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QC D calculations of the production rate in quark-glum
plasma and the account of space-time picture of hadronic col-
lisions lead to qnt,‘uqﬂtnq of dil#ptm ‘mase M ﬂpmtm. P.l..
distribution of g%, )u ,§ , % production cross snotinn of
charm, J/%,%/  and’X mesons. Por M,PL=1¢5GeV this
theory describes data quite wull. ﬂ‘-l:l-h fur larger M, P, hn:rd
collisions dunintth




B Tona trre dagaaatdiomm

Hadronic reactions, which teke place at small and large
distances, one treats on quite different theoretical grounds.
While the former are well described by parton model, based on
asymptotic freedom of Q C D , the latter are still discussed
in more phenomenological way.

I ghould like to argue in this paper, that a very impor =-
tant intermediate region exists, namely reactions, taking place
far from the collision point and not obeying the parton model,
but at the same time treatable by perturbastive Q C D calcula-
tions. This is possible if momentum transfer involved (particle
magges [V , transverse momenta RL  ete) are large in strong
interaction scele M, [; > 1 GeV, but still are much smaller
than the collision energy < . Clear, this region increases
with S and for ISR energies it only opens and containg
M, pL =1 ¢ 4 GeV,

~ The most known example of such reaction is the production
of dileptons, which deviates from Drell-Yan [1] model predic-
tions by the factor of 1(‘32*"1 for M =1+ 3 GeV. Such extra
dileptons were discussed by many authors, end the most clear
qualitative explsnation of their origin has been given by
Bjorken and Welsberg [2] : Such pairs produced at later stages
of collision when antiquarks are more numerous than in col-
liding hadrons; and they can interact repeatedly.

Much earlier, E.L.Feinberg [3] ascribed such paire (and
photons) to charge-current fluctuations in the framework of
hydrodynamical model [4] , and also stressed the importance of
gspace-time aspect of the problem. But, because of the lack of
any definite "hadronic matter" theory, he was no} able to give
the quantitetive estimates of the cross sections. :

Now, in view of recent theoretical development of Q C D,
it is highly probable that such matter is not a gas of hadrons
but rather quafk-gluan plasma, the properties of which are
discussed in [5] (see also [6] on the nature of gas-plasma
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traneition). As is shown below, the Q C D estimates lead to
the conclusion, that at latest stages of the hadronic colli =
slons the local [7 ] thermodynamical equilibrium is probably
reached, but not at early stage, where the particles "go
through™ without scattering.

To give the idea let us say now, . that temperatures we
speak about for ISR do not exceed 0.5 GeV. This is rather
low value and therefore production of heavy objects with
M,(P.) of the order.of 1 + 5 GeV is suppressed by Boltemsnn
 factor exp(-M/T ). Such factor is absent for hard colli -
sions and therefore one may think the low temperature plasma
stage to be ineffective for production of such particles.
Hevertheless, small Boltsmann factor is canseled by the large
preexponent proportional to the space~time volume of the plasms
stage, end so the discussed mechaniem remains dominant up to
M,p.= 4 + 5 GeV. This conclusion is our main result and it is
in agreement with more qualitative arguments of ref. [2,3] .

The paper is structured as follows. The apme-time picture
of the collisions, corresponding to Feynman scaling, [aJ and,
Landau hydrodynamice [4 ] is discussed in chapter 2 . The chap-
ter 3 is devoted to dileptons due to resction g — m*m™ .
Chapters 4,5,6 are devoted to large PL leptons, photons and
hadrons; in chapter 7 the total cross section for charm produc-
%ion is calculated; and that for charmonium states such as
w ¢/, X mesons 1s presented in chapter 8. Conclusions

fj.na.l remarks are given in chapter 9.

2« The space-time picture of hadronic
collisions

At Pig. 1 the main stages of the hadronic collision are
shown. They are: (1) 2 structure function formation; (2) - hard
collisiems of sonstituents; (3) - final stete interaction and
(4) the propagation of free secondaries.

The phmmﬁolagical account for the first one and more
explicite treatment for the second one is given by the parton

O,

model, Qur aim is to describe the stage (3), for which the
plaema model is proposed. Therefore, these two approaches to
particle production ﬁorraapond to independend mechanisms, ta -
king place in different space-time regions, so the predicted
croegs sections must be simply added.

