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Formation time of final state particles in hadronic collisions is studied in a very
simple model which contains the formation time as a free parameter to be deter-
mined by comparison of calculated Bose-Einstein correlation functions with the
available data: Final state pions are either products of resonance decays or are
"directly” produced. The *direct” production is simulated by an immediate decay
of a resonance. For "direct pions” forming about a half of final state pions and for
formation times of resonances within the interval 0,2-0,4 fm/c we get density of
sources which leads to Bose-Einstein correlations of two identical pions consistent
with recent data. The formation time of 0,2 to 0,4 fm/c is shorter then expected
and it may have consequences for construction of models of proton-nucleus and
nucleus-nucieus interactions. ’

1. Introduction

Details of dynamics of hadronic collisions in the region of a few hundred GeV are not
yet completely understood, since a large part of the process can not be described by
Perturbative Quantum Chromodynamics (PQCD). One of the most important parame-
ters characterizing the process is the formation time of secondary hadrons. It has been
introduced in different formulations and studied in the context of different dynamical
models [1-15]. The formation time is of particular importance in studies of proton -
nucleus (pA) and nucleus - nucleus (AB) collisions since it imposes constraints on the
evolution of cascades and in this way it directly influences energy densities which can
be reached in heavy - ion collisions [15]. The main observation made in the present
paper is based on the fact that the formation time - in a way which is unfortunately not
completely model independent - can be determined from Bose - Einstein correlations of

1Presented at the Heavy Ion Workshop on Particle Physics, Sept. 2.-6, 1996, Bratislava, Slovakia
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In v@&noin,oo:mmmozm about a half of final state pions appear as products of resonance
decays. A resonance has a formation time 7y and a mean life-time 74 in its rest frame
and both these times are Lorentz dilated. Depending on its rapidity, resonance travels
some distance before decaying. Two identical pions originated by decays of two different
resonances may have close momenta and be produced from two distant sources. This
leads via Bose- Einstein interferometry to an increase of Cy(g, K) for small values of gq.
We shall show that a superposition of resonances and of directly produced pions gives
the two body correlation function Ca(g), which is consistent with data.

The model we are studying is admittedly oversimplified, the most drastic assumption
consists in putting transverse momenta of resonances equal to zero.These simplifications
permit us to do most of calculations by hand and keep the discussion as transparent as
possible. In our opinion such an approach permits to get an insight into the problem
and in this aspect it is complementary to less transparent Monte Carlo computations.

A large amount of models of hadronization in ete, ep and hadron- hadron collisions

has been proposed, some of them can be traced back from Refs. [18-21]. In most of
these models an intermediate partonic stage is followed by cluster formation and decay.
It is not clear whether there are some intermediate "heavy clusters” which decay after
some time to known hadronic resonances. Since we wish to have the model as simple
as possible we shall not discuss such intermediate stages and we shall only assume that
well known hadronic resonances are formed after a common formation time 7y and after
being formed they decay according to schemes known from experiment. The value of
the formation time 75 will be considered as a free parameter. Studies of resonance
production in pp collisions have shown that about a half of final state pions comes
from decays of well known hadronic resonances, although there exist also estimates
that this fraction is larger. Final state pions which cannot be ascribed to decays of
known resonances are referred to as being ”directly” produced. It is possible that a
part of these pions is due to decays of rather broad resonances. In our simplified model
we describe ”directly” produced pions as decay products of a resonance with vanishing
life- time. Direct pions are thus produced rather early and not far from the point of
the hadronic collision. The influence of resonance production on spectra of their decay
products has been studied in detail [22] and literature on the effects of resonance decays
on HBT interferometry can be traced back from Ref.[23].

