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Abstract 

The emission of dileptons from a matter distribution 
undergoing longitudinal hydrodynamic expansion as migh.t be 
produced in ultrarelativistic nuclear collisions is computed. 
Contributions come from quark-gluon plasma, from pion gas and 
from a mixed phase while the matter undergoes a first order 
confinement phase transition. This yield is compared with that 
expected from other sources. It is found that the signals from 
quark-gluon plasma and pion gas probably exceed such background 
for sufficiently high initial temperature. 
rapidity density to the square of the pion rapidity density may 
provide a measurement of the phase transition temperature. The 
dilepton mass distribution €or various values of transverse 
energy may provide a measure of vector meson masses as a function 
of temperature, and a mass shift due to the restoration of chiral 
symmetry might be seen. 

The ratio of dilepton 
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I. I n t r o d u c t i o n  

I n  u l t r a r e l a t i v i s t i c  nuc lea r  c o l l i s i o n s  h igh  energy d e n s i t y  matter might 

b e  produced which would l i v e  long enough t o  be regarded as a system i n  l o c a l  

thermal  equ i l ib r ium.  

might be made. 

t h e  p r o p e r t i e s  of t h i s  new phase. 

p r i n c i p l e  measure p r o p e r t i e s  of t h i s  plasma i n  a r e l a t i v e l y  clean way since 

such e lec t romagne t i ca l l y  i n t e r a c t i n g  p a r t i c l e s  on l y  weakly i n t e r a c t  w i th  t h e  

hadron ic  matter i n  which they  are produced. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA‘-.6 

of  t h e s e  photons and d i l e p t o n s  is understood then  t h e  p r o p e r t i e s  of  t h e  matter 

i n  which they  are produced may be i n f e r r e d .  

If so,  a new phase o f  matter, a quark-gluon plasma, 

Var ious s i g n a l s  have been proposed which may a l l ow  a probe of 

I n  p a r t i c u l a r ,  photons and d i l e p t o n s  may i n  

. 

I f  t h e  dynamics of  p roduc t ion  

I n  t h e  l as t  year  much p rog ress  has  been made .. i n  unders tand ing  t h e  

dynamics of  t h e  expanding matter from which t h e  hadrons are p r o d ~ c e d ” ~  and i n  

how photons and d i l e p t o n s  are emi t ted  from such expanding matter. 9910 Recent 

hydrodynamic s t u d i e s  i n d i c a t e  t h a t  t h e  matter, a t  least i n  a f r a c t i o n  of a l l  

even ts ,  becomes thermal ized  a t  some e a r l y  t i m e ,  perhaps i n  t h e  range of 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.1 fm/c < t < 1 fm/c, and expands from a quark-gluon plasma, through a mixed 

phase, and f i n a l l y  a hadron gas. 

d i l u t e  t h a t  i t  goes o u t  of l o c a l  thermal  equ i l i b r i um a t  very l a te  times, 

20 < t < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 fm/c. 

200 MeV < T < 800 MeV, and t h e  tempera ture  a t  which t h e  system decouples might 

be 50 MeV < T < 150 MeV. During t h e  t i m e  t h e  system e x i s t s  as a quark-gluon 

plasma and as a mixed phase, f o r  head on c o l l i s i o n s  of l a r g e  n u c l e i  such as 

go ld ,  t h e  expansion is e s s e n t i a l l y  1 + 1 dimensional  , and becomes f u l l y  3 + 1 

dimensional’’ on l y  a t  times of o rde r  t > 30 fm/c when t h e  mixed phase has  been 

f u l l y  conver ted t o  a hadron gas. 

g r a d i e n t s  induced i n  t h e  system as it conver t s  from a mixed phase t o  hadron 

The system probably becomes s u f f i c i e n t l y  

The maximum tempera ture  achieved i s  perhaps 

7 

O f  cou rse  t h e r e  may be  some thermal  
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3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
gas since there may be large scale density fluctuations associated with the' 

mixed phase, but given the small expansion rate at this time, we expect that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
on the average these gradients will be largely washed out. 

fair approximation to treat the system as an expanding perfect fluid in most 

circumstances for most of the lifetime of the system. 

