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We extend our recent analysis of the dilepton and photon emission rates to the case of finite temperature and
baryon density, within the context of a density expansion. To leading order, the effects of the baryon density
are assessed using data~photon emission! or constraints from broken chiral symmetry~dilepton emission!.
Next-to-leading-order effects are worked out, and their contribution qualitatively assessed. The opening of the
pN cut causes the photon rate to saturate the upper limits for the photon yield from WA80 for a nucleon
density that just reaches the lower limits of the low mass dileptons seen at CERES.@S0556-2821~97!00821-7#

PACS number~s!: 12.38.Lg, 11.30.Rd, 11.40.Ha

I. INTRODUCTION

Recent relativistic heavy-ion collisions at CERN have re-
ported an excess of dileptons over a broad range of lepton
invariant mass, below the rho mass@1,2#. A possible excess
was also reported in the direct photon spectrum@3#. A rate
departure fromp-A collisions may indicate some medium
modifications in the hadronic phase@4#, an idea that has
spurred considerable attention lately@5–9#.

In a recent paper@10# ~here after referred to as I!, we have
analyzed the dilepton and photon emission rates from a
baryon free hadronic gas using on-shell chiral reduction for-
mulas @11# in the context of a density expansion. At pion
densitynp and temperatures of the order of the pion mass
mp , the expansion parameter was identified with
kp5np/2mp f p

2 &0.3 @10#, where f p593 MeV is the pion
decay constant. Some enhancement was observed in the low
mass dilepton and photon rates due to the ‘‘tails’’ in the
vector and axial-vector correlators and/or the addition of a
pion chemical potential.1 This enhancement is however in-
sufficient to account for the empirical excess when inserted
in a conventional hydroevolution of the fire ball, and could
be traced back to the detector cuts in transverse momentum
@12#. To account for the data, an order of magnitude en-
hancement in the present bare rate is needed in the low mass
region from 2mp to 4mp .

At present CERN energies, both the S-Au and Pb-Au ex-
periments show evidence of a sizable baryonic density in the
midrapidity region~about two to three times nuclear matter
densityr0!. Could it be that such an enhancement is caused
by the strong pion-nucleon interactions? Some recent inves-
tigations suggest so in the context of some effective models
of pion-nucleon dynamics and at specific kinematics~back-
to-back emission! @8,9#.

In this work we would like to investigate the role of a
finite baryon density in a hadronic gas using the approach
presented in I, with an emphasis on constraints brought about
by broken chiral symmetry and experiments beyond the
threshold region. Specifically, we will use the comprehensive
framework introduced in@11# in the form of on-shell chiral
reduction formulas. The outcome is a set of general on-shell
Ward identities that could either be saturated by experiment,
or approximated near threshold by an on-shell loop expan-
sion @11,13#, and above threshold by resonance saturation
@14#. The results conform with the strictures of broken chiral
symmetry, relativistic crossing, and unitarity. In this sense
they are more than conventional dispersion analysis. Both
the photon and dilepton rates are subjected to the same
analysis due to their common dynamical origin,albeit with
different kinematics.

In the presence of baryons, we are still able to organize
our calculation into a density expansion as was done in I for
the pions alone. This allows us to separate out the important
effects and ascertain the corrections from the higher order
terms. In Sec. II, we outline the character of this density
expansion at finite temperature and density. In Sec. III, we
discuss the photon rates, using data and chiral constraints.
The effects of nucleons are assessed using a relativistic one-
loop chiral expansion without theD and a chiral expansion
with theD is evaluated in Sec. IV. In Sec. V, we extend our
discussion to the dilepton emission rates to determine the
enhancement due to nucleons. We then assess the magnitude
of the next-to-leading-order corrections in the density expan-
sion in Sec. VI. Our conclusions are summarized in Sec. VII.

