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1 High Energy Multiple Production of Hadrons
and landau Hydrodynamical Theory.

E.V.Shuryak,
Institute of Nuclear Physics, Novosibirsk.

Abstract,
In the present paper the foilowing topics are discussed:

1) The inclusive and exclusive particle spectra; 2) The acco-

unt of the interaction in the equation of state;.3) The role
of the leading particles; 4) The multiplicity distributiong
5) Collisions with nuclei; 6) é*é'annihilation into hadrons.

In all these cases the predictions of the hydrodynamical mo=-

del are in good agreement.wifh data.
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The-.multiple production <f hadrons in high'energy collisions
have been verﬁ intensely sldied during the last several years.,

A lot of efforte hes been made in order to reveal the most sig-
nificant features of this complicated phenomenon and to const-
ract some phenomenological ﬁndels fitting the whole lot of déta
available. Although sdme questions still remain , the general
picture of the hadronic production in various reactions and
rather wide energy range seems to be now clarified due to this
work. But the tﬁ%retical understanding of the phenoﬁeﬁon is not
so advanc-~d, it is still incomplete and controversial., So there
is great need for theories which can provide explanations of the
main features of the process from some general viewpoint.

The aim of this paper is to show, that the tHory created by
L.D.Landau /1/.more than twenty years ago, turns out to be in
nice agreement with the wide range of recent observations on the
production processes., This theory is a consistent development
of the approach, proposed by W,Heisenberg /2/, E.Fermi /3/, 1.Yaf
Pomeranchuck /4/. The basic assumption is that strong interaction
at smail distances is strong enough to mix the system up to thermo-
dynamical equilibrium, Note, that this assumption differs drasti-
cally from the ideas of the multiperipheral and -parton modéls,
which assiume that the interactiuﬁ at small distances asgmptoti-
cally vanishes. Nevertheless the resulting predictions of such
different approaches tufn out to be rather close in the availa-
ble energy region. So this prindipal dilemma remains unqalved in
the studies of the hadronic colliaidna. The deep inelastic prbce-

sses like ete”» hadrons seem to be more promising.
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The hydrod$namical thEGry'ha$= attracted considerable attention-
of the cosmic rﬁj physicitsts in late'fifties, but the interest to
this approach_has"decraased much in the next decade mainly due to the
intensive studies at that time of the two=body reﬁctioﬁa and Regge
phenomenology, as well as the_peripheral-and multiperiphefal moﬂels_
development, But when the regular studies of the multiple production
.at accelefatora began, espeqihlly the inclusive messurements, this
theory again has appeared at the stage. In the papers /5-7/ it
is shewn that the aﬁerage multiplicity and incluaive gpectrum for:
hadgnnic colliaions.ﬁgrees'with the hydrodynamical model quite well.
The theory has been ﬁppliedfto'the descripfion of thé process é*éi*
hadrons /8,9/, the results are in veiy good agreement with prelimi-
nary SPEAR data /10/. | '

| In the present paper we are going to discuss these applications
- of the theory, paying more attention to important physical effects
like the corrections in the equation of state due to interaction,
leading particle.effects étc., than it was done previously. In this
paper we deal with a lot of.questinﬁs, so their presentation is rather
brief. We do not diacuss much the details of calculations, paying
more attention to physical reasoning. The results are presented
mainly as simple approximate formulae, expressing the dependence
on the variables in question bu%_not claiming for high accuracy.
Suchnpresentatian-aeema to be adequate to the present status of the
thedry,-in which many queétidﬁs like viscosity, nonequilibrium and
qunntﬁqlcorrectipns ara_open_aﬁd much more work is needed in order
to ﬁake“ita predictions really quantitative. |

A lot of results of the hydrndjnamicai theory, such as particle

composition, transverse momentum distributibn etc., are discussed
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elsewhere /11,12/. The reason for this separation is that these
predictions do not depend on the hydrodynamical stage and are com-
pletely determined by the final stage interaction ( or in more mo-

dern terminology- by the short range effedts). Thus their discussion

can be made in more general context. In particular, they can be easily -
§ combined with multiperipheral and parton models.,
After the very sghort presentation of the principles of the hyd-
rodynamical model (chapter 2) we discuss the inclusive and exclusive

spectra of secondaries (chapter 3).The various channels are conside-

red as a thermodynamical fluctuations(as in /12/ where low energy reac:

tions have been considered).

The equation of state of the hadronic plasma is discussed in chap-
t2r4, The corrections to interaction are obtained with the help of
the Beth-Uhlenbeck method /13/. We discuss also the applicability
limits of this method and maxe scmé_critical discussién of the sta-
tistical bootstrap model /1%/.

The chapter 5 is devoted to the discussion of the leading par-
ticle effects and their role in producing large fluctuatiQns in the
system. The more detailed consideration of this point is made'in
the chapter © for the multiplicity distribution.

The inclusive rapidity distribution is analyzed in chapter 7.

The discussion of the data is maae first, then they are compared
with the theoretical predictions,

The last two chapters deal with hadron-nucleus collisions and
e¥¢” — hadrons. The intensé theoretical and experimental studies
of thése processes have begun quite recently. but even the first
observations are of great interest., We are going to show, that they

agree with the behaviour expected in the framework of the discussed

theory.