Thus it might be a 

To fully treat the emission of photons and dileptons from an expanding 

quark-gluon plasma it would be useful to employ a full 3 + 1 dimensional 

hydrodynamic simulation of the expansion. 

problem. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl2 To gain semi-quantitative insight, which is perhaps quantitatively 

valid in the early stages of the expansion, it is sufficient to treat the 

system as a 1 + 1 dimensional system. Such an approximation will have at 

Work is in progress on this 

least two qualitative differences from a more thorough analysis. 

times the system is not expanding transversely as a fully 3 + 1 dimensional 

treatment would give. During transverse expansion, the matter flows outward, 

and transverse momentum of collective flow is generated. 

expands more quickly in the 3 + 1 dimensional case than in the 1 + 1 

dimensional case. 

therefore certainly overestimates the rate of production of low mass and low 

At late 

Moreover, the matter 

The treatment of the expansion as 1 + 1 dimensional 

transverse momentum pairs since these pairs are largely produced from the 

relatively cold matter late in the collision. Also the higher transverse 

momentum pairs will be somewhat enhanced due to the collective transverse flow 

of matter. . 

Given the history of the expansion of matter produced in an ultra- 

relativistic collision the rate of emission of dileptons may be computed if 

the rate is known at each temperature T. 

be computed in perturbative QCD. 

poorly behaved perturbation expansi0.n eyen in simple processes such as 

At high temperatures this rate might 

However such a computation is plagued by a 
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Drell-Yan dilepton emission. 

predicted by lowest order perturbation theory and that measured, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor  computed 

by summing higher order graphs, are a factor of 2-3 different. 13,14 Since no 

serious attempt to sum relevant higher order contributions for a quark-gluon 

plasma has been attempted we expect perhaps such an uncertainty for even very 

large mass pairs emitted at very high temperatures. At temperatures near the 

critical temperature, and for low mass .pairs, o r  for pair masses close to the 

masses of hadronic resonances, the emission rate is more poorly known. 

Even for very large mass pairs the rate 

One 

quantitatively sound way to reliably compute such a rate is a lattice Monte- 

Carlo simulation of the electromagnetic current-current correlation function. 

Lacking such a computation we must acknowledge that the overall rate which we 

compute for emission from the plasma is probably not  accurate to better than a 

factor of 2-3, and mass distributions may b e  even more'uncertain near resonant 

enhancements. 

The computation in the hadron gas phase also suffers from numerous 

inadequacies which may only be properly dealt with by a computation of the 

electromagnetic current-current correlation function. 

the critical temperature hadrons overlap and interactions of unknown strength 

and nature are important. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA large number of resonances are also important. 

The approximate treatment which we present here assumes that the hadron gas 

consists only of pions. 

At temperatures near 

The dileptons are produced by pion annihilation. 

The pion is given a form factor which allows for a resonant enhancement 

due to the rho and rho prime mesons but does not include the effect of other 

resonances such as the omega. 

a treatment near the transition temperature this treatment is also inadequate 

f o r  very low mass pairs M i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. For this mass range the dominant production 

mechanism for dileptons must necessarily be the bremsstrahlung of a virtual 

In addition to the obvious inadequacies of such 

Tr 
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photon produced in a pion-pion interaction. At higher masses this 

contribution is suppressed relative to the annihilation diagram since the 

bremsstrahlung rate is proportional to the rate of pion-pion interactions with 

momentum transfer larger than the scale set by the dilepton mass and 

transverse momentum. Assuming that the system is a dilute, almost ideal, gas 

of pions requires that the intrinsic rate associated with this process is 

smaller than the annihilation rate. 

bremsstrahlung emission zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof photons and dileptons is now in progress. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA’ 

A computation of the rate of 

Such a 

computation, which propefly handles the cascading of pions in the hadronic gas 

phase, will quantify the bremsstrahlung contribution. For small mass pairs 

the effect of bremsstrahlung is probably of the same order of magnitude as the 

annihilation contribution. 
_ .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.e 

Given such uncertainties in the theoretical treatment of dilepton 

emission we should ask if anything semi-quantitative or  qualitative might be 

learned from a treatment as crude as that which we shall present. 

shall argue is that such a computation gives a good semi-quantitative measure 

of the total emission rate of dileptons of intermediate mass, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.5 GeV < M < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 GeV. 

expected from a thermal distribution of matter as it might be produced in an 

ultrarelativistic heavy ion collision. 

qualitatively distinct features of the emission pattern which, on general 

theoretical grounds, may allow f o r  a measurement of the confinement- 

deconfinement temperature. 

systems undergo a chiral symmetry restoration phase transition. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl5-l7 

such computations as we present also establish a general theoretical framework 

in which theoretically sounder computations may be embedded. 

