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Abstract

The ability of the ALICE detector for determination of the space-time charac-
teristics of particle production in heavy-ion collisions at LHC from measurements
of the correlation functions of identical and nonidentical particles at small relative
velocities is discussed. The possibility to use the correlations of nonidentical parti-
cles for a direct determination of the delays in emission of various particle species
at time scales as small as 10723 s is demonstrated. The influence of the multi-boson
effects on pion multiplicities, single-pion spectra and two-pion correlation functions
is discussed.

1 Introduction

The correlation function of identical particles with nearby velocities is sensitive to the
relative space-time distances between the emission points due to the effects of Bose-
Einstein or Fermi-Dirac statistics [1-3] and the strong and Coulomb final state interaction
[4-6] The effect of final state interaction allows to obtain similar information also from
correlations of nonidentical particles [6]-[8].

It should be stressed that particle correlations at high energies usually measure only a
small part of the space-time emission volume since, due to substantially limited decay mo-
menta of few hundred MeV /c, the sources, despite their fast longitudinal motion, emit the
correlated particles with nearby velocities mainly at nearby space-time points. The dy-
namical examples are sources-resonances [9]-[15], colour strings [16, 17], hydrodynamical
expansion [18]-[25].

Thus, the features of emitting sources can be investigated in the frame of an approach
which includes the dynamics of the emission process as well as the effects of quantum
statistics (QS) and final state interactions (FSI) (see Section 5). Different mechanisms
are considered in theoretical models: string and colour rope formation, hydrodynamical
expansion, resonance production, rescattering, mean field effects etc., and finally the
deconfinement transition and the creation of quark-gluon plasma (QGP). It is important
that particle correlations contain the information about the dynamical evolution of the
emission process, such as proper time of decoupling (freeze-out), duration of particle
emission and the presence of collective flows. In particular, the decoupling time and
intensity of transversal flows should be closely related to the QGP formation and to the
latent heat of the phase transition [18, 20, 22].
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It should be emphasized that, depending on the characteristic space-time distance
between particle emission points, both Coulomb and nuclear final state interactions can
significantly influence the shape of the correlation function of identical particles (e.g.,
they dominate in the case of two-proton correlations) and they are the main source of
correlations of non-identical particles. In particular, the shape of the correlation function
of two charged particles (identical or nonidentical) emitted at large relative distances in
their c.m.s. is mainly determined by the Coulomb interaction and is increasingly sensitive
to this distance with increasing particle masses and charges, i.e. with decreasing Bohr
radius of the particle pair (see Sections 7 and 8).

The identical particle interferometry yields an important information on the relative
space-time distances between the emission points of the particles of given type. Under
certain conditions this relative information can be transformed to the absolute one, such as
the decoupling proper time in the case of an expansion process. Measuring the decoupling
times for various particle species and assuming the one and the same onset time for all
emission processes, we can even estimate the possible delays in the emission of different
particles. On the other hand, the correlations of nonidentical particles appear to be
directly sensitive to the delays in particle emission and thus can serve as a new source of
the important complementary information to the standard interferometry measurements.

In fact, it can be shown [8] that the directional analysis of the correlations of two
nonidentical particles, in contrast to the identical ones, allows to measure not only the
anisotropy of the distribution of the relative space-time coordinates of the emission points,
but also - its asymmetry. In particular, the differences in the mean emission times of
various particle species can be directly determined, including their signs (see Sections 3
and 7). This opens a new possibility to determine, in a model independent way, which
sort of particles (K*, K=, nt, 77, p...) was emitted earlier and which later at very short
time scales of several fm/c or higher. In particular, this effect could be useful to indicate
the formation of QGP. Note that usually kaons are expected to be emitted earlier than
pions due to their larger mean free path. In the case of strangeness distillation from the
mixed hadronic and QGP phase a delay is expected between the emission of strange and
antistrange particles.

Concerning the methodical problems, the correlation function of nonidentical particles,
contrary to the case of identical pairs, is practically not influenced by the two-track
resolution. The influence of the momentum resolution is expected to be similar as in
the case of identical particle interferometry and it should be studied in detail for various
particle pairs (see Section 6).

The effect of QS is usually considered in the limit of a low phase-space density such
that the possible multi-boson effects can be neglected. This approximation seems to be
justified by present experimental data which does not point to any spectacular multi-
boson effects neither in single-boson spectra nor in two-boson correlations. Nevertheless,
these effects can be of some importance for realistic simulations of heavy ion collisions
[26] or they can clearly show up in some rare events or the regions of momentum space
in which the pion phase-space density becomes large (see Sections 4 and 9).



2 General formalism

As usual we assume sufficiently small phase-space density of the produced multi-particle
system, such that the correlation of two particles emitted with a small relative velocity
in nearby space-time points is influenced by the effects of their mutual QS and FSI only.
The ideal correlation function R(p;,p,) of the two particles is defined as a ratio of their
differential production cross section to the reference one which would be observed in the
absence of the effects of QS and FSI. In heavy-ion collisions or at sufficiently high energies
we can neglect kinematic constraints and most of the dynamical correlations and construct
the reference distribution, e.g., with the help of particles from different events.
Assuming the momentum dependence of the one-particle emission probabilities inessen-
tial when varying the particle 4-momenta p; and p, by the amount characteristic for
the correlation due to QS and FSI, i.e. assuming that the components of the mean
space-time distance between particle sources are much larger than those of the space-
time extent of the sources, we get the well-known result of Kopylov and Podgoretsky for
identical particles, modified by the substitution of the plane wave e?1*1+¥2%2 by the non-
symmetrized Bethe-Salpeter amplitudes in the continuous spectrum of the two-particle

states I‘?l(l;’;)(:cl,:cg) [6]. For nonidentical particles

R(p1, p2) ZPS 055 (21, 22)|%)s, (1)

where the averaging should be done over the 4-coordinates z; = {t;,r;} of the emission
points of the two particles in a state with total spin .S, populated with the probability ps,

2sps =1
f)s = /f . Dg(Pl,«’Cl;P2,$2)d4$1 d4$2/Pz>S(P1’p2)' (2)

Here the two-particle emission function Dj is a non-equal time analog of the two-particle
Wigner density and