2.|2§e1mein ideas of the hydrodynamical theory.
The main assumption of this theory ie'the Fermi hypothesis that

the system, created in the collision, reaches equilibriudby the fime
at which pertlele pass cach other in CM reference frame. So the 1n1t1-
al form is the thin disk with the width E +:and-radine mr,
This estimate is used as an initial condition in the theory. It is
importent to note, that the final results depend on it rather weakly
-tlegerithmicelly) and it can to some extend justify its crudness.

It is not clear now whether this sfrong assumption is true or not**
and what kind of the dynamica can lead to such a result. It must be
the :1i¢1d theory with very strong intermction et small distances, may
be.nonrenormalizable. "t must be eppesite to more popular now possi-
bility = the aegmptet_ee- freedom, leadins to another picture - the
parton model. The observed trend of the data on e+é7~ hadrons scems
to be more favourable to the first peeeihilitj.

The next after the described above initial stage comes the nydrody
namital expansion, which is described by the relativistic hydredyne—

mical equations:
QT‘“ K oy il (K

where U' is the 4-velocity of the liquid, £ enﬂ.F) are energy den-

gity and preesure; They.are connected by the equation of state to

which we return later. Note, that since the initial distribution

ie a thiﬁ-diek, the expeneion is mainly longitudinal.

*We use units h:-¢-41

**Therdare some indirect indications.For example, the long range asi-
muthal correlations /16/ can be ascribed to the production of some

- intermediate system. Some phenomena at large O, can be explained as
nonequilibrium effects with temperature higher then final /11,%2/.
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If the hadronic plasma dd?not decay into separate particles, then
fhe system will expand untill the pressure vanishes. But the hydrody-
namics ( and, by the way, thermodynamics) have the following appli-
cahility'condition'f1/='the mean free path f mist be much smaller
‘than the minimum system dimension lﬁﬁh' As soon as these quantities
become compaiable, the system decay into physical partfcles.®* The
stage of the process when f o le‘u we call the final stage, all
quantities at this stage we mark by the index "f", Simple but crude
estimate prniiﬁes their ord.er of maéni,tude: -Lm"@f/’n.} 8 ~ 1/h6
G oo Pﬁ: 80 the final density he 1is m-‘m: s also 'l;mm’. These
results theuwselves lead to importent predictiong, see /11-13/.

The first solution of the hydrodynamical equations (1) have been

given by Landau /1/ for the equation of state CQ._'-: gEP = -% ( the

physical meaning of C is the velocity of the sound). Then I.H;Kha;
latnikov /17/ has found the exact solution of the onedimengional prob-
lem. G.A.Milekhin has studied the arbitrary c? Eaae /18/ and have
solved numerically the problem for Ca:% in‘full threédimensional

case /19/, in which little deviations from /1/ have been found. The
approximate threedimensional solution for any Cz. hags been found

in /5/. Let us warn the reader, that these solutions are made in the
asymptotics EM!%H>?1, which is not well satisfiied at available energies,
So the good agreement with data in /5-7/ is to some extent oecasional
and is due to cancellation of the nonasymptotic effects. We shall
discuss this point below in more details.

The equations (1) lead to entropy conservation and the average

number of secondaries can be estimated directly from the initial

% The data on two body correlations indicate, that the system first
decays into several smaller drops ( clusters) and only then into secon~
daries, Something like surface tension is necessory to add in order
to explain this effect. We do not discuss it in the present paper.
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condition /1/. Por arbitrary'c‘ tha result is /18/:

IN>=x E 1+c;"

crM @)
where E., is the total energy in CM frame. -

2o The secondary ggrticléa sgéctm.

Suppose one .Ihss aolvéd the equations (1) and has obtained the
dependence of the -eneréy density £ (X’ +) end u4-velocity /,',[fﬂ-t) '
on coordinates and time, The final stage condition Elx¢)= 5},- deter-
mines some 4~ surface & . On this surface in the rest frame of volume
elements moving with velocity /.,(‘x;-l-) the particle distribu{:ion j.s
the equilibrium one:

ey D o ,
E’%’;f : J'%%; E’[fxp(%)rij = (956 el ferm) o

Here g, is the statistical weight of the given particle, E and P
are its energy and momentum, the primed quantities are taken in the
accompangfﬁg frame. Since the left part 61’ (3) is invariant, the right .
one can aléo be rewritten in the '1invariant 'form'/20/ : .

SR (Y evmpmeige o

Here Ofb;u is the surface element, & has been determined above.,
The expressions used in /5,7/, correspond to approximation
P‘"“t mu”+ If one parametrizes the surface & by the rapidity Yy’
of the hydrpdynamié.al motion, then its normalized distribution ff{y*‘) i5s
Tly)- V:"# u” 33' , Vg - Jurds, (5)
We call Vm‘. the effective volume. Since the thermodynﬂmical fluctu-
ations do not depend on the motion of the volume elements as a whole,

our system.is equivalent in some respect to plasma at rest in the box
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with volume Kff at temperature It  , This idea is explo-
red in /11,12/. : o

In the discussad approximation the particle spectrum is:

F o pdN pjf(ﬁ’/ YECLLY Sy il ke
R o gy ¢
Both (4) and (6) lead +to the same particle number

| 3a¢ (7
but the tutal energy, given by (6), disagrees /20/ with e
exact value E = j T‘.’/‘dﬁ . The difference is cauaad by the
pressu.ce term, B0 the accuracy of this approximation can be as-
timated as P‘F / 3 e = (_‘ . " at flnal-stage which, according to
calculations in chapter 4 , is of the order of 10-15%.'

