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Abatract

As a direct check of the local thermal equilibrium the new
universality condition for spectra of secondaries (dileptons and
hadrons) is proposed. Its comparison with data, as well as differ-
ent estimates of the "effective temperature"” of secondaries allow
us to determine the applicability limite of the thermodynamical
description. ;

Some estimates of the equation of state of hadronic matter
are obtained.
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INTRODUCTION

As was proposed in Raf.[1],.the process of hadron-hadron
collision can be divided into two stages. At the first (parton)
gtage we have hard collisions n; the constituents of initisl
hadrons. After the production of many new quarks and gluons,
their "mixing" and reaching the local thermal equilibrium we
have the second stage, the hy&rodynamical expension, up to break-
up to free hadrons at final temperature ﬁ”mﬂ-.

Fnr degcription of the first stage there exists a very suc-
ceasful approach, the Feynﬁan'a parton model [2] ; which is now
getting considerable and profound development on the basia of
the modern theory of stirong interasctions - quantum chromodyna-
mica (QCD) [3,41 . This approach givea us the understanding of
nadron production at high RL and in the fragmentation region,
where hard collisions should dominate. The Drell-Yan model [5 ]
based on the parton picture describes rather well dilepton pro-
duction with & large invariant mass ( M> 5 GeV) [6,7_] .

ﬂgtwaa shown in [1] s for smeller dilepton masses and trans-
verse momenta of particles the main contribution is given by
the theémodynamical mechanism at the second stage. This mecha-
nism provides the unifbrm explanation of the yields of leptons,
dileptons, [ - quenta, and hadrons, as well as their transverse
momentum distributions. This fact can ﬁe treated as an addition-
al argument in favor of the thermodynamical description of the
final state interaction.

It should be stressed that leptané and pﬁntoﬂa flying out
of the system right away ﬁithuut any secondary intersction are

the most convenient objects to explore the space-time picture



of the hadron-hadron colliéibnﬂ, ag it was firstly pointed out
by E.L.PFeinberg [8] .

This work is a further extena'icn of the ideas proposed in
{‘J,B] and iz devoted to & more detailed study of the quark-giuon
sﬁatem at different stages of hydrodyneamical expansion.

In chapter 2 we formulate the direct consequence of the loc-
ac thermal equilibrium, namely the universality of the spectrs of
secondaries (dileptons and hadrons) as a function of "transverse
nass" mj_-w and rapidity g,=%&t§—t£‘- « The universazl
dependence on m_L followe from the common thenjrrlal mechanism of
large mass and large & production. The universality in y-dep-
endence reflect the fact that the particles with the same M7;
are formed gimultaneously,and hence, their spectra formed by the
same collective motion distribution should coinecide.

Cur comparison of ihis universality with experimental data
{chapter 2), and also different estimates of "effective tempera-
ture* (Tefflcgzroduetion of the particles with the definite My
(chapter 3) make it possible to distinguish three regions in
particle production spectra: 1.} the hard ccllision region {m_‘_l
5 GeV) treatable by the parton model; 2) the intermedimte region
of "incomplete mixing" (M ~ (3-4)s5 GeV), where both the parton
and thermodynamical descriptions fail(e.g., different ways to
estimate T_rp give different values); 3) the region of the loc-
al thermal equilibrium (M £ (3-4) GeV), where all of these es-
timates agrees with each other and the thermodynamical descrip-
tion is quite adequate.

In chapter 4 we obtain some estimates of hydrodynamical
sound velocity being the main parameter of the equation of state

of hadronic (quark-gluon) plasma

—
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where P R £ are the pressure and the energy density, respec-

tive'v. In asddition to the available experimental data we here

use the assumption of the so-called "frame independence aymmet-

ry" of hydrodynamical expansion [9] . _Dilr values of co are in

recsonable agreement with those obtained in the papérs [10—12] .