II. DILEPTON AND PHOTON RATES

In a hadronic gas in thermal equilibrium, the rateR of
dileptons produced in a unit-four volume follows from the
thermal expectation value of the electromagnetic current-
current correlation function@15#. For massless leptons with

1The pion chemical potential used in I in the context of the chiral
reduction formula refers to the pions in the final states.
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momenta p1 ,p2 , the rate per unit invariant momentum
q5p11p2 is given by

dR

d4q
52

a2

6p3q2 W~q!, ~1!

wherea5e2/4p is the fine structure constant,

W~q!5E d4xe2 iq•xTr@e2~H2mN2V!/TJm~x!Jm~0!#,

~2!

eJm is the hadronic part of the electromagnetic current,H is
the hadronic Hamiltonian,m the baryon chemical potential,
N the baryon number operator,V the Gibbs energy,T the
temperature, and the trace is over a complete set of hadron
states. For leptons with massml , the right-hand side of Eq.
~1! is multiplied by

S 11
2ml

2

q2 D S 12
4ml

2

q2 D 1/2

.

Similarly, the rate for photons follows from Eq.~2! at q250.
Specifically,

q0
dR

d3q
52

a

4p2 W~q!. ~3!

Both Eqs.~1! and ~3! follow from the same current-current
correlator~2!, albeit for off-shell and on-shell photons, re-
spectively. For consistency, both emission rates will be as-
sessed simultaneously as was stressed in I.

From the spectral representation and symmetry, the rates
may also be expressed in terms of the absorptive part of the
time-ordered function

W~q!5
2

11eq0/T
ImWF~q!,

~4!

WF~q!5 i E d4xeiq•xTr@e2~H2mN2V!/TT* Jm~x!Jm~0!#.

We observe that Eq.~4! vanishes atT50 even for a nonzero
baryon chemical potential. A cold nuclear state can neither
emit real nor virtual photons, for otherwise it would be un-
stable.

For temperaturesT&mp and baryonic densitiesnN&3r0
we may expand the trace in Eq.~4! using pion and nucleon
states.2 Expanding the trace in terms of free incoming pions
and nucleons, and summing over disconnected pieces lead to
the density expansion

2 iWF~q!5^0uOJ~q!u0&conn1(
a
E dp^puOJ~q!up&conn

1(
s,I

E dN^NuOJ~q!uN&1 ••• ~5!

with the nucleon fields carrying implicit spin and isospin
N5NI(p,s), the pion fields implicit isospinp5pa(k), and

OJ~q!5E d4xeiq•xT* Jm~x!Jm~0!.

The phase space factors are

dN5
d3p

~2p!3

1

2Ep

1

e~Ep2m!/T11
,

dp5
d3k

~2p!3

1

2vk

1

evk /T21

with the nucleon energyEp5AmN
2 1p2 and the pion energy

vk5Amp
2 1k2. The matrix elements in Eq.~5! correspond to

the forward scattering amplitudes of a real~photon rate! or
virtual ~dilepton rate! photon with on-shell nucleons and
pions. We consider the nucleons to be in thermal equilibrium
and ignore the off-equilibrium effects caused by the collision
dynamics on the midrapidity nucleons. The chemical poten-
tial m is fixed by setting the nucleon density equal to
4*dN2Ep , since the baryon numberN is conserved and
unrenormalized@as in conservation of vector current~CVC!#.
We observe that the first term in Eq.~5! when used in con-
junction with Eq. ~4! is reminiscent of the resonance gas
approximation@16#. The trace in Eq.~2! is a sum over pions
and nucleons in the final state, which means by detailed bal-
ance and time reversal all possible thermal reactions in the
initial state.

To leading order in the nucleon and pion densities
nN54*dN2Ep and np53*dp2vk only the first few terms
in Eq. ~5! contribute. A slight refinement is to note that the
reduction of one pion is associated with a factor of 1/f p , and
that of a nucleon is associated with a factor ofgA / f p , where
gA51.26 is the nucleon axial charge. The dimensionless ex-
pansion parameters should bekp5np/2mp f p

2 and
kN5nNgA

2/2mNf p
2 . For T&mp and nN&3r0 , we have

kp;kN&0.3. The truncation should be reasonable, unless
severe infrared divergences develop. This is unlikely in the
hadronic phase since most resonances are massive with finite
widths.

III. ADDING NUCLEONS

A full treatment of the first two terms of Eq.~5! was
carried out in I. There the electromagnetic current was de-
composed into an isovector partV3 and an isoscalar partB.
The BB andBV correlators are expected to be small in the
pionic states, but in the presence of nucleons they must be
reassessed. The vacuum contribution is proportional toPV ,
the transverse part of the vector correlator^0uT* VV u0&
which follows from electroproduction data. Also including
terms to first order in the density expansion, we find

2We neglect the antinucleon contribution since it is highly sup-
pressed for the temperatures and densities we consider.
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ImWF~q!523q2ImPV~q2!1
1

f p
2 E dpWp

F~q,k!

