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ABSTRACT 

Expensive experiments to dctect a decon fined part on phase have been done and arc 
icing planned, hi these experiments it is hoped that nuclear collisions at relativistic 
nicrgies will exhibit signals of this new phase. So far all the results may be interpreted 
II terms of independent nucleoli-nucleoli interactions. These elementary collisions at very 
ligli energies are therefore worth examination since each such collision produces a highly 
ixcited entity which emits a large number of hadrons. In the hadronic phase lliis results 
n the GS multiplicity distribution. In the parlon phase, parton branching results in 
he popular negative binomial (NB) distribution. Though neither the GS nor the NI3 
listribution alone agrees with the data beyond 200 GcV, it is fitted exceedingly well by a 
weighted sum of the two distributions. Since the negative binomial distribution arises from 
he branching of parlous, we inlerprel the increase with energy of the negative binomial 
omponenl in the weighted sum as the onset of a dcconfitied phase. The rising cross section 
ar the negative binomial component parallels very closely the inclusive cross section for 
adron jets which is also considered a consequence of parlon branching. The consequences 
f this picture to nuclear collisions is discusscd. 
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1. Introduction 

Over the last five years the interest of physicists in the study of high energy collisions 
of nuclei has been translated into the expenditure of millions of dollars on hardware. 
Tablc.l lists existing and future heavy ion accelerators and their characteristics. This 
extravagance aims to explore the phase diagram (Fig.l) of strongly interacting matter and 
also to demonstrate a transition to the new stale of matter • the quark gluon phase, a phase 
which is commonly believed to be a precursor to our birth. The faith that nuclear collisions 
will lead to the quark-gluon plasma(QGP) presumes a model (Fig.2.) for the space-time 
evolution of the nuclear collision. A quark-gluon plasma formed by the collision rapidly 
expands and cools through a mixed phase into detectable hadrons. 

The crucial question is whether the QGP does result from such a collision and so 
far there has been no unambiguous signal from the QGP. In addition, the results from 
relalivistic nuclcar collisions could be interpreted as due to independent nucleon-nucleon 
collisions. The only pieces of evidence that support arguments to the contrary are the 
remarkably flat rapidity spectra of baryons and the pr distributions for the S33 + S31 

reaction [1| measured by the NA35 collaboration. These are not predicted by simple 
Monte Carlo codes but rescattering effects in the initial and final channels may explain 
them. In any case, to form the QGP, simultaneous dcconfinement must occur in the many 
nucleon-nucleon interactions within a nuclcar collision. For this reason, the elementary 
nucleon-nuclcon collision is worth examination. 

Nucleon-nucleon collisions have been investigated at many centre of mass energies upto 
1.8 TeV. A head-on pp collision at 900 GeV produces a system whose energy density is 
about 400 GeV/fin9, far beyond the conventional estimates of 4 GcV/fin3 made for the 
phase transition. Central collisions at 900 GeV therefore produce a rapidly expanding 
parton phase which, even when it has expanded to half the radius of a Pbm nucleus, has 
an energy density of 10 GeV/fm3. In thermodynamic terms, the system is thermalised and 
big, with dimensions much larger than the length scale of parton interactions, and so is an 
ideal example of a parton phase, provided deconfinemcnt has been realised. 

2. The deconfliieri phase 

The simplest measurements on pp and pp collisions are on charged particle multiplicity 
distributions and these can give information on the hadron production process. It is 
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Table 1. Existing and future heavy ion accelerators (some entries approximate only) 

Machine AGS SPS AGS+Au SPS+Pb RHIC LHC GSI KEK 
Commissioning date 1986 1986 1992 1994 1997 > 1998 7 7 

A- "Si »S •«Au »Pb <»Au »Pb »*u ,r,Au 
Em. (Lab.) (GeV/nJ ' i o 200 11.5 160 21 x 10> 21 xlO1 - 3000 -50 
(VTf-2/n. (GcVJ 3.5 17.5 3 15.5 200 6300 50-100 - 10 
(>/?)"-2.4m. IGeV] 98 560 580 3200 40000 1.3x 10» - 18000 -2000 
Rapidity range Ay ± 1 . 7 ±3 ±1.6 ±2.9 ±5.5 ±8.8 ±4.3 ±2.3 
(^.)"«0.81nVT (1) 1.4 2.4 1.3 2.3 4.3 7.0 3.5 2.0 