2. The universality of spectra

The universality of the particle production spectra as a
function of tranasverse mass has been discussed earlier fnf me-
diate B_ ( £ 2-3 GeV) hadron production [13] . The origin of
such a universality is very simple - it is due to the same
thermodynamical mechanism both for the mass produwction and for
the formation of the transverse momentum distribution. The major
attention in our analysis is paid to the study of the specira of
par‘ticieﬂ (e.g., dileptons), comparatively weakly interacting
with the, E:.r.stem and therefore leaving it without any secondary
interaction. We show that as a consequence of the local thermal
equilibrium the spectra of such particles are expressed via the
universal function of transverse mass M; and rapidity g of
the observed particle.

Let u2 consider the production of some system X consist-
ing of N such particles (usually ¥ = 1,2; e.g., a pair of
leptons or/and production of "direct” Y + gluon snd so on).
The production rate of system X per unit volume of plasma

of temperature T is
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W = E; 4%, exp(- E4)[<a| M| 0F dy, @nf 55 -p)

(1)

where dIA is the element of the phasse space volume of sub=-
system A., which is in the thermal equilibrium with the whole
system (gquark-gluon plasma) but A is supposed to turn into

X entirely; gd‘;; exp( Eq ) is its Gibbs thermodymamical
probability and (A!ﬂ/ﬂ) is the ampli’cude of transition of A
to X d’y ” id®
of X 91 is t%e“atatiﬂtical weight of its i-th constituent.
Since E,1= Ex=E » from (1) we have

6« exp5) (7 dy, <Al o' et

:I.E the element of phase-space volume

It is very convenient to comnect eq.(2) with the rate of the

inverse process, namely the decsay of X into the ayatem 4 >

In - the most interesting cases,the invariant mass MIE@#'”*@:»?:

the process occurs at small distances and the influence of plas-
me on the inverse pmcasé rate can be neglected. This allows us
to replace this rate by the common decay rate of X into usual
hadrons. If X is a eingle particle (say, F/ ), from eq.(2)

one has

Eﬂ - exp(- "f_') g, M,f;gj!.. hadrons)

(3)

where 3, =(28y+1) ana [~ are the statistical weight and
the hadronic width nf X . ITf X is the pair of light par-

ticles a8 (Mgyg & M) , instead of eq.(3) one gets

Eabe il -~ expl- ﬁ-.tE:) _i-_a%ée@g_,ﬁdm)_
EKP( E) EQQ‘M;; %{g-.hndmnsz (4)
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‘Let ua consider now the case when X is a. pair of leptons

(dilepton).
1. Dileptons. From eq.(4) it is -easy to obtain that

Egﬁ%ﬂp EXP( '"'—)24, ¥ R (M) (5)

Whata E(Mz) i 6'(8*16"-4 hﬂdmﬂf)
G e = prp)
Very convenient variables are the dilepton "transverse masgs™

mlnsz-l-ff and its rapidity Y = -zf-d‘l ?—P”
ing eq.(5) over time and space along the (hydrodynamical) system

« Integrat-

. and neglecting the itransverse collective motion, we obtain

3 k(i)
E i = R0 flinegt- BR)

] A
Here fo, +) and Y(X;t) are the local temperature and rapi-
dity of the collective motion, & is the inelestic cross-

section of initial hadrons. The expression (6) can also be pres-

- ented in the more tremeparent form:

which emphasizes a factorization of the specific dynamics of

: _ ol
dilepton production process expressed by F(M')"" 3;,-,,4-‘?6‘4‘)
from the universal function

mych (y-4int,
fim,,4) = G j'dfaf’x exp(- —*v—(z—f—l"’ @
T, t)
This :I."unction is a general characteristic of the hydrodynamical
expansion independent of the inveriant dilepton mess M . So,
we find that the spestra of any thermedynamicelly produced par-
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ticle is connected with the same universal function TQ(mJ,, yr)
depending only on energy and, generally speaking, on the initial
hadrons. It is worthy to stress that factorization (7) is a di-
rect consegquence of the microcanonical distr-ibutign in the phase
space,which is assumed in eq.(1).