1E dNWN
F~q,p!1O~kp

2 ,kN
2 ,kpkN!. ~6!

The term linear in pion density can be reduced by the use of
chiral reduction formulas to a form amenable to experimen-
tal determinations. That analysis showed that, to within a few
percent, the only important contributions were@10#

Wp
F~q,k!.12q2ImPV~q2!26~k1q!2ImPA@~k1q!2#

1~q→2q!18@~k•q!22mp
2 q2#ImPV~q2!

3Re@DR~k1q!1DR~k2q!# ~7!

with DR(k) the retarded pion propagator

DR~k!5PP
1

k22mp
2 2 ip sgn~k0!d~k22mp

2 !,

and PA the transverse part of the axial correlator
^0uT* jAjAu0& which follows fromt decay data.

Now taking into account the nucleons gives the third
term, which is just the spin-averaged forward Compton scat-
tering amplitude on the nucleon with virtual photons. This is
only measured for various values ofq2<0. However, the
dilepton and photon rates requireq2>0. Therefore, only the
photon rate for this term can be determined directly from
data by use of the optical theorem

e2WN
F~q,p!524~s2mN

2 !(
I

s tot
gN~s! ~8!

with s5(p1q)2. Experimentally, the isospin sum of the
cross section in Eq.~8! can just be replaced bys tot

gd @17# due
to the weak collective effect of the two nucleons in the deu-
teron. The total cross section ofgd is dominated by the
D~1232! @18#. The result for the instantaneous photon rate is
shown in Fig. 1 forT550,100,150 MeV and a nucleon den-
sity of nN5r0 . From there it is easy to see that the nucleon
contribution dominates over the pions by about an order of
magnitude. If the same situation were true for the dilepton
rate, the enhancement would probably be enough to explain
the excess dileptons in the low mass region.

This huge correction to the pion result near threshold is
due to the opening of theD channel. Approximating the
cross section in Eq.~8! by a narrowD resonance, we see the
dimensionless parameter of importance is (mD

2mN)/2GD;1 which is multiplied bykN under thermal in-
tegration. This enhancement from the opening of a new
threshold does not iterate in the low mass region. This en-
sures the density expansion is under control. In Sec. V we
check whether this enhancement in the photon rate is enough
to surpass the upper bound set by WA80@3#.

For off-shell photons, we must resort to chiral constraints
to determine the nucleon contribution to the dilepton rate.
Broken chiral symmetry dictates uniquely the form of the
strong interaction Lagrangian~at tree level! for spin 1

2 . Per-

turbative unitarity follows from an on-shell loop expansion
in 1/f p , that enforces current conservation and crossing
symmetry@13#.

In general, after summing over spin, only four invariant
functions which depend ons andq2 remain:

(
s

i E d4xeiq•x^N~p!uT* Jm~x!Jn~0!uN~p!&

54~gmnA1qmqnB1q(mpn)C1pmpnD !. ~9!

The absorptive part, which is of relevance here, only starts to
contribute at one loop. The four invariant functions are re-
lated by current conservation—leaving onlyA andB as in-
dependent. To one-loop in 1/f p the diagrams that contribute
are shown in Fig. 2 and require the addition of the crossed
diagrams as well. The analytic expressions are quoted in Ap-
pendix A for arbitraryq2. For on-shell photons, they fulfill
the nonrenormalization conditionA(mN

2 ,0)5Z with Z50(1)
for the neutron~proton!. This is fully given by the tree level
nucleon contribution, leavingAloops(mN

2 ,0)50 which has
been checked to hold analytically for the loop functions.

FIG. 1. The photon emission rate to first order in the density
expansion for pions only~dashed! and both pions and nucleons
~solid!. A fixed nucleon density ofr0 was used.

FIG. 2. One-loop diagrams for Compton scattering. The graphs
with a star also have a mirror image diagram which must be taken
into account and all graphs except for those in the last line require
the addition of a crossed diagram. The lettered graphs are discussed
in Appendix A.
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The results for the photon rate are shown in Fig. 3 for a
representative temperatureT5150 MeV ~results are similar
for other temperatures!. Comparison is made with the
nucleon result from Fig. 1. The one-loop amplitude repro-
duces the shape attained from the data quite well—even for
larger photon energies—with the exception of the small
bump around theD peak. That missing feature, however, is
kinematically around the region of interest for the enhance-
ment of the dilepton data~300 MeV above threshold!. There-
fore to make a full statement about the nucleon contribution
for finite q2, we will include theD in the analysis.