We shall present here a very simplified and transparent model. In this model we
assume that in a hadronic collision:

i) Resonances are formed in a time 7y after the collision. The value of 7y is a free
parameter of our model.

ii) After being formed a resonance decays with the mean life- time 74, taken from
experiment.Both 7; and 74 are Lorentz dilated by v = (1 — v?)~ Y2 where v is the
velocity of the resonance.

jii) Transverse momentum of resonances vanishes, their velocities have only compo-
nents along the axis of collision (z-axis). This assumption makes the model somewhat
unrealistic, but simplifies calculations and makes the model rather transparent.

iv) A part of pions is produced "directly”. The direct production is described as a
decay of a resonance with a vanishing mean life- time.
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Fig. 1. Two interfering amplitudes for production of identical pions with momenta k1 and P

v) We shall work in the cms of hadronic collision and consider only simple kinemat-
ical situations in which the momentum K= Q.n.p + M& /2 is small and perpendicular to
the axis of the collision ?-mxmmv and the momentum F=k — Mw is parallel to the z-axis
This corresponds to ¥, ., = 0 and Kp small. .

We shall now study the behaviour of the correlation function Ca(g, K) of two iden-
tical pions caused by resonance decays. The two interfering mn:umgﬁ__mm are shown in
Fig.1. We assume that the two pions have - in the simple situation considered - the
same energy, therefore ¢ = k1o~ ko = 0. We shall start with calculating function
p(z, K) for a particular resonance, then we shall sum over resonance contributions and
take the Fourier Transform as shown in Eq.(1).

Width T of a resonance of mass M, decaying to two particles of mass m is given in
the resonance rest frame as

d? &#
r= T2 n D2 o
\ T g (@n)2aE, PL + 72)d(M - By — E,) (5)

where the standard and m&.m. explanatory notation has been used. Making use of E, =
Ey = mpch(y) we can rewrite Eq.(5) for the decay to two equal mass particles as
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where m# = m? 4 k2 and
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wome:m the resonance to rapidity Yr and normalizing the decay probability to 1, with
|T']” held constant we get ’

dP _
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This probability distribution is normalized as

EU
\ prdprdg %E,%e%% =1 9)

Note Sz:_ in order to .r.mmn the calculations simple we are using here and in what follows
a ”zero width approximation” for distribution of resonance masses.
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Eqgs.(6) and (7) show that resonance products are shifted in rapidity by Ay = +y;
with respect to the rapidity of the resonance. The value of this shift may be rather large.
For instance for decay of the p- meson to two pions with pr ~ 0 we get Ay =y, &~ 1.5,
A pion with y & 0 and pr ~ 0 is thus produced by a p with yg & +1.5. Such a p moves
with velocity v & tanh(y;) in the rest frame of the pion.Note that for larger values of
pr of the pion the rapidity difference between the pion and the p becomes smaller and
for p3 + m? = m2/4 the rapidity difference vanishes.

A p with rapidity y; needs some time for its formation and some time for its decay.
Pion with y & 0 and py 0 is thus emitted some distance away from the origin. Two
identical pions, both with small y and pr and originated in decays of two different p’s
come thus from two distant sources as shown in Fig.1.

For resonance decays to two unequal mass particles M — m; +m, Eqgs. (5) -(8) are
somewhat modified.Calculation is straightforward, the final result being

dP 1

g ——— &J\gagl@m+Sv+m@l§f§_ (10)
where 1
k= (p7)mas = MI>M§% = (m1 +my) )2 (M2 — (my — my)?) V2 (11)
and e 5 5
" ”N:AQITJ\QM'HV“ o= IASNISHV :,Mv

Mgug
This equation is valid for vanishing transverse momenta of decay products. For pr #£
0 masses m; and my in Eq.(12) should be replaced by the corresponding transverse
masses.
Expressing the four-vector K in Eq.(2) in terms of y, pr, ¢ the density of points in
which pions are produced #(2,t; K) can be written as follows

dng dP

i; = 1 sy,
EAN. ﬂwfﬁﬂ..&v MN\.ﬁAN.&VM\NV Q@mw ?S&ﬁ%&&&w\

dyr (13)

Here dng/dyg is the rapidity density of the resonance R, dP/prdprdédy is given by
Eq.(10) and P(z,t;yg) is the probability density that resonance R with rapidity yp
decays in the space-time point (z, t). Since we have assumed that resonances move along
the z-axis, coordinates x,y of the position of resonance decay vanish. It follows from
Eq.(13) that the correlation C, (g, K) is essentially given by the probability distribution
P(z,1;yr). For the case of y = 0 which we consider here, the function P(z,t; YR) is
symmetric with respect to z — —z and we shall calculate it only for z > 0. In this case
out of two ¢- functions in Eq.(8) only the one with Yr = y1 contributes.

