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Coherent pion effects at large rapidities in nucleus-nucleus collisions
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Coherent effects are considered in the model of bremsstrahlung of scalar pions in high-energy nucleus-
nucleus collisions. As a result of the quantum mechanical Monte Carlo calculation it is shown that this
mechanism yields pions in central collisions at large rapidities with a strong coherence. The coherent enhance-
ment of the cross section has a threshold character of a function of the number of interacting nucleon pairs. The
coherence narrows regions of pion transverse momenta towards zero and longitudinal momenta around some
characteristic value. The pion pseudorapidities are moved to large values of about one-half of a unit.
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I. INTRODUCTION when a few sources localized in the large transverse space
regionR radiate pion waves coherently. In this case the char-

The large pion multiplicity in the STAR project at RHIC acteristic transverse momentum becorpes 1/R by virtue
(~10° could allow the observation of a new physical of the symmetrization on pions from different sources. It is
phenomenon—the classical pion field, analogous to the lasgignificantly smaller than the inverse transverse space range
electromagnetic field. Some experimental evidence of its exfor the elementary process.
istence comes from Centaurdanti-Centauros events in The second effect is the analogous narrowing of the lon-
cosmic ray physics with an anomalously smirge num-  gitudinal momentum distribution due to pion coherence. It
ber of #° [1,2]. Such isospin fluctuations were explained ascould take place if the longitudinal range in the pion momen-
pion identity effects in a model of pion coherent stat8  tum space for elementary pion creation does not exceed
and in the case of multipion states with a strong coherencstrongly the inverse longitudinal nucleus space range taking
[4,5]. Analogous effects were obtained for the classical piorinto account the Lorentz shortening. The narrowing of the
field in the nonlinear sigma modgé]. The creation of such distribution occurs around some value, being characteristic
a field for the nucleus-nucleus collision was studied7h  for the pion bremsstrahlung mechanism. As a consequence
The production of the classical pion field is widely discussedof the narrowing of thep, spectrum and the fact that the
now in connection with the idea of the disoriented chiralcoherence does not soften the longitudinal momenta the
condensatgDCC) [8—25. In this case the observation of pseudorapidity distribution moves to the right. The narrow-
pion coherent effects may be a signature of the vacuunng of the longitudinal momentum distribution makes this
phase transition. effect more pronounced.

Besides the isospin fluctuations an important feature of The value of the coherent effects discussed for the single-
Centauros events is a large rapidity value of emitted hadronsnclusive-pion distribution depends on two factors. The first
(7'¥)=9.9+0.2[2]. Assuming Centauros events to be gen-one is the small probability for alN pions of a multipion
erated at the enerdy~1740 TeV during the collision of the system to be in the same quantum state. The second factor is
projectile nucleusA=60 with the target nucleud=14 we the laser-typeN! enhancement of a cross section due to a
obtain the energySyny=234 GeV and the rapidity coherencd4,5]. As a result, the coherent effects in the cen-
(Ynn)=9.9-5.5=4.4 in the nucleon-nucleon c.m. system. tral nucleus-nucleus collisions demonstrate a drastic thresh-
These parameters correspond to the kinematics of future exld character as a function of the number of interacting
periments at RHIC. The aim of this work is to study the nucleon-nucleon pairs. The coherent effects could be large
influence of coherent effects connected with Bose enhancenough for observing them in the STAR project at RHIC.
ment factors due to pion symmetrization on the nucleus- In Sec. Il the amplitude of the pion radiation in the
nucleus collisions in the region of large rapidities. nucleus-nucleus scattering is treated via some model of the

