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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 different
conditions to study the relative space-time asymmetries in pion and proton emission (pion and nucleon
source relative shifts) in high energy heavy ion collisions. We address the question of the noncentral
collisions, where the sources can be shifted spatially relative to each other both in the longitudinal and
in the transverse directions in the reaction plane. We us&¢wd event generator to illustrate the
effect and the technique. [S0031-9007(97)04801-1]

PACS numbers: 25.75.Gz, 24.10.Lx

The importance of the study of the space-time structurgitudinal (z) direction but also in the flow direction (along
of particle emission in heavy ion collisions has beenor opposite to the impact parameter vectoér, or —x di-
emphasized repeatedly. In general the question of the corections, below).
responding measurements splits into two: measurements Two-pion interferometry of noncentral collision and
of the extent (size) of the emission zone for each particulaits relation to anisotropic flow was addressed earlier in
particle species and the measurement of the relativi®]. In particular, it was noted that the pion source
location of the sources of different particles. Mea-looks different from different directions with respect to
surements of the size of the effective source could béhe reaction plane angle, in part due to the fact that
addressed in principle by two (identical) particle in-the pion source is screened by nucleons in the direction
terferometry. At present, particle sources are studie@df nucleon flow. This implies that the pion source is
intensively by this method both in elementary particleeffectively shifted with respect to the proton source. This
and heavy ion collisions [1-3]. On the other hand, theobservation was supported [9] by the analysis of the
question of the relative space and time asymmetry in theion source shape iIRQMD generated events. Recent
production of different particles (source shifts) remainsexperimental results on anisotropic flow of pions and
almost unexplored, although this question is very impornucleons [8] confirm this picture. The observed flow of
tant for an interpretation of the experimental data withinprotons and pions looks very different, and this difference
different models (for example, the ones which requireagrees with the assumption of pion screening by nucleons.
particle thermalization, chemical equilibration, etc.). More importantly, pions of different charge at very low

An important first step in the investigation of sourcetransverse momenta flow in the opposite directions. This
shifts in space and time was done in Ref. [4], wherefact is naturally explaned by a Coulomb interaction with
nonidentical particle correlation functions were proposedhe protons, assuming that the pion and proton sources are
as a tool for the study of time delays in the emission ofshifted in space. In the current paper we show how such
different particle species. This observation was based oshifts could be detected and measured experimentally
analytical calculations [5,6] of the final state interactionusing pion-proton correlations, determined mainly by two-
contribution to the correlation function. Recently, a moreparticle final state interactions.
detailed investigation of the possibilities provided by the Referring for the quantitative description of final state
correlations of nonidentical particles to study asymmetriesnteraction contributions to the correlation function to
in particle production in relativistic heavy ion collisions the original papers [4-7,10-12], here we discuss it
was attempted [7]. gualitatively. Such a discussion will help us explain and