45 90 300 600 1100 1900 1100 500 
L {cm-V] (3) (10*)-10" (10>2x 103 (10'W x 10» (3 x 10*)-4 x 108 2x10*-10s 2x10" > > 1 0 * >10a 

Operation [weeks/year] 4-6 0-6 8-10 > 6 -40 - 4 - 4 0 7 

Users (4) 300*80 350+200 -380 -400 -300 ? 7 7 

Experiments (5) 4+2+10 6+8+12 1 b ig n e w 4-6 big 2-3 big 1 2 1-2 
Cost for ion pan [MS] 25 5 30 30 300 7 7 - 5 0 

(1) Rapidity density (chargcd + neutral) for nucleon-nuclcon collisions at y = 0. 
(2) Estimate of the rapidity density in central collisions. The scaling exponent Am is presumably in the range a - 1.0 to 1.1. 
(3) The luminosity L of fixed-target machines is calculated from the number of ions/burst (number in brackets), assuming a 10% interaction length 

target for .4-/4 collisions and correcting for the duty cycle. 
(4) Numbers of users at AGS/SPS shown separately for electronic and other (typically emulsion) experiments. 
(5) Numbers at AGS/SPS shown separately for big. small and completed experiments. 
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fashionable (2) now to fit (Fig.3.) charged particle multiplicity distributions with the 
negative binomial distribution. However this distribution should be applicable only to the 
deconfined phase. In that phase, the immense energy of the partons after the collision 
leads to branching and the creation of more quarks and gluons. As the system transits to 
the hadron phase, this final large multiplicity of partons coagulates into colourless hadrons. 

In the branching model (Fig.4) if each of k initial partons branches with a probability 
per unit time given by a , and then assuming that a is very small so that higher order terms 
in a may be neglected, the evolution equation for the multiplicity distribution becomcs 

^ Nn(t) = -a.n. Nn(t) + a.{n- 1). (1) 

where Nn(i) is the probability that the system consists of n particles at a time, t. Solution 
of this equation leads to the popular negative binomial function, 

*.(«) - N B l n ; M ) - ( _ £ . ) " ( 2 ) 

for the multiplicity distribution for the produced partons.The average multiplicity, fi(i) = 
k.(ent - i) and k is the number of particles that initiate the branching process. If the 
assumption is made that the charged particle multiplicity is proportional to the final parton 
number, the created charged particles also follow the negative binomial function. The 
inclusion of the k original particles which start the branching process in the multiplicity 
distribution leads to a Furry-Yule function. If the probability of branching, a is itself a 
random number, a lognortnal distribution results. 

3. The hadron phase 

At energies lower than about 2UU GeV dccoufinciucnt of partons is improbable and the 
branching proccss which leads to the negative binomial should not therefore be a proper 
description of particle production. A more natural scenario is to regard [3J the system 
after collision as an excited hadron emitting entity (Fig.5). These hadrons do not branch 
further,"but at high energies where the energy density of the system is great the decay of 
the entity into several hadrons at any instant will be significant. 
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The probability that the system is in a n - particle state at a time, t is defined as Qn{i). 
The creation of a charged hadron by the system takes this slate to a (n + l)-particlc state. 
Let the probability per unit time be A for such an event to occur. At the high energy 
densities considered here, the simultaneous emission of more than one hadron will be 
significant. We assume that the probability per unit time for the simultaneous emissions 
of 2,3,... k,... particles is given by A', A3,... A\. . . . The total probability for the sytem to 
change from the n-parlicle state in the lime interval, A4 is then (A+A'-f A3 + ...A* + ...) At. 
The probability that the system is in an n-particle state at a time Ai later is: 

Qn(t + A/)= [1 - (A + Aa + . . . + Ak + ...)A/]Qh(0 + |A <?„_,(<) 

+ A '<?„_,(<) + . . . + A kQn-k(t) + . • -1A/ 

= [l - ^ Al] Qn(t) + p A*<?„_*(<) 

Since the probability, Qn-k(0 = 0 if n < Ar, the summation over k has been extended to 
infinity. The limit of Ai 0 leads to the evolution equation 

<?»(0 ' - f = A Q n ( t ) + Qn~k{i) 

Defining the generating function for n probability distribution, Q„(l) as 

<7(2,0 
nssll 

the evolution equation may be transformed into a differential equation for G(z,i) : 