P (p1,p2) = /Df(Plawl;Pz,mz) d'z, d'z, (3)

is the normalized to unity momentum distribution of the two uncorrelated (non-interacting)
particles. For identical particles, the Bethe-Salpeter amplitude in Eq. (1) should be prop-
erly symmetrized:

lbfl(;; (21, z2) — [¢,i(:2)(m1,$2) + (—l)szbi(;)(:cl,:cg)]/\/i. (4)

After the separation of the two-particle c.m.s. motion: ¢5(+)(:c1,:c2) = eiPXt/JaS-(+)(z)

where X = [(p1P)zy + (p2P)z3]/P? and P = 2p = p; + p, are the pair c.m.s. 4
coordinate and its 4-momentum respectively, the Bethe-Salpeter amplitude in Eq. (1)

b

can be substituted by the amplitude ¢§(+)(:c), depending only on the relative 4-coordinate
z = {t,r} = z;—z, and the generalized relative 4-momentum § = ¢—p(gp)/p*, ¢ = p1 —p2-
In the two-particle c.m.s. p; = —p; = k*, @* = 2k*, ¢§ = 0. At equal emission times
in the two-particle c.m.s. (¢* = ¢] —t; = 0) this amplitude coincides with a stationary
solution of the scattering problem )~ (+)( *}, having at large r* the asymptotic form of a
superposition of the plane and outgoing spherical waves. It can be shown [6] that the am-
plitude ¢q§(+)(x) can usually be substituted by this solution (equal time approximation).



Note that the two-particle correlations are often analyzed in terms of the out (x),
side (y) and longitudinal (z) components of the vector Q = {Q,, Qy, @.} = 2k* or - the
invariant variable Q;n, = |Q| = 2k*. Here the out and side denote the transverse, with
respect to the reaction axis, components of the vector Q, the out direction is parallel
to the transverse component of the pair momentum P. Sometimes, to get rid of a fast
longitudinal motion of the particle sources, the longitudinally comoving system (LCMS)
is introduced. In this system P, = 0 so that the vectors q and Q coincide except for the
component g, = vy, ., where v, is the LCMS Lorentz factor of the pair.

3 Measurements of the delays in particle emission

The correlation function of two nonidentical particles, compared with the identical ones,
contains a principally new piece of information on the relative space-time asymmetries
in particle emission (8]. In particular, it allows for a measurement of the mean relative
delays (t; — ¢;) in particle emission. Thls is clearly seen in the case of neutral particles
when the two-particle amplitude '(/)_k. (r*) takes on the form

() = e 4 45, (r). (5)

Here the scattered wave ¢3. (r*) is practically independent of the directions of the vectors
k* and r* since we consider sufficiently small momenta &* of the particles in their c.m.s.
so that their interaction is dominated by s-waves. The correlation function in the form

R(p1,p2) = §p3<l¢f£::>(r*>12>s

= 1+ ps(Idp(r")* + 2Redf. (r*) cos k*r* — 2Imgs. (r*) sin k*r*)s  (6)
S

is sensitive to the relative space-time asymmetry due to the odd term ~ sink*r*. The
sensitivity of the correlation function to the mean relative time delay (t) = (¢; — ¢;) in
particle emission is clearly seen when considering the behavior of the vector r* in the
limit |vt| 3> r. Making the Lorentz transformation from the rest frame of the source to
the c.m.s. of the two particles: r] = y(rp — vt), 5 = rr, we see that, in the considered
limit, the vector r* is only slightly affected by averaging over the spatial distance r <« |vt|
of the emission points in the rest frame of the source: r* & —yvt is nearly parallel or
antiparallel to the velocity vector v of the pair, depending on the sign of the time difference
t=At=1t, —t,.

For charged particles there arise additional odd terms due to the confluent hypergeo-
metrical function F(e,1,2) = 14+ az/11* + a(a +1)2%/2!? 4+ ... modifying the plane wave

in Eq. (5):
PII(") = €5/ An) e F(—in, 1,ip) + 5 (")), (7)

where p = k*r* + k*r*, n = (k*a) 1, 6 = argl'(1 + in) is the Coulomb s-wave phase shift,
Ac(n) = 2mn/lexp(2mn) — 1] is the modulus squared of the nonrelativistic Coulomb wave
function at zero distance and a is the Bohr radius of the two-particle system °. Clearly, at
a given distance r*, the effect of the odd component in the Coulomb wave function is of

5The exponential function in the Coulomb penetration factor Ac(n) is the well-known Gamow factor.



increasing importance with a decreasing Bohr radius of the particle pair, i.e. for particles
of greater masses or electric charges.

It is clear that, in the limit v(|t|) > (r), a straightforward way to determine the mean
time difference (t) is to measure the correlation functions R, (k*v > 0) and R_(k*v < 0)
(see Fig. 1). Depending on the sign of (t), their ratio Ry/R_ should show a peak or
a dip in the region of small £* and approach 1 at large values of k* ©. As the sign of
the scalar product k*v is practically equal to that of the difference of particle velocities
v1 — vz (this equality is always valid for particles of equal masses), the sensitivity of the
correlation functions R; and R_ to the sign of the difference of particle emission times
has a simple explanation in terms of the classical trajectory approach (see, e.g., [27]).
Clearly, the interaction between the particles in the case of an earlier emission of the
faster particle will be weaker compared with the case of its later emission (the interaction
time being longer in the latter case leading to a stronger correlation). It means that
|R;+ — 1| < |R_ — 1| provided that (t; — t5) < 0. In particular, in the case of negligible
contribution of the strong FSI, when (R —1) is positive\negative for the pairs of particles
with unlike\like-sign charges, we may expect that, at (t; — ¢;) < 0, the ratio R, /R_ is
lower\higher than unity. Noting that the Bohr "radius” a is negative\positive for the pairs
of particles with unlike\like-sign charges, this expectation is in accordance with Egs. (1)
and (7) at &~ = 0, {r") < |a| and {|¢5.(7*)|) < 1. Indeed, taking into account that for
the pairs of uncorrelated particles at k* — 0 the distribution of the vector k* approaches

the isotropic one,

ti —t2))

R+/R_z1+2@—>1-2<7v( —, (8)

where the arrow indicates the limit v(|t|) > (r).

For practical applications of the method it may be useful to note that the pairs char-
acterized by a small value of the scalar product k*v = k*v cos v are not sensitive to the
asymmetry (r7) and to the related mean difference of the emission times (At). Therefore,
the method sensitivity can be increased by rejecting the pairs with a small value of | cos /.