One can understand the main features of the coherent pigrion bremsstrahlung. In Sec. Il the quantum mechanical
production in the large rapidity region by virtue of a simple Monte Carlo method of amplitude and cross-section calcula-
model of bremsstrahlung of scalar pions, only one pion beingions is described. The results of calculations are discussed in
radiated in every elementary nucleon-nucleon interactionSec. IV for the simple deuteron-deuteron case and in Sec. V
The characteristic angles for such emission @rem/p.  for gold nucleus collisions. The estimation of coherent ef-
Herep denotes the nucleon momentum ands the nucleon fects in the case of the large number of pion sources is done
mass. If there is a strong interference of pion waves fronin Sec. VI. Some remarks about the experimental observa-
different sources in such scatterittat is not trivial because tion of effects discussed is offered in Sec. VII although we
of large pion momenda then two effects must take place. are only at the beginning stage of an understanding of coher-
The first one is the narrowing of the transverse momenta&nt phenomena. In the Appendix some details of the calcu-
region for pions p; distribution. This effect must occur lations are presented.
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deuteron case as the simplest first step. A one-loop graph of
the old perturbation theory, Fig(l) presents the amplitude,
Eq. (1), which is given by a threefold integral on the nucleon
momentum in the intermediate state:
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The valueE, is the initial deuteron energ§(p) and w (k)
are the nucleon and meson energies, dad=E(p,)
+E(q;) + w(kq). The structure of Eq) is transparent. The
form factorsG(S;) and G(S;) with the corresponding en-
ergy denominators represent the wave functions of rapidly
moving deuterons. They are the infinite momentum frame
wave functions. The parameters of the simplest Hulthen
wave function have been chosen for the form facS),
producing the correct nonrelativistic behavior in the two-
To study quantitatively coherent phenomena in nucleushucleon rest-frame system.
nucleus collisions some phenomenological model of the mul- Spin and isospin variables are neglected in our simple
tiperipheral type could be chosen. To understand the maimodel. For such diagrams the isospin neglect does not lead
qualitative effects in this task we consider now the simpleto the loss of the diagram cancellation effects analogous to
model of the bremsstrahlung of scalar pions. Besides for th@CD [27]. The account of spin variables in the case of the
simplicity it corresponds to the kinematics of pion creation,nucleus breakugFig. 1) does not result in any diagram can-
possessing the important property of the transverse momenggllations too.
restriction. The central nucleus-nucleus collisions are studied The characteristic transverse momenta in the considered
with an energy of 100 GeV per nucleon in the c.m. systemmodel of bremsstrahlung of scalar pions are ahouln real
The main question to be treated is the problem of pion comultipion production the average transverse pion momentum
herence with the large number of pions. If the average mul{p;) equals approximately 3. The calculations with the
tiplicity in the nucleon-nucleon scattering i) and the large(p;) should lead to the increase of the observable co-
number of interacting nucleon-nucleon pairs is denoted byrerent effects in the momentum spectra but the absolute
N, then we will consider collisions with multiplicity more cross section of this effect should be somewhat sméslee
than (n)N. For central collisionsN corresponds to the the discussion in Sec.)V
nucleus atomic weight. To understand qualitatively the main The invariant amplitudes of the nucleon-nucleon elastic
features of the collisions it is convenient for simplicity to ScatteringM; and M, with propagators of nucleons give
study the model witi{n) = 1. Then one can consider only the amplitudes of a pion emission. The imagin&\ amplitude
diagrams with one pion radiation in every nucleon-nucleorwith the slope parametds=1/(0.3 GeVt)? for the trans-
interaction[Fig. 1(a)]. We will discuss the kinematical re- verse momentum dependence is used. The amplitude as a
gion of large pion longitudinal momenta and small trans-sum of two time-ordered graphs, Fighl, was symmetrized
verse ones. Such diagrams may interfere strongly with piofior the momentak; and k, taking into account the pion
permutations at such kinematics. We neglect amplitudes witfdentity.
radiation of pions from one nucleon line without radiation ~ The pion radiation from external nucleon lines of the dia-
from another one. They cannot possess significant interfegrams in Fig. 1 is neglected in the model considered. It does
ence with the pion permutation in the case of large longitu-not change significantly the characteristic pion momentum in
dinal pion moment&26]. After such radiation the nucleons the region of the momentum transferred in the nucleon-
in the final state will have different longitudinal momenta nucleon scattering of the order of\b. So this approxima-
(see Fig. 3 in Sec. Iyand the amplitude with the pion per- tion is not a principle for the qualitative results obtained.
mutation will be small in this kinematical region. The situa- Only the pole of the intermediate state propagator with
tion is opposite to the case of soft gluon interference in QCDtwo nucleons and one meson is taken into account in the
[27] where just such diagrams provide the strong coherenintegral calculation due to its minimal virtuality compared
effects. with the other intermediate states. The significant feature of
To understand all the peculiarities of the scatteringthe amplitudes in Fig. (b) is that the imaginary part of this
mechanism it is convenient to begin from the deuteronpropagator dominates with a good accuracy in @g, i.e.,

FIG. 1. The amplitudes of the pion radiation for the nucleus-
nucleus collision in the general case) and in the deuteron-
deuteron sampléb).

II. THE AMPLITUDE OF PION RADIATION
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Being done only with the real part of the propagator the
numerical calculation of Eq1) gives a small value of about
some percent. To explain qualitatively its smallness we use Fo
the approximate expression for the integrand. The depen- 500 - °

dence of the deuteron wave function on the longitudinal mo-
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FIG. 2. The wave function for the nucleus with radiRs=6.3
o, Eo+uy fm and diffuse parameter=1.0 fm (the solid ling, a=0.6 fm (the
V1= Py~ 2 dashed ling anda=0 (the dotted ling

