and kp

z . 0 skp
z , 0d.

Note that these cuts approximately correspond to
cuts in the laboratory systemyp ,x . yp,x syp ,x , yp,xd
and yp ,z . yp,z syp ,z , yp,zd, respectively. The corre-
spondence would be strict if one selected the coordin
system with one of the axes parallel to the pair velocit
The ratios of the correlation functions are also shown
the same figure. One can see that the correlations
stronger in the cases ofkp

z . 0 andkp
x . 0, which clearly

indicates that the proton source is shifted relative to t
pion source to positivezp and positivexp values. The
magnitude of the difference in the cases of cuts onkp

z and
kp

x shows that the shift inz direction is larger than the one
in x direction.

FIG. 1. The correlation functionsRs1d
x,z skp

x,z . 0d and Rs2d
x,z

skp
x,z , 0d for the event subsample “Cr ­ 0”.
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In Fig. 2 we show the analogous plots for the “Cr ­
p” subsample. Note the difference in Figs. 1 and
concerning the cut onkp

x . It reflects the fact that
the relative shift between pion and proton sources h
changed sign (and value), and the proton source is no
to the “left” relative to the pion source. The change in
the correlation function, from “kp

x ” cuts, although small in
magnitude, is statistically significant; shown in Fig. 3 ar
the correlation functions on a different scale.

Qualitatively the results of thep1p correlation analy-
sis show unambiguously the correct relative location o
pion and proton sources. Quantitatively the agreeme
with the approximate formula (2) is also very good
In accordance with (2), each one Fermi of the shi
leads to a change of approximately0.9% in the ratio of
the corresponding correlation functions at small value
of kp. From Table I one would expect the following
values for the ratios of the correlation functions a
small values ofkp: in the case of “Cr ­ 0” the ratio
Rs2d

z yRs1d
z ø 1.11 and R

s2d
x yR

s1d
x ø 1.05; in the case

of “Cr ­ p”, Rs2d
z yRs1d

z ø 1.09 andR
s2d
x yR

s1d
x ø 0.99.

The correlation function ratios shown in Figs. 1–3 agre
with these numbers quite well.

In the current paper we have analyzed the correlatio
function in the particle pair rest frame. The source shif
extracted are those in this frame. Although, in principle
the correlation function is sensitive to the time shift be
tween the sources [5,6] in this system, the sensitivity
very weak and can be neglected under the condition
jtpj ø mrp2 (m is the reduced mass). Physically, one o
the reasons for this is the very small particle relative velo
ity in this framevp ø kpym; the relative space separation
between particles changes on average very little during t
time Dt ­ tp provided thatkpymjDtj ø jkrplj.

If one considers space and time shifts in the laborato
system (or in the center of mass of the colliding nucle
system) then the correlation function depends on a
four shifts, but all four of them cannot be extracted
from three possibly measured ratios of the correlatio
functions, exactly the same problem observed in two

FIG. 2. The same as Fig. 1 for the event subsamp
“Cr ­ p”.
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FIG. 3. The ratios of the correlation functionRs2d
x and Rs1d

x
for two event subsamples “Cr ­ 0” and “Cr ­ p”.

particle interferometry. To extract all shifts in this cas
one needs to make additional assumptions, for exam
that the shifts do not depend on the velocity of th
pair. Such questions are beyond the scope of t
publication.

We have shown that important information on th
relative shifts between pion and proton sources can
obtained by comparing thepp correlation functions
evaluated at different conditions. The goodquantitative
results achieved in the application of the method
the RQMD generated events give a hope that the sa
technique can be successfully applied to the data.
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