It is better to begin our discussion of epace~-time pictu-
re from the stage (4), at which it is most simple. Indeed, se-
condaries are free and all come from the collision point Y= 0,

~0, so their velocities are comnected with their coor -
dinates g,tq by :
Vix t) = x/ t (1)

and their trajectories at Fig. 1 are straight linea. of r:.nuraf-a.
at stage (3) it is not 80 because of the particle interaction.
But if the rapid:l.tyy distribution of secondaries is flat:
AN/dy = congt (the famous Peynman sceling), (1) remains
valid: for any group of secondaries their interaction _with
left and right neighbours. is identical and (in average) does
not change their velocity. Such expansion without pressure
gradient is analogoue to that of the Universe, e.g. (1) reminds
the Habble's low.

One cen easily show (see e.g. (9)) that such scale inva -
rient expansion sati sfies the relativistic hydrodynamical
equations. Of course, thig is not so for boundary conditions
(plateau must have ends) and initisl ones (expansion does not
begin from a point) and therefore in more realistic approach
deviations from scaling are inevitable. An example of it is
the Landau theory [4] . Without going into details now we
only comment that althokh initial conditions used in it are
not satisfactory from various viewpoints [10 ], experimental
data strongly support scaling violation of the type predic =-
ted by this theory [11,12]. Below we discuss Feynman scaling
and Landau theory as too extreems. The question which one  is
more realistic is briefly discussed the end of this chapter.

We asume the local thermal equilibrium of plasma at stage
(3), which means that all its properties (including any reac -
tion rate) are expressed through the single parameter, tempe--
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rature | , being some function of X,7 . This assumption,
although approximate, essemtially simplifies the problem.

In this paper we do not discuse the rapidity distribution
of seconderies, but only their total production cross sections.
So we integrate the production rate W, of any particle *"a"
(per unite volume in unit time) over the whole space-time vol-
ume, occupied by the plasma stage:

64 = Su S(O!]u Wa = G _{ AT Wy Wy (r1P(T) (2
“
where (. is the inelastic oross section; and P(T) 1is He

temperature distribution function defined as
CP(T)-: g{‘ff' é-(TfK,f)ﬂT) (3)
; _ 2 .

e ;
which must be same for any rea_mtiun. Moreover, it turns out
that this function is also " the same for both theories consgi -
dered, namely:

=
For scaling expansion this result can eaeily be found by trans-
fer to comoving frame: T= (#ZxY)%2, 47 10n(T 55— in which

the particle demnsity is N~T3~ 41/7 . Lendau solution [4] also
leads to (4) (up to log terms), and it was also checked nume -
rically that (4) survives in more realistic case (%= 0.2
end three dimensional expension (see e.g. [12,137] ), which will
be published elswere. The only difference of these two approa-
ches. is the energy dependence of normalization factor A in
(4)s A~ S and S respectively.

Now let ue discuss the interaction limits in (2), the
initial T; and final "f; temperatures. The latter one, is
TF"'mw , a8 kmown from spectra of secondary hadrons .

The 7; dependson the relaxation rate in hadronic matter
and in fact is the only parameter of the discussed theory.

In Feynman parton upproelnh local equilibrium means that
local longitudinal momenta spread becomes of the order of that
of transverse ones, S0 "l"t is connected with {PJ_) of partms:s

7s

=P /2 . + As is seen from date,<Fi) = 1 + 1.4 GeV and
T = 0.5 ¢ 0.7 GeV independent on collislon energy.