If f(x) is the Fourier transform of (k), then one can write  parametem=1.0 fm (the solid ling, a=0.6 fm (the dashed
the next relation line), anda=0 (the dotted ling For the last case it has the
simple analytical form
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The longitudinal momentum integration in E(l) has the Rp PR
analogous form withk,=AE=3(E,—E,). It is seen that the
scattering amplitude depends on the energy nonconservatignis seen that the first zero point is pR~ 27r. The numeri-
AE. The imaginary part is a narrow function with the maxi- cal calculations were carried out with the valae1.0 fm
mum atAE=0. The real part of the amplitude is equal to because calculations with the more realistic strongly oscillat-
zero at this point and is small at larg&E| due to the inte- ing wave function witha=0.6 fm require a lot of computer
grand oscillation. This is the reason why the real part of thaime. This approximation does not change the qualitative re-
intermediate state propagator gives a small contribution ikults obtained.
the scattering amplitude, E¢l). In the case oiN interacting nucleon pairs the scattering

For the collision of heavy nuclei we consider the nucleusamplitude has the next view
in the single-particle approximation in which the nucleus
wave function can be written as a product of single-particle N-1
ones: _
) w11 | (

<1><|ol,...,pN>=i[[1 B(p}).
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Here p* is the nucleon momentum in the rest frame of the

nucleon and the residue nucleus. In this model nucleons aligor largeN it approximates to the product of one-loop am-
treated as a gas of noninteracting particles and the charactc.mtudeS analogous to the deuteron case.

istic space range is the nucleus radius. In the real model The neglect of the real part of the intermediate state
taking into account the interaction of nucleons this parametefopagator simplifies the calculations considerably, retaining
could be some smaller. Nevertheless, the approximation usqq“y the transverse momentum integration in E@S.and

gives the correct qualitative behavior of studying coheren{s) "The calculation of the cross section has to be done after
effects. .
that:

The single-particle wave function could be taken as the
Fourier transform of a square root of the the nuclear density.
For the gold nucleus this function is shown in Fig. 2 for a da~f I d3p;d3q;d3k (2m) 46 (P—P)|TI2,  (4)
Fermi distribution with the radiuR=6.3 fm and the diffuse i
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M The parameter was fitted from the view of differenp,,
T= . pt2 distributions in Eqs(1), (3), and(4) for both internal and
2Eo] [ V2E(pi)2E(q)20(k;) external variables.
I

ll. QUANTUM MECHANICAL
MONTE CARLO CALCULATION IV. RESULTS FOR THE DEUTERON-DEUTERON

Because of a large number both of internal variables of SAMPLE

the integration in Eqg1), (3), and(4) and external ones itis  The results of the particle spectra calculation for the
natural to perform this integration in the Monte CafMC) e teron-deuteron case are shown in Figs. 3 and 4. At first
mantneré V\{e W”Il nlatr_ne Itl\;]&rg tg_e t.qua_ntﬁlm mte(f:hamcalNe examine nucleon spectra to observe some general char-
onte t.ario cacula |0n(Q ) distinguishing it from cteristics of collisions. There are two types of nucleons in
conventional MC calculations. The coherent effects coul his process: nucleons pion sources from the top jet in Fig

not be included in the usual MC calculation as this approacq(b) moving to the right and accompanying nucleons from

is based on the probability of processes. The QMMC calcu: . . N
lation is the usual MC method of manifold integration. It can the bottom jet moving to the left. The distributions of the

be written as nucleon longitudinal momentunfleft) and the transverse
N momentum squaréight) are shown in Fig. 3. These spectra

b b—a allow one to check at once the correspondence of the results

fa dxf(x)~ T,Zl F(xi). ®) to some qualitative features of the conventional pion emis-
sion in the nucleus-nucleus scattering.

There are spectra for accompanying nucleons in the upper
w and that for the nucleons pion sources in the lower one.
t is seen that the model describes correctly the main quali-
tative features of the process. The average momentum of
S T ©) accompanying nucleons{s;) =100 GeVt and the width of

N Axge the distributionsq,~ (pe /m)p corresponds to the deuteron

The real situation in Eq4) is complicated because of the Properties. Herepe=0.1 GeVt denotes the characteristic

inner one-loop integration in the amplitude. This case couldl€uteron Fermi momentum arul is the average nucleon
be reduced to the QMMC procedure as momentum in the moving deuteron. The transverse momen-

2 tum corresponds to the slope parameteN\df scattering.
f dx :j dxdx dxof(X,X1) F* (X,X,) The analogous distribution op, for the nucleon source is
deformed and the spectrum pf is widened due to the pion

In Eqg. (5) we mean an integral of arbitrary dimension. This
expression has the sense of a sum of weighted simulater%
events and allows one to obtain distributions of the arbitraryI
variable as the usual MC simulation:

dP_f b—a 1
ax [0~

f dx,f(x,Xq)

1 emission. The light picture shows the result with pion coher-

~ Nizk f(xi X)) F* (X, X20). (7)) ence effects taken into account; in the dark one, these effects
o _ b _ ~ are neglected.

