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Transverse-Mass M~ Dependence of Dilepton Emission from Preequilibrium and
Quark-Gluon Plasma in High Energy Nucleus-Nucleus Collisions
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The dependence on invariant mass M and transverse momentum q~ of lepton pairs emitted
by quarks during the early stage of central collisions between gold nuclei at ~s = 200A GeV is
investigated within the parton cascade model. For fixed transverse mass M~ between 2 and 3
GeV, the spectrum is thermal shaped at low q& and exhibits a power law behavior at larger qz. A
suspected M~ scaling is not observed in the calculated distribution, but the significant shape of the
spectrum and the large yield from preequilibrium emission may nevertheless serve as a characteristic
signal for a parton plasma formation.

PACS numbers: 25.75.+r, 12.38.Mh, 13.87.Fh, 24.85.+p

The problem of how to gather unambiguous informa-
tion about the predicted @CD phase transition to a lo-

cally deconfined quark-gluon plasma (QGP) in ultrarel-
ativistic heavy ion collisions is a long-standing one. One
of the most prominent suggested signals for a QGP for-
mation is the production of lepton pairs [1] during these
collisions. In principle the production of dileptons is ideal
for probing the dynamics and the composition of the
dense matter in the central collision region, because they
almost always leave the hadronic matter without any fur-
ther interactions, so that they carry information about
the conditions in the matter at the time of their produc-
tion to the detectors. In reality, however, the problem is
to read out the complex space-time history of the colli-
sions, because of the existence of several sources which
produce lepton pairs before, during, and after the hot
stage of the reactions. Since detectors can only record
the dilepton count rates in a space-time integrated way,
the task is to disentangle the contributions from differ-
ent sources by B.nding out if they are either dominant
in some part of phase space, or have such distinct prop-
erties that they can be separated. In particular, it is of
great importance to investigate the characteristc features
of dileptons produced by quark-gluon interactions during
the very early preequilibrium stage and the thermalized
QGP stage, in order to separate them from those pairs
emitted due to hadronic interactions and decays during
the later stages of the nuclear collision. A successful dis-
tinction of the various contributions to the experimen-
tally observed total dilepton spectrum would not only
provide the possibility to detect a QGP formation, but
also could serve as a "moving picture" of the space-time
evolution since the lepton pair emission from the various
sources is associated with different stages of the space-
time history.

The purpose of this Letter is to investigate the trans-
verse mass dependence of the dilepton production by par-
tons in AA collisions at collider energies during the first
few fm/c. Differentiating the commonly studied invari-
ant mass distribution per unit rapidity of lepton pairs,

dN/dM dy, with respect to the transverse momentum
q~ of the pairs, dN/dM dyd q~, allows a more sensi-
tive diagnosis than the spectrum integrated over all q~.
In general, this differential dilepton spectrum depends
on both the transverse momentum q~ and the trans-
verse mass M~ = v M2+ qz, where M is the invari-
ant mass of the lepton pair. However, as was recognized
in earlier investigations [2—4], under certain conditions
the dilepton spectrum scales with the transverse mass,
dN/dM dyd q~ = F(M~)), where y is the rapidity of
the pair and F is a function of M~ alone. That is, at a
Axed value of M~, the spectrum does not depend on q~.
The conditions under which this M~ scaling is true are
[2] local thermalization, a longitudinally boost invariant
expansion, no radial Bow, and no other scales but the
temperature T. Consequently, the difFerential dilepton
yield per unit rapidity from an ideal QGP for which these
conditions hold would be fIat when plotted versus q~. In
reality, this scaling will be broken at the later stage of
the space-time evolution, due to the onset of transverse
expansion and due to the appearance of additional mass
scales associated with the formation of hadronic matter.
These scale breaking effects were most recently investi-
gated quantitatively in Refs. [5,6] within hydrodynamical
models.

In the present paper I will show that the M~ scaling
is also strongly violated during the very early stage of a
nuclear collision [7], when the highly nonthermal initial
partons of the incident nuclei evolve from their B.rst in-

teractions, through a preequilibrium stage, into a fully
thermalized plasma. Therefore the conclusion is that the
experimentally observable, space-time integrated dilep-
ton spectrum is very unlikely to exhibit a scaling behavior
at all, because it can occur only in a narrow time interval
and will be covered up by the large scale breaking con-
tribution from preequilibrium during early times, and at
later times due to radial expansion as well as due to the
contribution from the hadronic phase. However, in con-
trast to Ref. [6] I argue that an unobservable M~ scaling
does not mean that a QGP is not created. Rather than
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that I will show that the copious production of dileptons
from the preequilibrium and thermal stage results in a
characteristic spectrum that may serve as a signature for
the actual establishment of a parton plasma.