In Landau theory the initial temperature is determined
from the normalization to energy demnsity at the collision mo-
ment and is estimated as

L g Y 4 (5)
A L% - )?,::’_ OJZ(—“E—J@ (Gev)
(m3z3mE _

where we have substituted the tijpical values of hadron dimen-
sions ¢, ~ 1/m, end the effective number of degrees of free-
dom X=130¢/72+9 ( £ is energy density). For ideal gas
of colored quarks, antiquarks and gluons £~ 40, but with
the account of interaction one finds for T ~ 0.5 GeV 2£~20
(5] . Note, that because of large ¥ T; is essentially smaller
than original Landau estimates. Prom (5) we smee that for ISR
energles T; ~ 0.5 GeV which is close to that in parton model
and therefore one has to walt for higher energies in order to
geparate them,

The value of the normalization factor A in (4) can also
be estimated from initial volume value in Landau theory with
the result:

I
A= ‘fm?;m‘?'?j&/s ~ 0.02(S/ym?) % (6e/) (6)
Apart from reactions discussed below, this estimates can be

checked by the total hadronic multiplicity and is consistent
with data.

For definitness, compariann with data 1o be given below
at Fig. 2-4 we use T' A values (5), (6), although in fact
they are neither a.m:urate enough nor “*%% nigh enough energy
for the real check of such energy dependence.

After presenting these model considerations, we proceed
to brief discussion of more direct way to estimate 7, which
is en.explicite solution of partonic kinetics during the col=
ligion, We know the initial conditions, the proton structure
functions, but we don't know properly the scattering cross
sections for small momenta transfer, for which olz~1. We
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only do know, that large momentum iransfer reactions have emall
cross sections and therefore one csnnot expect J; to be largs.
So, at large enough energy partons really "go through", as
proposed by Feynman, rather than "glued together", as proposed
by Fermi and Landau. Such arguments are, of course, widely
known. Nevertheless the point is, that this may happen at
high energies (3 > 4p2? Gev because of two reasons. The [_:_:-__aié
Pirst one is more evident: gluons and see quarks carry only
gmall part of the total momentum. The second one is less tri-
vial: the large number of final stetes (due to color) lead to
rather large numerical factors in Q C D cross sections. To
give an example, the large angle gluon-gluon scatiering

A6 /dt ~ 40045 (s% [14_] and due to this, the mean free
path of gluon in plasma is KBOdfT]'i o Stricly spea -
king, all this is valid for .:{5 &« 4 4 but nonperturhative ef-
fects (instantons etc.) probably only increase the relaxa -
tion rate. So one ig lead to the conclusion that up to ISR
energies relaxation length ¢, may be rather small and the
expangion picture is more close to the Landau version, expla-
ning ite agreement with data.

: To prove or reject these speculations one can with the
help of reactions which we discuss in next chapters.

3, Dileptons

We begin with the calculation of the production rate
W 4y~ - in unite volume of plasma of i, d s 5§ quarks and

antiqua.rks due to reaction q,q{ /A/u [ete”) s which 1is
equal to

G S H<M}'jafz Jqor?fr/lf,, s __,E. (n
wM jl mc(Zp:) {)n{”ﬂgm;f

where {M? is the standard matrix element; Pi szP-; p are

momenta of g, ft respectevely; n(f )- [fxp({.ffrj_!_ijﬂ
is the Fermi nccupatian factor. As it was found earlier [57

for masaleﬂa quarks and leptons

b1 (8)
Wfﬂ o upy

L0
.

but now we are interested in the spectra of dilepton masses
M cP++P' }2 . In the case M > T one can neglect in -
terference effects so, that N(£,) N (¢:)~ exp (- EJ_""_EZJ
and meke use of energ; conservation: ¢ +¢, = & +§&_ « Then
integration can he done, leading to the following expreﬂaicn
in terms of the crose section of the inverse process
Ml + £
e S28, St S )
This axpreasicn is the manifistatinn of the detailed balance:
the rate of direct and inverse reactions in equilibrium are
equal. In reality the lepton's density is emell end inverse
precess is negligible, $0 (9) ie just the convenient form
for the probability of the direct one, to be systematically
used below. From (9) one get then
- JzdP (MT) MT)% :
—ﬂﬂﬁ T TRy exp( ) o)
snd intergating over space-time (2-4}, we have the cross sec=
tion of the dilej:u'l:un praduc‘tinn with a given mass:

dﬂ- "l_ 6-“!1 g M :
dM e [F(zx-,- F(.z-.,_ﬁ”_ (111.
Here function [, X J 1
gamms, fun-::tion.