IV. THE ROLE OF THE D

Relativistic chiral Lagrangians can be written down for
spin 3/2 particles, but these tend to have pathologies. We
therefore treat theD as a resonance in the continuum, and use
time reversal invariance and data to constrain the form of the
transition matrix element. We decompose theN-D vector
transition matrix element in general as3

^N~p!uVm
a uD~k!&5ū~p!@Q~q2!~gmqn2gmnq” !

1@R~q2!1q” R̄~q2!#~qmqn2gmnq2!

1 iS~q2!sm
l qlqn#g5un,a~k! ~10!

with q5k2p. Current conservation dictates the specific ten-
sor form of Eq.~10!. Note that the isoscalar part of the elec-
tromagnetic current does not contribute to the nucleon-D
transition matrix element.

The modulus square and sum over all spins and isospins
of Eq. ~10! will be denoted byM(k2,q2) and is quoted in
full in Appendix B. It is directly related to theD contribution
of the forward scattering amplitudeWN

F ,

WN
F~q,p!5Im

4mNmD

s2mD
2 1 imDGD

M~s,q2!1~s→u!

with u5(p2q)2. If we were not to take the imaginary part,
the full tree level result must also include the nucleon Born
terms. Atq250 this is equal to the isospin sum of 8A(s,0)
and the same nonrenormalizability condition of the last sec-
tion requiresAD(mN

2 ,0)50. This is satisfied trivially by the
decomposition used in Eq.~10!, since the charge was fixed to
zero by current conservation.

If we do not contract the vector indices ofWN
F as in Eq.

~9!, we can also determineB(s,q2). The polarizabilities are
defined as

ā1b̄522amNA9~mN
2 ,0!5

8a

9

mN

mD
2

mD
2 1mN

2

mD
2 2mN

2 Q2,

b̄52
a

mN
B~mN

2 ,0!5
8a

9

Q2

mD2mN
,

overconstraining the value ofQ. Although experiment has
shown the electric polarizability dominates over the mag-
netic oneā.b̄, theD is a magnetic dipole effect and tends
to overestimateb̄ in other calculations@19#. Therefore we
concentrate on fixing a reasonable value forā1b̄510
31024 fm3. This indeed gives ab̄.1431024 fm3 about
three times the experimental value. This corresponds to
Q(0)52.75/mN . Translating into our notation, it is compa-
rable to the valueQ.2.5/mN obtained by a different method
@20#.

The decay width of theD is given by

GD→Ng5amN

mD
2 2mN

2

8mD
2 M~mD

2 ,0!.0.72 MeV,

and can be used to fixS(0)51.2/mN
2 . This compares well

with S.1.0/mN
2 from @20#.

The form factorsR,R̄ do not contribute atq250. For
finite q2, the D contribution is mostly around its mass shell
and so we can use the Dirac equation to rewrite
q” R̄→(mD1mN)R̄ in Eq. ~10! and absorbR̄ into the defini-
tion of R. Then using the vertex~10! in pion electroproduc-
tion, R can be shown to be proportional to the longitudinal
part of the cross section. This is on the order of 10% of the

3We could also include terms withgmum, but these are suppressed
near the mass shell, where we are interested.

FIG. 3. The photon emission rate as in Fig. 1 using data and the
optical theorem~solid!, using the one-loop results~dashed!, and
using a contribution from theD ~dash-dotted!. A fixed nucleon den-
sity of r0 was used. The inset shows data fors tot

gd in millibarns as a
function of lab momentum in GeV from@17# and the good agree-
ment for the imaginary parts of the one-loop andd results discussed
in the text.
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total result even for moderateq2 and therefore we will take
R5R̄50 for the rest of this paper.