The optimum cut |cos | > 1/3 corresponds to the enhancement factor 1/32/27 = 1.09
in the method sensitivity which is defined as a ratio of the effect to its error. The max-

imal sensitivity enhancement factor of /4/3 = 1.16 (35% gain in the statistics) can be

obtained by replacing the above sharp angular cut with a weight | cos | for each pair 7.

4 Multi-boson effects

Since the pions are bosons there can be multi-boson effects enhancing the production of
pions with low relative momenta and influencing also the two-pion correlation function.
One can even hope to observe new interesting phenomena like Boson condensation or
speckles in some rare events or regions of momentum space in which the pion phase-space
density f becomes of the order of unity (see, e.g., [3], [28]-[34]).

The mean phase-space density of the pions of a given type in the region of the momen-
tum p (rapidity y and transverse momentum p;) can be estimated, in the small density

6In the absence of the Coulomb interaction this ratio approaches 1 also at k* — 0.

It is easy to check that the weight |cos|® enhances the method sensitivity by a factor of (2n +
1)Y2/(n/2+1). The optimal value of n = 1 yields the enhancement factor equal to the maximal possible
one, following from the moment or fitting method.



limit, as a number of the pions interfering with a pion of momentum p [33, 34]:
(o= [ £xp)dr [ [ £,0) P~ [1R(p1,p2) — Un(po)n(pa) P /n(p),  (9)

qQ=p1—Pp2,P = %(pl +p2). Using the usual Gaussian parametrization for the correlation

function in the LCMS:

R(pi,p2) = 14+ Nexp(—rig? — rigl — rlq?), (10)

where z, y (¥ || z x p) and z denote the outward, sideward and longitudinal directions
respectively and parametrizing the single-particle spectra as

= _d3_n = flﬁ exp(=p:/T) (11)
" d®p  dy2nT?m,coshy’

we arrive at the mean pion phase-space density

_ VAexn(=p/T) dn
o =2 T, dy’

where V' = ryr,r; is the interference volume. At SPS energies this quantity is typically
~0.1at p, ~ T =~ 200 MeV/c,y ~ 0.

At present energies the interference volume V in LCMS seems to scale with the density
dn/dy (see, e.g., [35, 36]) pointing to the freeze-out of the particles at a constant phase-
space density. Clearly, if this trend will survive up to the LHC energies then there will
be no spectacular multi-boson effects in the ordinary events at ALICE. In such situation
the standard two-particle interferometry technique could be used to measure the space-
time intervals between the production points. The corresponding interferometric radii for
lead-lead collisions at ALICE would be however rather large - about 15-20 fm.

The multi-boson effects can show up in certain classes of events or in some regions
of momentum space. Thus a strong transversal flow can lead to rather dense gas of soft
pions in the central part of the hydrodynamical tube at the final expansion stage (see,
e.g., [21]). Another example is a rapidly expanding system with the entropy much smaller
than in the case of total equilibrium. Due to large gradients of temperature or velocity the
hydrodynamical layer near the boundary with vacuum can decay at a large phase-space
density and lead to pion speckles even at moderate transverse momenta [37].

Because of large interference volumes expected at RHIC and LHC energies one could
raise a question about importance of the screening effects on the correlations of charged
pions. In fact, below we present arguments showing that the screening will be of minor
importance even at LHC. Note that in the scenario with a constant phase-space density
the corresponding Debye radius

rp = [dn(ny +n_)e/T]2, (13)

n(p)

(12)

where € = 1/137 and ny + n_ is the total density of charged pions in the configuration
space, will be also constant, up to a weak energy dependence due to the temperature T.
Assuming that pions with a rapidity difference greater than unity come from spatially
disjoint regions of phase-space, we can put

(2 gy V2
= () = Lo, (14




and obtain rp ~ 15 fm at (f;), ~ 0.1 and T ~ 200 MeV/c (rp ~ 1/T). Thus at LHC
energies we can expect the characteristic distances between the pion production points
comparable or larger than the screening radius rp leading to a suppression of the usual
two-particle Coulomb effects. In fact, two charged pions produced at a distance r* > rp
start to feel their Coulomb field only after some time when the density decreases to a
value corresponding to Debye radius smaller than r*. During this time the vector of the
relative distance between the pion emission points increases approximately by

Ar* l;,vlfi’*[( )2/3— 1]. (15)

Substituting r* by r* + Ar* in the argument of the Coulomb wave function, we can see
that the suppression of the Coulomb effect can be substantial only in the region of large
relative momenta k* > T where the correlations due to QS and FSI are already negligible.

The multi-boson effects can be practically treated provided that we can neglect par-
ticle interaction in the final state and assume independent emission of non-interfering
particles (a valid assumption for heavy ion collisions), supplemented by the requirement
of a universal one-particle emission function D(p,z), independent of the origin of one-
particle sources. We can then write the n-particle emission function as a product of the
single-particle ones:

Dn(p1,$1;p2,£v2) = HD(Piafci)- (16)

Then, similar to refs. [31, 32] it is convenient to define

6P p1pa) = [aeDETE 2) exp(ipr — pa)o)
GO (py,p2) = /d3 2...d3k G (py1, k). ..GP (K, p2)
= [ @GP, (p1 k)G ke, pa),
Gn = /d3pGn (P, p). | (17)

The function ng) at equal momenta is just the original (not affected by the multi-boson
effects) single-boson spectrum normalized to unity:

P(p)=GP(p,p), [&pP(p)=Gi=1. (18)

The related quantities are so called cumulants

KE®(py,py) = <n—2)!"2':1GS”(pl,p2>G£?_’,~(p2,pl)/[P(pl)P(pz)l,

KEO(p) = (n—11GO(p,p)/P(p),
K. = (n—1)Gn. (19)

It can be shown that the Bose-Einstein (BE) weight of an event with n identical spin-zero
bosons is determined through the cumulants K; by the recurrence relation [26]:

wy = CF K wny + CF ' Kgwn g + ... + CP2 Kpwo (20)

7



with wp = w; = 1; C! are the usual combinatorial numbers, C§™" = C?~! = 1. One
can check that w, = n! provided that all the elementary one-particle sources are situated
at one and the same space-time point so that all the single-boson states are identical and
Kjp =38