The function P(z,%;yr) is given by the space-time features of formation and decay
of resonance R. There are many models of formation of final state hadrons in hadronic
collisions. To keep our model as simple as possible we shall select a particularly simple
version. We assume that a resonance is formed in its rest frame in time 7y and in this
frame the probability of resonance being already formed at time 7 is

Py(r) =1~ ezp(~7/7) (14)
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In the frame in which resonance R has rapidity yg its velocity is v(yr) = tanh(yg),
the formation time is dilated to ¢ = cosh(yr)7s and the distance travelled by R is

z = v(yr)t = sinh(yg)rs -Probability that resonance R is already formed at the distance
z from the origin becomes

Pe(z)=1- exp(—z/zs), zr = sinh{yg)rs (15)
The resonance is formed within the interval(z, z + dz) with probability density
- QNVHANV i H IN\N\
b= (16)

Assuming a standard exponential decay law, the probability density for decay in the
interval (z, z + dz) of resonance produced in z is

1 .
pa(z) = ME%T? = 21)/za);  za = v(yr)ta = sinh(yr)ry
where 74 is the decay time in the rest frame of the resonance. Probability density
P(z,t; yr) in Eq.(13) is then given as (t suppressed)
1

ppen AL I ()

P(z;yr) n\o pr(z1)pa(z — z1)dzy = 7

where
25 = sinh(yg)ry, 24 = sinh(yr)y
Note that in our model the z and t of resonance decay are stronly correlated

)

v(yr)

and P(z;yr) is P(z,t;yr) as mentioned below Eq.(4).

It is easy to see that P(z; ygr) satisfies the consistency criteria: (i) Integral from 0 to
oo of P(z; ygr) is equal to 1,(ii) for 2; — 0 particles are formed immediately and P(z; yg)
approaches (1/2q4)exp(~z/z4) as expected, (iii) for z¢ — 0 particles decay immediately
and P(z;yr) approaches (1/zp)exp(—2/z;) as it should.

Function P(z;yg) for negative 2 is given as P(z;yr) = P(~z;yg). According to
Eq.(1) the correlation function is expressed in terms of the Fourier transform of p(z; K).
As seen from Eq.(13) the z-dependence is given only by P(z;ygr). Note that we consider
two pions of equal energy but different longitudinal momenta.In such a situation the
time of resonance decay does not enter the results. We shall therefore need the Fourier
transform (FT in what follows) P(q; yr) defined as follows

P(z,t;yr) = P(z;yr)é(t —

fes]

P(¢; yr) n\ dze'% P(z; yg) (18)

—00

Inserting Eq.(17) into Eq.(18) we get

1- N\N&Qm
[T+ (21 )21 + (za9)%]

P(q;yn) = (19)
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p : : P(q = 0; = 1. The final expression is obtained by
where P(q;yr) is normalized by P(g = 0; @wv.
mﬁ.ﬁv_%wv m:va (19), inserting branching ratio BR(R) for the decay of resonance R to

a pion of given type:

Pla; yr)wr(K) | (20)
Muw wgr(K)

where P(g;yr) is given by Eq.(19), wr(K) is obtained via Egs.(8) and (13)

[P(@)|* = Ca(g, K) = 2r

&:N

T .BR(R) (21)

.ENQNV = WNANAV

with yr given by Eq.(7) for a decay to two pions. Finally .wmﬁﬂ v comes from Eq.(10)
after having normalized fr(K) = C(M? — 4m2.)~/2 by the condition

\,W:A.Nﬁv&&ﬁ%&uﬂ =1

In this way we find

= 2 1 1 (22)
for the equal mass case.
For the unequal mass case we find in the same way
11 1 (23)

.WNANAV = Ik /2 lﬁw

where k is given by Eq.(11). Functions fr(K) are proportional to the probability that
a resonance decay leads to a pion with 4-momentum K = (k; + k3)/2, see Eq.(2). .