We plot the photon rate due to theD along with the one-
loop result in Fig. 3. From there we see that theD rate does
quite well around the peak and then dies away for larger
energies. In fact, adding the one-loop andD rates, we come
very close to reproducing the nucleon result obtained from
the data. This even includes the secondary peak, seen in the
inset of Fig. 3, which is fit moderately well by the loop
contribution. Therefore we take both contributions into ac-
count as a way to parametrize the photon spectral function
with on-shell chiral symmetry, relativistic crossing, and uni-
tarity constraining the function near threshold, and experi-
ment constraining it above. We now can move to finiteq2 to
ascertain the dilepton rate.

V. DILEPTON RATES WITH NUCLEONS

We will neglect the momentum dependence of the form
factors for theND transition in Eq.~10! since they are ex-
pected to be of monopole form (12q2/4M 1

2 )21 with

M 15 1
2 (mN1mD) @21# and hardly change for theq2 we will

examine~less than 1 GeV2!. Indeed, forM5500 MeV, the
change in the value of the rate is 30%. The form factors in
theNN transition are treated perturbatively as shown in Fig.
2 and discussed in Sec. III. This is comparable with data
spacelike up toAuq2u5400– 450 MeV. Taking the full result
of the previous section toq2.0 gives the curves in Fig. 4.
Also shown is the one-loop result and the pion result from I
for comparison.

Qualitatively, the rates are similar to the photon case. The
enhanced bump of theD is smeared out and enhances the
rate by as much as a factor of ten~for T5100 MeV! before
gradually dying out again near ther peak. The tail of the
one-loop goes above theD result aroundM5200 MeV. This
may be easily understood by noting that the absorptive part
involves thepN cut, with pions typically carrying a momen-
tum of order mp and the nucleon a momentum of order
pF;mp . The one loop is also overtaken by the pion result at
the r peak.

In addition to the constraints of symmetries and unitarity,
an important point regarding the present analysis relates to
the convergence of the 1/f p expansion discussed in the 2mp

to 4mp mass region. A reliable assessment consists of evalu-
ating the two-loop contribution to the imaginary part, which
is beyond the scope of this work. However, a simple indica-
tion of the corrections can be made by comparing the relative
strengths of the tree and one-loop contributions to the real
parts. ForM*300 MeV we observe that the one-loop con-
tribution is about half the tree result, and about equal at
M5400 MeV. This is the range for which our result is valid,
although the one-loop imaginary part decreases for
M*400 MeV. We expect the two-loop contributions to fur-
ther increase the rate in this range by opening up theppN
cut.

Combining the one-loop andD results gives the thick
solid line in Fig. 4. The dominant effect in our case comes
from the continuum and not theD resonance. At
M5400 MeV, the inclusion of nucleons enhances the rate
by a factor of 3. Others who have taken nucleons into ac-

count through various methods@5,8,9# find enhancements in
the rate similar to our result. However, the details of the
in-medium effects are not needed in this analysis and so
should be considered more general. Also in our calculations
there is no shift of the dilepton pair productionr peak.

In Fig. 5 we show the dependence of theT5150 MeV

dielectron rate on the nucleon density fornN5 1
2 r0 , r0 , and

3r0 . At T5150 MeV and1
2 r0 , the result is dominated by

the pions as the nucleon contribution is extremely small.
This shows the effect is truly from the nucleon density. Even
so, only at 3r0 does the rate flatten out at the value of ther
peak rather than increasing towards it.

In order to fully understand the role of the cuts, we follow
@8# and evolve the instantaneous rate over space-time using
recent transport equation results@5# and experimental cuts
@1#. Assuming a homogeneous expansion, the volume and
temperature only depend on time and can be parametrized as

V~ t !5V0S 11
t

t0
D 3

, T~ t !5~Ti2T`!e2t/t1T`

with t0510(10.8) fm/c and t58(10) fm/c for S-Au ~Pb-
Au! collisions. The freeze-out time ist fo510(20) fm/c. We
absorbV0 into an overall normalization constant that in-
cludes the charged particle distribution as well. RQMD~rela-
tivistic quantum molecular dynamics! predicts the initial
baryon density nB.2.5r0 for S-Au and 4r0

FIG. 4. The dielectron rate for pions alone~dotted!, pions andD
~solid!, and pions and one-loop~dashed!. The contribution from
pions, D, and one loop together is represented by the thick solid
line. A fixed nucleon density ofr0 was used.
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for Pb-Au @22# which translates intonN.0.7r0(1.0r0).
Only the pion and nucleon densities are retained since we are
expanding the emission rates~5! in terms of stable final
states, summing over all possible initial states. This point is
particularly transparent in ther region. Assuming chemical
equilibrium gives a constant nucleon chemical potential. The
rate then can be written as

~dN/dhdM!