Factorization (7) is confirmed rather well by the recently
measured dilepton spectrs at YS = 21 Gev [14] . In Pig.1
%ﬁ;—ﬁ is plotted ag a function of the dilepton mass for
differen% ?;luea of m_,_”ﬁ The deta are in a reasonable agreement
with the approximate constancy of Rﬂwl) in the nonresonance re-
gion M = 1.2 - 2.7 GeV, while within the same interval of
the normalization of El.ata changes by seversl orders of magni-
tudes?’

Since in the nonresonance region F(M” s conal , the inclus-

ive dilepton cross section as a function of transverse mass M)

and repidity g, should be independent of M  and ve propor-

tional to the smme universal function "f(ﬂ'g_] H) (see eqs.(7),(8)).

1) The dilepton points (Fig.1) and the curves (Fige.2,3) are

recalculated from the data pa:amatrizatiun [14_]
z ds = PJ_ C
ngE‘"dJ'P Ae” (‘1—“5;-?)
My
in 7 intervals of dilepton mass, M = 0.65 = 3.5 GeV.

2) It should be however noticed that at the seme time the ex-
perimantally observed dilepton production in J‘/'-P region appears

to be =~ 25 times larger than it could be expected from the extra-

polation of "nonresonance™ data by eq.(6)} (dotted line). Taking

into account the recently measured large charm yields 15 {Gpp.-p*x”

~ 30-T70 r.b), this question deserves an additional etudy.
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Shaded bande in Fig.2 show the scattering of curves correspond-
iné to different values of M at fixed My . Note, that dileptoﬁa
witk larger values of M are distributed in narrower intervals
of rapidity. As we shall see in chapter 3, with an increase of
my the effective temperature of particle production ig grow-
ing too. Hence, the dileptons with greater My are radiated
at earlier stages of the hydroﬁynﬁmical expanaimi. S0, the M —in-
dependence of ]D{'ﬂﬁ,'ﬂr} at different M) ie an evidence of the
local thermal equilibrium at different stages of the expansion.

Fig.3 shows that such a M ~independence (uriversality)
of 1?("&;'3‘) is valid at mi_,é 3-4 GeV and is strongly viplataﬂ.
at M> 5 GeV. Let us mention that in this region the main cont-
ribution is given by the hard collisinna of the initial hadron
conatituents and the dilepton production is well described by
the Drell-Yan model. On .the' other hand, Fig.4 shows that the
scaling expected in the Drell-Yan model

is really valid only for heavy dileptons M 2 3.9 GeV (open
points) and is strongly violated for light lepton pairs ML 2.7
GeV (black points). .

2, Hadrong with [P)= 1e4 GeV. According to [11 their production
L i ;

is not the volume effect but the surface one. The particle flux

through the side surface is

dd s - ch
R W

where g, is the statistical weight of the particle. Neglect-
ing the transverse collective motion and taking the system to be

9

T B B T




a cylinder of radius Vi (~ /Mg [1] , we get:

de = fa : (. Mych -4lt) dt =
EF = B G fope gt ds,

; 5 )
> %Gm [“PG' m_,_ck(';-_ltfmﬂ)) g’_%_dé, Ga %;9)“0

fThf} lﬂﬁh?