The BE affected single- and two-boson spectra, respectively normalized to n and
n(n — 1), can be written as

n{(p) = nw((p) - P(p)/wn (21)
and
n(p1,p2) = n(n — 1)w®(p1, p2) P(p1) P(p2)/wn, (22)

where the differential B-E weights w{")(p) and w(®(p1, p;) are expressed through the
differential cumulants K(!)(p) and K{®(p,, p,):

A) = [ BB, PP = 3 ORI (o
2 = ) (py) KD
Wr(; )(pl,pz) = Z Cn 2w 2—1[20 {1+1 PI)K —1+1(P2) + K(+)2(P1,P2)] (23)
j=0

The differential weight w( (pl,pg) can be considered as a two-particle correlation
function measuring the BE effect on the original uncorrelated two-particle spectrum
7®(py1,p2) = n(n — 1)P(p1)P(p2), with the normalization

/dspldspzwr(f)('l)hPz)P(Pl)P(Pz) = Wp. (24)

Usually the correlation function is normalized to unity at a large |q|. Such a normalization
is approximately satisfied for the correlation function defined as:

Rn(phpZ) = nf,z)(Pl,Pz)/ﬁg)(PhPﬂ = W?(Ply Pz)/wn- (25)

In practice, the two-particle correlation function is defined through the observable spectra
as:

Ra(p1,P2) = can®) (p1, )/ [n{)(p1)n{) (p2)]. (26)
Similarly, the (semi-)inclusive correlation function is defined as
R(p1,p2) = ¢ 1 (py, p3) /[ (p1)n (p2)), (27)
where
n®(p) =3 w(m)nP(p), 1@ (p1,p2) = 3 w(n)n)(p1,ps) (28)

are the corresponding (semi-)inclusive single- and two-particle spectra, w(n) is the normal-
ized multiplicity distribution accounting for the BE effect. Later on, using an analytical

8This situation is similar (flat correlation function) though different from the case of the emission of
so called coherent bosons for which there is no enhancement factor. In fact, when the one-particle sources
become closer and closer, so that their distances are less than the wave length of the emitted bosons, they
can no more be considered as independent ones and a multi-particle source of non-interfering bosons has
to be introduced [38]. To quantify the transition to the non-interfering bosons a concept of the coherence
length can be used [39].



Gaussian model for the emission function, we show that the normalization constant ¢,
can be expressed through the BE weights as:

¢n = nwp_; /[(n — 1wnwn_s] (29)

and that ¢ = 1 for the inclusive correlation function provided a Poissonian multiplicity
distribution of the original uncorrelated bosons.

As one can see from formulae (21)-(23), the multi-boson correlations lead to distortions
of the original single- and two-particle distributions. Such distortions are small in the case
of interference of only two or three identical particles. However, they can become essential
for the events with a large number of identical bosons due to factorially increasing number
of the correction terms [29] (see also [3] and [31]). For the processes characterized by a high
(> 0.1) phase-space density of the identical bosons at the freeze-out time the multi-boson
effects can no more be considered as a correction [29].

To account for the multi-boson symmetrization effect in the event simulators, a phase-
space weighting procedure was used with weights in the form of a normalized square of
the sum of n! plane waves [29, 30]. This procedure however appears not practical for
a large n due to the factorially large number of the terms to be computed to calculate
the weight and, due to large weight fluctuations. These fluctuations can be substantially

reduced by weighting only in the momentum space. The corresponding BE weights are
[26]

wSzn)(pla P2,... pn) = Z H -Fia,-, (30)

where
Fyj = G (pi, p;)/[P(p:) P(p;)] /2. (31)

The sum in Eq. (30) is over n! possible permutations ¢ of the sequence {1,2,...n}. On
the condition of sufficient smoothness of the single-particle spectra, we can put

Fy = [ d'eD(pis,2) - expliaza)]/ [ d*aD(pij, ), (32)

where p;; = 3(pi +p;) and ¢;; = p; — p;. This function can then be calculated as suggested
in [26]:
Fij = (exp(igijzi))y,. » (33)

where the averaging is done over all simulated phase-space points {px,zx} such that py
is close to a given 3-momentum p;;. However, there is still the problem with factorially
large number of the terms required to calculate the weight according to Eq. (30).

Fortunately, when calculating only single- or two-particle distributions according to
Egs. (21) or (22), this number is strongly reduced (eated by the combinatorial numbers
C™ in Eqgs. (23)). We should however perform integration over momenta of one or
more particles to determine the functions G,, and the corresponding integrated cumulants
K (p1,p2), K{V(p) and K.

The numerical averaging of the cumulants of all orders is a difficult task. In the case of
large multiplicities of identical bosons (n > 20) this is practically possible in the models
with a symmetric emission function (allowing to use a special Monte Carlo technique)
[29] or with a simple analytical parametrization of this function [31, 32]. For example,



in ref. [32] the corrections to multiplicity distributions, single-particle spectra and two-
particle correlation functions were calculated using the relativistic Bjorken model [40]
for the emission function. To compute cumulants up to tenth order, the integration was
performed analytically over the space-time coordinates and numerically over the momenta.

Generally, for realistic models used to predict particle production in ultra-relativistic
heavy-ion collisions, the numerical limitations allow to determine only a few lowest order
cumulants (up to about the fourth order) [26]. Fortunately, since the interferometry
measurements point out to the constant pion freeze-out phase-space density of ~ 0.1, the
lowest order cumulant approximation appears to be sufficient for present and likely also
for future heavy-ion experiments. At the same time, the multi-boson effects appear to
be important for realistic simulations of heavy ion collisions. As shown in ref. [26] (see
also Section 9), for neutral pions they lead to substantial distortions of the multiplicity
distributions (increasing the original mean multiplicity by several tens per cent), of the
single-pion spectra (enhancing production of the pions with low p, and small y) and, to
a lesser extent, of the two-pion correlation functions (the correlation function at a given
multiplicity becoming lower and wider). For identical charged pions these effects are
expected to be suppressed due to the repulsive Coulomb interaction.

5 Simulations

The study of nuclear collisions at ultrarelativistic energies (Ecms/nucleon > 1 GeV) is
motivated mainly by the expectation that a thermalized system of quarks and gluons
(quark-gluon plasma) is created [41]. There are essentially two directions for modeling
such interactions: dynamical and thermal approaches. The former ones refer to string
models (42, 43, 44, 45, 46, 47] or related methods [48], supplemented by semihard in-
teractions at very high energies [49, 50, 51, 52]. Here, a well established treatment of
hadron-hadron scattering, based on Pomerons and AGK rules [53], is extended to nuclear
interactions. Thermal methods [54, 55, 56, 57, 58, 59] amount to assuming thermalization
after some initial time 79, with evolution and hadronization being mostly based on ideal
gas assumptions.