Ar A 

(4) 

(5) 

01. I - Az I - A G(z,t) (6) 

The general solution of this equation is a product of two functions : 

t t 
G(z, 0 = + ( * ) -cxp 1 - A 2 1 - A (7) 

Here <t(z) is an undetermined function of z satisfying the relation, 4>(1)=1 and is the 
generating function of the multiplicity distribution of particles in the initial state, since 
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G{z,0) = *{z) for £=0. The initial conditions chosen for Qn(l) determine this function. 
The second exponential factor in eqn.(7) is the generating function for the multiplicity 
distribution for the particles produced or created in the collision. It is this distribution 
that has to be compared with the data. In effect this means that in what follows, it is 
necessary to take $(z) = 1 in eqn.(7). Physically, this corresponds to the natural condition 
that there are no created particles initially. 

The probability distribution for the created hadrons can then be obtained from the 
value at z = 0, of the derivatives of its generating function. With the above initial condi-
tion, now G(z, t) is equal to the second factor of eqn.(7) and one obtains : 

Qn(i) = GS(n\X,i) = -L - A«exP £ , n > 1 (8a) 

where C" is.the binomial coefficient. It is also clear from cqn.(5) and cqn.(7) that 

Q„{t) ~ 6'5(0; A, 0 - G(D, I) = ex,. (86) 

( 

The above result can also be derived by recursive solution of cqn.(4) with the initial 
condition , Q„[l0) = 6n,» The new probability distribution of cqns.(8) which we call the 
Gupta-Sarma, or GS distribution has two independent dintcusionless parameters A and 
t. The magnitude of A determines the strength of hadron emission by the excited system 
and should increase with energy. In contrast, the time parameter, I which is presumably 
related to the lifetime of the system decreases with energy to an asymptotic minimum 
value. 
3.1. Intermittency behaviour 

The intcrinittcncy behaviour of the GS distribution over a central range of rapidity , y 
= 0 to Y is best examined through the Mueller moments of the distribution. The rapidity 

' M 
range is divided into M bins each of width % and so ^ Syi = Y. Each bin may or may 

1 . t'=l 
not contain a hadron emitting source. If each source has a probability distribution whose 
generating function is g, , and assuming that these sources independently emit particles, 
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the generating function for the entity that spans the range 0 to Y is 

= ( 9 ) 
<>i 

It follows from eqn.(9) that the normalized Mueller moments for the entire rapidity interval 

= < l 0 > <=1 

where f,{6y,) is the Mueller moment for the i—th bin obtained from g,(z,6j/,). Further 
N = IH, is the average multiplicity for the whole rapidity Interval, while FIN is the 
average multiplicity for the i -th bin. 

In the model presented here we will take each source to emit in a GS distribution 

- - nx] <"> 
The parameter A is a measure only of the hadron emission rate. It is not expected to 
depend on the bin number. Thus with A4 — A for each bin, the Mueller moments have-
the form 

where >1(9) is independent of the bin. It is to be noted that a similar expression results 
for the negative binomial distribution provided that ii/k in cqn.(2) is assumed not to 
depend on the bin. We define an iiitcrmiltency function 

I /,(n 

where 
Al 

</•(«».)>-(1/W) £ / , ( « * ) (13) 
1=1 

are the normalized Mueller moments averaged over the i bins. Then using cqns.(lO) to 
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(13), one lias 

Further in the special case where all the M sources have the same average multiplicity, 
rft = and fl = A/.rh,eqn.(14) simplifies to 

/ 

Hg(Y,6y) = ln(M) (15) 

and //, becomes independent of q - see Fig.(6). If in addition all the rapidity intervals 
are taken to be identical, then A/ = ( Y / S y ) . In that case Hg(Y,6y) should increase 
linearly with ln(Y/6y) . The data (4) clearly shows a marked departure from linearity 
and this can be interpreted as a limit on the number of hadron emitting sources since 
//,(K,6y) tends to a constant value. As lti(Y/6y) increases from zero to 4, the value of 
A/ as determined from / / , ( ! ' , through eqn.(15) increases from unity and seems to 
approach an asymptotic value of A/ = 3 as ln(Y/6y) -> oo. This implies that independent 
of the number of bins into which one may divide the rapidity interval, only 3 bins contain 
hadron emitting sourccs. This is suggestive of a two component model [5] which assumes 
that Itadrons arc emitted from two leading and one nun-leading sourccs. 