What we 

This gives a fair idea of the magnitude of a signal 

Such a treatment also points out 

It may also allow one to establish that such 

Finally 
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11. Expansion Dynamics 

Nuclei at very high energy are expected to be rather transparent to each 

Since we are here only interested in the central rapidity region we other. 

shall use Bjorken's longitudinal hydrodynamic model for the space-time 

evolution of the produced matter.' This model is consistent with the inside- 

outside cascading observed in proton-nucleus collisions and is expected to be 

a reasonable first approximation to nucleus-nucleus collisions. 

paper the effects of allowing transverse expansion are investigated. l2 

turns out, not surprisingly, that only the late stage of the reaction is 

significantly affected, not the early high temperature quark-gluon plasma 

In a related 

It 

epoch. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The important features of the longitudinal hydrodynamic model are: 

(1) The produced matter is baryon free and electrically neutral. 

(2) Rapidity distributions are invariant under velocity boosts along the beam 

axis. 

impact with initial entropy density zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso. 

according to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3)  The thermalized matter is produced a proper time to after nuclear 

Thereafter the entropy density falls 

s(t> = soto/t. 

The thermal emission rate of dileptons depends on the temperature T (see sect. 

111). Therefore we need to know the relationship between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs and T, i.e., the 

equation of state. 

Our pragmatic point of view in this paper is to describe the quark-gluon 

plasma as a noninteracting gas of eight massless gluons and.two flavors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(u, d) 

of massless quarks. 

included, and it will eventually be necessary to do so when comparing with 

(With a little extra work strange quarks could also be 
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experiment. 

simplicity.) 

The hadron phase is described as a noninteracting gas of massless pions. 

should be a fair approximation for temperatures in the range 

100 MeV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< T 240 MeV, adequate for our purposes. 

However in this paper we consistently neglect strangeness for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A bag constant B is used to simulate the effects of confinement. 

This 

~. 

Thus the pressure, energy 

.density and entropy density in each of the two phases are 

% 

P = 37aT4 - B 

E = lllaT + B 

s = 148aT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ph = 3aT 

= 9aT 

q 

4 

4 

4 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

4 

Sh = 12a~3 

2 
a = IT /go. 

The critical temperature is determined by pressure balance to be 

1/4 T = (B/34a) . 
C 

(2.3) 

Thus B may be eliminated in favor of Tc. 

liberate the color degrees of freedom is 4B. 

The latent heat necessary to 

At T it is further necessary to specify the volume fraction f of the 
C 

quark-gluon phase. The entropy density is 

and similarly for the energy density. 
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Assume now that the nucleus-nucleus collision produces quark-gluon plasma 

with initial entropy density zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> sq(Tc). 

system expands adiabatically in the quark-gluon phase according to 

Following eqs. (2.1) and (2.2) the 

until T drops to Tc. 

(To/Tc) to. 

then enters the mixed phase. 

not by decreasing T but by converting quark-gluon plasma to hadron matter at 

lower entropy density but still at Tc. 

eqs. (2.1) - (2.4) to be 

This occurs in the proper time interval to < t 

Assuming that nucleation of the hadron phase is fast the system 

tl = 
3 

In the mixed phase the entropy density decreases 

The fraction f(t) is determined by 

where r = 37/3 is the ratio of the number of degrees of freedom in the two 

phases. 

t 

Thus 1 > f > 0 for tl < t < t2 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArtl. The mixed phase terminates at 

whereupon the temperature begins to fall again according to 2 

1/3 T(t) = Tc(t2/t) (2.7) 

for t > t2. 

thermal contact. In the 

future it should be possible to avoid this sharp cut-off by implementing a 

The expansion continues until the pions can no longer maintain 

We take this as a final break-up temperature Tf. 

pion cascade code.18 See Fig. 1. 
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In case s (T ) > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso > sh(Tc) we assume that the matter is initially 

q c  

formed in the mixed phase with volume fraction f determined by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

s 0 = s q c o  (T )f + sh(Tc)(l - fo). 

f(t) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 [(l + (r - 

(2.8) 

It .follows that ' 

(2.9) 
1 

r -  

The system evolves in the mixed'phase until time t - (1 + (r - l)fo)to. 2 -  

Subsequently it follows eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2 .7 )  in the hadron phase. 