The studies of the hydrodynamical problem ﬁaﬁa.showni

that in the pionisation region the collactlve rapidity distribution

(5) is approxlmately of gaussian shape :

"
(10(9{) t/_ﬂ ey ‘5’%;&) (8)

According to the numerical solution /19/ for ¢ _'1/3

(9)
L = 0,56 ﬂnqme + 16 |

The leading berm,for any €% according to /5/ is:

. c? S - {10)
lhng = —% 1-cY gn‘-fm_‘f_

Note, that if one uses the formulae (2), (10) for the check
of the sum rule E'laf - dN>XZE> he finds, thet the power of
the-energy in the r.h.s. is not unity, but a little less. This
is beéause the transvarna hydrodynamical motion must be. taken into
account also, which leads to small increase of the average P

~ like S /N accordlng; to /19/ o This sume rule is not a good
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tool for the calculation of this power, as it is done in /21/, for

it is found as a small difference of ﬁwn large numbers and the pre-
cision is'poﬁr. Nevertheless, the estimate in /21/ agrees resonably
with that of author, based on the solution /5/. But the statement in
/21/ that the theory contradicts to data is completely wrong and 1is
due just to misunderstanding of the variable on the plot, EQH instead

of EQHB' In fact, the ﬁgreemgnt with data on < P > dependence on
energy is quite well (see e.g. /24/) even for this delicate effect.
We shell neglect the P> growth.in the discussions to follow.

The formulae {(8-10) afe valid in the asymptotics ehéizbﬂ;z :
and in the rapidj_tyf;__mge y ,{ l&yw&‘ . For larger rapidity values the
Jdecrease o_f (ﬁ(fj") is more strong due to further terms in the exponent
like y‘f/ szx with negative coeffisient. The distribubion of the
type ‘P(y’)oc pr(m) , present already :|.n /1/, is better approxi-
mation and it also gives better fit to ISR data. But we still use (8)
first because the difference at present energy is mainly in the fragmeﬁn
tation region, were the nonhydrodynamical effects may also be of impor-
tence, and second ,'because it is easier to deal with gaussian.  In
particular, -the-gauséian has the_ﬁseful property to conserve 1ts shape
in various integrations with some modification of the width only. Hor
example, the approximate account of the thermal motion can be made if
one performs the integration in (7Y (or in (4)) .by the saddle poinb
method. Then one obtains the result for the width L :

* This is due to the ultrarelativistic approximation for the hydrody-
namical motion IUF [ >> 1 used in the solution. E.L.Feinberg /235, 24/
has pepeatedly asserted that the hydrodynamics can not be applied if
this is not so, that is below the ISR energies. We do not understend
this reaapning and.believa'that hydrodynamics has the same applicability

condition as thermodynamics, and thus itjican be used irrespective whether
the collective motion is much larger or comparable with the thermal

one, although no accurate calculations of the low energy case has been
made untill now. '
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L,_ A [_@—E '; M::Rf+mz ' #ta, 691)
My .

The thermal moticn 1s more essential for pions than forheavy par-
ticles. The data really shows such '"Doppler broadening" of the
pion spectrum compared to that of kaons and aﬁtinuclennﬂ'in agree- .
ment with (11). This fact shows that the very idea of the two com-
nonent of the motion, the collective and thermal ones, proved cor-
rects The .same concluéinn has been obtained in the fit in the so0
callea thermodynamical mcdel of Hagedorn and lanft /EZ/,Iih which
the collective motion is treated rhenomenologically, while in the
discussed theory it is calculated -from the hydrodynamical equations.

Yowv we proceed to a brief discussion of thé exclusive spectra,
Since we have asaumeﬁ the thermal equilibriuwm, it is natural to
treat the various reaction channels, which are the deviations from
the Lvérage sy-tem bhehaviour, with the help of the standard theory
of the thermodynamical fluctuations., Such an approach has been
successfully developed in /13/ for the low energy case, when the
nydrodynamical motion can be neglected and Pomeranchuck statistical
model can be used. One can easily generalize this approach with
the following rather natural assumption: the fluctuations averagé'
each other during the hydrodynamical expansion. It means that the
solution of the equations 8(}_(,%} and u/,,, (X,‘H- remains un@ffected
and only fluctuations at final stage must be considered., It is ne-
cessary to find out what physical condition characterizes thesefluc-
tuations, It is the same condition of the final stage which we have
disscussed in the chapter 2 [ o lmin ~which leads to A(xt)=ng .
Thus, the fluctuationé take place at fixed_ﬁensityg_v?:“ﬂi*ﬁ;.

