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Collisions between ultrarelativistic nuclei can result in an ultrarelativistic hot quark-gluon
plasma with perfect-gas properties. The inevitable hydrodynamic expansion of this plasma and
the accompanying cooling of matter are used to find the resulting momentum distribution of
thermal dileptons (‘““heavy photons”). The dilepton distribution integrated over the masses is
also obtained. Comparison with the inclusive distribution of individual charged leptons, obtained
earlier by a similar method, is then used to analyze the diagnostic content of the electromagnetic
signal under real conditions (taking expansion into account).

1.INTRODUCTION

The nature of high-temperature hadron matter is one of
the most important questions in high-energy physics. It has
attracted increasing attention in connection with the devel-
opment of new experiments.”> Modern chromodynamics
(see, for example, Refs. 3 and 4) suggests that nuclear mat-
ter, which consists of colorless ‘“‘elementary’’ particles (nu-
cleons) at low temperatures, should undergo a transition to
the quark-gluon plasma as the system becomes hotter.” It is
widely believed that this process of quark deconfinement,
which occurs as the temperature is raised, is a typical phase
transition with 7, ~A~100 MeV (A is a dimensional pa-
rameter associated with the renormalization of the color
charge®*). From the experimental point of view, the prob-
lem is to find the properties of quark-gluon plasma that
could be used to identify it reliably. One of them is the ther-
mal production of charged leptons.

In principle, their distribution functions carry informa-
tion about the nature of their source.®® However, the plas-
ma that will be created, probably as a result of collisions
between ultrarelativistic nuclei, will experience hydrody-
namic expansion into vacuum. The thermal emission of lep-
tons must therefore be integrated over the volume of the
expanding plasma and over the expansion time. This leads to
a kind of smoothing of the distribution functions of the emit-
ted particles. The last point emphasizes the importance of a
correct choice of the measured distribution function of the
electromagnetic reaction products.

The inclusive spectra of leptons and y rays have been
investigated in some detail in Ref. 9 in the limiting case of gas
plasma for which

In (T/A)>1, (1)
The shape of these distributions is determined by the factor
dp 1 dp, db
— — = 2 S— 9
W = e pto npf sin 0 )

where p, = ¢ sin 0 is the transverse momentum of an indi-
vidual emitted particle (% = ¢ = 1). Because this is a simple
law, it is not very informative. Essentially, it merely con-
firms that the given medium would emit in accordance with
the 7T* law if it were at rest in equilibrium. '’ However, strict-
ly speaking, expression (2) is subject to the further assump-
tion that the mass of the emitted electromagnetic particle
must be small, i.e., T>m,.
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The question is: are there some other more complex and
more informative product distribution functions in the limit
defined by (1)? Thermal (direct) photons are inclusive by
the very essence of elementary events that produce them in
the perfect gas of quarks and gluons. However, fermions can
only be created in pairs. The shape of the dilepton signal due
to such pairs (‘““heavy photons”) is therefore of particular
interest. For a lepton-antilepton pair, the square of the invar-
iant mass is hardly negligible in comparison with tempera-
ture. In fact, M 2 ~ T'? holds even though each of the individ-
ual particles is separately ultrarelativistic. The appearance
of a further dimensional parameter means that a more de-
tailed characterization of the source becomes possible.

In this paper, we shall find the distribution functions for
dileptons emitted by an expanding quark-gluon plasma, sub-
ject to the restriction defined by (1).

2.DILEPTON DISTRIBUTION FUNCTION

The distribution of dileptons in energy w =€, + € _
and mass M was found in Ref. 9 for a uniform density plasma
(T =const) at rest. This distribution takes the following
form (per unit space-time volume)

e'n,q* T ch[ (0+k)/4T]
dw (0, M?) = dm?
w(o, M*) n®  exp(ow/T)—1 n chl (w—k)/4T] © !
k___((DZ_MZ)'/n (3)

where 7, is the number of excited quark flavors with masses
m, < Tand g7 is the mean square electric charge, evaluated
over these flavors. The absolute magnitude of the velocity of
apairis u = k /w in the frame in which the emitting medium
is at rest (the energy and momentum of the dilepton in the
laboratory frame will be denoted by £ and p, respectively).
Since the momentum 4-volume is invariant, the distribution
(3) will now be written in the following form, which will be
convenient for our purposes later:

e‘n;q*

ch[ (1+u)wt/4] d’pde 1
ch[(1—u)ot/4] ou T

dw =
2n't(exp ot—1)