Formation time of resonances corresponds to a process in which resonances are - in
the statistical average- produced along the boost invariant curve given by

q.‘w s uu _ NN ANAV

In a more realistic model one might think about resonances Eomcomm. by freeze- out of
a thermalized system. The time 74 in our model mimics the proper time of the freeze-
out, but our model does not contain the thermal distribution of resonance momenta
within the system at the freeze- out.

Contribution of directly produced pions . ‘

In an inside- outside cascade model with hydrodynamical evolution and with ther-
malized matter decoupling at (t,z) given by Eq.(24) it is easy to treat directly Ew&zo.ma
pions and resonances on an equal basis. Both are produced according to Bose- Einstein,
or in some approximation, Boltzmann distribution, and after decays of resonances one
can calculate the correlation function Cy(q, K). .

On the other hand it is not clear whether the hydrodynamical no:nﬂuam. are mvvrnmEm
to a hadronic collision. In our simple model we shall treat direct pions and their
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where the sum over R includes other resonances.The calculation then proceeds as above
according to Eq.(19).

3. Correlations of two identical pions

In this Section we shall calculate the correlation function C2(g, K) for identical pions
in our model and compare the results with data. The calculation contains two free
parameters: the formation time 7; and the ratio rg;, of directly produced pions to all
pions in the final state.

Calculation of the correlation function proceeds via Eq.(20) where P(g; yg) is given
by Eq.(19) and wgr(K) by Eqgs.(21) and (22) or (23) depending on whether resonance
decays to two pions or to a pion and another particle.

In n*p interactions at 16 GeV [24] the authors have identified meson resonances
7,w, p° and f2. Relative contributions of different resonances were found to be strongly
pr-dependent; pions from 7- and w-decays populating mostly the low pr region, those
from p and f» decays dominating at higher pr. In the low pr region it seems that

Piwin: fox02:0.2:0.05:0.03

as ratios of fractions of the total =~ yield.

In pp interactions at 400 GeV/c about a half of pions is estimated to be produced
directly (see Table 9 of Ref.[25]). Resonances, most important for pion production in
the region zg > 0.1 have inclusive cross- sections of the following non- normalized ratios

(see Table 6 of Ref.[25]):
<p>w:ifa:<K*>:®=14:13:3:3,5:0.6 (25)

where < p > denotes averaging over three charged states and < K* > over four of
them.

In pp collisions [26] at CERN- ISR with /s = 52.5GeV, inclusive production of
some of vector and tensor mesons has been measured. Results are consistent with
extrapolations of data from lower energies and the fraction of pions and kaons due to
decays of resonances has been estimated to be larger than 0.55. Refs.[24-26] contain
rather complete lists of papers in which resonance production in hadronic collisions has
been studied. Patterns of data in different experiments are qualitatively similar and
roughly consistent with expectations based on quark- recombination models [27,28] or
Lund Fritiof model [29].