Suppose we deal with some reaction channel "a" with definite

set of particles Of the kind "i" Nf'. The state of such system
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can be describadby the set of chkemical potentials /Mf and
temperature 'T; o The quantities like the energy density ame given
by the usual formulae of statistical mechanics as a function of
/u?' and T, . The final stage surface O 1+ e determined by
the condition C(xt)= & as before, but the value of this
constant is not conﬁected with the condition 14(4f}:y& (as in
the inclusive case) s0 directly. First it is necessary to fix the
/M? and 'ﬁ; value from the normalization condition as a func-
tion of Eﬂ s and only then the value of Eq can be found from.the

condition P[:IQ{' « The normalization conditions we speak about
are:
N SV D g Bl | e, - [ pgtidh 02

What can be obtained after this procedure, which seems to be
rather cumbersome ? First one finds the exclusive spectrum of par-

ticles in this channel:

£ 2 & (V) prdes @)

Even more important is the fact, that the probability of this chan-

nel productjun is given by the Einstein formula for the fluctuation

probability -éif“‘: QXP[:S,O{, V)] : where j(/J,T}V is the entro-
PY, glven by the usual expression for Bose gas.

The described theory has very large predictive power, but up
to now it was used only .in some particular examples and its genéral
connection with data are not.clear. In the case of high energy had-
ronic collisions additional complications appear . due to the lea-
ding particle effects, which we diﬂcusé below. The case of low ener-
gy p'ﬁ‘annihilatibn is discussed in /13/,a8 well as the correlatioh
between the chargéd ultiplicity and average transverse momentum

and the average number of J[; « The calculation of the M and M—,;

in /11,12/ also is

based on thig approachs as well ag the dig-
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cussion of the multiplicity distribution in the chapter 6. In all

these cases this theory gives results in agreement with data, but
much more ﬁide and accurate test of it is still needed.

. The question can be posed, whether such a thermodyﬁamical.approach
can be-apblied in real cases in which the partigle number is not
large. This point i# discussed in /13/ with the conclusion: the ac-
curacy is agreeable aven‘j’;%he ‘l‘otal particle number is unly Hs§,

It is not so surpriaing aince all the. tharmodynamical formulae are
close relative to the Sterling formula known for its high.accuracy
even in nonasgmptotical region._ : '

4, The equation of state,

In the Landau original work /1/ the equation of state p=
'was used, which corresponds to the ideal ultinrelativistic gas,
But the collision energy now available at accalaratora'correapundsg
tn_iﬁitial temperatures T £ 1 Gev., In this'temperature range the
hadrunié plasma is neither ideal nor ultrarelativistic gas. In this

chapfer we discuss the possibilities to calculate the corrections in

the equation of state due to interaction with our.present knohdgdge
of the strong interaction dynamics. This chapter continues the die-
cussion of this point in /5/.

In1956 Belenky and Landau /24/ have proposed to use the Beth -
Uhlenbeck method /ﬂ#/ to this aim. This method in some approximation
reduces the problem of interacting particles to the simple case of
ideal gas of the ﬁixture of stable phrticles with unstable ones -
the resonances, |

Before we proceed to balculﬁtions based on this idea, let us
discuss first one principalfquesfion arieing in this way. Suppose
a volume element of mattéf is taken and the number of state is cal=-
culated in.the usial thermodynamical way, like the nuclear state

density in the Fermi gas model. The model used contains some number

of particles and resonances. But the states of the volume element
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also mﬁnifést themselves as resonances in scattering on this

element. Is it necessary to take them into account also?
Hagedorn /15/ gave the positive answer to this question

and proposed the so called statistical bootstrap condition :

the density of resonances and the whole system coincides. This

assumptidn leads to exponential growth of the resonance specirum

and the divergency of the statistical sum at temperatures higher

than some limiting wvalue.

We can not agree with such a solution of the problem. The in-
teraction must be renormalized in the media, and the "cnmpnund“
i resonances must disappear,~if they are "less dense' than the me~
i dia in average, just 1liké molecules in condensedmatter. As Ya.D.
; . Zel'dovitch has noted /25/, the very similar sifuation is known

Jori thg plasma physicss the hydrogen-like ions have an infinite -
number of states which causes the divergency of the statistical

sam, But most of thesestates are fictitidus and do-not exisicin
plasma.

" Another point of the critisizm of this model is connected with
limited range of the applicability of the Beth-Uhlenbeck method.
We remind the reader, that this method gives only the second virial
coeffitient, so the result is valid orly if the virial expansion
parameter- the interaction range U, divided on the particle
geparation H,_v3 -~ ig small, In the hadronic plasma 'z;_.dmm;‘
(not n@: since_pions and kaons areé pseudoscalars and can not
exchange pions), and !iﬁkffd} In the calculations below we
courageously use this method till this parameter approaches
unity, that is the nonideal gas becomeg more like ligquid, but
at arbitrary large density(&s in bootsfrap model)it is wrong.

Although we must note, that in all low energy applications of

this model the results are practically indistinguishable from

those of Pomeranchuck model /25,26/. Thus for practical appli-
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cations the Eiﬁplicity of the Pomeranchuck model is even. more
important than the principal questiunsdiscussed above,

In the calculations-presented'beinw-ma have assumed that the
spectrum of tha-reabnancea in the matter does not grow too strongly
with their mass, so the.EXP(- %’) makes the cufoff and only the low
mass region is important. Hbta'that in the. bootstrap model this

exponent is cancelled by the'exponent'in the resonance spectrum and

'all masses contribute to the Btatistical sum, This makes the system

behaviour vary unstable like that in phase tranaltion phenomena,
which seems to be rather atrange.