Finally, if zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno quark-gluon plasma is formed at all but only hadron 

matter, then the temperature follows eq. (2 .5 )  until the time of thermal. 

break-up. 

An interesting and useful feature of Bjorken's model is that the entropy 

per unit of rapidity is conserved during the expansion. It is 

dS/dy = area s(t)t = constant, (2.10) 

where the cross-sectional area of the produced matter enters. 

entropy density of a gas of massless pions is proportional to the pion number 

density it follows that the entropy can be determined by measuring the charged 

particle multiplicity. lo Considering a head-on collision of equal mass nuclei 

one finds . 

Since the 

2 3  
. l - f  

0 1 37iR toTo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY 
- -  - Do + 
dNch' 

dY 
(2.11) 
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where R i s  t h e  nuc lea r  r a d i u s ,  f o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 i f  To < Tc, 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 f o  1 i f  To = Tc, and 

f o  = 1 i f  To > Tc. 

The above d i s c u s s i o n  is n o t  s i g n i f i c a n t l y  a l t e r e d  even i f  t h e  r a t h e r  

l a r g e  l a t e n t  h e a t  is shrunk t o  z e r o  so t h a t  t h e  f i rst orde r  phase t r a n s i t i o n  

t u r n s  i n t o  a second o rde r  one, o r  even i f  t h e r e  i s  no proper  phase t r a n s i t i o n .  

a-t a l l .  

i n c r e a s e  by a f a c t o r  of  r i n  a small tempera ture  i n t e r v a l  AT. 

The e s s e n t i a l  requi rement  is t h a t  t h e  number of  degrees  of freedom 

111. Emission Rates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A.  Cross  S e c t i o n s  

The produc t ion  of  d i l e p t o n s  from a thermal  system a t  tempera ture  T w i l l  

now b e  cons idered.  I n  t h i s  paper on l y  t h e  p rocesses  

a+ + a- + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR+ + R- (3.1) 

w i l l  be inc luded ,  where 'a '  is a p ion  o r  a quark.  Our estimates w i l l  b e  based 

on k i n e t i c  theory .  

one can c a l c u l a t e  t h e  c r o s s  s e c t i o n  f o r  e e + LI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 . It is 

Thus t h e  c r o s s  s e c t i o n  f o r  (3.1) must be known. From QED 
+ -  + -  

1/2 2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.rr 2 2ma 
M2 M 

a(M) = - (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+T) (1 - 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa is t h e  f i n e  s t r u c t u r e  c o n s t a n t ,  ma is the.muon mass and Pl is t h e  

c e n t e r  of mass energy. 

i n i t i a l  s ta te  and spin-summed i n  t h e  f i n a l  state.  

Note t h a t  t h i s  c r o s s  s e c t i o n  is spin-averaged i n  t h e  

For quark-ant iquark a n n i h i l a t i o n  t h e  above formula is modi f ied by a c o l o r  

f a c t o r  which enhances t h e  c r o s s  s e c t i o n  by Nc = 3 .  Also it is modif ied by a 
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factor reflecting the fractional electrical charges of the quarks: u quarks 

have charge 2/3, d quarks have charge -1/3, etc. Thus the cross section for 

R+J?,- production by quarks is 

F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Nc(2s + 1)' C e:, 
9 f 

(3.3) 

where the sum is over the different quark flavors. For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu and d quarks, which 

is all we will include in our numerical analysis, F = 20/3. If massless s 

quarks were also to be included then F would increase by 20% to 24/3. 

that (3.3), in contrast to (3.2), is spin-summed in the initial state. 

9 

Note 
9 

The cross section for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1'2- production by pions has a different type of 

modification. 

7~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATT 

The analogy of the spin-color charge weight factor is one for 

+ -  
+ R+R- since pions are spinless, colorless and have one unit of electric 

charge. Vector meson dominance says that the primary channels for the 

annihilation are 

iT+ + iT- + p + R+ + 2- 

iT+ + iT- -+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp '  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR+ + 2- (3.4) 

Thus we must multiply (3.2) by a form factor, which we shall take as a sum of 

Breit-Wigner's. 



' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

4 
1 P' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

m = 775 MeV, rP = 155 MeV 
P 

m = 1600 MeV, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr = 260 MeV. (3.5) 
P' P' 

+ -  
The 1/4 follows because the branching ratio for p' + K K is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25% whereas for 

the p it is essentially 100%. Thus the pion cross section is 

o&M) = FK(M) Z(M) (1-4m 2 /M 2 ) 1/2 (3.6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tr 

.a 

Other vector mesons which couple to K'K- are not included. For example? the w 

has a branching ratio into K'K- of only 1.3% (the dominant mode is into three 

pions) and the next lowest lying vector meson is the ~(2150)  which is seen 

only as a very broad resonance in pp + K K . 
the 4(1020) would be a big contributor, and likewise if c quarks were included 

it would be the a(3100). 

f -  If s quarks were included then 

Fig. 2 compares F and FK(M). The resonant enhancement is seen to be 
9 

quite important near the p and p' masses. 

B. Statics 

Kinetic theory gives the reaction rate (number of such reactions per unit 

time per unit volume) as 
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Here f($) is the occupation probability in momentum space. 

applications it turns out that quantum effects are not important but 

relativisitic effects are. Thus we use 

For our specific zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+2 2 E = p + ma. 

Pauli blocking of the final state is not important (see below) so that effect 

is not included in (3.7) either. 

Inserting (3.8) into (3.7) and integrating over five of the six variables 

we find 

m 

T6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 a ) 4  zo 

{ a(z) z 2 ( z 2  - 4za)K1(z)dz, 2 R(T) = - (3.9) 

where z = M/T, z 

example, considering e e 

may essentially be treated as massless compared with T, one finds that 

= ma/T and zo is the larger zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 2ma/T and 2mR/T. For a 
+ -  production by u and d quarks so that all particles 
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10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 4 R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - a  T . 
3 

chemical equilibrium with the quarks is approximately 

The corresponding relaxation time for electrons to come to 
9T 

(3.10) 

4 For T = 200 - 500 MeV, trel = 2 - 6 x 10 

than the lifetime of quark-gluon plasma produced in high energy heavy ion 

collisions. 

without any appreciable absorption, and so R will be taken to be the rate of 

emission of lepton pairs. 

fm/c. This time is much greater 

Therefore the produced leptons should be emitted from the system 

Apart from the total number of lepton pairs emitted per unit space-time, 

which is 

dN/d 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR ,  (3.11) 

we will be interested in several differential rates. 

from (3.7) by an appropriate change of variables. 

pairs with invariant mass squared M2 is 

These may be obtained 

The rate for producing 

2 

1. 4ma 

d4xdM2 2 ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.7~) M2 
-= dN M3TK,(M/T). (1 - - (3.12) 

The rate for produci.ng pairs with M2 and with transverse energy 

2 
= (pT + M2)'/', where pT is the momentum transverse to the beam axis, is 

4ma2 
- M2ET Ko(ET/T) (1 - - 1. dN 

M2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 2  - d xdM dET 4(2n) 
(3.13) 
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C. Dynamics 

We will now integrate the emission rates found previously over the space- 

time volume of the reaction according to Bjorken's model. In this model the 

volume element is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3 .14)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 2 d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- x = d xT dy tdt, 

where t is the proper time and y is the rapidity of the fluid element. 

this paper we shall focus on central collisions of equal mass nuclei so the 

integration over transverse coordinates just yields a factor of d x = TR 

where R is the nuclear radius. 

In 

2 2 
A '  T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.e A 

First consider the total number of lepton pairs emitted by the quark 

(referred to as the cooling line), phase when To > T > Tc and to < t < t 1 

dNq (3.15) 

It is convenient to change the variable of integration from t to T with the 

help of (2.5). 

(3.16) 

When zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm can be neglected compared with T an analytical result may be found, 
R 



2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 '  2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA--- dNq - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01 

dy (2T) 
R~ F t T~ ((T,/T,)~ - I>. 

2 A q o  

16 ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3 .17)  

It turns out that this is a fairly good approximation even for muons since 

T C > mu. 