Both methods have serious theoretical drawbacks. Even for nuclei as light as sulfur the
string models produce particle densities that high that the hadrons are overlapping. So
the independent string model is certainly too simplistic, and also considering secondary
interactions as binary collisions among hadrons can theoretically not be justified. On the
other hand it is also not realistic to consider a homogeneous plasma occupying the whole
available volume, what is assumed in thermodynamic models.

A link between the string model and thermal approaches is provided with VENUS 5
by introducing a completely new approach, more realistic than the previous ones. Based
on the string model, one first determines connected regions of high energy density. These
regions are referred to as quark matter (QM) droplets. For such regions, the initially
produced hadrons serve only as a mean to produce the proper fluctuations in the energy
density. Presently, a purely longitudinal expansion of the QM droplets is assumed. Once
the energy density falls beyond some critical energy density ¢, the droplet D decays
instantaneously into an n-hadron configuration K = {hjh,...h,} with a probability
proportional to Q, with Q representing the microcanonical partition function of an n-
hadron system. Due to the huge configuration space, sophisticated methods of statistical
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physics [60, 61] have to be employed to solve the problem without further approximations.
Details can be found in [62] °.

Our simulations were performed using the String Model for Ultrarelativistic Hadronic
Interactions VENUS (version 5.14) [42, 62]. For practical reasons, the formation of the QM
droplets was switched off in the simulations at LHC energies. Although in this case the
model is not well suited for the LHC energy region, it provides space-time and momentum
space characteristics of the freeze-out points of different particle species, which can be used
as a reasonable approximation accounting for the presently known basic features of the
multiparticle production, including the fast longitudinal motion of the particle sources
and resonance production. Besides, it allows to expand the space-time extent of the
production region or introduce the shifts in emission times of various particle species and
thus to test the possibility to observe such phenomena in the ALICE experiment.

The two—particle correlation functions are calculated by weighting the simulated parti-
cle pairs according to Eq. (1). Instead of the 6-dimensional correlation function R(p;,p;)
we calculate the 1-dimensional one integrating over the single-particle spectra:

) | NG
R(k*) = === > Y psltph) (2122017, (34)
N(&) - P2,

=1

where N(k*) is the number of generated particle pairs in a given k* bin. In the considered
case of unpolarized particles with spins s; and s;, the population probability of the spin-S
states is ps = (25 + 1)/[(2s1 + 1)(2s2 + 1)].

6 Experimental resolution

Experimental resolution has been introduced in the simulations using a program based
on parametrizations of the full detector simulation [63]. A realistic geometry (beam pipe,
ITS active and inactive material, inner vessel, TPC field cage, TPC gas,...) of the ALICE
central barrel has been taken into account according to our present knowledge.

This program does include contributions due to multiple scattering, measurement pre-
cision and detector alignment and fluctuation in energy loss. Over most of the momentum
range the resolution is dominated by multiple scattering. At low transverse momentum,
it increases as 1/8 implying an improvement of the resolution with increasing momentum
and with decreasing particle mass. The momentum resolution is estimated to be of the
order of a few per cent for pions and significantly worse for kaons and protons. The ex-
pected angular resolution is of the order of a few mrad in both the polar and the azimuthal
directions. One should note that in these simulations the two-track resolution was not
accounted for. However, it is expected to have rather small effect even on correlation
functions of like charged particles (it will lead to a fraction of unresolved particle pairs
with near-by momenta) and practically no effect on unlike particle correlations at small
relative velocities.

The effect of the experimental resolution on the relative momentum is summarized in
Table 1. One can see from the table:

1) The resolution depends on particle species in accordance with the single-particle
momentum resolution which is the best for pions and the worst for protons.

SWARNING: VENUS 5 is still in an experimental stage, an official version has not yet been released.
It should only be used in a close collaboration with the author.
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Table 1: The ALICE resolution: o(Q; — Q;), MeV/c. The cut Qin < 0.05GeV/c has
been applied.

Particles Qside | Qout | Quong | Qine
rta¥ atn- 03 | 3.8 | 0.7 | 1.2
TtKT.aTK- | 04 | 40 | 11 | 1.8
mtp, w7 p 04 {39 | 13 | 2.0
KtK* K*K-| 05 | 65 | 2.6 | 3.6
Kfp,Kp | 06 | 82 | 32 | 48
PP 06 | 116 | 50 | 6.0

2) The resolution depends on the relative momentum components but for each com-
ponent it is sufficient to resolve the correlation effect expected in an interval of Q < 10
MeV /c. It means that source space-time measurements will be possible at ALICE for all
the particle species. The distortion of the correlation functions will be mainly due to Qou
component and should be taken into account.

7 Correlations of identical particles

The relative importance of the three factors:
e the quantum statistics,
¢ the strong interaction and
e the Coulomb interaction,

will be different for different particle species. For instance, for a not too large source, the
correlations of protons are dominated by the effect of the strong and Coulomb interaction,
while the correlations of charged identical pions are dominated by the effect of quantum
statistics. In Fig. 2 we show the two-particle correlation functions for pions, kaons and
protons calculated taking into account the effects of quantum statistics and final state,
Coulomb and nuclear, interactions. It should be emphasized that for the large systems,
expected at LHC energies, the usual Gamow correction substantially deviates from the
true Coulomb effect and leads to a big overestimation of the two-pion correlation function
compared with that including the effect of quantum statistics only.

It is seen that, in the case of large effective source sizes, the correlations of two protons
are, due to their relatively small Bohr radius of 58 fm, stronger than those of pions and
kaons.

The correlation functions are only weakly affected by the experimental resolution
effects ( Fig. 2).

To test the sensitivity of the charged particle correlations to the effective source size,
we have introduced different scale factors (2 and 4) to space-time freeze-out coordinates
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provided by VENUS (left side of Fig. 3). We can see that for the sizes expected in the
ALICE experiment this sensitivity is rather good.