~dNch /dh!
5N0ME

0

t fo
dtV~ t !E d3q

q0
A~q0,q2!

dR

d4q

with the normalization constantN056.76(1.33)31027 fixed
by the transport results in@5#. The acceptance functionA
ensures the detector cuts at CERES@p'.200(175) MeV,
2.1,h,2.65, andQee.35 mrad# are taken into account.
The finite mass resolution is also taken into account by fold-
ing the spectrum with a Gaussian averaging function given
by the CERES Collaboration@12#.

Finally, we plot the results for S-Au and Pb-Au collisions
in Fig. 6. This requires the addition of the Dalitz andv
decays which were obtained from the transport model@5#.
The data are presented by adding the statistical and system-
atic errors linearly. The Pb-Au data are still preliminary. For
nN50, the pion result alone has already been analyzed in
two hydrodynamical models@12,6#. Comparison of this
alone can be used to test the validity of the evolution in
space-time described above. Our result is shown as the
dashed line in Fig. 6. The overall shape due to the cut looks
reasonable. The values for the rate in@12# are an order of
magnitude smaller, but this can be traced back to a shorter
time in the hadronic phase. The agreement with@6# is fair.
We can think of the results of this space-time evolution as an
upper bound on the results from a true hydrodynamical
model.

Adding the nucleon contribution gives the solid line in
Fig. 6. The effect of the cuts is dramatic, resulting in a very
small enhancement. Only if we take the extreme case of the
baryon density totally saturated by nucleons do we start to

reach the lower error bars of the data in the
M52002400 MeV regime as shown by the dash-dotted
line. The large effect seen in Fig. 4 is not present because the
temperature dies away quickly, thereby decreasing the
nucleon density and rate dramatically as seen in Fig. 5.

Comparing to@8#, our rate is slightly smaller in the region
of interest. This can be traced back to the bare rates. For
M*400 MeV, their rate fornN50.5r0 is larger than the
rate fornN5r0 @23# which differs from our result in which
the nucleon contribution dies away continuously leaving
only the pion contribution~Fig. 5!. This is related to the
depletion of ther peak in@8#, which does not occur in our
case.

We can also evolve the photon rates and compare with the
upper bounds set by WA80 for S-Au@3#. The procedure is
similar to that for the dileptons above. The acceptance cut is
2.1<h<2.9 and no integration over momentum is required.
In this case the factorN0 is only the volumeV0 which we
normalize by comparison with@12# for nN50. This fixes
V0.300 fm3 which corresponds to an initial radius of 4 fm
and agrees with central collision estimates. The result for the
pions ~dashed line! and nucleons for the normal case of
nN50.7r0 ~solid line! are shown in Fig. 7. The extreme case
of totally saturating the baryons by nucleons (nN52.5r0) is
shown by the dash-dotted line and puts the rate right on the
edge of the upper limits for the data. Since we have analyzed
both the dilepton and photon rates simultaneously, this im-

FIG. 5. The dielectron rate including the pions,D, and one-loop
for r0 ~solid!, 1

2 r0 ~lower dashed!, and 3r0 ~upper dashed!.

FIG. 6. Our dielectron rate including theD and one-loop contri-
butions evolved in space-time as in@8# for S-Au and Pb-Au colli-
sions. In the upper graph,nN50, 0.7r0 , and 2.5r0 are plotted as
the dashed, solid, and dash-dotted lines, respectively. In the lower
graph, the lines are fornN50, 1.0r0 , and 4r0 . The data are from
@1#. The systematic errors are added linearly to the statistical error
bars to give the cross line. The Pb-Au data are preliminary.
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plies that more enhancement of the dilepton rate~which is
needed even for the extreme case! would overshoot the pho-
ton data, a particularly important point in our analysis.

VI. HIGHER ORDER TERMS

We have now assessed all the terms of Eq.~5! linear in
the density. The result is that they cannot explain the CERES
data. In general, higher order terms will be suppressed by
more powers of the expansion parameter. This implies the
inclusion of higher order effects will not be dramatic. How-
ever, this rule of thumb can be upset if new thresholds open

up in the low mass region. Typically, the second-order cor-
rections to Eq.~6! are of the form

d ImWF~q!.
1

2 f p
4 E dp1dp2Wpp

F ~q,k1 ,k2!