In order to be able to integrate over the space and time
of expansion, let us consider the simple case of a head-on
coalescence of two nuclei of equal size R. Prior to expansion,
the coalescing system lies in a layer of half-thickness /<R,
and the signal is emitted mostly during the one-dimensional
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stage of the process in which # €< R. Khalatnikov’s exact solu-
tion'' of the one-dimensional hydrodynamic problem goes
over into the simpler formulas (35) and (40) of Ref. 9in the
region in which most of the quarks are localized. These for-
mulas enable us to express the usual 4-volume in the form

nR*dz dt=nR*dvt dt, (5)

so that the integration with respect to time reduces to inte-

gration with respect to the reciprocal of temperature if we

introduce the dimensionless variable £ = w7:
R*dv 3 — I’ F@?)

jdw=_[d3pd8-—1—_—z' tnyq

L 6
i In(R/) o ' (6)

where T, is the temperature of the plasma prior to expan-
sion. The function
ch[ (1+u) &/4]

2y — 7
F@)= ‘E exp E—1 nch[('1~—u)?;/4]dg D

must then be expressed in terms of the hydrodynamic veloc-
ity v and the laboratory characteristics of the pair. The Lor-
entz transformation enables us to transform from the longi-
tudinal p; to the transverse p; momentum of the dilepton,
and the argument of the function can be found from the
expression

gt = (1=v") (e'=p’—ps") (8)
(e—vp)*

Integration with respect to the remaining variable v then
leads to the following expression for the number of pairs of
leptons of a particular type per head-on collision between the
ultrarelativistic nuclei:

d‘Wy(py, s, €)

(1—v*)?
emql(Rﬂ) (e—vpy)°

The condition In(R /I) > 1 is assumed throughout and
actually corresponds to (1). More accurate estimates of / are
given by Eq. 947) in Ref. 9.

The favorable behavior of the function F (x?) helps us
to take the general expression (9) to a specific result. Figure
1 shows a plot of this function, obtained by numerical calcu-
lation. Analysis shows that, at least on the physical interval
0 < u? < 1, the function given by (7) decreases very smoothly
and has a relatively small slope. Its ultrarelativistic expan-
sion for > - 1 has the form

F(uz)zF,'HFi’ | (1—u2),
=F(1)=44,62, F/=F (1)=—1.53.
In practice, this expansion remains valid throughout the in-
terval of interest here.

dv. (9)

3
—dpde T f P )~

(10)
F

50

yo b

30

Asanillustration, let us consider what would seem to be
the least favorable end of the interval #*> - 0. The approxima-
tion defined by (10) then yields F (0) ~52.14. However, the
integral (7) can be evaluated exactly in this limit, since it
reduces to the one-parameter Riemann ¢-function:
F (0) = 51.57. Bearing in mind the integral form of (9), we
see that the use of the linear extrapolation (10) results in an
error of at most 1%. If we use (8), we can reduce the integra-
tion with respect to v to the following two integrals:

1

(4—v9* 16 1

. (e—vpy)° 15 (e*—p)*’
U=’ g2_1 (11)
1 (e—vpy)*® 3 (e*—p)* '

Moreover, a small modification of the analysis will en-
able us to take into account the weak inhomogeneity of the
one-dimensional fluid flow in the y and z directions. When
the transverse gradients are small, the conversed entropy

S=5ndydz

propagates along straight lines parallel to the x axis of the
reaction (7 is the transverse entropy density ). The factor T'§
in (9) represents the fact that the final answer involves the
mean square total energy

(12)

S*=nR? j n* dy dz. (13)
The coefficient in this expression is most readily established
by turning to the formula for the entropy of a uniformly
heated volume ¥ of the quark-gluon plasma, i.e.,

S=a’AT*V, A=(32+21n,)/45 . (14)

In the special case of an initial configuration in the form of a
plane disk of constant thickness 2/, we must have SZ.82

Transforming from the energy ¢ to the mass M of the
dilepton, and using the above formulas and ideas, we finally,
obtain

8 e‘n,q_z st

dm““m}EAZWMM)
p.dp,dp M aM
F, + F/ } )
X{ | 1 M_L°(p,,2+M 2) ' (15)
where M, = (M2 +p, 2) 72 is the transverse mass of the di-

lepton. We emphasize that, strictly speaking, none of the
masses has separately disappeared. On the contrary the two
terms in braces involve different masses. All in all, the ratio
of numerical factors in front of them can be used as a diag-
nostic indicator that is probably specific to the gaseous
quark-gluon plasma.

FIG. 1. The function F (#°) in (7).

u?
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Effectively, M ~p, in the distribution given by (15).
This is not unexpected: all the invariants of the one-dimen-
sional flow are of the order of the running temperature. At
the end of the one-dimensional stage, matter cools down
near the origin v = 0 to a temperature

T,~T.,[I—R( In %) _'h]"' .

