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DILEPTON PRODUCTION AS A SIGNATURE OF COLLECTIVE
EFFECTS IN HEAVY ION COLLISIONS AT HIGH ENERGIES!
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Data on dilepton production in heavy ion collisions bring information about
the intermediate stages of the time evolution of the collision. We describe the
ways in which the data can be organised in order to tell whether some collective
effects played an important role in the space-time evolution of the collision or
whether the collision of heavy ions is just a simple incoherent sum of individually
evolving nucleon-nucleon collisions

1.Introduction

During the past decade a large collection of data on various features of heavy ion
collisions at high energies has been accumulated. These data contain among others:
distributions of total transverse energy, strangeness production, HBT correlation’s,
J /4 suppression, ®/(p + w) production, dilepton production, correlation’s between
final state particles, transverse momentum and single particle rapidity spectra.

The results obtained were compared with a large number of theoretical models
with a varying degree of sophistication.- Originally it has been hoped that some
feature of data would clearly show convincing evidence that a new type of matter,
Quark-Gluon Plasma (QGP), was produced. It has turned out however that most of
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1solated features of data can be interpreted within the framework of different scenariog
and that with the presently available data it is rather difficult to find a clear cyt
information on what type of matter is present at various stages of the collisions. The
way to the answer of this fundamental question will be longer than expected. The
answer could come either from a more complex analysis of the currently available data
or from the new data, either those obtained at the CERN SPS with Pb-Pb collisions
or in dedicated experiments at higher energies.

The first data on total transverse energy spectra, could be interpreted, see e. g
[1] as resulting from an incoherent sum of nucleon-nucleon collisions. Later studies,
based on data with higher statistics has shown that some admixture of cascading is
required in this simple model. These data may well admit also the interpretation in
which collective states are present at the intermediate stages and the total transverse
energy spectra just reflect the initial entropy production which is due to incoherent
nucleon-nucleon production.

After this experience it is reasonable, when trying to understand what a given
piece of data is telling us, to ask very simple questions: does this particular piece of
data demonstrates convincingly the presence of collective effects in heavy ion colli-
sions or: could one explain the data just by adding some cascading (some additional
interactions) to the model of the sum of incoherent nucleon-nucleon collisions. Such
an attitude might appear as overly conservative and the presence of collective effects
can be taken as granted. One could argue as follows. The data on J /1 suppresion
whether interpreted as caused by J/4 dissolution by QGP, as originally suggested 2]
or as due to J/4 disintegration by the hadron gas [3] are anyway an evidence for the
presence of a rather dense matter at the intermediate stage of the collision. At such
high densities the matter cannot evolve as it would evolve in the case of a sum of inco-
herent nucleon-nucleon collisions. Although this way of reasoning is highly plausible,
it is not waterproof and since the true nature of the intermediate state is unknown
(apart of the fact of the high density) one would prefer to have this ”collectivisation”
confirmed by other, easier interpretabble data.

In a similar way one can discuss the results on the increased strangeness produc-
tion, on the ®/(p + w) ratio and on single particle spectra.

The most transparent process providing information on intermediate stages Om
heavy ion collisions is the dilepton production. In principle this process brings a
direct, although time - integrated evidence about the intermediate stages. This type
of data can therefore confirm in a most direct way the ”collective” properties of
the intermediate system, resulting in the longer time-scale of heavy ion collision as
compared to an incoherent sum of nucleon-nucleon collisions. Another confirmation
of this longer life-time of the system can come from studies of HBT correlation’s.

It would be certainly disappointing to learn that some types of data, like J/¥
suppression require the presence of strong ”collective effects” whereas the most trans-
parent window on heavy ion collisions, namely m__mﬁﬁo: production, does not require
them. ;

The purpose of the present paper is to show how one can organise the data on
dilepton production in heavy ion collisions so that the presence of the ”collective
effects” would become easily visible.

The paper is organised as follows. In the next Section the model used is briefly
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described and some results of calculations presented. The emphasis is put at quali-
tative features of the model and results of calculations. Section 3 contains comments
and conclusions.

2. Dilepton spectra as a source of information on the intermediate stages
of heavy ion collisions

In calculations of dimuon production we have used the model of Kajantie and
Ruuskanen [4]. Although the model is rather specific the qualitative features of results
are to some extent independent of the assumptions made.