So it is possible to perform both internal and external inte-  The main questions connected with pion coherence can be

grations in a general manner, increasing the integral dimenynderstood from single-inclusive pion distributions. They are

sion. . o . shown in Figs. 4) and 4b) for the longitudinal momentum

. Such_ a met_hod of integration is sucgessful only if th‘?k, and the square of the transverse momenhﬁmThe dis-

integration region _has constant boundaries. In the OPPOSitgip tion of Kk, has the narrow maximum &t~ ( u/m)p, and

case[for example, in Eq(1) with the real part of the propa- : : . '

S . w is the pion mass. It corresponds to the pion bremsstrahlung
gator for an examination of Eq2)] the calculation of the mechanism and such an estimation could be obtained from
internal integral with variable boundaries has to be done b¥ ! . . . .

L : he propagator consideration of the pion creation amplitude.
lattice integration. o . . .
The ki distribution has a narrow behavior with width

To avoid the narrow behavior of the integrapdand pt2 2 : - o
variables were substituted by those with a flat dependence ¢t~ u". Itis connected also with the pion radiation mecha-

the integrand: nism used.
£(x) The pion pseudorapidity distribution is shown in Figc)4
f dxf(x)=f dG(X) —. The spectrum maximum aj~5.4 corresponds to the maxi-
9(x) mum in thek; distribution [Fig. 4@] and the angles are
The smoothing functiomg(x) was chosen to be #~m/p as in the conventional bremsstrahlung. The model
2 considered is seen to give just large values of pion rapidities.
g(p)= —, The spectra in Figs.(d4) and 4b) show that pion coher-
(P =pio)“+ e ence increases the cross section in the maximum for about
20% both for the longitudinal and for the transverse mo-
a=ay, P<Po, a=az, PP, menta. Such a large interference appears to be not a trivial
o2 effect for a weakly bound deuteron, taking into account large
g(pf):_ values of the pion momenta. The reason lies in the large

2, 2° . ) .
pita nucleon momentum spread in the rapidly moving deuteron
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FIG. 3. The distributions of the nucleon longitudinal moment(ieft) and the transverse momentum squaight). Spectra for the
nucleon from the lower jet in Fig.(h) are in the upper row and those for the nucleon pion source are in the lower one. In the light
histograms, the pion coherence is taken into account; the dark ones, the noncoherent contribution.

(see theg, distribution in Fig. 3. It corresponds to the Lor- deuteron-deuteron sample; however, it increases for heavy
entz shortening of the deuteron longitudinal scalenuclei.
I=(m/p)lo (Io~1/pg).
The pion coherence produces some narrowing ofkfne V. THE HEAVY NUCLE|I SAMPLE
distribution[Fig. 4(b)]. To see it better we examine the dif- . .
ference between light and dark spectra. It is just the interfer- In the case of gold-gold collisions two and three interact-

ence contribution in the cross section connected with a pioﬂqr?a;ggleﬁnepz':s ?}recf::;'geéfgﬁ ]'(natoe]}a(z?gnonfhzligf dual
identity. In Sec. VI interference terms will be shown to in every nu u ! on. au

. . o . nuclei are introduced in the model, Figal, to provide the
dominate in the cross section in the case of heavy nuclei dug L . .
ergy-momentum conservation in Ed). In the first vari-

to the strong coherent enhancement with a large number nt the coherent increase of the cross section in the maxi-

pion sources. So we estlma'Fe the S|tuat|'0n with the Iarg‘?num of the transverse momentum spectra is approximately
coherence by that spectra difference. It is shown in Figsg gos sy ch a decrease of the coherent enhancement in com-
4(d)—4(f) by dark histograms together with the noncoherent, isqn with the deuteron case is a consequence of a decrease
contribution(light spectra normalized in the maximum. Itis  f the momentum space coherence volume due to the
seen that the coherence narrows both the longitudinal and thg,cleus radius growth. Pion spectra for the coherent contri-
transverse momentum distributions. The IOngitudinaI MO-ution together with the noncoherent Spectra are shown in
mentum spectrum is narrowed around the characteristifigs. 5a)-5(c). All qualitative results for the deuteron-
value ~(u/m)p. It is not softened by coherence. The nar-deuteron case are confirmed here. The difference is that the
rowing of the transverse momentum spectrum has been aharrowing of longitudinal and transverse momentum spectra
ready discussed in the literatur28|. is stronger in this case. As a consequence the shift of the
As a consequence of the coherent effects obtained for theseudorapidity distribution to the right is rather large. It is
pion momentum spectra the pseudorapidity distribution fombout one unit in the rapidity scale. Such an increase of the
the coherent contribution is shifted to the right relative to theeffect is due to the large nucleus radius also as the charac-
noncoherent onfFig. 4(f)].This effect is rather small in the teristic width of the longitudinal and transverse momentum