Along the Maxwell coexistence line the temperature is fixed at Tc but the 

rate must be multiplied by the volume fraction f(t) occupied by plasma, 

where 

1 2 2  
f(t)tdt = - (r - l)fotl. t, i2 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

(3.18) 

(3.19) 

This result holds when the system starts in the quark phase (T 0 > Tcy fo = 1, 

tl > to) or when the system starts in the mixed phase (To = Tcy 0 < fo < 1, 

tl = to). 

In general the contribution from pion annihilation cannot be obtained 

analytically. Thus, on the cooling line T < Tc, 

Tc 

Tf 

- = ~ T R  dNn t T ,( dTT-' R'(T), A 2 c  dY 
(3.20) 

analogous to (3.16). Along the Maxwell coexistence line 

(3.21) 



where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 

(3.22) [ l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- f(t)]tdt = (r - 1)[1 +$r 1 - 2)fo]fotl. 2 

There still remains the space-time integration for the distributions 

dN/dydM2 (3.12) and dN/dydM2dET (3.13). Along the Maxwell coexistence line 

the relevant integrals have already been given, namely (3.19) and (3.22). 

the cooling line in the quark phase one finds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOn 

t. 
1 

( TK1(M/T)tdt = 3T:t3-5 (H(M/To) - H(M/Tc)), 

(3.23) H(z) = . 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz (8 + z 2 )Ko(z) + 42(4 + z 2 )K1(z); 

and 

t. 

(3.24) 3 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G ( z )  = z (8 + z )K3(z). 

On the cooling line in the pion phase the same results apply with the 

replacements t + t2, tl + tf, To + Tc, Tc + Tf. 
0 

This concludes our discussion of the thermal emission rates based on 

kinetic theory. The distributions dN/dydM 2 and dN/dydM 2 dET can be written 

down in closed form albeit in terms of the Bessel functions K (2). 

Maxwell coexistence line also dN/dy can be written down in closed form. 

the cooling lines the quark phase contribution can be written down in closed 

Along the n 

Along 

form if the mass of the produced ieptons can be neglected, whereas the pion 
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phase contribution always requires a one-dimensional numerical integration due 

to the complicated form factor. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IV. Observed Distributions 

In this section we discuss the dilepton distributions derived in the 

previous section and which might be observed in central collisions of "'Au zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -  

nuclei at a center of mass beam energy of 10 to 100 GeV/nucleon. All 

parameters have previously been given except that now-we specify t = 1 fm/c, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 2 nRA = 127 fm and Tf = 100 MeV. 

Figure 3 shows the various contributions to the u+p- invariant mass 

2 distribution dN/dydM for three combinations of  initial and critical. 

temperatures T and Tc. Resonant pion annihilation generally dominates quark 

annihilation in the mass range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 GeV < ?l < 2 GeV. 

peaks in the pion form factor (Fig. 2) and to the relatively long time spent 

0 

This is due to the big 

in the pion phase (Fig. 1). (Allowance for transverse expansion would reduce 

the time spent in the pion phase and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso would reduce its contribution.) 

quark phase contribution breaks through at about P l =  2 GeV due to the fact 

The 

that quarks annihilate at a higher average temperature than do the pions. 

Actually the peaks due to the vector mesons can be turned to our advantage. 

It has been suggested that at Least the p mass, but possibly the p '  mass also, 

will decrease as the temperature is increased as a precursor to chiral 

symmetry restoration. Observation of such a mass shift would be quite 

exciting in itself. Our calculated distribution in the mass range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIy < 0.4 GeV 

is probably not very reliable since dilepton production via virtual 

bremsstrahlung has not been included. 

Also shown for comparison is the low mass spectrum measured i n  pp 

 collision^^^ and scaled by A2/3. This scaling is suggested by observations on 
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2/3 proton-nucleus collisions: the cross section at low mas scales like A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

indicative of a highly absorptive (surface or black disk) mechanism.19 Then 

central A + A collisions should also scale like A2’3 if there was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno change in 

the reaction mechanism. The two peaks correspond to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp and the 4. 

Currently we do not include strange quarks in our calculation so there is no 4 

peak in our results. We expect the mechanism for producing low mass dileptons 

in Au -+ Au collisions to be quite different than in pp co.llisions.20 The 

reason f o r  plotting the scaled pp spectrum is to illustrate the background if 

no thermalized matter is formed. 

The Drell-Yan21 mechanism produces very high mass dileptons by the first 

hard quark-antiquark annihilations in the incoming nuclei. By the uncertainty 

principle this is a short time pre-equilibrium phenomenon which must be there. 