We shall now proceed to calculations of the correlation function Cs(g, K). We
would like to stress that it is not our aim to get accurate quantitative results. This
is hardly possible at least for two reasons: first- our model is rather simplified and
second- knowledge of resonance production in hadronic collisions is not complete. We
would rather like to gain a qualitative insight into the question of whether a sum of
resonance decay contributions and of direct pions can explain the observed correlations
of identical pions and how the correlation patterns depend on the value of the resonance
formation time 7; and on the ratio rg;, of direct to all pions. To start with we have to
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fix some parameters entering the calculations. We shall take the 4-vector K in Eq.(2)
as corresponding to pr 2 0 and ¥y~ 0in the c.m.s. of hadronic collision. Rapidity yp
of a resonance of mass M decaying to two pions is then given by Egs.(7) or (12), where
transverse mass reduces to the pion mass. We shall treat three- body decays w — 37
and 7 — 37 as two- body decays w —s rd and 7 — wd with 7d” denoting a ”dipion”.
The mass my in the w-decay is taken as my = my(w) = 470MeV and ma(n) = 350 MeV
what corresponds to symmetric decay kinematics. In this case rapidity of a resonance
decaying to a pion with ¥ =0 and small py is given by Eq.(12).

.\Sm _ 2 _ .2
R Car S BT

This expression is valid also for the decay K* - K. All barameters -entering our cal-
culation of Cy(q, K) via Eq.(19) are given in Table 1, which contains In the last row also

decay product, see Eqs.(7) and (12) for equal resp. unequal mass cases,ry = 1/T where
I is the resonance width, 24 = sinh(ygr)r, is the mean decay distance; zr = sinh{yg)r,
where 7; is the formation time of a resonance; \mwtmv 1s a kinematical factor propor-
tional to the probability density of producing a pion with a given K in the resonance

dn(p?)  dn(s®) dn(p") ~ 9 (27)
dy T dy YTy dy

In the sum over p+, p° and p- decays we shall have 27~ + 970 +2n*. For dn,/dy = 1
we shall thus have two like-sign pions. This factor 1s included into BR(p). In the
column Adnp/dy we give non-normalized ratios of central rapidity density which are
guessed from data of Ref.[25]. The symbol dng/dy denotes rapidity density averaged
over charged states of resonances in the spirit of Eq.(27). The correlation function is
then given by Eqs.(19-21).

According to Eq.(20) Cy(q, k) is a weighted sum of contributions of individual res-
onances. To see that resonances and direct pions give quite different contributions we
present in Fig.2 correlation functions corresponding to the assumption that all pions
are decay products of a particular resonance - the weight wp(K) of this resonance is 1
and all other weights vanish. The contribution of direct pions is calculated in the same
way and also presented.

In the same Fig.2 we plot also the data of EHS/NA-22 Collaboration given in Fig.5h
of Ref.[16]. The data correspond to averaging over transverse momenta 0 < Qp <
40MeV/c and this narrow interval permits us to compare our calculations done for
small transverse momenta, with this data.

The interpretation of Figs. 2a, 2b and 2¢ is rather simple. In Fig.2a cotresponding
tor, = 0.27m /¢ direct pions are originated by decay of a resonance w
of 0.2 fm/c and vanj

1 formation tine
ing mean life- time for tle decay. Because of that direct pions
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5. Comments and Conclusions

We have described above a very simplified model of effects caused by resonance forma-
tion and decay on Bose- Einstein correlations of identical pions in hadronic collisions.
Due to the simplicity of the model our results should rather be considered as hints to
what one can expect in more realistic calculations. In particular our treatment of direct
pions is rather model dependent. If it would turn, for instance, that direct pions are
produced faster than in our model, their contribution to Ca(g) would be broader and to
get the observed shape of C>(q) the resonance contribution to C3(q) should be narrower
what would mean longer 7.

In our model we have assumed that all resonances are produced from the same point
(t,2)= (0,0). In a more realistic calculation the resonances should be produced from
a space- time region with longitudinal radius of about R/~ where R is the nucleon
radius and v is the Lorentz contraction factor, for the SPS CERN energy region vy &
10. Taking this into account our correlation function Cy(g, K') would be multiplied by
the FT of the density distribution of sources of resonances, what would slightly decrease
the resulting values of T

With this reservation we can summarise our results.