Here, we use ther~p correlations to study asymme- justify the techniques used below.
tries in the pion and nucleon (proton) production in non- Any two-particle (both identical and nonidentical)
central nucleus-nucleus collisions at high energies. To beorrelation function is mainly sensitive to the distance
specific, we investigate particle production in the rapiditybetween particles at the moment when the second particle
region close to the projectile rapidity in Att Au col- is produced. (Here and in the discussion below we
lisions at AGS energies. We select the rapidity regiormean particles at freeze-out, that is at the point of last
where proton directed flow is most pronounced [8], andnteraction.) Such a separation can be written as
where it is natural to expect that proton and pion sources
could be shifted relative to each other not only in the lon- Fo =@ — 1) — V(i — ), @
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where we introduce the notations ¢ for the space a = *222fm) andr® is the relative separation in par-
and time position of particle production, aMl= (p; + ticle production points. Then(r*) is the shift between
p2)/(E; + E,) for the pair velocity. The difference sources in the pair rest frame, the quantity of inter-
between identical and nonidentical particle correlationsest. It should be mentioned, that in the derivation of
(except quantum statistics effects, which are not essentiélq. (2) it is assumed thdt*) < |a|, and that|Re f| <«
for the current study) comes from the fact that the|a|, wheref is the strongs-wave pion-proton scattering
correlation function in the case of nonidentical particles inamplitude. [The correlation function then reduces (see,
general depends on the orientation of the relative velocitjor example, Egs. (1) and (5) in [4]) tR = A.(n) X
v = pi/E| — p»/E- (that is, the correlation function is (|F(—in,1,ip)>), where A.(n) = 27 n/[exp27n) —
different for the cases of and —v), while for identical 1] is the modulus squared of the nonrelativistic
particles such a dependence is averaged out due to ti@ulomb wave function at the origif(a,1,z) = 1 +
symmetry of the system. az + ala + 1)(z/2!)? + ... is the confluent hyperge-
The dependence of the nonidentical two-particle correemetrical function,y = 1/(k*a) andp = k*r* + K'r*.
lation function on the relative velocity becomes clear if Equation (2) immediately follows from the substitution,
one recollects that nonidentical two-particle correlationsn the considered limit, of the confluent hypergeo-
are mostly due to two body interactions in the final statemetrical function with its linear approximationf’ —
The impact of the two body final state interaction obvi-1 + pn =1 + (K*r* + kr*)/(k*a).] The average in
ously is different for particles (at the instant of both of formula (2) is taken over all pairs from the correspond-
them are created) moving, in the particle pair rest frameing subsample. It was also used that in the limit of
toward each other or moving in the opposite directions. Ifk* < (p,), (r*)(k*/k*)*) = +(r*); /2 for the above de-
the centers of the effective sources of two-particle specieined cuts ork; .
are shifted, then the dependence of the correlation func- For the current study we use theQmp v1.08
tion on the orientation of the relative velocity with respect[13] event generator to simulate Au+Au collision at
to the shift becomes obvious. Suppose that particles df1.4 GeV/nucleon. We selecparticles in the rapidity
type “2” are produced on averagezt> z; (for simplic- region 2.8 < y;,p < 3.2 and within a relatively nar-
ity assume also that, = ;). Then, selecting the pairs row sector in azimuthal space, such that > 0 and
with v, ; > v, one would select the pairs which move |p,/p,| < 0.5. We create two event subsamples in
on average toward each other (in the pair rest frame) andccordance with the orientation of the reaction plane:
the corresponding final state interaction would be stronget. ¥, = 0" (in this case nucleons flow in the positive
(In this simplified consideration we neglect possible dif-x direction) and ¥, = 7" subsamples. The relative
ferences between particle velocities at the moment of proshifts between pion and proton sources for both cases
duction and the measured ones). Depending on the tymre presented in Table | as calculated both in the center
of final state interaction the correlation function would de-of mass system of colliding nuclei and in the particle
crease or increase. Studying the orientation of the relativpair rest frame. In th&kRQMD generated events we ob-
velocity to which the correlation function is the most sen-serve strong momentum-position correlations in particle
sitive one could find the orientation of the shift in space. production (especially for pions); the values presented
It is natural to study the two nonidentical parti¢te™ p)  in the table correspond to the average of the production
correlations in the pair rest frame and as a function opoints over the particles which contribute to the pairs with
k*, half of the particle relative momentum in this sys- k* < 15 MeV. This restriction limits significantly the
tem(k* = p, = —p,). Inthe region of small values of effective transverse momentum range of pions, decreasing
k* (much less than the inverse size of the particle sourcdjs average value in the sample. For both subsamples
the final state interaction of two charged particles is domithe average components of the pair velocity in the center
nated by the Coulomb interaction. In this case the correla-

tion function can be written in analytical form [5,10-12], TABLE I. The mean values of spatial and temporal shifts (in

which makes it possible to estimate the ratio of the corm) of pion and proton sources for two different orientations of
relation functions evaluated under different conditions. Ifthe reaction plane in the center of mass frame of the colliding

we denote the correlation functions for two different casespuclei (upper half) and in the pair rest frame (lower half).

for examplek; > 0 andk; < 0, asR,W andR,(_), then Cw = %) O = ) (e — 2) (tw — 1)
in t(rl? limit of smallk™ [7], v -0 a7 01 43 Y
R a+ 20r*) + 20r"k* k) v, =7 15 0.1 -7.1 -28
le_) a + 2(r*) + 2(r*k*/k*)(>)