In pp collisions 

-- do - M-4f (M/&). 
dydM2 

When M << zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJs the function f can be well-approximated by f(0). 

right for the energies and mass range under consideration here. 

earlier the Drell-Yan result typically must be multiplied by a K factor of 

about 2 to bring agreement with experiment. 

summing higher order QCD diagrams zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13’ 14. 

been observed that high mass pairs scale like” do/dydM This is 

expected on the basis of the Glauber multiple scattering theory if the 

constituents (very high moment components of the quark and antiquark 

wavefunctions) are rather transparent. 

This is a11 

As mentioned 

This factor can be explained by 

In proton-nucleus collisions it has 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. 2 

For A i- A collisions the cross section 
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2 would scale like zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and for central collisions the scaling would be A 4 / 3 .  The 

latter factor has been used in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. 

It can be seen that tze Drell-Yan contribution is dominant for M > 2 GeV 

if the initial temperature is relatively low, To = 250 HeV. 

temperature is increased to To = 500 MeV then the thermal quark phase 

contribution dominates the Drell-Yan by two orders of magnitude. 

If the initial 

. .  

Note, 

however, that the Drell-Yan contribution is essentially a known quantity and 

can be subtracted from the experimental observations. 

Next we consider the total number of dileptons emitted per unit rapidity 

irrespective of whether they come from the quark phase or the pion phase. We 

recall from sect. I11 that dN/dy involves an integration factor tdt and 

therefore is proportional to t . 
density dN /dy is proportional to ti. Thus the ratio dN/dy/(dNch/dy)2 is 

independent of the numerical value'of to. 

of dNCh/dy in Fig. 4 .  

2 On the other hand the charged pion rapidity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

ch 

This ratio is plotted as a function 

This figure illustrates a number of remarkable 

properties. The ratio is a monotonically increasing function as long as the 

thermalized matter appears initially in the pion phase. 

density is increased, mixed-phase begins to form and the ratio begins to turn 

over. 

A s  the initial energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 

Once the initial energy density surpasses the threshold to form only 

quark phase then a plateau is reached! The height of this plateau is 

independent of the initial conditions, that is, of to and To, as long as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATo > 

Tc. 
can be seen in Fig. I. 

is increased even though the duration of the expansion is the same. 

Furthermore we find that the height is proportional to Tc. The reason 

The system lives at a higher average temperature as T 
C 

Thus it 

may be possible eventually to not only verify that quark-gluon plasma was 

formed but also to infer Tc from experimental observation of the dilepton 

rapidity density. 
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The precise height of the plateau is complicated by several effects 

outside the scope of the Bjorken model. 

shortens the lifetime of the pion phase (not so much the quark phase) and so 

Allowing for transverse expansion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~. 

would reduce the height. There is also some sensitivity to the final 

temperature T where pions are assumed to lose thermal contact with each f 

other. For example, changing T by 10% also changes the plateau height by 

about 10%. 

f 

Both of these effects could be addres'sed in a pion cascade code. 

In Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 we plot the dimuon mass distribution for fixed values of the 

transverse energy. 

With no transverse expansion the average transverse energy of a pair increases 

The combinations of T and Tc are the same as in Fig. 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

with the temperature at which the pair was formed. 

proceeds at T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 Tc while pion annihilation proceeds at T I  Tc. 

E 

figure clearly shows. 

suggested as a test for quark gluon plasma formation.22 

Quark annihilation 

Therefore as 

is increased the relative contribution of pion phase decreases as the T 

This extinction of vector meson peaks has been 

The greater the ratio 

T /T 

however, dependent on the absence of transverse expansion. 

the faster the vector meson peaks decrease with ET. This phenomenon is, o c  

In a full 3 + 1 

dimensional model the transverse flow velocity would increase with time while 

the temperature would decrease with time. Thus dimuons emitted late in the 

reaction from the pion phase receive a greater kick which reduces the 

extinction mechanism. 12 

V. Conclusion 

In this work we used Bjorken's model to study dilepton emission in 

central collisions of massive nuclei at ultrarelativistic .energies. 

results can be summarized as follows. 

quark annihilation in the mass range between 0.5 and 2 GeV. 

The basic 

Resonant pion annihilation dominates 

This seems to be 



22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
true zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno matter.how high the initial temperature is. 

the long emission time of the pion phase compared to the quark phase. 