54 COHERENT PION EFFECTS AT LARGE RAPIDITIE. .. 2629

F 70000

40000 25000 F F
(a) : (b) i (c)
35000 60000 F
30000 20000 ¢ 50000 £
25000 15000 B 40000 [
¥ 20000 E
= 30000 [
L 15000 10000 -
& 20000 |
10000 F
A 5000 F
W 5000 10000
T
0 - 0 0
© 0 100 200 4 6
L
=
S
F F 60000 [F
S (d) | 2000 (e) : (f)
% 17500 § 50000 k-
= 25000 15000 § -
> 40000 [
< 20000 12500 B :
30000 |
15000 10000 c
7500 F
10000 20000 F
5000 .
10000 E
5000 2500 -
0 b 0 0
100 200 4 6
k (GeV/c) 7

FIG. 4. The distributions of the pion longitudinal momentyan (d), the transverse momentum squdg(e), and the pion pseudora-
pidity distribution (c),(f). In the light histograms in@—(c), the pion coherence is taken into account; the dark ones, the noncoherent
contribution. In the dark histograms {d)—(f), the interference part; the light one, the noncoherent contribution.

distributions for the coherent pion radiation is of an order ofThe functioni,(z) is a square root of the Gauss distribution
the inverse space range. with the dispersions centered atz,. The second function
In the second variant with three interacting nucleon pairs/,,(b) depending on the impact paramelpeis a square root
the absolute value of the coherent cross-section increase @ the Fermi distribution with radiuR,. The Fourier trans-
approximately 7.8% in the maximum of the transverse moform of it is the product of the longitudinal momentum func-
mentum spectrum. It corresponds to the estimation on thition
value given in Sec. VI which is roughly twice as large as that .
in the first variant. The pion momentum spectra correspond d1(p))=e""P*g(p))
approximately to the two-pion case.
The model examined for pion creation in nucleus-nucleué'jlnd the transverse momentum one
collisions yields pions at random over the whole nucleus in %
the correspondence with the wave functions in E). In ¢2(pt,Rk)=27rf bdbi, (b)Jo(pib).
reality there is some correlation of the pion radiation and 0

some retarding effects due to the Glauber screening of nucle- . — L
ons in the scattering process. One can calculate it in son%hg func_t|ong(p,)_/ 277.'5 a sqyiare root of the Gauss distri-
ution with the dispersion (@)~ -.

effective manner in the framework of the QMMC approach. To take into account the Glauber screening one can sub-
The nucleus-nucleus collision can be treated as a sequence qft te the Fourier t f £ th ; gt'

collisions of the corresponding layers of the nuclei. The Iayet.s' fute the Fourier transtorm of the wave tunction, 8.,
thickness 2 is a free path length of a nucleon. The single-Into Eq. (3) with only the correspondent layers in the sum,

particle nucleus wave function can be represented as the SE-q' (8), remaining. As a result the next substitution has to be

perposition of layer wave functions treated as a product o one in Eq.(3):
longitudinal and transverse coordinate wave functions:

M
. ¢<pr>¢<qr>a¢o(pr>¢o<qr>+2k§1 cod (pf; — a7} z]
W=, 2, (D a(b). ® X ) L), ©
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FIG. 5. The distributions of the pion longitudinal momentyan (d), the transverse momentum squdng(e), and the pion pseudora-
pidity distribution (c),(f). In the dark histograms, the interference contribution; the light one, the noncoherent gdjt(f the Glauber
screening is taken into account.

d(P*)=9(p) d2(pi,Ry)- VI. COHERENT ENHANCEMENT
AR WITH A LARGE NUMBER OF PION SOURCES

The real situation of central nucleus-nucleus collisions
The nuclear density as a function pfwas fitted in the with a |arge number of pion sources 10? could not be
calculation by a square of the sum of 11 Gauss distributionstudied in the QMMC manner because of the enormous num-
(M=5). The distance between the layers is®.80=0.5 ber of permutations. To calculate physical effects in this case
fm). it is necessary to do some additional approximations starting
The results of the calculation are shown in Fig&d)5  from the results obtained. The symmetrized amplitude Fig.
5(f). The Glauber screening is seen to lead to some decreadé) can be written as
of the coherent narrowing of the longitudinal momentum dis-
tribution. The reason for it is an increase of the characteristic
longitudinal momentum of a nucleon in the integral, E3).
In the first case it is of an order of the inverse nucleus range
due to ¢(p;*). After the Glauber correction is done it is the summing being done over all pion permutations. For a
determined by the free path lengtho2in the function large number of interacting nucleon pails, the amplitude,
g(p,) and by an oscillation factor in E¢9) with the momen-  Ed. (3), is seen to be a product of the effective nucleon-
tum differences being significant there. It enhances the largBucleon amplitudes of pion creation:
longitudinal momenta in the integral compared with the first N
case. The transverse momentum distribution and its narrow-
ing are not influenced by Glauber screening. The coherent tkiz v - ki ’UN)%nﬂl 7(Kin Vn)- (10
shift of the pseudorapidity spectrum to the right is smaller
[Fig. 5(f)] than that in Fig. &). Nevertheless, it is about One can perform an integration on the nucleon variables
one-half of a unit in the rapidity scale and seems to be oby in Eqg. (4 by introducing the correlation function
servable in the experiment. G(k;i ,k;):