This estimate 18 good only for hadrone produced in the central
region 9:0. [1] . Outaide the centrsl region, especially for
hadrons with higher rﬂ_ corresponding to the early stage of the
hydrodynamical expansion, the contribution of the front (back)
surface of the system which has a thin disc shape at the beginn-
ing of expansion may be significant. In view of thia, eq.(10)
should be underestimated. Experimentally this should be ﬁbaerved
as a noticeable increase of the dilepton-hadron ratio outside
the central region at My~ 2-3 GeV.
The ratio of pions to dileptons in the centrasl region, which

is expected from eqs. (7) and (10), is plotted in Fig.5. Curves

9a= 1, 0.2 correspond to the "leakage" of hadrons and quarks.
reapectively [1] « The experimental data at ﬁ? = 21, 23 GeV
Ef4,16,‘l".-’] show that for the hadrons with My = 1-2 GeV it is

possible to ascribe them to the "leakage" of hadrons but for high-

er M; & more probable mechanism seems to be the "leakage" of
quarks. Although this conclusion is not final (remind that both
the pion and dilepton yields vary by several orders of magnitude
and estimate (10) is rather crude), the relatively weak dependen-
ce of this ratio on M, permits us to hope for their common

(thermodynamical?) production mechanism,
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3. The effective temperature

Let us now consider a few estimates of the effective prod-
uctlon temperature of the particles with the definite transverse
mass, These estimates can be.made“by empressing Teff via the
average energy and transverse momenta of quarks and gluons in
various ways. In the case of the perfect thermsl.equilihrium all
of them, of course, shouléd coincide.

e confine ourselves to the efféctive temperature only for
the particles produced in the central region ( &, = 0) where
the contributions of nonthermodynamical mechanisms are less im-
portant, As we have shown sbove, in this region the hadron (10)
and dilepton (7) spectra can be expressed through the same func-
tion ,p(mll%) which characterizes the space-time picture of ex-
pansion,

Our first estimate of Teff is obtained from the inclusive
spectra of dileptons and hadrons. For nath‘T' from eq.(8) we

have the expression

4| celdx 4 exp Puch
' ﬁ‘f TP

X,t)
=
T# i )

(X,

mnﬁ&&mljl?)— Zmg
A study of the dependence of Teff on the dilepton invariant mass

(11)

M &t fixed M| allows us to check the thermal equilibrium
between longitudinal and transverse degrees of ffeednm. Indeed,
for light dilepton (M <& M| ) as the final 1e;a£uns, as the ini-
tial quarks fly almost in the same transverse direction and es-
timate (11) characterizes some "transverse temperature”. In con-

trast, in heavy dilepton production (PharﬁL).the initial quarks
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can fly in any direction and there are contributions of the
"iransverse” and "longitudinal" temperatures.

Another estimate of Teff can be obtained from the dilepton

dc
data for dej‘ =

over m_L s We get:

for dilepton "continuum". Integrating (7)

d6 s A
P o G d* ( Moty ) (T . T
) 2 MF() |dex expl —?-"(aﬁ.g*ﬂ:g)
for M>» T one has -
{
%«(zm %) jﬁd# W) ~ fmy,0) @2

and together with (11) we have independent estimate of T pe-

Pinally, T o, cen be estimated from the fi distribution
momenta:

e dx Ck
of M[4+ 3,5(%_)"]

= SAX
ez -1
0,
The parameters a‘? 5: ( K = 1#3) are given in Table 1. Note

(13)

that CI,CI are more convenlent than C, (E< PJ..>)'I- because they
are less sensitive to experimental uncertainties &t small fi .
The rasuits obtained by eq.(11) from dilepton [14] and
hadron [16] data at energies {§ = 21,23 GeV are plotted in
Fig.6. These estimates are in & sufficiently zood agreement
at M, = 1+2 GeV and slightly disagree at 7 ~ 3 GeV. The es-
timate based on (13) and the <P> of dileptons [14] at
m <2 GeV agrees with (11) but at m, > 2 GeV it gives too low
values of T pp decreasing with an increase of 1 . Estimates

based on(13)for K = 2,3 lead to higher T _;» and are in 8 reas-

12
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onable agreement with (11]‘2’) Note that, according to the data
[7] , <B(MD=const for M2 5 GeV in the hard collision region '
and T .o (13) decreases with M . There remains unknown whether
the abovementioned disagreement is a consequence of the experim-
ental uncertainties for small & or it is connected with a
lack of the local thermal equilibrium,