8 Correlations of nonidentical particles

A noticeable sensitivity to the space-time characteristics of the particle emission in the
ALICE conditions is also seen in the correlation functions of unlike charged mesons (right
side of Fig. 3). However, as already discussed in Section 3, the main interest in the
correlations of nonidentical particles is due to the fact that they offer a possibility to
measure the space-time asymmetries in their production, in particular, the relative shifts
in their mean emission times. To achieve this goal, the correlation function has to be
measured in different intervals of the scalar product k*v. The simplest way is to measure
the correlation functions R, and R_, corresponding to the positive and negative values
of k*v, respectively (see Fig. 1) [8].

First of all we have tested that the experimental resolution itself cannot simulate the
effect of the space-time asymmetry in the R, /R_ ratio. We have used for this test 7+7~
pairs which have practically symmetric distribution of the relative 4-coordinates of their
emission points. As expected the corresponding R, /R_ ratio does not deviate from unity
within the errors.

In contrast to the unlike pions, VENUS simulation yields noticeable asymmetries in
the distribution of the relative 4-coordinates of the pion and proton emission points. In
particular, protons are emitted in the mean by 1.3 fm/c later than pions. On the absence
of the spatial asymmetries this delay would lead, for the 7% p pairs, to the R, /R_ ratio
greater than unity at small values of £*. However, Fig. 4 indicates the opposite behavior.
It means that the effect seen in this figure is dominated by the negative spatial asymmetry
(Arp) < 0 overcompensating the effect of the negative time asymmetry (At) < 0 in
(r1) = Y((Arp) — v(At)).

In Fig. 4 we also illustrate the effect of the size-dependence, introducing the scale-
factor of 3 to the simulated 4-coordinates of the particle emission points. One can see
that with the increasing space—time extent of the source the effect becomes more weak
(due to vanishing of the FSI effect) except for a narrowing region near k* = 0 whose
depth increases. The latter observation is in agreement with the fact that, in the case of
a negligible effect of the strong FSI and at (r*) <« |a|, the deviation from unity of the
intercept of the R, /R_ ratio increases with the increasing asymmetry (r}) (see Eq. (8)).

The scaling of the effect with the space-time asymmetry is clearly demonstrated in
Fig. 5 for the Kt K~ system by means of adding a value of 10 and -5 fm/c to the K+
emission time.

The scaling of the effect with the inverse Bohr radius is illustrated in Fig. 6 for the
like- and unlike-sign 7K, mp and K'p systems (the corresponding Bohr radii a = +248.5,
+225.5 and 183.6 fm, respectively). To demonstrate the possibility of a study of the
time—-delay effect event-by-event, we have calculated here the correlation functions for
the 7K and mp systems using one simulated event only.

From the remarkable effects seen in Figs. 5 and 6 we can conclude that the R, /R_
ratio can be sensitive to the shifts in the particle emission times of the order of few fm/c.
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9 Analytical model for the multi-boson effects

To illustrate the multi-boson effects in a dense pion gas we use a simple model assuming
independent particle emission (see Eq. (16) for the two-particle case) with the Gaussian
ansatz for the single-boson emission function D(p,z) [31]:

1 p? r’

- D(p,z) = oAy P57 ﬂﬁ(t)-

(2rroR) (35)

Note that this ansatz corresponds to the independent one-particle sources of Kopylov
and Podgoretsky, all of the same type, characterized by a universal size of ~ 1 /A, with
the centers distributed according to a Gaussian of a dispersion 72 = r2 — (2A)~2. Then, in
the low density limit but regardless of the validity of the smoothness condition 7 > 1/A
(see, however, the footnote after Eq. (20) concerning the independence assumption), the
correlation function of two non-interacting identical particles measures the dispersion of
the relative 4-coordinates Z of the centers of the one-particle sources [3]. For spin-0 bosons

R(p1,p2) =1+ (cos(q¥)) = 1 + exp(—73q?). (36)
In this model the original boson phase-space density (not affected by the BE effect) is

given by
2 2

=" (=P X
fn(p’ X) - ('f’oA)S exp( 2A2 27,% ) (37)
The mean densities at a fixed boson momentum p and averaged over all phase-space are
oo = [ @x(F? [ [ dxf = = exp(~ £ (38)
E n n —_— e—— e _——
< n>P X (\/iTOA)s p 2A2

and

(F) = [ Exdp(7)? | [ Exdf = nf@ror, (39)

respectively. Similarly, the original inclusive densities f (p,x), { f )p and { f ) are given by
Eqgs. (37)-(39) with the multiplicity n substituted by the original mean multiplicity.

It is important that the Gaussian ansatz in Eq. (35) allows to express G(¥(p;, pz)
and G, in simple analytical forms:

GP(p1,p2) = (2rA?An)"?exp(=b}(p1 + p2)? — b5 (P1 — p2)?)
-n To 3/2 ( To 2 2 )
5 8 (%) exe (—xpt+ ),
Gn = 1/(8A%AN)? ™, (40)

where A,,, b} and b are given by the recurrence relations:
A, = 2A%A, (b, + b7, + b7 +b7) = B3/ (2rA),
b = 1/(bi_y +87) + 1/(b5-1 +b7) = 44 /ro,
by = bib/by = by, (41)
with A; = 1, bf = 1/(8A?) and b] = r2/2. Hereafter the arrows indicate the limits of

large n > roA; the parameter
8= (roA+1/2)° (42)
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characterizes the phase-space volume. Using the large-n behavior of the parameters G,
we can get from the recurrence relation (20) the following large-n limit of the BE weight:

won — c(B)nl/ 8", (43)

where c(8) is a function factorially increasing with 8, ¢(1) = 1 °. It is worth noting
that the large-n limits become equalities at 8 = 1 (roA = 1/2) when G,, = A, = 1,
K, = (n—-1)!, w, = n! and b = b} = ro/(4A). Recall that 8 = 1 corresponds to the
minimal possible phase-space volume when all the particle emitters are situated at one
and the same space-time point so that the size of the elementary source determines not
only the width of the single-particle spectrum but also the characteristic distance between
the production points (see however the footnote after Eq. (20) and also ref. [26] for a
more detailed discussion). Then 7o = 0 and the correlation function equals 2 for any value
of q.