T:Z t(kip,v1s ... okinson)s  v=1{p;j a5t
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-1

1 1 1 (1-P,_p)?
G(ki,kj)=f do (ki ,v) 7 (kj ,v) —-= ﬁps*l—i__z—‘r#V
S_1 p=1 vt opg Yo Oj-1
dwW, [dw, _
Vi Vi 9k—k), an v 2 3
' ’ ()= 20y3) =1 \ (U + (1) +(Lo?_y)

where dW,/dk; is the single-inclusive pion distribution in (14

the nucleon-nucleon scattering. The functgfki —kj) can  The valueq, is expressed through the recurrent relation in

be approximated by a Gauss distribution with the dispersiO@q_ (14) with oo=7y and P,=1. The quantitiesS,_;= v,
y obtained in the QMMC calculation and is normalized asyp B(l)=(2my2) "2 have to be taken whei=1.

9(0)=1. o , One can change the summing up on permutations
Because of the factorization property of the amplitude,, Eq. (13 to that on the cycles lengths
Eq. (10), the differential cross section has the next form Il Iy (11414 ---+14=N). It can be done due to

the fact that the expression under the sum sign in (E8).

dw N depends only on these valysge Eq(A6) in the Appendix:
dk, - - - dky nl;[1 J dvniZj 7(Kin ,vn) T (kjnivn)- \
| o | 2, 0= 2 A
Using Eq.(11) the integration on nucleon variables can be =2 l1l2-+Iu
performed. The pion momenta distribution can be decom- AN-lim1 .AN7|17|27'-.7|M,171{. .
posed into the noncoherent part and the interference one, -1 Im—1 '
NI An=n!/(n—m)!. (15

dw dw, W,
=N! +NID> Dy, (12 . .
dk;- - -dky dk; dky = It is necessary to exclude the term with;=I,
=...=|y=1 from the summing up.
M; A simpler formula in comparison with Eq13) can be
D.=G(K; Kip)- - - G(ky Kin) = R obtained in the case of a narrow correlation function
1= Glka ko) (kn ki) ngl m y?<vy3 and for a small number of pion sourcés when

o5 1<v5 in Eq. (14):

whereR!, denotes the cycle of the length NI
dw  dW, L [dW\ 't
| (N—1)!d—k=N!d—k+N!2 d
Rin=G(Km1,Km2) G(Kmz,Km3z) - - - G(Kmi, Km1)- 1 1 i=2 1
312
There areM; cycles for everyith permutation in the sum, ><(277y2)3('1_1)/2(|—)
Eq. (12. 1
To do the integration on pion momenta in E2) for a M; y\30m=1 13
single-inclusive pion distribution to be obtained it is conve- X (y_ (I—) . (16)
m=2 0 m

nient to treatdW,/dk; in the Gauss form with the average

Z%'Eei;(o digﬂégg S()'fpsir;']ogodi';?iSu{%iugézf t?]ithter;Prﬁé(;r_Then for the collision with two- and three-pion sources the
: 9 distribution in the maximum point has the next values, for
ward but rather long calculatior{see the Appendix

N=2,
dw  dW, N (kg —Kg)? dw A 12

N—21)!—=N!——+N! B(l — - =2~ _
(N=1)! G =Ny N2 (1)eXp( s, ik, (ko) =2 (ko) 1+ = €

M;

' and, forN=3,
x I1 B(Im) (27, _1)%2 (13)
m=2 dw dw, 1\°
2!&“(0):6?“(0) 1+§E+2 —1 €|. (17
The different values in Eq13) are given by the following 1 1 V2

formulas through Gauss-distribution parameters:
g P The valuee= (y/v,)® is the probability for two pions to be

5 2 in the coherent range y~ 1, i.e., to be in the same state. As
o2= 2+ Y00p-1 noted in Sec. V, Eq(17) shows that the coherent enhance-
=7 y§+ of,,l ment in the maximum point is roughly twice as large in the
three-pion case as that in the two-pion case.
| 2 It is possible now to illustrate the validity of the assump-
P, = H , 7’02 , tion made_in Sec. IV that t.he interferenpe contripution in .the
p=1 Yot 0p_1 cross section of the two-pion sample gives a reliable estima-
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FIG. 6. The single-inclusive pion momentum distribution witk-4, 8, 12, and 20 interacting nucleon-nucleon pé&wdid lineg for two
values of thes parameter. The dot-dashed line, the coherent contribution in the two-pion case. The dashed line, the noncoherent contribution,
and the dotted line shows the correlation function.

