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Pre-equilibrium emission of lepton pairs from oscillating quark-antiquark plasma
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The production rates of lepton pairs from an oscillating qq plasma are calculated and compared
with those expected from a plasma in local thermal equilibrium and from the Drell- Yan mechanism.
It is found that for a reasonable choice of the parameters of the model, the pre-equilibrium rate may
dominate over the thermal and Drell- Yan rates for the dilepton mass )2 GeV.

I. INTRODUCTION

There is nowadays a growing belief that a quark-gluon
plasma could be formed in the collisions of ultrarelativis-
tic heavy ions. One of the most promising ways to inves-
tigate the properties of this possible new state of matter
seems to be the measurement of lepton pairs produced by
qq annihilation in the mass region below 3—5 GeV (Refs.
2—8). Because of their large mean free path, lepton pairs,
once formed, escape from the interaction region, thus car-
rying out the information on the conditions which prevail
at various stages of the collision.

Very recently, Hwa and Kajantie have calculated the
rate of emission of lepton pairs from the plasma formed
in the central rapidity region of a heavy-ion collision.
Their calculation follows the by-now standard scenario
which assumes local thermodynamic equilibrium and
Bjorken's hydrodynamics for the longitudinal expansion.
The resulting rates exceed by more than one order of mag-
nitude the rate expected from the simple Drell- Yan mech-
anism. This, together with an analysis of transverse-
momentum effects ' confirms the idea that indeed
lepton-pair production could be used as a possible signa-
ture of the formation of a thermalized quark-gluon plas-
ma.

It should be emphasized however that the early stages
of the collision which possibly lead to thermal equilibrium
are rather poorly understood. In this respect it is useful to
study the lepton-pair production in situations where local
thermodynamic equilibrium is not achieved. This is what
we consider in the present paper, using a simple model of
an oscillating quark-antiquark plasma which has been
proposed recently. ' This model describes a system of
quarks and antiquarks interacting with a classical gluon
field. " It reproduces on the average Bjorken's hydro-
dynamics which renders meaningful a comparison of our
results with those of Refs. - 7 and 8. We find that the re-
sulting lepton-pair-production rates depend sensitively on
the value of the chromoelectric field strength at the initial
moment of plasma formation, a quantity at present rather
poorly known. Nevertheless, we show that, for a strong
enough (but hopefully not unreahstic) field, the pre-

equilibrium rates we calculate may dominate over the
thermal and Drell-Yan rates. We find this result en-
couraging for further investigations of pre-equilibrium
plasma.

The paper is organized as follows. In Sec. II we present
a space-time description of an oscillating qq plasma, ac-
cording to the model of Ref. 10. The formula for the rate
of lepton-pair production is given in Sec. III. The numer-
ical estimates are discussed in Sec. IV. Our conclusions
are listed in the last section. In Appendix A we present
an explicit solution of the Heinz equations for oscillating
plasma in the limit of vanishing quark mass. In Appen-
dix B the formula for the lepton-pair rate is derived.

n (x, t;p) = —,G(u, w), (2.1)

where u and w are the boost-invariant variables

II. THE OSCILLATINCx QUARK-GLUON PLASMA

The model of plasma which we use in this paper has
been described in detail in Ref. 10. In this section, we-

shall therefore only outline its main features and present
the solution which is used in the calculation of the
lepton-pair production.

The model describes an assembly of colored quarks and
antiquarks following classical trajectories and interacting
with a classical gluon field. The properties of the system
may be calculated from the quark distribution function
n(x, t;p). We have in mind the description of a plasma
formed in a central collision of two heavy ions. Let z
denote the longitudinal coordinate, that is, the coordinate
along the collision axis. We assume that n(x, t;p) de-
pends only on z and the linear momentum and does not
depend on the transverse coordinates. An approximate
dependence on transverse momenta will be introduced in
Sec. III [see Eq. (3.4)].

In general the quark distribution function is a matrix in
color space which is assumed here to be diagonal. Furth-
ermore, we shall only consider here the one-color approxi-
mation of Ref. 10. In this case, the quark distribution
function n(x, t;p) is given by a single function G (u, w),
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u=t —z2 2

u):—I', t —Ez .