For higher energies f,_f = 53-63 Ge?‘.,Teff given by (11) for
hadrons [16] and by (12) for dileptons [“;B] are also in reason-
able agreement. At M, 2 5 GeV the Téff begins to grow very fast-
1y with H'IJ_ being the evidence for the large contribution of

hard collisions,

4. Sound velocity

The essential parameter of the equation of state of quﬁrk——

gluon plasma is the sound velocity:

e Lt - _
C‘_——ds—-éﬁg— | (14)

where S is the entropy density. A simple estimate for ct

.can be obtained directly from the universal function f(mlj y}

characterizing & space-time picture of the expansion. For m>»T

- from (8) one has

1P(ml,yno) = fa’f d*x dx, exp( ﬂ_r?“*f'{ff;fi =

exp (- f"‘%) : V%‘

o (e, (4]
f s dlo‘)

y-ﬂ

3) The moments C,_} C: are estimated from the experimetal :

date parametrization obtained in ]:14] .

g




Intiﬁducing [1]

b(m) = fa’fd . )4 L, AT =Toe)

we obtain
- T:
om0 fE jaf'r B(r) T expl 2 ~(15)
T '

Under agsumption that the hydrodynamical expansion in the centr-

al region is isoenthropical and has the so-called "Irame Ilndepen-

dence symmetry" [9] , we get (see Appendix):

d)('r')- const . T'“"Tz‘_‘-i) (16)

Substituting (16) in (15), one has

T fim, ;
ﬂ(MJ_ 0) = comst . ja‘x 2k expl- %) i
Th/m, |

The main contribution to this integral is given by the region
(T*IT, T*+$T) , where

o gnc T -

G+ ct ' T l4ac?

(18)

The most useful case is that wherein the contributions of the
1imits themselves 'T5~T}J'Fn.T? are negligible, The reason is
that near the upper limit (T~T;) the estimate (16) fails
because of viscosity,and near the lower limit CT*"T;) there is
no simple commection between ;k”hgﬁ) and the inclusive spectra

of dileptons and hadrons. In this case, from (17) we have
"
’ﬂL,Q) «w m <&
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Whence,
.cﬂ ' 2 FREEES
g 2 (19)
”ﬁ,:hnjgifh@L)q)

t o
The eriterion of applying this estimate is the independence s &

(almost the same as T .o (11)) on the energy of initial hadrons.
This independence is a direct consequence of the abavenentiuna&
nPrame independence symmetry". Fig.6 shows that such an appro-
ximate independence takes place for ﬂﬂl_ 1=2 GeV at J_. = 23-63
GeV. One can use the dilepton and hadron data at M,;~2 GeV to
obtain €2 = 0.22-0.24 for e 0.21-0.23 GeV. This is some-
what higher than the value C? = 0.2 obtained in [10] forimper-
fect hadron gas and is lower than C% = 1/3 calculated in [ﬁ1]
for quasrk-gluon plasma within the high temperature limit. The
close values (2= 0,2-0.25 were obtained in the independent
analysis of low RLG£1 Ge?) spectra of secondaries [32] i

Fig.7 shows the dependence of C% on T and also on the A
energy of initial hadrons ﬁ?' , which has been calculated from .
the data in [16] (V& = 23-63 GeV). Although the applicability
of (19) in the whole region is very questionable one can hope
that in the "plato" region these estimates are reasonable, The
fast increase at T~ m,; should be apparently connected with the
large coniribution of the lower limit T~ T? to (17) and means
that the estimate (19) here fails.

5. Coneclusion

The analysis of experimental data allowe us to divide the
spectra of the produced particles into three regions:

1) The region of hard collisions (M5 GeV) where distributions

15




of partons are determined by the structiure functions of the ini-
tial hadrons.

2) The region of "incomplete mixing" (MY ~ (3-4)+5 GeV).