Our next assumptinn is that up to temperature T £ M,  the knomn
resonances do not disappear in the matter. This assumption may be
partly violated, but fortunately such integral pfoperty as cz' in
which we are mainly interested, does not depend murh on the particu-
lar set of the resonances used. |

We have calculated the C defined as CEE.gg where |
Z cd3 ﬁ [gx@;rff* E“ZIM E[ex [—5}41]—1. (14)
P 3E Lr kg Jo@amp A7 e

The sum is taken over particle kinds, gl::(zs(gi)(zr‘.u) where S. and I
are spin and isospin. The results are plotted in Fig.1 as €2 ver-
sus 'l . T%ee variants of the calculation are plotted: ﬂ) The account
of piuné only, this is shown1fof the comparison; 2) 16 firet ﬁésonsll
with mass less than 1,7 Gev, are taken into account; 3)'}1 resonances
in the same mass range; The results do not depend on the resonances
used, but:the resulfa-differ-'from estimates in /5/where resonances
were changed by some. smﬂ#h function and: the value €% 0,14 were found.
We conclude with the comment that at tamperaturea hlgh“than rnf
the Beth-Uhlenbe;k method is not rellable and the calculation of the
equations of state in this }égion, ﬁhich is qf_iﬁtereaffm'supérhigh -

energy'collision and cosmology, hardly can be made without better

‘understanding of the strong interaction dynamics.
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5. The leading particle effects,

The éxistence of the secondaries which have spectra qutie-
different from those of other particlés,'and qﬁantum numbers
close to those of the primary particles shows that the mixing
at the initial stage is not complete. Thus such.particles, called
the leading ones, must be excluded from the comparison of the ‘sta-
tistical theoriés with data. Our idea to ﬁeacribe by such theories
the nonleading particles-ohly is similar to the nuclear reaction
theory;iﬁ which also the secondaries are divided into direct reac-
tion products and -those of the statistical-compnuﬁd nuclei decay.

The model we deal with takes into account only the kinematical

_*effect'of the leading particles. Any prediction of the'théory'FrﬂWi“)

(M 1is the invariant mass of nonleading particles) is averaged.

with the leading particle distribution:

F(Sl_.,): jd?qd?lz 3(}%702‘;)/_-(”?) ) . (15)

where Q(PMPQ;S‘) - 1is the probability for two leading particles,
the forward and backward in CM, to have momenta }% and FE Tl

'Integrating over Fh we rewrite (15) as (ﬁx: gg@)

il -j’olx,; olxz_g(x,.,'x;,s*) F(M2 . - (16)

At high. enough energy the mass M* is approximately

g M S(1-x)-xe) S

The calculations presented below have been made for pp colli-

| - eionss The function .?(XJ X, $) in (16) is taken as gq()[' S) 93[&5’)

correlations

i The smallness of the leading particles¥Outside the diffraction re-

gion i3 - seen, for example, in data in /27/¢f the two arm- detector.

The kinematical correlations in the diffractive region are accounted

by some production threshold in M » The function g(x,s) is
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taken from the experimental pfoton gpectrum withgfhe1substractiun
of that for antiprotons,iﬂurdEr to exclude the pﬁ'pair_production.'
Of couree, the_léading particle can be the excited state of the
proton, as can be seen ffom the energetic'neutrona presence and

the excess of 7T over J . But the data do not allow yet the
quantitative analysis of this point, so we assume that 9(1‘,5} is
the same as for protons. 63 .

The most essential qualitative effect of the leading particles
is the large nonstatistical . fluctuations in the system which they
produce. In the statisticallsyateﬁ'the relative fluctuation (the
ratio of the dispersiqn"to the average value) of all quantities
must vanish as the system becomes larger, somgthing like N;;/z .
But the broad distribution of the invariant mass M  (17) makes -
it always to be of the order of unity. The more clearly it is seen
in the multiplicity distribution, whiech we discuss in the next
chapter. This effect is also expressed in the large variety in the
indiviaual eventg, which have caused doubts of experimentalists
ahout the applicabilility of any statistical approach. Our aim is
to show that there is large subsystem which can be described in
a ctatistical way in agreement with data.

6, The multiplicity distribution,
In this chapter we show that the account of the leading par-

ticles 1in kinematical way, described .above, together with stati-
stical treatment of other particles leads to results in very nice
agreement with data /29/. .

Assume that in the.statistical subsystem the iﬁdependent charged
pion pairs are.produced.‘This ass umption is a very crude aﬁproxi- ‘

mation to the results of the fluctuation theory described in chap-
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ter 3 , but the corrections are not significant since the fluctu-
ations caused by the leading particles are much larger than those

in the statistical system. We also meglect the contribution of kaons.