(2.2a)

(2.2b)

The equations of motion for G(u, w), derived in Ref. 10
admit a solution of the form

G(u, w) = G(uo, w +AH(u)), (2.3)

where A, is a coupling constant, taken to be qual to 1 in
subsequent calculations, and H(u) is directly related to
the gluon field. More precisely,

0
dH 1

du 2V3
(2.4)

where Fu3 denotes the longitudinal component of the
color-electric field. Following Bjorken, we assume
boost-invariant initial conditions specified at some proper
time 'To=—otto referred to as the "formation time" (see
Fig. 1). Specifically we take

li FQ3(U)

G ( uo, w) =d5(w) =d5(P, t Ez) . — (2.5)

Since the distribution function of antiquarks G(u, w) is re-
lated to G(u, w) by '

G(u, w) =G(u, —w), (2.6)

it follows from (2.5) that quarks and antiquarks have the
same initial distribution function. The initial conditions
need to be complemented by specifying the value of the
color-electric field at proper time 7 p

The state of the system at time t=~o is illustrated in
Fig. 2(a). The function H(u) in Eq. (2.3) is an oscillating
function of u whose period and amplitude depend upon
the initial conditions. Typically, both period and ampli-
tude increase with the strength of the initial color-electric
field and decrease with the initial density of quarks and
antiquarks. These oscillations of H(u) induce oscillations
of the quark and antiquark currents, as well as of the
color-electric field. An illustration of the state of the sys-
tem at a time t» ro is given in Figs. 2(b) and 2(c).

It is interesting to calculate from G(u, w) the quark
density and current. Defining

N"= I dPP"G(u, w) (2.7)

Zg Zf Z=0

Formation Zone

Z) Z)

FIG. 1. Space-time diagram. The two colliding heavy ions
are assimilated to flat disks supposed to move on the light cone.
The h perbolas correspond to lines of constant "proper time"
7 = u . The hyperbola labeled vp corresponds to the formation
of quarks and antiquarks. The quarks and antiquarks which are
created at a point z, t on this hyperbola have velocity z/t.

FIG. 2. (a) State of the system at time t =~p. The two nuclei
have moved a distance 2zo ——2rp away from each other. Quarks
() and antiquarks (0) appear in equal number at z =0 with
zero velocity. A color-electric field is also generated and is indi-
cated by the arrows. (b) Characteristic behavior of the color-
electric field at z =0. For the definition of ~~ and t~ see Fig. 1.
(c) State of the system at time t» v] )7 p (see Fig. 1). At that
time, the nuclei have moved to +z~ ——+t~. The front of the
"formation zone" (indicated by the dashed areas) is in z~.
Quarks and antiquarks appear in z

&
with the same density as in

z =0 and time t =~p. They have velocity z& /t&. Note that in
an interval of time dt, those quarks move by (z & /t& )dt while the
front of the formation zone moves by ( t

&
/z

&
)dt

~dt &(z~ /tl)dt. The strength of the color electric field in z~
equals that at t=~p and z=0. According to Fig. 2(b), it de-
creases toward the center since u increases from z =zi to z =0,
t —t) being fixed.
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and performing the calculation as indicated in Ref. 10 we
find

III. RATE OF PAIR PRODUCTION
FROM OSCILLATING -PLASMA

X =—+—
2 v

3 dyz
2 7 t

z d2H

6~ du'

t d H
6A, du2

(2.8a)

(2.8b)

Starting from the very definition of the cross section we
derive the rate for the production of a lepton pair in the
collision of qup. rks and antiquarks whose densities per
unit volume of phase space d x d p are, respectively,
n(x, p) and n(x, p):

where r=(t z—)'i and y=(1 z —/t )
'i . For z=0,

these formulas reduce to
dN dX

=ui2n(x, p)n(x, p)crd pd p .
d4x d3x dt

(3.1)

0 d1 3 t dH
2 t' 6A, du2

(2.8c)

l

Thus, at z =0, N, the quark density per unit volume d x
decreases as 1/t while X, the quark current oscillates.
The uniform decrease of the quark' density results from
the longitudinal expansion and is identical to what is ob-
tained in Bjorken's hydrodynamics. The oscillating part
of the current is a new feature of the model. Note that
these oscillating parts have opposite signs for the anti-
quark density and current. Therefore the total
quark + antiquark density and current have a smooth hy-
drodynamic behavior, as already shown in Ref. 10.