To calculate the production of lepton pairs from
the initial nuclear contact, via preequilibrium, towards
plasma formation, I used the parton cascade model
(PCM) [8]. In this approach the initial parton distri-
butions are evolved smoothly in complete phase space
and time by tracing multiple parton scatterings, emission
and absorption processes within improved perturbative
@CD, and relativistic kinetic theory. No assumptions
about formation time, initial temperature, entropy and
energy density are involved, because these quantities are
determined self-consistently by the dynamics itself. In a
preceding paper [9] the application of the PCM to lep-
ton pair production in heavy ion collisions was presented
and it was found that the spectrum of dileptons produced
during the early stage of the parton cascade evolution
exhibits a rather difFerent behavior than the spectra ob-
tained in the standard thermal scenario [3,4]. The dis-
tribution of emitted pairs evolves smoothly from the ini-

dN(r)
dM2dyd2q~

7'd7. 'dred. ri, (1)dM~dyd2q~

where g is the usual space-time rapidity and r~ the trans-
verse coordinate. The general form of the differential rest
frame rated'' ' = dR' '

(y, q~, rl, ri, ~) for partonin-
teractions involving n;„partons corning into a vertex and
n „t partons emerging from the vertex plus a lepton pair
L+L, is given by

tial Drell-Yan type reactions involving primary partons,
all the way towards equilibrium emission. The contribu-
tions from reactions involving "hot" secondary partons
during the preequilibrium and thermal stage are domi-
nant. Qualitatively similar results have been found in
related analyses addressing the e6'ects of preequilibriurn
dynamics on dilepton production [10].

The experimentally observable, space-time integrated
number distribution of L+L pairs, produced between
proper time 7; (the moment of nuclear contact) and some
~ ) z„with invariant mass squared M, rapidity y, and
transverse momentum q~ =— ]q~] is obtained from
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Here the spin and color averaged squared matrix elements
]M~"l~ for the various l+l production processes A: are
weighted by the phase-space distributions E,(E, , p, ; r, w)
for the incoming particles and [1 + 8~F~ (E~, p~, r, w)] for
the outgoing particles, where Oj = —1 for quarks and
6j —+1 for gluons. The statistical factor Sj11 is given by
S;„=m;„!m „t!when there are m;„(m „1,) identical par-
ticles coming in (going out) of the vertex. For further de-
tails see Ref. [9]. By integrating over the complete space-
tirne history of the partons' evolution in phase space from
7; up to 7., one obtains the cumulative yield of dileptons
from the various production processes i ~ f + l+l, as
the system develops from the first nuclear contact, via
preequilibrium towards therrnalization.

The following results were obtained from Monte Carlo
simulations with the PCM for Au+Au collisions with
zero impact parameter at energy of the BNL Relativis-
tic Heavy Ion Collider (RHIC), v s = 200A GeV [9].
To demonstrate the vivid difference between nucleon-
nucleon collisions and nucleus-nucleus reactions, I also
calculated the lepton pair production in p+ p collisions
at corresponding energy ~s = 200 GeV. In order to allow
for a fair comparison, in this case it was averaged over im-
pact parameters, because in A + A collisions with A ) 1
the nucleons have diferent impact parameters, even when
the two nuclei collide head on. The proper time ~ is de-
fined as [11,12] w = sgn(t —to) g(t —to) —z, where t

is the center-of-mass time and to is the moment of maxi-
mum overlap of the colliding nuclei. In the center of mass,
at z = 0, the initial nuclear contact occurs at 7. = 7; and
the maximum density is achieved at w = 0. For the con-
sidered collider energy ~s/A = 200 GeV, r, = —0.8 fm/c
for Au+Au [ll] and w, = —0.5 fm/c for p + p.