- The 1N charged pair production ﬁrpbahility WU; we write  as
3 . 2n
VR ] L |
? i (P oL (2h) o - (12)
Here = T, is a Bessel function whitch makes the normalization,
I is a parameter, proportional to the effective volume of the

statistical system {5), at large N it is the average particle
number directly._Its dependence on the total mass M we paramet-

rize_as- .
- : B |
(M) = A4 | (19)

The averaging over the leading particles proceede as in (15)y =0
e

the protahility of the Fl.,, charged particle creation 1is LML

ch
~ qu [T (2__)'*1
5= X S) @ (xS Rl e J
Wy = 00 § 4, 8) §06eS) e e (20)
The numerical integration gives the results™ putted in table 1 in
the form of the moments of the multiplicity distribution Cg
.
S 3
N (g
The value of these moments dependson the paremeter [ (19), the

(21)

better gsreement'is for Bx 0.33 s Which corresponds to numbers

in the table. The agreement with data is verj nice, it takes place
up to the highest moment which has been computed. The average mul-
tiplicity is compared with'data'at Fig. 2.

Note that in the case of the exact scaling in the proton spect-

* These calculations have been also published separately in /28/.
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rum 3{&5]:-9(X) '~ one can eésily find from (18-20) that at high
energies (m‘,i) = ,5'34 and C'q are energy 1ndependent constants.
Such result correspondsto the so called KNO scaling /30/. But the
deviatiuns from scaling in proton spectrum change this result 1
scmehnw;'iﬁ particular the averagé charged multiplicity'grOWBVwith
energy more slowly than S'B sy @8 is shown af: Fige.2. S'ince the
proton spectrum has two peaks, at X3 0,4 and X=‘1,its'pﬁ§g:ntation
as two delta functions can bé_made, which corresponds to the two
component model /31/. It is interesting to note, that since our
approach gives the correct integrated‘multiplicity moments, connected
directly with the intégrated correlations, it must describe partly
the two body correlations, although the short iange effects need,
of course,additional considerations. |

If one considers formula (19) not just as a parametrization,
but a hydredgnamical model prediction for hﬁﬁ-! then one caﬁ

connect the parameter B with ¢? according to (2):

ge. & | (22)
- 414+ 9B
The value for ES found in the fit to multiplicity moments Ch

gives %z 0,20 in nice agreement with the results of chapter 4,

. Tne inclusive rapidit diatrlbution.

We begin this chapter with the analysis of the.data available. We
are not going to discuss some topics well discussed previously. The
transverse momentum distribution both in small and large fa_ region
is discussed in /ﬂ2,13/. The dependence of the rﬁpidity distribufion
on IQL i3 well described by the simple threshold cutoff in (6) at

n 0

Bm determined as dflym Qm /7/« So we concentrate our attenflnn

on the global propertles of the 1ncluslve rapidity distrihutlon.

The data shows wide evidence for gaussian form of g%g for

any type of the secondaries. There are deviations in some ISR data,

. : a ' ;
plotted at Fig.3. Unfortunately no good mesurements of slow particles
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have been made, The data of variouée gfoupa, working at smgll
and large .angles do not Jjoin smoothly._ The more accurate data
are still needed, |

In order to see how the inclusive spectrum behave with ener-
gy we plot at Fig.4 tha-paramate: of the gaussian fit

GM/__ _‘{___N_> E’XP (- E.‘y;) (25)

—

l dy ~ =L
i

versus energy for Ji, K~ P . Most of these data are integrated
over p, , but if such data are absent we took those with the small-
est Py given which at high energy do IIC-J'U deviate much from the
integrated distribution, The figure clearly shows two energy regi-
ons, Below Serpukhov energies L depends weakly on the energy
and is well described by the thermal motion only for any kind of
the secondaries, So in this energy region the simple statistical
model ( with the account of the leading particles) can be used.
With ﬁhe further increase in energy , increases due to collecd
ti#e (hydrodynamicalj motion, As we have noted above, the direct
comparison of the data with (9,I0) is not possible for the asimp-
totics &@.ﬂl) >>1  is not yet reached. One must take into account
ﬁai: only terms of the order O(d‘,ﬁ,), but also 0(I). There are several
| effects leading to such terms: .thafthe:-mal ﬁotian, leading particles,

~also the hydrodynamical equations must be sulved to this accuracy.

None of this was done in /6/, and onl;y thermal motion is taken into
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account in /5,7/, so the conclusions of these papers are npt well
grounded, In the present paper we choose an indirect way, based on

the formula for the average multiplicity (I8,I9):

-r<
Slitinon | DpfelYien Eamp I Srseoss Aoy 56(34)
<N>' ZW % I, (2in) R

.If we assume the gaussian shape of the inclusive rapidity distri-
bution, tﬁeu its width L. can be found from the total energy sum

rule:

MRS m.-é%ﬁ{é) (25)

The reastn for this assumption is that it is valid both in high and
low energy limits. With this simple assumption we do the integ:at_i-
on over leading particle distribution, Note, that the maximum of the
gauséian is at rapidity yi';:-‘i fu %‘L s corresponding to the rest

frame of all nonleading particles, The final expression used is:

2
E ”‘W jdx A%, 904, 8)G(x,,$). "’”P[" s J(N(MD (26)
where <'V>;L; M depend on X, X 'ac.c.ording to ( I7,I9, 24,25)4¢
J The curves are compared with data at Fig 3,4 for cr0,0. | .
Now we pass to the dlaciasian of the heavy particle productiom
Their absolute yield is diacuesed :i.n /11,I2/, so here we discuss
only the shape of the jiﬁciuaive specti-a. Their computation can be
‘&ene with the use of our general fluctuation approach to exclusive
channels, discussed in the chapter 3, but such dumputatiqn is comp=

licated and is not yet made. So we make here only some remarks,

The consequence of hydrodynamical approach is that the rapidity
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disﬁri’bu‘bion of the collective motion is the same for heavy parti-

cles and pions in the subset of events in wich this particles are
produced, As far as the whole system becomes large, it is not much
affected by the fact of KR. or pp production, so at high energy the

collectiﬁe rapidity distribution is the same for all particles inw

clusivly. The total width |, differs only due to different thermal

motion (d.ifferent']]appl‘er broadening") , so (11); |
For e ) . _ ( _

' ~ L 27)

Lyp = 5ol szp TmeT > -

As- can be seen from Fig.4 , this is indeed the case for K

i .’

any energy, but L;,- is smaller than given by(27). The difference
decreases rapidly in the ISR energy range, a nd will probably dis-

appear at higher energy.
a__mhe collisions of hadrons .with nuclei,

In the works /I,18,19/ rather detailed theory of this phenomenon

has beaﬁ-developed. The essential part of this theory is the consi-
dara'biqn of the shock wawves on the fpriﬁary stage of the process,
at‘which the nonequilibrium and quantum effects are essential and
the acpuraté éaiculétions are hardly possible. It is more resonable |
now to give a’implé estimates, .valid at least qualitatively.

'_,Wn use the idea presented by K.Gottfrieci /33b/ that the tube in
the nucleus, hitted by the incoming hadron, behave &s a single had-
ron, That means fha‘b it is n:l.xed with?ﬁiﬁi&l ﬁaﬁrcn into commoﬁ
statistical system, With this assumption all résﬁlts can easily be .
' o'?tain_ed from_kfinwn ones for 'hadron—heid:r-an collisions just by the
.subs_'l:itution instead of § | the hadron =tube invariant _S’ot L -AVJ

where A is the atomic weight, The average multiplicity is then:
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1-c?

4 |
i <N o A& Toe? (28)
A

e ———

= Ny,
The data /32/ give for this power the value 0.1%41+Q005, which
is in reaseonable agreement with C% 0.2 according to (28). The
shape of inclusive distribution is predicted to be also gaussian,
with maximum in the -hadron-tube rest frame, moved frﬁm hp CM frame

to A\% ﬁg—&f] . The rapidity distribution is compared with

data at Pig;E.

9, The ete anninilation into hadrons.

Te » hadrons is very importaant since it gives

The reaction e
most directly the pruperties of thé strong interactions at small
distances., The application of the hydrodynamical model to this
process have been made first in /8,5a/.

The initial conditions in this process are quite different from
thpse'in hadronic collisions. In the one-photon approximation, domi-
nant in-annitilation, the e¢'and ¢ annihilate in the point. This ca-

uses the crucial difference in the geometry of the process, the hyd-

rodynamical explosion is radial in this case rather than the quasi
onedimensional in hadronic collisions. Due to this the system cools
much more quickly and the hydrodynamical effects are'less_prominenf
and. become essential at higher energies.
Assume that the dissipative phenomena mix the system in some

initial ﬁnlume M@ » Unfortunately we can not estimate it in such

a simple way as in the case of hadronic collisions. We remain it to
be a free parameter, Many observable gquantities dapénd on it, so it
can be obtained from fit to data. For example, the estimation of the
average multiplicity can be made with the help of EHtropy.cnnserva-

tion, the result /5a/ is:

_{"'2 +§
N EJC%TH (29)

e



24,

Here Eiui' is the total CM energy. The average energy of the e ‘energy of
secondaries is <(F D« (E,, /V)WE: . At Fig.6 this is compared with
th preliminary SPEAR data /#0/. The increase with energy is clearly
seen, The thérmodgnamical'model /55{ predicts the constént value of
this quantity. More genera}iy,'théIatatistical treatment connect

the hadron momenfa in éfé'ﬁnniﬁilation with transverse momentum in
the hadronic collisinna, while in our approach it is more like lonbl-
tudinal one, although the hydrodynamical effecta are here less promln-w
ent due to different geometry.

The derivation‘of'fhe:ahape of ihe'apectrum of secondaries needs
the solution of the hydrbdyngmical equations, which are in this case
much more complicated. The asymptotic estimates have been made anali-
tically with the assumption that the system is close to scaling re-
gime Vor:. z/t . This eatimates can be found for any C2 /Sa/.
The SPEAR data recently have caused some 1nterest to the hydrodyna-
mical approach and thg numerical studies of the problem have been
made /9/. It has been shawn that this approximation is valid for
1ow- €2 but for 'Cz-'--} it is violated, at least for enrgy range
studied. The origin of this is not pet élear and'morelstudies are
- needed., There are also anme'othef"queationa_upen,iike the sensivity
of the result. to the particular form of thé initial condition, the :

p&%ible 'role of viecosity etc. -
That is why we present here the semi qualitative dislcussion

of the hydrodynami@yiheory predietion of the secondary particle
spectrum. In the low energy region ( Eﬁ# is several Gev.) the
rapiditylof the thermal'motioﬁ-xli,larger than that of collective
one, In thiﬁ region phe invariant nroaa.section is approximately
exponential with the slope dmcreasing slowly according to (29) as