At Fig.2 the cémyariann ieg made of {11) with the . data
15, 161 at V5 = 22, 28 GeV and the parton model [1]. One
can see that for M 4 4 GeV data agrees with (11), while for
larger M  +he Drell-Yan mechanism works well. Let us add
that at M~ 4 GeV the change is observed in varlous features
of the phenomenon: atomic number dependence; the value of {p.)
etc, -indicating the change of the production mechanism. Note
also, that higher masses are connected with higher tempera -
tures, then {p}) must grow with [ as 2MT . Data
support such M = dependence, but.the coefficient for initial
period is somehow smaller than T . This observation mesns the

is the incomplete

‘incomplete mi:ing for T~ ; of the transverse snd longltudi-

nal momenta uf quarks in plasma, Similar behaviour is demon -
strated by (P_,_} of psions. Probably the beat way to study
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this question is the (9 distribution of dileptons ( O is

the C.M, angle between lepton momenta and that of the initial
hadron), but now such data are not good enough.

4., Direct leptons

In this chapter we discuss experiments with the detection
of the so.called direct leptons, not being the product of jgT ,
A decay. As later studies have shown, they can not be e::pla.i.—
ned completely by the decay of ¢ W,¥, Y mesons [17].

The mechanism of direct lepton pruductim we are going
to dlscuss is the same as that for dileptons, namely ¢§- /u"*ﬂ:
Integrating (9) over all variebles except the transverse mo-
mentum ohe has

2 a2
.._.-d'\'” = LT K ( P.I.)
0 e 1831
and therefore the cross section for prcductinn of any type

of leptons f‘ = M —pt-p 18

16 a{&hA L W
%i?f‘ BT P [F{ﬁj ('%)]

F(x) = xgd%f}kﬁ’f)

The corresponding curves for. Vs = 24.' 52 GeV are compared
with data [18, 19] at Fig.3. The dashed curve below is the
parton model prediction, it lies much below the data. As for
(13), it agrees quite well with FNAL data, but clearly over-
estimates the cross section for largest [, at ISR. The reason
is again the incomplete mixing at the initial stage.

(12)

(13)

5. Direct photons

The so called direct photons are those which are not due.
to Ji° % decays, they were first observed quite recently [20)
In the loweet orders in QCD the corresponding reactions are

IL,
g9 - ¥q 9(}:4 &’qj, in—‘? J"%} » discussed in the framework

of parton model in [21_] « The ¥ production rate by the plasma -
can be written as

; A3 3 ' :
Wiga=yq): (AP APy 18,/ £+ s’g) (14)
;_.’ir' = {_2_]'])6 Ey fff, P{ = 56(5)

where (5(S) is the cross section of the inverse process, as
in (9), Por other chainels expressions gre similar and using

_ temdd 9T~g
G(1099)= ¢ bl Sl309D): TEEL(E) o)
one has
AWy - 1044 |
dﬁf - %ﬁ?gﬂé&(;_,)T*‘K (£ ] (16)
so the ratio 3’/‘/&1 - gﬁdiﬂ(FJT/mp)/gim 600* and

U0y . 40 oLs Jmﬁ[/:('&)_ El&]) (17)
Apt o TR T T*.

The corresponding curve marked " ) " at Fig.3 is in rather

nice agreement with data [20] , but this point needs further

experimental studies.

6. Evaporating hadrons

In contrast to leptons and photons, hadrons are "gosed up"
by their interaction and normelly are confined in the system .
up to the finael breeking to secondaries at low T} ~ W [4]-
This idea is very well supported by low DL < 1 GeV data,
gee e.gf?a] o For higher P, the evaporation mechanism at earllier
stages with higher temperatures was proposed [7) . In this
chapter we discuss two possible approaches fto such process:

Btricl:,r gpeaking 9(5{'5)5»«5 o and further terms in
this parameters mugt be included. So (17) is only an order of

megnitude estimate.
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1) the wapuratién of pions; 2) the leakage of quarks or gluons
with large .P_,_ , then decaying into hadronic jet. Both give the
particle flux at the surface '

dj = %ﬂ% exp (- o‘%}—_&)dp_f (18)

where Bo= 1 in the firgt case, while in the second one has
to know the jet structure function. If one makes the usual
g:uess_(_;(q-m)ﬂ{«:-x) - G@-ﬂr} ~ (1-x)*  he finde et fixed P,
Tt J(quark jet) ~ 2:107%;  T+/(gluon jet) ~107> end with
the account of quark colors and flavors it finally gives in
(18) . §,~ 0e2. From (18), neglecting transverse expansion
and taking the system to be the cylinder of radius 7 ( ~1fomg)
one findas :
b — R
%—6: = Qﬂ ;Ag F/,E_'f)— F/,ﬁ'—‘-’-)] (19)
PJ. 16T ‘?ng, T Tt

F(x)= exp{-x)[x% ux*+ 12x°+ 21X 2t ]

the e.orreapunﬂiﬁg curves are shown at Fig. 3 together with daia
for Jri-or [22] and = 1° [20] . The dashed curve represenis
the hard scattering QCD calculations [ﬂ#a] . Comparing data
with theoretical predictions, one may conclude that these theo~
ries work below and above PJ- ~ 4 GeV, respectevely.

It is important to note, that at [ ~ 4 GeV many features
of the phenomenon are respectevely changed: 1) /X~ ratio
jumps from 1 to 2 (in pp collisions); p/Jr  ratio stop to

grow (in agreement with temperature growth [7a] end falls ra-.

pidly; 3) atomic number dependence ﬁ"t give £ 21 for P ~
~- 4 GeV, but o= 1 at higher p; etc. All these facts
support the idea about the change of the production mechanism -

at F_Lm4 GeV.

Te Ehﬂﬂlﬂ Quﬂ

The plasma of light quarks (u ,6{ = created in the,
collision, produces with some rate pairs of heavy quarks CC o

13.

Since their total mass is ~ 3 GeV and iIn view of our reaul:ts
presented sbove, one may think that such palre are produced
mainly at plasma stage. This is not so for new quarks which
probably compose the Y (9.5) particle and we are not going to
discuse ites production.

Using again the cross section of the inverse process we
can write

W, = (6LPNE) AP RE) yo (7 gg) (oo

(2n)3 (2m)?

and snalogous expression for CC — gqf.

Since in typical conditions Z2mM, >7 TI, C quarks are
nonrelativistic and we need to know only the small relative ve-
locity limit -y of the product G , which is

e a9mds . S o
RT3 iebe 7Rl g Tl e i

Note that in [23,24] three-gluon diagram was noi included.
The value of dgin (21) is o (m?) = 0.2 (see e.gs [25] ).
Finally, the total cross section for (¢ production is

103 d% 5uu A 2m . 2ME 21
6+ B (1+ &+ S Jorp (550 o mtad)
shown at Fig. 4 together with the parton model contribution
[23,24,26 1. One may see that at FNAL energies the predictions
are very close in magnitude, but in fact the resulting _finai
states must be different: mainly D D paire in parton mecha -.
nism and bound states [paiona)in plasma one. Experimentally
only some / upper bounds for such cross gections are known,
which %0t contradict yet to these estimates.

8. Psions
In this chapter we discuss the production of ¢charmonium

bound states;, or psions. -

The general expression for the production rate may be in-
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tegrated over momenta of initial particles and put into univer-
sal form: y
~— : 2

W, = I;(?s;ﬂﬂj[ﬂgg) exp (- yﬁf‘”} (23)
where weﬁ!&ave used Muyn T 3 = 258 + 1, Sq is the spin
value; [, dis the decay width of the particle in pleasma. This
quantity differs from that in vacuum (apart from interactiom
corrections) just by interference of the decay producte (quarks
and gluons) with those of plasma. In the case T«L m, this ef-
fect is emell, but for J/y mesons, decaying into three gluons,
for T = 0.4 # 0.6 GeV the ratio T/ = 1.2 + 1.8, For
% mesong such corrections (induced decay) are not larger
than 10%.