We shall not describe here the details of the model since these can be found in
Refs. [4,5] and limit ourselves only to basic features. In this model it is assumed that
the matter produced in a heavy ion collision is thermalized within ¢; = 1 fm/c. The
phase of the matter at this time depends on the temperature reached which in turn
depends on the geometry of the collision and on the position in the plane transverse
to the collision axis. If the temperature is higher than T¢ - the temperature of the
phase transition between the pion gas and the QGP, the system in a given position
starts in the QGP stage. For temperature T, the system starts in the mixed phase -
consisting partly of QGP and partly of pion gas. The ratio of both parts is given by
the initial entropy density. For temperatures below T, the system starts in the pion
gas phase.

The phase diagram is sketched in Fig.1. If the systems starts at T; > T it expands
and cools down moving to the left along the curve in Fig.1. Reaching T, the system
turns to the mixed phase and moves down along the T' = T part of the curve in Fig.1.
During the expansion the energy density €, decreases and when £ becomes equal to
€h the mixed phase turns to the pion gas which expands further reaching Ty, when
the pion gas turns to free particles observed in the final state. For illustration we
show in Fig.2 the initial temperature distribution in central collisions of O-O, Cu-Cu,
and Pb-Pb. Note that in Pb-Pb in a large fraction of the transverse plane the QGP
is formed, in the Cu-Cu case the QGP fraction is relatively smaller and in the O-O
collision mixed phase is formed in the central region. Longitudinal expansions follows
the Bjorken hydro-dynamics [6] and the transverse expansion is neglected.

During the QGP stage dileptons are produced by the annihilation of a quark and
an antiquark

Q+Q—ptp. (1)
In the pion gas phase the dominant mechanism is the 7+~ annihilation proceeding
via the p-meson according to

at=a" = p—opty” 2)

In the mixed phase dileptons.are produced by processes in Egs.(1) and (2) with weights
given by volumes occupied by the two phases.

Apart of dileptons produced during the evolution of the collision there are also
dileptons due to the Drell-Yan mechanism. This is the hard process occurring at the
very beginning of the collision. Dileptons are produced by annihilation of a quark
Present in one of the colliding ions with an antiquark present in the other ion or vice
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Fig.1 Energy density € as a function of temperature T of the system consisting of pion gas

and QGP. ﬂ“- temperature of the phase transition, Tye.- temperature of the decay of pion
gas to free pions.

versa. The Drell-Yan contribution is calculated along the standard lines, with Duke
.m:& Owens [7] distribution functions for quarks and antiquarks in ::n_oozmu in colliding
ions. Contributions of various processes to the total dilepton yield for the case of the
omzﬁm_ Cu-Cu collisions are shown in Fig.3. One can see that the Drell-Yan contri-
_ucio.s which is proportional to the number of nucleon-nucleon collisions dominates
for dilepton masses above 2 GeV /c?. Other contributions in contradistinction to the
OR:-Kw: process are not proportional to the number of nucleon-nucleon collisions
but arm:.. number depends on the whole history of the expanding matter ::wo;mam
mwoﬁow. being times the system spends in the three phases (QCP, mixed r,mano:mv
. U_ﬁmwmca dependence on the number of nucleon-nucleon collisions ovm various o.ou-
S-U:Soam can be used in order to see the ”collective effects”.
>o.&:mvno: masses above My ~ 3GeV/c? the Drell-Yan mechanism dominates.
The dilepton production in the region M > My divided by Nap(b) (the number of
nucleon-nucleon collisions for the interaction of heavy ions A and B at the impact pa-
BB.&BH b gives collision independent cross-section corresponding to nucleon-nucleon
collision. Let us denote this quantity explicitly as ;

a&hm_z _ 1 do48
dMdy ~ N(AB,b)dMdy 3)

Here M is the dilepton mass and y the dilepton rapidity, and N{AB,b) denotes the
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Fig.2 Temperature profiles for central 160 4+ 150 or ®*Cu + **Cu and 2°"Pb + 2°"Pb collisions
at the time of thermalization t; =1 fm/c. The temperature is plotted vs. the distance in the
transverse plane from the common centre of colliding nuclei.

number of nucleon-nucleon collisions in the A+B interaction at impact parameter b.
Note that b or the whole N(AB,b) can be determined from the total transverse energy
production in a particular heavy ion collision. .
The left hand side in the Eq.(3) is independent of A, B and b for M > My where
Drell-Yan contribution dominates, but it is not independent of A, B and b in the
region of lower dilepton masses dominated by the production from thermal sources
(QGP, mixed phase and hadron gas). For larger A and B (heavier ions) and smaller
b (more central collisions) the left hand side in Eq.(3) will be larger reflecting longer
space-time evolution and higher temperatures.
The experimentally accessible quantity is therefore the ratio
(AB,b) rptopt
F(AB,b, A'B b M, y) = QS:\“ : \\m;\.a.c N(A'B'b)
dolA'®"") jdMdy N(AB,b)
which is by construction approaching one for M > Mo. The ratio can be studied in
a multitude of ways. The simplest two probably are:

(4)

(i) Take A = B, A" = B', b= 0. This corresponds to central collisions of the same
nuclei as, say 190 + 180 or 63Cu 4 %3Cu or 2°7Pb + *"Pb. For heavier nuclei
the ratio will rise faster with decreasing M.

(ii) "This corresponds more to the situation of a single experiment. Take A = A’ and
B = B’ but consider different impact parameters: b = ( corresponding to central
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“o.m
do,m N Cu + Cu  collisions
103
10 3
> ._o4m
a 3
W 10 7's
W SLM Drell~Yan
a m mixed
10 7'y
._o-_om
a-_;w
g 58 - hadronic
._On_u..._d._____ T
T T T T TT [T VT T YT T T T T
05 15 25 T, 35 4k

w;»mw Oomalr.:_mozw of Drell-Yan process, QGP, mixed phase and hadron gas stage to the
otal production of dileptons in the central $*Cu -%3Cu collisi )
contributions is labelled as "total”. shots Lm i SfRl e oy

oo_:mm.o:mv b only somewhat smaller than the sum r4+7p of the radii of colliding
.zco_om corresponding to peripheral collisions and finally b ~ (ra+rp)/2 which
18 SGEM.L for the plateau region of the total transverse energy distributions.
_H?w ratio in Eq.(4) will grow faster with decreasing M for central than e.g. for
peripheral collisions. -

>m an example we show in Fig.4 ratios for peripheral, plateau and central S+W
no:_m.~oam. The magnitude of ratios makes them accessible from already available data
obtained in studies at the CERN SPS.

.Om course, the ratios would be larger for heavier ions, like for Pb-Pb collisions.
It is to be noted also that the ratios would further grow with dilepton masses de-
creasing below 1 GeV/c? and there is 1o reason why not to study the ratio in this
region. The interpretation is however a bit more difficult here because of the Landau-
Pomeranchuk effects [9] suppressing the low mass dilepton wmom:oao:.

3. Comments and conclusions

Hrm picture we have used above somehow overestimate the production of dileptons
during the thermal phases. This is due to two factors. First the transverse expansion
of the :,.2:5:@& system is neglected in this model, what overestimates the time of
the longitudinal expansion of the system, thereby enhancing the dilepton production.
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Fig.4 The ratio rcentr/Tperipn (etc) in Eq.(4) calculated for central, plateau and peripheral
S + W collisions for the same target projectile combination.

Second, the structure of the hadron gas is overly simplified. In reality the hadron
gas contains more types of hadrons than just pions. This enhances the entropy density
between the QGP and hadron gas phases and in this way enhances also the life-time of
the mixed phase. It would be possible to consider a richer structure of the hadron gas,
including further stable particles and resonance’s. The complication which appears
lies in uncertainties of dilepton production in collisions of various types of hadrons.
In the pion gas the p-dominance gives a simple and reasonable estimate. Recent
studies {9] by Gale, Kapusta, Lichard and Seibert has however shown that even for
more complicated compositions of the hadron gas one can obtain reasonably accurate
estimates of the dilepton production from the thermalized system.

In our opinion it would be very desirable to study experimentally the ratio in
Eq.(4) in a systematic way by measuring first the collisions of light ions, determining
from that the dilepton production in an average nucleon-nucleon collision and than
putting A’ = B’ = 1 in Eq.(4) with b’ = 0. The ratio could then be studied as a
function of A, B and . In this way one would receive experimental tests of models
of dilepton production in heavy ion collisions.

Putting y = 0 the ratio in the Eq.{4) becomes

QQ‘A\—W_S 1

_ 5
"TTdM  N(ABb)iT ®)

where do™" /d M is the dilepton production cross-section for nucleon-nucleon colliston.
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Measuring both cross-sections in the Eq.(5) in the same experimental set-up would
decrease the systematic errors. In the same experimental study one should also oh.
serve the total transverse energy produced, determining thus the relationship betweey
N(AB,b) and the total transverse energy ET per rapidity unit.

(1
(2]
(3]

(4]
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