energy increases., Note that it is not the temperature grdwth which

one can check by the study of the heavj particle production as in
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/12,13/. At higher energies the hydrodynamical motion becomes more
essential, It is interesting, that the collective rapidity distri-
bution has ptak at nonzero rapidity /8,9/. If one neglect its width,
which according to /9/ is small, the very simple approx1mate formula
| for the spectrum can be obtained, Let yu b_e the position of the

peak of g#y- , than the spectrum is boosted thermal distribution:
ofl

jgigm F), EEchyphy (0

The normalization constant and 3& can be qbtained from the ﬁorma—
lization to particle number and total energy. The corresponding
curves ure compared with spectra éf SPEAR /s4/ at Fig.7. The agrﬁa-
ment is even more than reasonable since the acburacy of both the
| formula (30) and the data is not high. -
10, Summdry.

1..The hydrodynamical theory is based on the agsumption that thé
strong interactions quickly mix the system up to equilibrium. It
remains for future studies to see whether this is the case. But the
derivation of the conclusions from this assumption is made consisten-
ly and with the help of methods well developed and gpproved in other
problems of physics. The possibility to use thésefamiliar methﬂds.
and - intuition supplies this theory with 1arge heuristic value. _

2 The use of the Beth-Uhlenbeck method makes it possible to estl-
mate the equation of state of -the hadronic plasma. The result is :
CQE d ~ 0.2 . This method is not reliable at temperatures higher
than ?/Vlf and densitiles higher than ng o

%, We propose to use this theory to all particles but leading
ones. The main effect of the leading particles is the large fluc—.

tuations which reveal themselves both in average quantities, like the

multiplicity distribution, and in individual events,
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; 4, The pheﬁamenological account of the leading particles and
the statistical treatment of all others leads to very zood descrip-
tion of the multiplicity distribution, fen moments of the -distribu-
tion agreeﬁ with data. The parameter of the fit is in good agreement
ke (52: i _ Q@Wﬂmateig, _

5. The inclusive rapidity distribution is'gaussian. The depen-
dence of its width ﬁn total energy is studied and the conclusion
is, that the theory predicfions are in agreement with data for va-

rious klnds of secondarles.

Ba Simple estimates on the hadron- nuclei collisions are presented

|

I

|

|

|

|
in the assumption that the "muclear tube", hitted by 1ncom1ng Q?drnn,

i behaves as a single hadron. The main results are: LN g AE e
the value (:=q23gain agrees with data since this power 1s Ohdls £52/
The rapidity distribution is gaussian, its width and position dépen~
dence on atomic number are . in corre._ondence with data /33/.

7, The theory predicts isotropic distribution of the seconda-

ries in éfe" hadrons. The average partitle energy increasgs as a
small power of the total energy. The exponential shape pf'the inva-
riant cross section is predicted for low total energy, and the dip

at zero momentum at higher: ones. Simple approximate formula is pre-

gsented and compared with. preliminary SPEAR data /34/. The reasonable

-

agreement is found.,
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Table T, (2I) at variouse énergiea
Compared to calculations described in the text,
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Fig,I, The squared sound velosity c2 versus temperature accor-
ding to calculations described in the text, The curves corﬁespond
to the account of the I)pions only, this one is shown for the compa-
.rison;_2)_16'meson resonances with M £ 1.7 Gev; 3) all 3I knoﬁn
resonances in the same mass range,
Fig,2, The average charged multiplicity versus energy, the curves

correspond £o calcu1ations described in the text,
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Flg.3. The inclusive rapidity distribution of' (o G,.); o

-

(a, A)’ ,b_(V v) at energies s—-2800 Geve (0.4 ,9) ; 388 Gev® ((’);
46.8 Gev® (g v /&) (Bee 8.2, /29/). At 522800 dte points are in

faect at P, =0.8Gev /¢ normalized to total multipl:l.ca.ty. We made so
because the integrated over p_,_ data are absent, but the difference
in the rapidity dependence is not large, The solid curve correspond
to (26) , ‘the point-dashed to (26,27) and the d&shed-anes to the

thermal distribution with - My « The dashed and point-dashed curves

are arbitrary normalized,
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Fig4, The parametei- [, of the gaussian fit (23) versus energy. The.
points represent data on the following reactions: ®- pp~Jj ., ©- k’ﬁ-ﬂr“;
@ - Jp~JTT@- YpaT, B-ppAT ] A~pp¢ﬁ;,' a-Kpakd ;a-p’,ﬁk“ - - PP,
The solid curve correspond to '(26') , the dashed ones - to the ther-

mal distribution with T, ~for JT, K, P .



s - i o 4 ; :.
fig,5, The pseudorapidity distribution ( yp3= (/g %9 ) for

Pp collisions ( solid histogramm and closed pionts) and those with

‘Huclei in emulsia ( the dashed hz‘ratugramm and open points)., The data -

are from /33D, 54/? The points are the results of the calculations -

described in the text, ELAB = 200 Gey,

(p) (6evse)
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Fig, 6, The average momentum of secondaries in eé'e ™ annihilation
into hadrons versus the _' total energy (S . The data are from

: ' /3 _
SPEAR /I0/, the solid line is the fit < p> e S ;s the dashed

one corresponds to the thermal distribution with 7= M, .
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