tion for the real many-pion case. One can be convinced using One can calculate the coherent enhancement in the maxi-
formulas(13)—(15) for the arbitrary component of the pion mum of the momentum distribution using Eq4.3)—(15).
momentum. To obtain the large coherent effects already afthe behavior of the ratio of the interference contribution to
low N the rather large valug=0.7y, (yo=u) was chosen the noncoherent one as a function of the number of interact-
for the dispersion of the correlation function. The result foring nucleon pairsN, is shown in Fig. 7 with different quan-
the single-inclusive pion distribution is offered in Figiap tities of the parametet. It is seen that this function has the
by solid lines for different variants withl equal to 4, 8, 12, threshold character, demonstrating very strong growth with
16, and 20. The coherent contribution for the two-pionthe increasing oN. To understand qualitatively such a be-
sample is shown by the dot-dashed line, the noncoherettavior it is useful to consider the structure of the simplified
cross section being presented by the dashed one. All curves
are normalized in the maximum. The different variants are
seen to converge to some limit curve with the growthNof
coinciding approximately with the correlation functi¢dot-
ted ling. This curve is close to the dot-dashed one. So suc o I
interference terms actually dominate in this case in thet |
single-inclusive pion cross section at larijeand the two-
pion variant gives a reliable estimate of the coherent narrow-g
ing of the momentum spectrum. The measure of the inaccu—g L
racy in such an estimation could be the distinction of this 3 25 [
distribution from the correlation function. 5 I
The QMMC calculation in Sec. V gives for theparam-
etere~0.1 by means of Eq17) from the coherent enhance-
ment in the cross section. The formulds)—(15) with the
correspondingy show that the coherent contribution for the
two-pion sample gives a conservative estimate of the spectrg’ I
narrowing in this casgFig. 6(b)]. The real coherent effects "~ 1o |
are somewhat stronger. Nevertheless, such interference terms |
give a significant contribution in the cross section and give
the correct qualitative estimate of the coherent narrowing of
momentum distributions. The additional increase of the
transverse momentum spectrum narrowing has to be due to ° R T - R
the growth of the characterist{g,) in the noncoherent dis- number of nucleon pairs
tribution to the quantity(p;)~3u in correspondence with
the experimental value. The coherent effect in the pseudora- FIG. 7. The coherent enhancement as a function of the number
pidity spectra will be stronger too. of interacting nucleon pairlil for two values of thes parameter.
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formula Eq.(16). Every term in the sum is proportional to dorapidity spectrum to the right could take place in this case

some degree ot and the number of terms iN()?. It is  too. To search experimentally for the discussed coherent ef-

convenient to introduce the paramefer N IN! [5] as a fects, it is reasonable to compare pseudorapidity distributions

measure of the coherent enhancement reproduced by Eiq. proton-proton interactions with those for central nucleus-

(13). It has a transparent physical sense. The first factor witlnucleus collisions. The region from the shoulder in the pla-

the degree ok is the depressing factor connected with theteau»~2.5 to the end of the spectrum is relevant. One can

small probability forN pions to be in the same state. The try to observe the threshold character of effects using pion

second factor is the usual laser-type enhancement due to theultiplicity and the number of baryons at small angles as a

coherent induced radiatiddt,5]. The drastic character of the measure of the impact parameter.

threshold function is connected with the strong competition It is naturally to combine the search of isospin fluctua-

of depressing and enhancing factorsAirat largeN. tions with the coherent effects discussed. The experimental
It is seen in Fig. 7 that the threshold valueMfis of the  observation could be realized in both inclusive and in event-

order of 20’s in the case=0.1. Taking into account the by-event approaches.

increase of the characterist{p,) for the pion bremsstrah-

lung from w to 3 one can estimate this threshold to be ACKNOWLEDGMENTS

about 16. In a real situation with the pion multiplicity in the . .

nucleon-nucleon interaction of the order of tens the thresholg ! Would I_|ke to express my grat|tu_de to .A'A' Anselm a_nd

is clear to be decreased again and coherent effects conside%‘HG' R_yskm _for interesting and fruitiul discussions dgrmg
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tiplicity can be used here as an enhancing factor for the Coljallman, and L.S. Schroeder for the hospitality at LBL

herent effects both in inclusive and event-by-event apyvhere this work was discussed. | would like to thank X.N.

proaches. The quantitative consideration with the real piorWang and the staff of the theory division of LBL for very
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The strong coherent enhancement in Fig. 7 seems to be
unphysical when the pion radiation cross section became  APPENDIX: DETAILS OF THE COHERENT
larger than the geometrical one for the central nucleus- ENHANCEMENT CALCULATION

nucleus collision. The cut of the growth could be done by 14 gptain a single-inclusive pion distribution it is neces-

diagrams with the additional pions created in the intermedi-Sary to integrate Eq12) on N—1 pion momenta. The first

ate state and absorbed by an external prong. The amplitudggeqration of the Gauss functions gives the next result
of pion creation and absorption have an opposite sign due to

the pion-nucleon propagator. So there is the destructive in- dW,
terference of the imaginary part of such diagrams and ampli- f dkg,, (k1 =K) — =9y, (k—k2)
tudes, Fig. 1a).