It is a consequence of 

However 

this can be used to advantage since the vector meson masses and widths are 

expected to be temperature dependent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15717 and consequences of chiral symmetry 

restoration might be seen. _ .  

The ratio of the dilepton rapidity density to the square of the pion 

rapidity density reaches a plateau at high initial temperature, generally when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To > Tc. 

parameters in Bjorken's model, namely the thermalization time to and the 

initial temperature To. 

possible to determine the critical temperature experimentally. 

The height of the plateau is independent of the two most uncertain 

The height is proportional to Tc. Thus it might be 

The vector meson peaks do diminish in height as-the transverse energy of 

the pair is increased. 

proceeding at lower temperature than quark annihilation. 

This is a direct consequence of pion annihilation 

The above conclusions could be altered to some extent by improvements not 

considered here, which we must be cautious not to underestimate. 

just five of the most significant ones below. 

We mention 

We used vector meson dominance to estimate the pion electromagnetic form 

factor. 

annihilation into zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATT'TT-. 

meson dominance implies. 

important at high ene-rgy density but this is difficult to analyze. 

It would be better to use the form factor as measured in e'e- 

Especially the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp '  peak is not so evident as vector 

More generally multipion annihilation could be 

In this work we assumed that the nucleation of the hadron phase is fast 

and that the system goes through a mixed phase at constant pressure and 

temperature (Maxwell construction). 

scenarios could ensue, such as supercooling, explosive bubble growth, entropy 

If nucleation is slow more complicated 

production, etc. Such scenarios should be considered, but we find it 



23 

advisable to stay with the simplest one at the present state of theoretical 

development of the dynamics. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A better hydrodynamic treatment of the collision would take into account 

transverse as well as longitudinal expansion." This is now being done.':! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 

order zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  avoid the sharp transition from hydrodynamic flow to free-streaming ~ 

(break-up, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  final, temperature Tf) it would be advantageous to have a pion 

cascade code. 18 Such a project is also underway. 

So far the calculation of the.1o.w mass spectrum, M < 500 MeV, is 

incomplete. 

dispersion relations in the high temperature medium." 

The.10~ mass spectrum is sensitive to the quark and to the pion 

We have used the 

2 simple dispersion relations w = k f o r  quarks and w = (mT + k2)1'2 for pions, 

but it would be very interesting to repeat these calculations with other 

possible dispersion relations which take into account interactions among the 

particles. 

from virtual bremsstrahlung in pion-pion and quark-quark collisions. 

rates have not yet been calculated. 

Also there will be an enhancement of the low mass spectrum coming 

These 

We have considered what background might come from elementary nucleon- 

nucleon collisions, but actually the definition of background is not unique. 

What we search for is evidence of an extended system living for a long time. 

Background should somehow refer to the quantum pre-equilibrium processes 

occurring at times less than the thermalization time t . 23,24 

calculation these quantum processes determine the initial conditions and it is 

In our zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

not clear how background should be separated. One pragmatic way of defining 

background would be to consider ext.ensions of the standard low pT hadron 

models (multi-chain, dual parton, string, etc.) to nucleus-nucleus collisions. 

To our knowledge this has not yet been done for dilepton production. 
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We conclude that dilepton production remains a promising probe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof QCD 

dynamics in ultra-relativistic nucleus-nucleus collisions. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Fig. 5 

The.time evolution of the temperature in Bjorken's model for initial 

condition To = 250 MeV at to = 1 fm/c. 

critical temperature are shok for comparison. 

The coefficients F 

which directly compare the rates for q{ + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2'2- and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT'T- + Z'!?,-. 

Two different values of the 

and FTappearing in eqs. (3 .3 ) ,  (3.6) and (3.12) 

The 
q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p and p' peaks are clearly evident. 

The dilepton mass distribution at central rapidities is shown for 

various combinations of initial and critical temperatures. Also 

shown is the Drell-Yan contribution which is expected to scale like 

A4 l3 ,  and the measured low mass spectrum in pp collisions scaled by 

*2/3 

The dilepton rapidity density due to thermal emission divided by the 

square of the charged pion rapidity density reaches a plateau in the 

quark-gluon phase. 

The extinction of the vector meson peaks is more pronounced for 

larger values of the ratio To/Tc. 
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