For the multiplicity distribution accounting for the BE effect, assuming the original
Poissonian one with the mean multiplicity n: @(n) = e™"np"/n!, we get:

w(n) = const - w,n"/n! — const’ - €7, £ = p/B. (44)

Comparing the quantity ¢ = n/8 with the original inclusive phase-space density (f ) =
n/(2roA)® (see Eq. (39)), we can identify £ as a ratio (Feor/(Fer of the original density
corrected for the finite size effects: (f)eor = (f) - [1 +1/(2roA)]® and the critical original
density (f)er = 1/8 corresponding to the explosion of the multiplicity distribution. Taking
0.1 as an estimate of the inclusive phase-space density from AGS and SPS experiments,
we get £ = 0.8.

The large-n behavior of the multiplicity distribution in Eq. (44) indicates that it
approaches the BE one wpg(n) = v™/(1+v)"*t" with the mean multiplicity v = £/(1 — §).
This is demonstrated in Figs. 7 and 8. Thus, at ro = 2.1 fm and A = 0.25 GeV/c, the
BE effect transforms the original Poissonian multiplicity distribution with n = 30 (dotted
line in Fig. 7a) to the one with much higher mean and dispersion values (solid line in Fig,
7a). The exponential tail expected for the BE distribution is clearly seen in Fig. 7b where
the results are presented in logarithmic scale for n = 10, A = 0.25 GeV/c and r¢ = 1.5
fm. The slope parameter b in the exponential fit w(n) = const - exp(—bn) of this tail at
large n should be, according to Eq. (44), only a function of the variable £ b = — In(¢).
Such a scaling is demonstrated in Fig. 8a for various values of n, A and ry. Note that
¢ = 0.95 and 0.72 for Figs. 7a and 7b, corresponding to b = 0.02 and 0.27, respectively
. Fig. 8c demonstrates the approach of the mean multiplicity (n) to the scaling value
£/(1 =€), though only for £ very close to the explosion point ¢ =1 (£ > 0.99). Instead,
in the region of { < 0.9, containing the point £ ~ 0.8 indicated by present experiments,
we can see an approximate {-scaling of the ratio (n)/n (Fig. 8b).

Note that the approximate {-scaling gives a possibility to overcome technical prob-
lems with factorially large numbers at high multiplicities. Thus some quantities can be
calculated at small or moderate values of n or n and then rescaled to a large one provided
the density parameter £ = /8 or £, = n/8 is keeped the same.

10A good approximation is ¢(3) = 849, d(B8) = a1 + a28%, a; = 0.617, az = 0.621 and as = 0.788.

1At the explosion point £ = 1 the tail of the multiplicity distribution becomes a constant (b = 0)
so that the mean multiplicity (n) would go to infinity provided that there are no energy-momentum
constraints. Note that the corresponding critical original mean multiplicity 7., = 8 = (roA + 1/2)3 is
close but different from that given in Eq. (9) of ref. [31].
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Regarding the influence of the BE effect on the single-boson spectrum, it can be seen
from Eqgs. (19)-(21) and (40) that, at sufficiently large momenta when the local density
(fn)p remains small even at large n, this spectrum is dominated by the n-independent
contribution SP(p) of the original spectrum, otherwise, at large local densities, it is
determined by the asymptotic large-density spectrum

@) = n (22)" exp (< 1252) = nP (), (#5)

corresponding to the asymptotic (large-n) value bf, = b3 = ry/(4A) of the parameters
bt. Note that P, (p) is normalized to unity and that, at § = 1, it coincides with the
original distribution P(p). Similarly, the inclusive single-boson spectrum at small local
densities tends to nP(p) and, at large ones, it approaches the asymptotic high-density
spectrum (see Eq. (52) below):

n(p) = (n)Pu(p). (46)

The transfer of the original spectrum to the high-density one is demonstrated for the
inclusive distribution in Fig. 9a and, more clearly, for ¢ closer to the explosion point
¢ =1, in Fig. 9b '2. In Fig. 9 we also compare the inclusive single-boson spectra with a
simple approximation:

n(p) = 1P(p) + 15 Pr(p). (#7)
A good agreement can be seen, except for the region of intermediate momenta narrowing
with the increasing density. Experimentally the effect of BE ”condensate” was searched
for at SPS CERN as a low-p, enhancement, however, with rather uncertain results (see,
e.g., [41]).

In Fig. 10 we show the ratio of the single-particle spectrum to the dominant large-p
contribution 3P(p) of the original spectrum calculated at p = 0 as a function of £, for
various multiplicities . An approximate {,-scaling is seen up to &, of the order of unity.
At larger £, this ratio approaches the limit (2roA)3/2¢, which no more scales with &,.
What scales at large £, is not the ratio of the two contributions but the ratio of their
integrals, the limiting value of which is just equal to ¢, (see the corresponding curves in
Fig. 10b).

Consider now the correlation function defined in Eq. (26). To determine the normal-
ization constant c,, it is convenient to rewrite the single- and two-boson spectra at a fixed
multiplicity n as

n-1
nM(p) = S wn—1-7)GH (p,p)/wn),
j=0
n-2 7
ngz)(plap2) = n_ _] Z 1+1 plvpl GJ 1+1(P2,P2)+
j=0 1=0

G (1, p2)GY 1 P2y )] fw(n), (48)

2These results agree with those obtained in refs. [31, 32] (see also [34, 26] and references therein)
except for a wrong conclusion in [31] that the width of the narrow peak due to the BE ”condensate” is
of 1/1‘0.
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where w(n) is defined in Eq. (44) (it coincides with the multiplicity distribution in the
originally Poissonian case) and é$2)(p1,p2) = niG,(-z)(pl,prz). Noting further that &}
approaches the limiting value b,, = ro/(4A) from below, while b> does it from above, we
can see from Eq. (40) that, at large g, all terms in Eqs. (48) for n{!(p;2) and n{?(py, p2)
(P12 = P £ q/2) can be neglected except for those containing the lowest slope b}. For
the normalization constant ¢, = limy_e[r{) (p1)n{) (p2)/n? (p1, p2)] in Eq. (26) for the
correlation function we thus get

en = [w(n — 1)]*/[w(n)w(n - 2)] = nw;_ /[(n ~ 1)wnwn-z]. (49)

It follows from Egs. (26) and (40)-(49) that, for a given multiplicity n, the correlation
function intercept R,(0) decreases and the correlation function width increases with the
increasing n or decreasing momentum p, both corresponding to the increasing local den-
sity. The well known [29, 30, 31] lowering and widening of the correlation function with
the increasing multiplicity is demonstrated, in the considered model, in Fig. 11.