In this formula, ul2 is the relative velocity of the colliding
quark and antiquark and

8 2
o.= fez 5 (P+P Q)d"Q—

9 (3.2)

is the cross section for producing the lepton pair with four
momentum Q, g e~ is the sum over quark charges
squared, which, for two flavors (u, d), equals —', . Neglect-
ing quark masses and integrating over the longitudinal
momenta of the quarks and antiquarks we obtain

8~~» f d pzd pzn(x, p)n(x, p)5 (xz+pj —qj)
d xd M dy d qj 9

~ 4[(M +2pjpj ) —4pj. pz ]' (3.3)

where M and y are, respectively, the mass and the rapidi-
ty of the lepton pair.

To proceed further, one has to specify the form of the
densities n(x, p) and n(x, p). The dependence on the
longitudinal variables is determined by the solution of
Boltzmann-Vlasov equations, as specified in the previous
section [Eqs. (2.1)—(2.6)]. Following the same approach,
we assume that there is no dependence of transverse spa-
tial coordinates xi. For the dependence on transverse mo-
menta we take a Gaussian form

D —pJ Ip

'lTP
(3.4)

This choice is selected only for its simplicity. Since the
solutions of Boltzmann-Vlasov equations presented in Sec.
II are essentially one-dimensional, we cannot pretend to
describe precisely the dependence on transverse momen-
tum anyway. Thus the form (3.4) serves only for illustra-
tion. We discuss only the rate integrated over transverse
momentum of the lepton pair which should not be very
sensitive to the exact form of transv'erse momentum dis-
tribution of quarks and antiquarks. '

Using Eqs. (2.1)—(2.6) and (3.4) one can integrate the
formula (3.3) with the result

Here S=nR~ is the transverse size of the (smaller) nu-
cleus, P=P(u) is the longitudinal momentum of the
quark (at z =0) given by

P(u)=AH(u)/v u (3.6)

and the integration is performed only for such values of u
for which

M )4P (u) . (3.7)

2
dX A 1 0

dM2dy 2~5/2 ~g &
2

M/T

The derivation of the Eq. (3.5) is given in the Appendix B.
This is the final formula which was used for numerical es-
timates, as presented in the next section.

Our estimates were compared with those expected from
plasma in thermodynamical equilibrium which were cal-
culated according to the formula7

7T(x g eq

dM2dy 1 8 +2M2

25 ~ —M/T

C

(3.8)

f u „d —(.M —4I' )]/2P2

X "0 u (2—4P /M )' (3.5) where T, is the critical temperature and T; is the initial
temperature calculated from the relation
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1 dX
Tg wp =0.22

nRg
(3.9)

All the calculations are performed for central collisions
of ' 0 beam colliding with a heavy target. Thus we take

Here dN~/dy is the density of pions per unit of rapidity.

IV. NUMERICAL ESTIMATES AND DISCUSSIGN

The rate as given by Eq. (3.5) depends explicitly on
three parameters D, S, and p. Furthermore, through the
function P(u) it depends implicitly on initial conditions,
i.e., initial time 'Tp and value of the color field strength
Fp3 at v=~p.

The parameters D, S, and p are relatively easy to con-
trol. Indeed, as seen from Eqs. (2.5), (2.7), and (3.4), DS is
simply the density of partons (quarks+ antiquarks) per
unit rapidity. It is thus simply proportional to the density
of pions per unit of rapidity:

d%~DS= r
dy

(4.1)

DS(pz) = DSp=
2 dy

(4.2)

where dE/dy is the energy produced per unit of rapidity
(at y=0). It follows that p is related to the average
momentum of produced pions by the formula

2p= (p )
r~m

(4.3)

The proportionality factor r depends on details of hadron-
ization process. We shall consider r =2 (simple qq
recombination into pions) and r =1 (intermediate forma-
tion of resonances).