- The correlation function Cy(g,K) for K »~ 0 as measured by the EHS/NA-22
Collaboration [16] in =+ interactions at 250GeV/c can be understood as due to an
interplay of resonance decays and of directly produced pions provided that the fraction
of directly produced plons rg, ~ 0.5 and the formation time of resonances and direct
pions is rather short 7y & 0.2fm/c. For the formation time of 7r & 0.4fin/c the fraction
T4ir Increases to about 0.7 and for 7; = 1fm/c consistency with data cannot be achieved.

Note that our estimate of the fraction of directly produced pions is larger than
results obtained by Lednicky and Progulova [23].

-Our simple model shows in a very transparent way a strong dependence of the
correlation function Ca(q, K) on the value of K=(k, + k2)/2 and in particular on the
average transverse momentum K of the two identical pions.

~ In our model resonance formation and decay plays an important role and as a
consequence of that the correlation function C>(q) is quite different from a Gaussian.
This indicates that the data on correlations in hadronic collisions should be rather
fitted by functions which correspond to a sum of directly produced pions and one or
two resonances. When taking only one resonance one should probably take parameters
of the p to take into account resonances of width comparable to that. of the p and when
taking also a second resonance one could take parameters of the w to take into account
also objects with a longer life- time.

Models analyzing effects of resonance formation and decay on correlations of identi-
cal particles have been studied earljer by numerous authors [30- 40]. Conclusions about
resonance formation times and average life- times have been made by Lednicky and
Progulova [23] who have considered a model containing p- mesons and direct pions, by
Csorgé et al. [34] who have evaluated analytically the average formation time of reso.
nances as 0.7740.1fm /c and mean life- time of resonances as 2.88 fin/c and used then
the Monte Carlo program SPACER to analyze data on Si+Au collisions at 14.5GeV
per nucleon and O+4Au interactions at 200 GeV/nucleon.

What is the time of particle production in hadronic collisions? 7

Padula and Gyulassy [36- 38] have analyzed pp and pp data at CERN Hmmrm:mwm:wm
and in particular the sensibility of data to the abundance of nmmw:msgm. T ey n_me
found that the data are inconsistent with the full resonance fractions as predicted by
the Lund model. Their results are consistent with those of Kulka and bop.mgm [40] m:.m
with our results at lower energies as shown in Fig.2 above. The reason of this nmmie is
due to to the fact that resonances tend to increase Ry whereas direct pions work in the

ion.

ovﬂozm _MMAMMSMM analyses the presence of resonances leads to Smlﬂmm. %ﬁmiozm .mn.og
Gaussian shapes of the correlation function Co(g); reasons for that being simply visible
" omwhwmw% _mxw most interesting to have data on correlation ?:namo.sm for pp, pA, and
AB collisions at the same energy which would permit to m.?ﬁ% a:ww.nm:omm of corre-
lation functions as a function of the atomic number Om. mo::%.cm vwnsmu_mm and search
for the onset of collective expansion, which should be visible via F.Em time delays TH-
44].Unfortunately the increase of <« z? > may be due both to an increase of the fBo
delay and to the increase of the abundance of resonances and arm.mm Qwo Emor.mEmEm
should be disentangled before firm conclusions could be mo:.m.> step in this m_nmneyo:.rmm
been recently performed by Wiedemann [45] in an interesting analysis which combines
hydrodynamics in heavy-ion collisions with effects of resonance decays. . .

There is a lot of most interesting aspects of data ir_nr. we rwﬁw.:on %mo:mmma n
the present paper. Apart of the pr- dependence of oo:m_wsmv: ».:unSow.ﬂ erm.mm Eorﬁm
at least: multiparticle correlations and intermittency, correlations of :.:EB pions which
appear naturally in models based on resonance decays, and .25 nmm&;%. mmwm.:ma:om
of correlation functions.We have also limited ocnmm?om.g a m:,:v_m situation with two
identical pions having the same energy and have ma:m._o& only the dependence of the
correlation function on the difference of the longitudinal .5053_3 QL. .Hg Eo.mm_
can be generalized also to other types of variables upon which the correlation function
depends and we hope to return to these issues in the near future.
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