4. The mixed phase 

When compared [3| with the experimental multiplicity distributions, the GS distribu-
tion fits the data from non-single difiraclive pp and pp collisions about as satisfactorily as 
the negative binomial (NB) function. This is seen from the values of ~£{DF in Table.2. 
However, beyond the ISR energy of 62.2 GcV, both the GS and the NB functions deviate 
increasingly from experiment as seen in Fig.(7). It is reasonable to suppose that while at 
lower energies thcjhadron phase is dominant, this deviation might be due to the gradual 
onset of a second particle production mechanism, a dcconfuied phase where parton branch-
ing leads to a negative binomial distribution in multiplicity over full phase space. Since 
the branching proqess also leads to jet production according to the Feyninan-Field model, 
the increase of the negative binomial component should follow the trend with energy of the 
inclusive jet cross section. Assuming that each event proceeds either through the hadronic 
phase leading to the GS distribution or through the parton phase (NB distribution), the 
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. HHinvioiir of the intcnnittcncy function with the variation of the rapidity resolution. 

186 



Table 2a. Parameter* of (bo GS function thai fit Ihs data on 
multiplicity dlilrlbulJom,' 

Vl(OeV) A t X'/D.F. 
9.8 0.126 ± 0.017 32.31 ± 0.04 6.5/5 
11.5 0.109 ±0.012 33.30 ±4.01 12.0/0 
13.6 0.142 ± 0.014 30.77 ±5.00 17.3/7 
19.5 0.220 1: 0.0 tO 22.45.12.01 0.3/10 
21.7 U.272 ± 0.015 17.12 ± 1.71 0.5/11 
23.8 0.281 ±0.015 10.80 ±1.06 8.4/11 
27.0 0.301 ± 0.021 10.01 ± 1.38 14.0/13 
30.4 0.318:1: 0.0 M 15.76 ± 1.29 30.7/14 
HH.R 0.3(17 t (l.00!l 12.24 ± 0.00 15.1/13 
•M.n 0..1R2 .1- 0.012 12.17 + 0.85 20.1/10 
.12.0 (1.437 1 (l.tHlll 0.32 :l- (Mil 11.7/18 
02.2 11.451 1 O.IMItl 0.18 h 11.53 22.8/17 
21)11.11 O.li'13 .1 11,(11(1 2.81 I- 0.22 20.8/35 
510.0 (1.785 11.003 1 .(ill 1 0.05 98.0/47 
llllll.il 0.8 IR 1 II.IIIII 1.31 I 11.117 107.0/05 

Tnlilc al>. l'xiametefi of llie NU function thai Til the experimental 
iJistriliiilloiis. The tliice I I I R I I M I energies (*) taken front llcf.10. 

v/j(CeV) ft k X'/D.F. 

0.8 5.30 ±0.10 18.11 ±4.23 7.5/5 
11.5 0.21 k 0.05 19.01 + 1.98 11.5/ 6 
13.8 7.11 1 o.im 21.3(1 1 2.5(1 10.3/ 7 
19.5 8.48 + 0.09 14.79 ± 1.37 8.7/10 
21.7 8.83 ± 0.08 ' 11.88 ±0.90 9.1/11 
23.H 0.10 + 0.09 11.92 ±0.90 8.1/11 
27.n 0.5!l 1 11.13 8.55 ± 0.70 13.4/13 
30.4 10.70 1 O.I2 11.25 ±0.09 25.6/14 
3R.8 11.21 1 (l.tlfi 11.82 1 0.40 10.8/13 
41.5 12.17 1 11.111 H.37 I 0.48 12.5/10 
52,1! 12.TI! 1 (1.111 7.01 1.0.28 5.2/18 
02.2 13.11? 1 O.I2 8.32 1 0.35 26.0/17 
2011.11 21.23 1 11.20 • 1.80 ! 0.20 50.0/43* 
5 m.n 2!).fill 1 11.20 4.10 1 O.lll Ro.o/cr 
•Hlll.i) 35.211 I 0..10 3.70 1 0.111 100.0/73 
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A I \ 2 0 0 GeV 

t V 

ft 9 0 0 6eV 

7. Fits to the data at four energies of the GS and the NB distribution 

rent re of mass energies. 
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data should be compared with the function 