The parameter p can be estimated in a similar way by
observing that

S=m(R, 6) =20 fm (4.6)

For dN /dy we adopted the value predicted (approxi-
mately) by the additive quark model, ' i.e.,

dX deaf~=3X 16 =48 X 3=144 .
dy dy

(4.7)

We have checked that our conclusions do not change if
this value is changed by -30'Fo.

We also compare the pre-equilibrium rates with those
expected from the Drell- Yan formula which, for a central
AB collision, reads

2

dM dy 9M ~
m.R~

(4.8)

where R~ is the radius of the target (i.e., the largest of the
two colliding nuclei) and S (0) is the number of sea
quarks per unit rapidity in a nucleon, at rapidity y =0,
which was taken to be 0.2. The numerical results present-
ed correspond to ' 0- U collisions.

In Fig. 3 we show the various rates calculated for
p =500 MeV, r =2 (and thus T, =375 MeV), and for two
values of ~p. One sees that at masses below -3 GeV the
thermal contribution dominates. At larger masses, how-
ever, the oscillating plasma produces much more lepton
pairs than the plasma in equilibrium. The Drell- Yan con-
tribution is consistently smaller, as already stated in Refs.
7 and 8.

In Fig. 4(a) similar plots, this time for p =225 MeV and
r =2, which corresponds to T, = 170 MeV and
(pj ) -400 MeV are shown. One sees another interesting
feature of the pre-equilibrium contribution, namely, the
existence of upper limits on masses of lepton pairs which

We thus see that D and p can be determined from in-
clusive measurements of pion production up to a factor

The situation is much less clear with respect to Fp3 and
To restrict somehow the field strength FQ3 at the ini-

tial time we use an estimate based on a simple model in
which the production of quarks and antiquarks occurs via
tunneling of qq pairs in a uniform chromoelectric
field. ' ' This leads to'

Jl (Gey-2j
dM dy

T, = 375 Hey

EQ3(1Q) =4nP /A. =10@ (4.4)

Note that in this model, the strength of the chromoelec-
tric field increases with increasing transverse momentum.
It is very hard however to ascertain the reliability of this
relation.

Regarding the values of the initial time ~p, we allow
variations 0. lf &vp& lf, hoping that this covers most of
the possible reasonable choices.

The rates we calculate are compared with the rates ex-
pected from plasma in thermal equilibrium with critical
temperature related to observed transverse momentum of
pions by the formula

3&
C (4.5)

&0-'

10 7

3 5 NIGey]

FIG. 3. Diplepton rates from oscillating plasma (solid
curves), from a thermalized plasma (dashed curve), and from
Drell- Yan mechanism (dashed-dot curve).
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(b)
THERMALlZEO PLASMA

Since p [and thus FQ3(rp)] is large enough, the situation is
similar to that shown in Fig. 3. The rate from the oscil-
lating plasma neatly dominates over the thermal one for
p&2 GeV. The Drell-Yan production is systematically
lower in the range of masses we have considered.

We see from these results that for dilepton masses
below the maximum value M

„

the obtained pre-
equilibrium spectra do not vary drastically within the
range of parameters we consider. One sees from Figs. 3
and 4 that the pre-equilibrium rates dominate thermal and
Drell-Yan rates for 2 GeV&M &M,„.The character of
the dilepton spectrum depends crucially on the value of
M,„which, as shown in Appendix A, is basically deter-
mined by the chromoelectric field strength Fpq at the ini-
tial moment 7 p. Uilfortunately, Fp3(rp) cannot be confi-
dently determined and Eq. (4.4), which we use in the
present paper, should be considered only as a very first
guess. Nevertheless, since the strength of the chromoelec-
tric field is expected to increase with increasing average
transverse momentum of quarks, ' we conclude that the
possibility of observing the lepton pairs produced by the
pre-equilibrium plasma is greatly enhanced in events with
hadron transverse momenta larger than typically 300
MeV.