In this region the scaling expected in the parton model is strong-
ly violated because of repeated interﬁctiuns of newly produced
quarks and gluons. The locel thermal equilibrium is also absent,
so that different estimates of Teff give different values.

3) The region of the local thermal equilibrium (3-4) GeV,
All of the Tef‘f estimates are the same, the spectra of particles
in the central region are connected with the same function &”&, ‘}}.

The more precise limite of tﬂéf thermodynamical description
may be determined in further studies of the universality of
spectra. The most convenient way is the detailed check of the
factorization (7) of the dynamical factor F(Mz) from the uni-
versal function F(m,4) . '

Another possibility is to study different estimates of Teff
for various MM; . Ec:st promising is the comparison of estimates
(11), (12) obtained from inclusive spectra of dileptons and had-
rons with estimates (13) obfained from the EL distribution of
diieptnns. Very interesting information cuui!.d be obtained here
from more accurate experimental data for <ﬂ_),; (p:-) and higher

moments of P, distribution of dileptons with M = 25 GeV.

-

The author is much indebted to E.V.Shuryak for numerous and

valuable discussions.
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Appendix

Let us consider the iscenthropic one-dimensional hydrodyn-
amical expansion with the "frame independence symmetry". The en-
tropy density S should depend only on the proper time T
of & given part of the hydrodynamical Bystam[g] :

S = const |

T
Y2
One may use S=T to have

2
FEn T =
Since %'_IL) ¢ T , we obtain ;

1 =
(T - f‘f"(%ﬁl} §(T-Tm) w-!-'_'('al+

17
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FIGURE CAPTIORS

Fig.,1 The factorization (7) of dependences on tranaverse rﬂ'l_
and invariant M dilepton maesses. The points
corraspond to the values of mi_ wlad, 1.8, 2:25, 2475
3.3 GeV, The data demonstrate F(M)= const for M =
-= 1.1-2,7 GeV, In the J/‘P region the experimental yield
of dileptons is approximately 25 times larger then that

expected from (6) (dotted line).
Fig.,2 ™he universality of "kinematical" function ]efm_;_,Fﬂ - The
different curves correspond fo M = 1.23, 1.65, 2.1,
2.5 GeV, For comparison, there is plotted a dashed curve,
which corresponds to inclusive spectra of dilepton pro-
duction in J/¢ rvegion (M = 3.1 GeV) multiplied by
the factor 31072,
Fig.3 Inc-luaive dilepton spectra as & funciion of m, ., Data
are taken from [14] {ff' = 21 GeV) and ['?] {‘? = 28 GeV).
Figed Hsﬁ%‘ for dileptons as a .ﬁmc'tion of scaling variab-
le T= . The data are taken from [14] ( V§ = 21 GeV)

[7] (VS = 28 Gev) and [18] ( YS' =53, 63 GeV). The
solid curve showe a Drell-Yan model fit [T] « The dashed
wrvﬁs are drawn guide the eye .und jllustrate the scal-
ing violation in the low-mass region.

Fig.,5 The ratio of @ -7 and O - T to dileptons. Sq =1,
0.2 nor:_'aapon& to thé "1e;k&ge" of hadrons and quarks,
regpectively., The dilepton cross Bectiuns ﬂd‘:: dm},’ are
galculatad from the obtained in [14] pareametrization of

experimental data.

Pig.6 The effective temperature of particle production as &
function of” m.i . The s0lid curves correspond to hadron
data [16] , the dashed curve corresponds to dilepton
data at VS = 21 GeV [14] {eq,(H_)}, the dotted one to
ailepton data at [ = 53-63 Gev [18] (eq.(12)). The

points are calculated from Cu'<Pf>/< F’j:'} {eq.(13)):
® -k=4,0 -K=2 # -~K=3.

. g = :

Fig.7 The c dependence on T « Different solid lines cor-
respond to different values of f§ « The daghed lines
are isolines m, = eonst ,
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