Pn(t) = a.^B(n;ft,fc) 4- (1 - a).GS(n\\,l) (16) 

The measured average multiplicity is then related to the multiplicity from each component, 
ft and ill = XI/{I - A)' by the relation 

n*xP = a M- (1 - a) rn (17) 

Using a x1 minimisation program, the five parameters, ft,ft,k, X and I were estimated 
at several energies without any constraints on them save that they arc all positive. The 
entire range of parameters was explored within reasonable limits to obtain the absolute 
minimum for x T h e fits to the data obtained and shown in Table.3. and Fig.8. are 
extremely satisfactory and are strikingly better than a weighted sum of two negative bi-
nomial functions. Anyway it is open to question whether a sum of negative binomials is 
a realistic description of the particle production process. Apart from the remarkably low 
values of ob ta ined for the mixed dis t r ibut ion of cqn.(IG). , t he re is consistency in 

* 

the energy variation of the values of the five parameters. The value of a is low for the 546 
OV data but then the \,//.»/'' is also higher than for neighbouring energies. 

The non-single dilfractive cross section is, according to our model, a sum of the cross 
sections for the NB distribution which represents a deconfined phase and for the GS dis-
tribution where the system remains in a confined hadron phase. From the values of a , 
the cross sections for the negative binomial or dcconfmcd phase component were therefore 
computed according to the formula: 

ono - o. oNSD (18) 
( 

i lie uoii-single dilfractive cross sections, <tnsd as well as the cross section for jets of low 
transverse momentum have been given |G| by the UAl collaboration. The results, given 
in Table.3. and' shown in Fig.9, clearly indicate a rising cross section for the deconfined 
phase which closely parallels the measured inclusive jet cross section (6) for a pr cut-ofTof 
5 GeV. 
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Table.3. Values of the parameters A , I , fl, k and a obtained 
by mixing the GS and NB distributions to fit high energy data. 

v/j(G'cV) 62.2 200.0 546.0 900.0 

A 0.442 ± 0.002 0.698 ± 0.003 0.800 ± 0.005 0.830 ± 0.009 
t 10.0 4:0.41 2.91 ± 0.04 1.51 ±0.07 1.49 ±0.17 
n 8.30 ± 0.61 15.35 ± 0.87 19.18 ±0.86 23.83 ± 0.59 
k 100.0 ± 99.0 21.57 ± 18.75 13.46 ± 4.64 10.78 ±1.07 
n 0.21 ±0.05 0.31 ±0.11 0.28 ± 0.05 0.55 i 0.03 
aNn G.l ± 1.5 10.7 ±3.9 12.7 ± 2.5 24.2 ± 1.3 
XVDH 15.6/14 3.5/32 25.7/44 7.7/62 
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According to perturbalive QCD calculations [7] the jet cross section increases catas-
trophicaliy as the transverse momentum of the jet, pr is decreased to zero. A minimum 
cut-off value for pT must therefore be specified above which QCD perturbative calcula-
tions can be applied. This value is related to the experimental resolution threshold and 
may vary slowly with energy. Cross sections computed for values of the cut-ofT transverse 
momentum, pT of 3 and 4 GeV are also shown in Fig.9. 

At energies below 200 GeV, estimates for VND arc doubtful bccause of the large error 
in the parameter, k and the large value for • Uut it is remarkable that al higher 
energies, a mixture of the two distributions fits the data so well as to give, for example, the 
extremely low value of 7.7/63 for i f /DF al 900 GeV. Within the limits of our assumptions 
and of experimental errors, the multiplicity distribution of the charged particles emitted 
over full phase space in pp and pp collisions appear to indicate (8] a mixed phase at energies 
exceeding y/a = 200 GeV with an increase in a possible deconfined phase of hadronic 
matter. 

5. Nuclear collisions 

The results indicate that decoi>ruicmcnt is sigitifir;itil only beyond a NN collision 
energy of 200 GeV, rrirrcspondiiif, very approximately to an energy density certainly ex-
ceeding 50 GcV/fm3. This is an order of magnitude greater than the 4 GeV/fm3 that is 
presently considered to be the transition energy density. Such energy densities might be 
attainable only in IllIIC and LUC where the beam energy is more than 100 GeV/nucleon. 
So presumably we have to wail a long lime before we see that new phase of matter. 
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