Figure 1 shows the invariant mass distribution of muon
pairs, dN/dM2dy, in the central rapidity unit around
y = 0, integrated over the whole qi range and over space-
time from w, up to w = 2.2 fm/c for Au+Au [Fig. 1(a)]
and w = 1 fm/c for p+ p [Fig. 1(b)]. One observes a sig-
nificantly enhanced p,+p yield up to masses of M 8
GeV in Au+Au relative to p+ p, which is due to the co-
pious preequilibrium and thermal emission of pairs in the
case of Au+Au [9]. For comparison I also indicated the
"standard Drell-Yan" result of the simple parton model
(dashed lines), evaluated for p+ p collisions and scaled to
Au+Au [13]. The terminology standard Drell- Yan refers
here to the usual way to calculate the Drell- Yan cross sec-
tion by convoluting the proton structure functions with
the elementary parton cross section for qq —+ p* ~ L+L

only (i.e. , assuming it to be the dominant contribution.
over all other partonic production processes), and mul-
tiplying it with a K factor of 2 to account for next-
to-leading order corrections [14]. This case compares to
the full PCM calculations as taking into account sole'ly
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FIG. 1. Invariant mass spectrum dN(r)/dM dy of IIr, +rtr,

pairs in the central rapidity region in (a) Au+Au collisions
at ~s = 200A GeV (r = 2.2 fm/c) and (b) p+ p collisions
at ~s = 200 GeV (7 = 1 fm/c). The data points result from
the parton cascade simulation; the full lines are interpolations
to guide the eye. The dashed lines represent the "standard
Drell- Yan" result of the simple parton model obtained by con-
voluting the proton structure functions with the qq ~ p+p,
cross section.

FIG. 2. Differential p+y, spectrum dN(7)/dM dyd q~ at
fixed values of M~ ——2, 2.5, 3 GeV, in correspondence to
Fig. 1, for (a) Au+Au (r = 2.2 fm/c) and (b) p+ p (r =
1 fm/c). In (a) the dashed lines indicate the M~ scaling
expected for a boost invariant ideal QGP with temperature
T 300 MeV corresponding to the temperature of the actual
parton plasma at r = 2.2 fm/c, as obtained from the parton
cascade simulation,

primary qq annihilations without subsequent cascading
and gluon bremsstrahlung (the same nucleon structure
function parametrization of Gliick, Reya, and Vogt [15]
was employed). Evidently, in the case of p+ p colli-
sions the simple parton model estimate agrees with the
PCM result at larger invariant masses M & 5 GeV, but
exhibits a growing deviation at lower masses. This differ-
ence arises, because especially in this mass region lepton
pair production is enhanced in the PCM due to multiple
parton scatterings, the inclusion of various l+t produc-
tion processes involving both quarks and gluons, as well
as bremsstrahlung by quarks.

Figure 2 exhibits the transverse mass dependence of
the difFerential @+p spectrum dN/dM dyd q~, Eq. (1),
at Axed values of M~ = 2, 2.5, 3 GeV, again for Au+Au
[Fig. 2(a)] and p + p [Fig. 2(b)]. Comparing the two
cases, in Au+Au collisions a clear enhancement in the
low q~ region (q~ ~ 1 GeV/c) is obvious for the reasons
mentioned before. At these low q~ values the spectrum
in Fig. 2(a) is thermal shaped, i.e. , approximately ex-
ponential, a behavior that is absent in Fig. 2(b). On
the other hand, at larger q~ & 1—1.5 GeV/c, the spectra
for Au+Au and p+ p qualitatively resemble each other,
and behave in both cases roughly as oc 1/M4 which is
characteristic for the primary Drell-Yan type processes.
Also indicated in Fig. 2(a) are the flat distributions of a
QGP with M~ scaling (dashed lines) for the same fixed
M~ values. These curves correspond to the temperature
T 300 MeV of the actual parton plasma at ~ = 2.2
fm/c, as obtained from the parton cascade simulation.
Note that local thermalization sets in already around
r = 0.3 fm/c at T = 600 MeV [12]. One can definitely
conclude that the realistic evolution of partons through

preequilibrium and QGP formation does not exhibit a
scaling behavior in the space-time integrated dilepton
spectrum at all.

Finally, Fig. 3 displays, for central Au+Au+ p, +p, +
A, the distribution (1), dN(r)/dM dyd q~, integrated
over space-time up to difFerent times r = 0, 0.5, 2.2 fm/c
and at fixed M~ = 2 GeV [Fig. 3(a)] and M~ = 3 GeV
[Fig. 3(b)]. It is obvious from the development of the
distribution with time that pairs with larger q~ are fa-

vorably produced at very early times, mostly by primary
parton collisions, whereas the low q~ region is populated
later mainly by softer collisions involving secondary par-
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FIG, 3. Time development of the differential @+p spec-
trum dN(r)/dM dyd q~ in central Au+Au collisions at
vrs = 200A GeV. The pair production rate is integrated over
space-time up to different times r = 0, 0.5, 2.2 fm/c and at
fixed transverse mass (a) M~ = 2 GeV and (b) M~ = 3 GeV.
Note that the nuclei begin to overlap at r = —0.8 fm/c so
that v = 0 is the moment of maximum compression.