The probability e for two pions to be in the same state o 1 \%2 27 312
dgpgnds on the inverse slope pqram@t@%(p& of the p; —ggl( 1—k9) 27773 (1/ﬁ)+(1/73)+(1/7§)
distribution. From a number of different mechanisms of el-
ementary pion creation the most important one in central (kp—ko)?
nucleus-nucleus collisions could be the mechanism with the Xexp — 22+ 2]
smallesty, due to coherence. 072

with
VIl. CONCLUSIONS 22, yéy% 1_(k2/y§)+(k0/7(2))
The consideration of coherent effects in nucleus-nucleus TN 2 T A+ (192)

scattering by virtue of quantum mechanical Monte Carlo cal-
culations allows one to come to the following conclusions. Then the circle integration can be performed:
(1) The model of bremsstrahlung of scalar pions shows "y "y
that pions at large rapidities can be radiated with a stron 0 0
cohe?ence. ’ P ’ J dks-- 'dkpdkl 9ks=kg)-- dkp 9t~k
(2) The coherent enhancement has the threshold character
as a function of the number of interacting nucleon pairs. =A,..-A (
(3) The coherence narrows regions of pion transverse mo- ! -1
menta towards zero and longitudinal momenta around some
characteristic value. Xf dkig (kl_kpfl)%
(4) The pion pseudorapidities are moved towards the large Tp-1 b T dky
values of about one-half of a unit. P2 )2 K k)2
In the model examined the pion bremsstrahlung mecha- Xexp( _ (ka 0 )u-e p(— (ki—ko)
nism gives one pion with a large rapidity. In real multi- 2(702+ azp,z) 2()/024-021)
peripheral pion radiation the effects obtained could take )
place for pions from every step of the ladder. As a result the xe p( _ (k1—ko)
narrowing of the(p,) distribution and the shift of the pseu- 2(ya+ %)

1 \3(-Dr2
27773)

, (A1)
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ith
where W
2 2 -1, 2 2
o2m 2t Y0%p-1 ki’=(kg /‘;pfl)+(ko£3’o) . 1 1 1 (1-P,_p)?
Yot Tp1 (Lop1)+ (/7o) =2 ﬁpﬁ—ﬁ—ﬁ%-
S, p-1 Yot op-1 Yo J1-1
=92, K}=kq, (A2)
and Finally, substituting this result into EA3) and using Eq.
a2 (A4) we obtain the single-inclusive pion momentum distri-
2 .
Ap= 5 ) > ) bution
(11yp) +(Ly)+(Lop_4)
Using Eg.(Al) we obtain for the single-inclusive pion dis- N 1p-1 31,02
tribution the formula (N=1)! dw N,dW 2 H Ay 1
N dk,  dkg = 2792 Yo
dw dW, L dwg~?
(N=1)l=—=NIl——+N! > H A, 2 M i1
dk, dk; AN dk, (k1 —ko)
xexp — = | T [ 1T A,
2§ 1 Jm=2\ p=1
dW I 1 I1 1 '
dk - 9 T )]._.[ 1 3l /2
X 2—2) 2nSt ¥ (A5)
-1 1 ™Yo
X f dk "ﬁ A dW6 | dwo
p=1 P dk | dk
X g'mL(k—k'm™1), (A3) Let us express the sum on permutations in EA]S}
through the sum on cycle lengths. It is necessary at first to
with consider permutations produced from the initial one and hav-
a2 o ) ing a cycle of Iength beginning from the first element. The
de_( 1 ) ;{_ (ki—ko) number of them |s!—\I ,1,WhereA”—n'/(n m)!. After that
- 2 2 2 1
ky 2y 2(vptop) one has to add analogous permutations with cycles of length
D/ I, among the remaining elements of the first permutation.
(K)=9,,(k), The summary number of such permutations will be
N—I,—1
andg®= AIl 1A _} 7. The total amount of permutations with
On the base of the recurrent relatioh?2) the momentum  cycle Iengths [0, ooy g+l +1y=N) s
k' is given by AN 1A|Nf|11 L. -AlNMi'llf'f”'f'“"‘lfl and we obtain the
[ yé next formula for the sum in EqA5):
K'=Pi(k—ko)tko, P=I] ———. (A%
p=1 Yot O0p-1
N!
Then the integral in EqA3) can be calculated: ' N—Iy—1 N=lg=lp— - —ly_1—1
g qA3) Si{o— > ANTIA ALY M-
i FIPywlY M
-1
dWE™ "\ dw,
-1, _1l1—-1 X{- -} (AB)
Jdk(HAp dk)dkg (k—k'"%)

-1 31/2
=( 11 Ap) (ﬁ) (2mwSE1)%?, Here =’ means that the term withy=1,=-.-=Iy,=1is
p=1 Yo excluded from the summing up.
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