(16)

In the laboratory frame, a reasonably well defined angular
dependence is exclusively due to hotter regions in the ultra-
relativistic flow, which provide the main contribution at
small angles of dilepton emission (sin §<1). However, the
massive nature of the emission (M #0) then has little effect
on the very approximate estimate of the angle, based on the
relativistic transformation formulas. The final criterion for
the validity of the theory is

R )“"’ 1

l s
> [——( — ] T,.
M.p, R In l sin@4 o

(17)

Depending on the formulation of the experiment, or the
method used to analyze it, it may be useful to integrate the
above distribution with respect to the mass M. It is also inter-
esting to compare the results with the inclusive signal,® tak-
ing into account the differences between the notations used
in the two cases [in (2) the notation refers to the characteris-
tic of an individual inclusive lepton-antilepton pair]. How-
ever, before we can carry out the comparison with (2), it is
desirable to have the corresponding dilepton formula in the
two-parameter form. For similar reasons, the remaining
variables are best taken to be the transverse momentum. p,
and the angle 6 at which the dilepton is emitted relative to
the axis of the nuclear reaction.

Integrating the general formula (15) with respect to the
mass, we readily obtain

' 2 é'ng* S?
aW,(p., 9)—‘5‘? M RIn(R/) ®(0)

dp, de
p.® sin@’

(18)

The singular part of this distribution has the same form as
the inclusive signal. The “regular” factor or, more precisely,
the factor that is always finite and continuous, depends only
on the angle. Figure 2 shows a plot of the function

sor 2(8)
45+
W
a5 L I 1 1 ! I 1 | ! ]
4.2 7.4 26 4.4 14/
cos 8§

FIG. 2. The regular angular factor [expressions (18) and (19)].
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(D(e)=(F,+67|Fi’l)

X[ 1 _i sin®@ ( sin® 0 6)]
cos?® 2 cos‘0 \ cos 0 g 2

1 _ 5 sin*@ | 15 sin‘0
cos’® 4 cos‘0 8 cos’0

sin*0 0 ]
X (1 + coselntg_2) .
The regular angular factor tends to emphasize longitudinal-
ly emitted dileptons, for which 6 = 0, 7, as compared with
those emitted at right angles to the reaction axis. According
to (19), we have ®, /&, = 0.8.

Figuratively speaking, we have here an echo of the crite-
rion that is specific to quark-gluon plasma and has already
been mentioned in connection with the more detailed for-
mula (15). The inclusive distribution of the individual lep-
tons does not carry this type of diagnostic information.
Expression (2) formally corresponds to the degenerate case
® = ¢, = const.

|

(19)

3.DISCUSSION

The practical difficulties of formulating an experiment
that will identify the above plasma by its electromagnetic
manifestations are reasonably well known. They were very
briefly discussed in the concluding section of Ref. 9. The
very crude estimates given in Ref. 9 predict an intensity of
the order of one thermal dilepton per head-on collision
between heavy nuclei. We shall not go any further into this
question, and we will confine our attention to another aspect
of the problem.

Is there any intuitive way to understand why the dilep-
ton signal is analytically more informative than the inclusive
signal? The immediate thought is that we should first consid-
er the characteristics

Py, M=inv ( 20)

of the electromagnetic product, which have the property of
relativistic invariance in the one-dimensional flow of the
emitted matter. Since the number of emitted particles is itself
invariant, their distribution function normalized to the in-
variant phase volume should also be invariant. This is exem-
plified by the differential equation to the right of the braces
in (15). However, if this distribution function can be ex-
pressed exclusively in terms of the quantities in (20), then
significantly different situations must arise for different sig-
nals.

The second invariant disappears in the case of the inclu-
sive signal. For an individual lepton (antilepton), we must
have m, =0 at such high temperatures. We are then left with
only the first invariant p, . However, even this invariant ap-
pears in the final result only so as to confirm the 7* law for
the emission of stationary matter in thermodynamic equilib-
rium. The dilepton signal looks quite different from this
point of view. Here, we still have the second invariant M 0,
and there are no sensible a priori reasons why it should not
appear independently. The presence of two independent pa-
rameters has not only confirmed the 7* law, but has also
generated additional information that is more specific for
the plasma. Although, in the final analysis, the result is posi-
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tive, the analysis of dilepton radiation presented above illus-
trates the difficulties that will be encountered in the identifi-
cation of quark-gluon plasma on the basis of its
electromagnetic signal.

I am indebted to K. A. Ter-Martirosyan for useful con-
versations and to A. M. Kamchatnov for help and discus-
sions about the results.
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