10-'

10-'

10-'

10

atm

3 M[GeVj

FIG. 4. (a) Same as in Fig. 3, for different values of the pa-
rameters T, and p. (b) Same as (a), for a different value of p.

can be produced by oscillating plasma. Indeed, since the
plasma oscillations are damped (due to the .longitudinal
expansion) the longitudinal momenta of quarks and anti-
quarks are limited and so also is the mass of the lepton
pairs [transverse momenta are very effectively cut off by
Eq. (3.4)]. The upper limit on quark (antiquark) longitu-
dinal momentum depends strongly on the ratio F z(pr ) pD/

[see Appendix A, Eq. (A7)] and thus, because of Eq. (4.4),
on the ratio p, /D. Consequently, for small p, , the contri-
bution from oscillating plasma does not extend to large
masses.

Finally, in Fig. 4(b) we present calculations for @=450
MeV and r = 1 which again correspond to T, =170 MeV.

V. CONCLUSIONS

We have estimated the rates of dilepton production
from a qq plasma created in central collisions of two
heavy ions. The plasma was described by a model
developed recently' which takes into account, albeit in an
approximate way, color oscillations. Our work has an ex-
ploratory character and does not pretend to give an accu-
rate description of the pre-equilibrium dynamics.
Nevertheless, our results suggest that the pre-equilibrium
phenomena may have observable consequences. In partic-
ular we found that, for strong enough chromoelectric field
at the initial time of plasma formation, the expected pre-
equilibrium rates for dilepton production with masses
M ~ 2 GeV are substantially higher than the rates predict-
ed for a thermalized plasma as well as those arising from
the Drell-Yan process. This result implies that measure-
ments of dilepton production in the mass region 2 &M & 6
GeV, for events with relatively large transverse momen-
tum of produced hadrons, may provide interesting infor-
mation on the behavior of qq plasma, even before it
reaches thermodynamic equilibrium. Of course one
should stress again that, in view of the simplicity of our
model and the uncertainties in the initial conditions, our
calculation can be regarded only as a first step in the in-
vestigation of pre-equilibrium phenomena. In particular,
the strong sensitivity of our results to the initial value of
the chromoelectric field (which is not well understood at
present) introduces large uncertainties in the predicted
rates. The results which we obtained, however, encourage
further theoretical work in this domain. It would be most
important to improve understanding of the origin and in-
tensities of the color field spanned between the receding
nuclei. ' ' ' Furthermore, a better description of trans-
verse momentum distribution of the produced pairs is
clearly desirable. This can be achieved, however, only
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after the model of plasma shall be able to treat realistical-
ly the transverse degrees of freedom.
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K H k 1K AdH(u)= —— =(—) + —,
u fH/ u' 12

(Al)

where the overdots denote derivatives with respect to u
and the index k ( k =0, 1,2, . . . ) labels the various domains
of u where H has a given sign. To be specific, H vanishes
and changes sign at the points u =u2k, while H(u) van-
ishes at the points u =u2k+l. H(u) has a defi-
nite sign for u2k &u &u2k+2, positive if k is even, nega-
tive if k is odd. The solution for u2k & u & u2k+2 reads

H(u) =(—)"+'K u ln
u 2k+1

u2k—u2k ln —1
+2k+1

(A2)

The points u2k+1 may be determined from the relation

APPENDIX A: EXPLICIT SOLUTION OF
THE FIELD EQUATION IN THE LIMIT

OF VANISHING QUARK MASS

In the case where m =0, the equation for H(u) takes
the form [see Eq. (4.1) of Ref. 10]

APPENDIX B: FORMULA FOR RATE OF
LEPTON-PAIR PRODUCTION IN

OSCILLATING PLASMA

6 =D5(wl rP(u))F—(pl),
6 =D5(w2+rP (u) )F(p2),

(82)

(83)

where P(u)= —AH(u)/r, with r =u, is given by the
solution of field equations, as discussed in Sec. II. F(p) is
the distribution of transverse momenta of quarks (anti-
quarks) [cf. Eq. (3.4)]:

F(p)= e
Z 2

(84)
UTER

with p = (p ) being the average of squared transverse
momentum. The mass of the quarks shall be neglected.