L+ 2K /KD Y Ja
T+ 26Kk Ja

where a is the Bohr radius (for them=p system

O —xp) On =) S —z) G — 1)
= -5.8 0.1 -123 10.3
, = 0.9 0.2 -10.5 8.3
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of mass system of colliding nuclei arg, = 0.89 and In Fig. 2 we show the analogous plots for thé,* =
V. = 0.17. 7" subsample. Note the difference in Figs. 1 and 2
We analyze approximatel300 X 10° pairs in each of concerning the cut onk*. It reflects the fact that
the subsamples, the typical statistics for modern experithe relative shift between pion and proton sources has
ments. Our goal is to show the sensitivity of thep ~ changed sign (and value), and the proton source is now
correlation function to the shifts presented in Table I.  to the “left” relative to the pion source. The change in
Below we consider only ther* p correlation function the correlation function, from” cuts, although small in
(which decreaseswith the strength of the interaction), magnitude, is statistically significant; shown in Fig. 3 are
the results forr~ p case would be very similar taking the correlation functions on a different scale.
into account the change in sign of the Coulomb inter- Qualitatively the results of the-™ p correlation analy-
action, which dominates at low values of the particlesis show unambiguously the correct relative location of
relative velocity. The correlation functions are evalu-pion and proton sources. Quantitatively the agreement
ated by weighting the simulated particle pairs with thewith the approximate formula (2) is also very good.
modulus squared of the two-particle wave functionln accordance with (2), each one Fermi of the shift
5 (r*) averaged over the spiof the pair. [Note that leads to a change of approximatdéhp% in the ratio of
the two-particle amplitudes® - (r*) is often substituted the corresponding correlation functions at small values
by the usual wave functiomblf*(r*) (see, for example of k*. From Table | one would expect the following
[2,11]). This substitution is of no importance for identical values for the ratios of the correlation functions at
particles or in the case of a symmetric distribution of thesmall values ofk™: in the case of ¥, = 0” the ratio
relative coordinates*. However, it may be seen from R(7/R() ~ 1.11 and RY '/R\"” =~ 1.05; in the case
Eq. (2) that it would lead to the incorrect sign of the of “y, = 77 RC)/R(D =~ 1.09 andR\ /RS = 0.99.

X

asymmetry contribution in the rati; /R; ] The cor-  The correlation function ratios shown in Figs. 1—3 agree
responding wave functions are calculated in accordancgith these numbers quite well.

with the Lednicky-Lyuboshitz [5] formulas taking into ac-  |n the current paper we have analyzed the correlation
count both the Coulomb as well as the strong interactiofynction in the particle pair rest frame. The source shifts
in the final state. In Fig. 1 we show the correlation func-extracted are those in this frame. Although, in principle,
tions calculated for thew, = 0" event subsample for the correlation function is sensitive to the time shift be-
two sets of cutsky > 0 (k; < 0) andk? >0 (k; <0).  tween the sources [5,6] in this system, the sensitivity is
Note that these cuts approximately correspond to th@ery weak and can be neglected under the condition of
cuts in the laboratory systemy . > vp» (Ve < vpx) || <« wr*? (u is the reduced mass). Physically, one of
andvy. > vy (vr: < vp.), respectively. The corre- the reasons for this is the very small particle relative veloc-
spondence would be strict if one selected the coordinatgy in this framev* =~ k*/u; the relative space separation

system with one of the axes parallel to the pair velocity hetween particles changes on average very little during the
The ratios of the correlation functions are also shown injme A = ¢* provided thatc* /| At] < [(r*)].

the same figure. One can see that the correlations are f one considers space and time shifts in the laboratory
stronger in the cases &f > 0 andk; > 0, which clearly  system (or in the center of mass of the colliding nuclei
indicates that the proton source is shifted relative to th%ystem) then the correlation function depends on all
pion source to positive™ and positivex™ values. The foyur shifts, but all four of them cannot be extracted
magnitude of the difference in the cases of cut«band  from three possibly measured ratios of the correlation

in x direction.
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FIG. 1. The correlation functionskifz) (k;. > 0) and Rig) FIG. 2. The same as Fig.1 for the event subsample
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