Since C. quark density is small, recombination cC - ‘i}f'f'
is negligible, It means that the inverse process 44 —7 'l
("photoeffect") must not be included in otiAn (23)« Hever =
theless, this procese is interesting in order to know what
part of psions, created in plasma, survive during the expansion.
The simple nonrelativistic estimate O (G¥-~ L‘F] ot Top e Aoy
a~1f( ds mﬂ) leads to 6~~ 3 mb and therefore this pro -
cess ig negligible, Interesting, that experimental absorb-
tion at nuclei corresponds to © = 3¢5 f1.0 €213

As is well known, J/¢¢ eand ¥ ' mesons decays into three
gluons, and therefore the inverse process is [3] collisions.
0f course, it is quite possible in finite denegity plasma, but
not in the framework of the parton model. The corresponding
cross section of J/y¥ end ¥’ is

-3 D, S A pufd - My (24)
Yo ()l my 205

According to (23,26 ] for J/¢ the additional channel
is the following reaction: 2 §-» X Y+U Itse cross gsection can
also be calculated by (24) with the obvious change 3-(25, +1)
ﬁ; - F(:;[-‘! ¥+ J_,’q—') . Although experimentally F(’;f-w ¥+ 0¥)
are not known, but they can be estimated theoretically J25]
for X mesons of the type 3p, /3414 Mey /5 3p,» (3508);.

3[32 (3552) they are equal to O.1 ¢ 0e2; a3 # Ood; 0.340.5 Mew

I5.

At Fig. 4 the corresponding curves for J/} and v/ me-
sons are compared with data [28]. For J/¢ the sum of fwo me-.
chanisms are shown, their ratio {313 ~YA(X2)+UY) = 0.240.3.
Recently [29] the accomponing X has been observed with
the conclusion that X~ J+J/¢ gives 43 % 21% of the cross sec-

tion., This contradicts strongly to parton model, where there is
*’ no competing process, while in the framework of our model 1%

mesns only that 34 J/y process is a factor 2 underestimated,
which is quite inside the general uncertainties.

9. Conclusions

The main conclusion is that the proposed theory is able
to give very simple and consisten{ describtion of various reac-
tion in M,p, = 1 + 5 GeV region. It is also very jmportant,
that Just above this region of M, P, the hard scettering was
known o dominate. Chenges in various characteristics ail
M,pPL ~ 4 GeV. also support the chenge of production mechani em
in this region,

The second comment is that ingredients of this theory like
' 'T; value, ¢{T‘) dependence etc. turns out to be very stable in

gense thet various theoretical approaches lead to the same re-
sult. This is not so for rapidity and emergy dependence of spec-
tra, which are therefore interesting for model separation, in
particular for the check of the predicted transition from Lan-
dau spaee-time picture tfo Peynmen one ai Vs ~ ‘tl‘.‘JE GeV.

There are open questions concerning the degree of reaching
local thermal equilibrium, which may be checked in many ways
experimentally. From the theoretical point of view, further
progress in QCD needed to treat the parton l:ingéa properly.
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Fig. 1. The space-ilme picture of hadronic collisions, pro =
ceeding via the following siages: 1) structure func-
tion formation; 2) hard collisions; 3) final state
interaction: 4) free secondaries. '

Fig. 2, Dilepton mass spectrum d5/dM (nb/GeV.Nucleon) *rer;
sus M(GeV). Solid and dashed lines correspond to (i1)

End [1] {Tth color), open and blsck points to data
15 3160




Mg, 3. Eds/dp? (cm2ec3/Gev?) at Y= O versus P (GeV/c)
fors o- gty [22], SHOLI0] &t g = 53 GeWy V -~
- direct X [20] at VS =53 GeV; 4 - direct €
[19] at Vg = 53 GeV;

-~ @ - dirvect mT at J5 =24 GeV

[18] « Solid lines are desoribed in the text; the de-
shed one marked "D.Y." corresponds to [1] and that
marked " g W' " to [14 a) , they both respenst
hard scattering models. :

Fig. 4. The cross section G (pb) of chax - and peion produc-
tion versus |5 (GeV), Points [28)] mean ; & - V/¥
in PP s A- Yy in TP 3 0- ¥/ in PP . Solid 1li-
nes correspond to the next, the dashed ones-io par -
ton model [26] . The dotted ome is their sum for
PP + J/¥ « The curve marked q§+ + 1is the upper
bound in parton model baged on the restrictions fram

the total width of /¥ .
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