Using Eqs. (81)—(84) we thus have

2

g eq D 5(Mrsinh(y ri))I (8—5)d'x dM'dy d'q

We start from a well-known expression for the rate per
unit volume of space-time d x (see, e.g., Refs. 7 and 8):

dX
d xdMdyd q

1 81Ta 2 d pld p25 (q —Pl P2)

q [(M +2P1P2) —4pl p2 ]
(81)

where q, pl, and p2 denote transverse momenta of the
pair, the quark and the antiquark, respectively. Further-
more, n and n are densities of quarks and antiquarks per
unit volume in phase space, related to G and 6 of Ref. 10
by the formula (2.1).

Using the solution of Ref. 10 we thus obtain

2
u2k+]u2k+3

with u1 given by

(A3) with

~
d'p 1 d'p25"'(q —pl —p2)F(pl)F(p2)

[(M'+ 2P IP2)' —4p 1'p2']'"
u1 ——uOexp

K

H:—uoexP —.
K

(A4)
X5(wl —rP(u)), (86)

u 2k+2
u 2k+2 ln —1 =u2k ln

u2k+1

u2k

u 2k+1
(A5)

The points u2k+2 where H =0 are obtained from Eq.
(A2) which implies where we have used the relation

w 1 +w2 ——rM sinh(y —1) )

with

t=~coshg, z=~sinhg .

(87)

(88)

P(u)=
—AH(u)

u
(A6)

It is approximately maximum when H(u) is maximum,
that is, when u =u1. We then have

The momentum of a quark is related to H(u) by [see
Eq. (3.6)]

4M''
I Pl. I

'=Mi' —2(pl'+p2')M~'+(pl' —p2"
[Ml +2(Pl P2)]'—4p 1'p2 (89)

The integral I is invariant with respect to Lorentz boosts
in the z direction. It can be evaluated most easily in the
frame where the longitudinal momentum of the lepton
pair vanishes. In this frame we have

P,„=
~
P(u1)

~

=Kroe "[1—(1+H/K)e "] . (A7) where
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Mj ——M +q
It is also convenient to introduce the variables

p+=pi+pz~ d pid pe= 4d p+d p
2 2 & 2 2

(810)

(811)

e
4 @4+ 28'

x fd'p e
5(PL w —vP(u) ),

iPL, I

(812)

where we have used the formula

pt +ps =T(p+ +p ')2 2 1 2 (813)

and integrated off one 5 function (which implies p+ ——q).
The integration over d p can also be performed tak-

ing advantage of the other 5 function. Using the formula

pi' —pz'=p+. p- =q'p- —=
I q I I p- I

cos

where p is the angle between q and p, we obtain

(814)

rPI —rP u

Since in this frame of reference the contributions to the
cross section (85) come only from the point g=y =0 we
have w~ ——pL r. Consequently, we obtain

1I=
m'p4

2p4

d ~
p 2/2p2

M1 s [(p —a )(b —p )]'P

—q /2p

Mr
m. exp —2+ q a q a

4p' 4M'p'

(816)
where Ip is the Bessel function of the second kind. Final-
ly, substituting (816) into Eq. (85) and performing in-
tegrations over d x=d s rdrdg=Srdrdq we obtain

d& tz Xeq DS2 2 2

dM~dy dzq 36 p M

exp —2+ Iof du q a q a
u M2 4 2 4M2 2

M &4P (u) . (818)

Equation (817) can also be integrated over d q. Using the
formula

dx e Ip(vx):
0 (g2 )1/2

we obtain

(819)

(817)

where the integration is to be performed over the region
where

8M, ~~P,
~

[( 2 a)(b p 2)]1j2 (815)
yeq D S du

dMzdy 18 p M u (2—4P'IM')'

(820)
with

Ma=M 4P (u)&0—, b= a andb&p &a .
M

Consequently we have
dN ~~ Xeq DS

dM dy t p 36 M uP'(u') (821)

It is interesting to consider the limit p~O. In this case
F(p)~5' '(p) and we obtain
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