In Fig. 12 we show the intercept as a function of the density parameter &, for two
values of the mean momentum: p = 0 and 0.2 GeV/c. We can see that the intercept
decrease is slower in the latter case, in accordance with a lower local density at higher p.

Regarding the (semi-)inclusive single- and two-boson spectra, they can be written in
a form similar to Eqs. (48) only in the originally Poissonian case:

n(p) = ZZ (n—1-7) J+1pp/Z

nJO

n—2 J
n(2)(p17 p2) = Z Z w(n -2 - ] Z Gl+1 P1, pl G; )l+1(p27 P2) +
=0

G (P, PGP (P2, p1))/ S w(n).  (50)

n

The normalization constant in Eq. (27) for the (semi-)inclusive correlation function is

then
= (S wln ~ DP/T wm) Y w(n - 2)] (51)

Clearly, in the completely inclusive case (When Yaw(n —j)=1), we have c = 1 and

n(l)(p) - Z ~_7+1 p,p)a
o0 ] - -
n®(p1,p2) = ZZ 1(P1,P1) G§ )1+1(P2,P2) + G,‘i)l(pl,pz)G§-2_),+1(pz,p1)]
1=01=0
o J
= nlt )(Pl n! ) (p2) ZZ 1+1 (P1,P2) G§ )z+1(P2,P1) (52)
= =0
so that
d &0 (2) d
R(p1,p2) = Z 1(+1 (P1, P2 G, 141(P2,P1) Z 1 (P1,P1)G - z+1(P2aP2) (53)
=0 =0

with the intercept R(0) = 2 - the result which is generally valid for thermalized systems
[34].
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It follows from Egs. (40) and (52) that at sufficiently large momenta, when the
local density (f)p, remains small even at ¢ — 1, the inclusive single-boson spectrum
is dominated by the contribution nP(p) = 5’52) (P, P) of the original spectrum, otherwise,
at large local densities, it approaches the asymptotic large-density (¢ — 1) spectrum in
Eq. (46) (see Fig. 9).

Regarding the two-boson spectrum, it is easy to see from Egs. (40) and (52) that at
large local densities it approaches twice the product of the single-boson spectra so that
the inclusive correlation function tends to the limiting value of 2. The corresponding
increase of the width of the correlation function with the increasing density parameter 3
is demonstrated in Fig. 13.

It should be noted that Egs. (52) and (53) assume the original Poissonian multiplicity
distribution for any arbitrarily large number of bosons. In reality, however, this number
is limited due to the finite available energy. It is therefore interesting to see how fast the
semi-inclusive spectra approach the inclusive limit with the increasing number n,,,, of
the included pions. In Fig. 14 we demonstrate the Nmaer-dependence of the semi-inclusive
correlation functions for a fixed value of the density parameter ¢ = 0.95 and, in Fig. 15 -
the n,q,-dependence of the correlation function intercepts for different é-values. We can
see that the width of the semi-inclusive correlation function increases with the increasing
Mmaz, While its intercept decreases at small n,,,,, reaching a minimum at n,,, ~ (n),
and then approaches the limiting value of 2 roughly as log 7,maz. The inclusive behavior is
practically saturated at a not very large number of the included pions nmg, ~ 5(n), thus
Justifying the neglect of the energy-momentum constraints in Eqs. (52) and (53).

The results of the considered simple model should not be taken, however, too literally
since: a) in contradiction with the experimental indications on a constant freeze-out
phase-space density, in the model there is no correlation between the emission volume
and pion multiplicity; b) the static character of the model is justified in a limited rapidity
region only.

10 Conclusion.

We have demonstrated the ability of the ALICE detector for determination of the space-
time characteristics of particle production in heavy-ion collisions at LHC from measure-
ments of the correlation functions of identical and nonidentical particles at small relative
velocities.

We have shown that unlike particle correlations, compared with those of identical par-
ticles, contain a principally new piece of information on the relative space-time asymme-
tries in particle emission, thus allowing, in particular, a measurement of the mean relative
delays in particle emission at time scales as small as 10723 s. To determine these asymme-
tries, the unlike particle correlation functions R, and R_ have to be studied separately
for positive and negative values of the projection of the relative momentum vector in pair
c.m.s. on the pair velocity vector or, generally, - on any direction of interest. The results
of simulations of a number of two-particle systems, using the event generator VENUS
adapted somewhat arbitrarily for LHC conditions and including the expected resolution
of the ALICE detector, demonstrated that the R, /R_ ratio is sufficiently sensitive to the
relative time delays of a few fm/c.

The influence of the multi-boson effects on boson multiplicities, single-boson spectra
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and two-boson correlations, including an approximate scaling behavior of some of their
characteristics with the phase-space density, has been demonstrated using the simple
analytically solvable Gaussian model. Though these effects are hardly to be observable
in typical events of heavy ion collisions in present and perhaps also in future heavy-ion
experiments, they can clearly show up in some rare events or - in the regions of momentum
space with a large pion phase-space density.
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Figure 1: We can determine which sort of particles was produced earlier and which later
by studying the correlation functions of two non-identical particles separately for the
angles less and greater than 90° between the relative velocity k*/u (k* = p; = —p3 and
p is the reduced mass of the two particles) and the total pair velocity v.
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Figure 2: The simulated correlation functions for two identical charged pions, kaons and
protons without and with the experimental resolution accounted for. The simulations
were done using VENUS model with the extended space-time freeze-out coordinates to
set (r) = 30 fm and (¢) = 20 fm/c in the reaction c.m.s. (scale-factor = 5). For two pions
the Gamow corrected correlation function is compared with that including the effect of
quantum statistics only.
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Figure 3: The simulated correlation functions for two like and unlike charged mesons
with the experimental resolution accounted for. The simulations were done using VENUS
model with the space-time freeze-out coordinates extended by a factor of 2 and 4.
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Figure 4: The simulated correlation functions for ¥ p pairs with the experimental resolu-
tion accounted for. The simulations were done using VENUS model and the same events
with 3 times extended space-time freeze-out coordinates.
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Figure 5: The distributions of the difference of the K+ and K~ emission times At =
tig+ — tx- simulated by VENUS with the shifts (At) =+10 and -5 fm/c introduced ad
hoc and the corresponding correlation functions Ry (v -k* > 0) and R_ (vk* < 0) and
their ratios calculated for K+ K~ pairs. The ratios distorted by the effect of experimental
resolution are represented by open symbols.
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