3077



VOLUME 71, NUMBER 19 PHYSICAL REVIEW LETTERS 8 NOVEMBER 1993

tons. The large yield at the low end of the spectrum
comes essentially from photon bremsstrahlung by quarks
and from thermal production of lepton pairs by scatter-
ings of partons with low energies 3T. The values of
the temperature T, extracted from the space-time evolu-
tion of the parton density [11,12] at times 7 = 0, 0.5, 2.2
frn/c, are T(~) 950, 500, 300 MeV, respectively, and
correspond to the actual temperatures effective in the
central collision region.

In summary, the investigation of the transverse mass
dependence of lepton pair yield in central Au+Au
collisions at RHIC with the PCM shows a smooth
development of the differential p,+p mass spectrum
dN/dM dyd q~ from primary Drell-Yan processes, via
preequilibrium, to plasma formation. The spectrum is
dominated by low-q~ pair production and is far from ex-
hibiting M~ scaling. Since M~ scaling can only be ex-
pected for a perfectly thermalized and chemically equi-
librated plasma of massless partons, which in addition
must be longitudinally boost invariant with vanishing ra-
dial flow, it is not surprising that the results of the PCM
calculations violate M~ scaling. The reasons are the fol-
lowing: (i) During the very early stage when most of the
pairs with appreciable q~ are produced by primary par-
ton collisions (Fig. 3, crosses), the system is not yet fully
thermalized. (ii) The chemical composition of the parton
matter is strongly dominated by the gluons that outweigh
the quarks, and a full chemical equilibration cannot be
established [12] (at least at RHIC energy). The time
evolution of thermodynamic quantities, as the effective
temperature and the parton densities, does not follow ex-
actly the one of a boost invariant, perfect plasma, but is
controlled by the time dependent relative admixtures of
quarks and gluons [16]. (iii) In the PCM the temperature
is not the only scale in the plasma evolution (as would
be required for M~ scaling). During the nuclear colli-
sion a large number of gluons acquire a timelike virtual
mass through scatterings, resulting in a continuous, time
dependent mass spectrum. This mass spectrum is associ-
ated with the Sudakov form factors of the partons [8] that
account for the higher order @CD corrections to the low-
est order Born amplitudes. (iv) Other additional mass
scales in the model are the two infrared cutoff parame-
ters [8], with values of 1.5 GeV and 1 GeV, necessary to
regularize the perturbative @CD divergences of the par-
tons' cross sections and bremsstrahlung amplitudes. This
has the effect of imposing a mass threshold for t+t pro-
duction and afFects particularly lepton pairs with masses
comparable to the cutoffs and with very small q~. There-
fore a violation of M~ scaling in the low q~ region, where
most of the pairs at later times are produced (Fig. 3, cir-
cles and boxes), is plausible.

The essential conclusion is although in the PCM the
parton matter evolves rather rapidly via a preequilib-
rium stage into a thermalized state, M~ scaling cannot
be established due to the aforementioned properties of
the underlying microscopic dynamics that result in a non-
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trivial dependence of the dilepton spectrum on M and on
q~. Although there might be a temporary region during
which the dilepton emission approximately scales and is
independent of q~, it is impossible to observe such an
effect in the space-time integrated spectrum, because the
spectrum reflects the cumulation of the complete space-
time history of the first 2 fm/c with dominantly scale
breaking contributions. Nevertheless, the I/M4 behavior
for q~ ~ M~ from very early times and the exp( —bq~)
dependence for q~ —+ 0 from later times result in a unique
shape of the M~ spectrum, which together with the large
dilepton yield in the region q~ up to 1—1.5 GeV/c and
M~ = 2—3 GeV may serve as a characteristic signature
reflecting a plasma formation at RHIC if it can be de-
tected with sufFicient statistics. Therefore it is desirable
to build detectors for RHIC that allow us to separate
dileptons with different transverse momenta at least up
to the J/1b mass.
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