1
1

f p
2 E dpdNWpN

F ~q,k,p!

1
1

2 E dN1dN2WNN
F ~q,p1 ,p2! ~11!

with Wab
F referring to the forward scattering for real or vir-

tual photonsg* ab→g* ab as used above. Note that matrix
elements involving nucleons carry an implicit factor of 1/f p

2

since the contribution only starts at one loop. Experimen-
tally, we can estimate the strength of the third term in Eq.
~11! at q250 as follows. We noted in connection with Eq.
~8! in the last section that the cross section for Compton
scattering on a deuteron is identical to the sum of Compton
scattering on a proton and neutron individually. This seems
to indicate that the collective effect of two nucleons is small
and we will ignore it for the rest of this paper.

TheD may be thought of as a bound state of a pion and a
nucleon, and so the second term in Eq.~11! could be impor-
tant. We also must retain the isoscalar contributionBm to the
electromagnetic current when nucleons are involved. We can
still reduce out the pions as given in@11# if we assume the
pions do not interact with the isoscalar part. This is true in
the soft pion limit and so should be a good approximation
@10#. The overall form ofWpN

F is very similar toWp
F , in

which one pion was also reduced out, with the vacuum ma-
trix elements being replaced by averages in a nucleon state.
The result is

WpN
F ~q,k,p!524 Imi(

s,I
E d4xeiq•x^N~p!uT* Jm~x!Jm~0!2Bm~x!Bm~0!uN~p!&1 (

a,$s,I %
ea3gea3 f

3Im@gmn2~k1q!(m~2k1q!n)DR~k1q!1~k1q!m~k1q!n~2k1q!2DR
2~k1q!#

3E d4xei ~k1q!•xi ^N~p!uT* jAm
f ~x!jAn

g ~0!uN~p!&1~q→2q!18kmkn

3Imi(
s,I

E d4xeiq•xRe@DR~k1q!1DR~k2q!#^N~p!uT* Jm~x!Jn~0!2Bm~x!Bn~0!uN~p!&

13mp
2 f pE d4xd4yeiq•~x2y!(

s,I
Im^N~p!uT* Jm~x!Jm~y!ŝ~0!uN~p!&

2kakbE d4xd4yd4zeiq•~x2y!e2 ik•zImi ^N~p!uT* Jm~x!Jm~y!jAa
a ~z!jAb

a ~0!uN~p!&

1kbIm@dm
a2~2k1q!m~k1q!aDR~k1q!#E d4xd4yeik•~y2x!e2 iq•x

3 (
a,$s,I %

i ea3e^N~p!uT* jAa
e ~x!jAb

a ~y!Jm~0!uN~p!&1~q→2q!1~k→2k!1~q,k→2q,2k!.

We use the same analysis as the last section for theJJ term. The contribution here is negative, but weighted by an extra factor

FIG. 7. Our photon rate with~solid! and without~dashed! the
nucleon contribution discussed in this paper. The dash-dotted line is
the extreme case of takingnN52.5r0 initially. The data are upper
bounds from@3#.
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of k. It is about 10% of the leading contribution. Since there is no prominent resonance with the quantum numbers of the
isoscalar termBB, the imaginary part should also be small and will be neglected.

The second term contains the axial currentjA , which is a pionic contribution, and so this term may feed into theD. Using
the decomposition (k5p82p)

^N~p!u jAm
a uD~p8!&5ū~p!@F~k2!gmn1G~k2!gmkn1H~k2!kmkn1 i I ~k2!sm

l klkn#un,a~p8!,

an analysis ofpN scattering in@24# showed thatF(0)51.38 andG(0)50.4/mN . Using the fact thatH andI are suppressed
for largeNc , we can justify keeping only theF term to find

E d4xeiK •xi ^N~p!uT* jAm
f ~x!jAn

g ~0!uN~p!&52
32F2

9
d f g

p•K1mN~mN1mD!

~p1K !22mD
2 1 imDGD

S gmn2
~p1K !m~p1K !n

mD
2 D 1~K→2K !,

where only theD channel has been retained. This term and
its crossed counterpart gives a positive contribution to the
rate. Numerical results show this term is appreciable right
near threshold but quickly shrinks to 10% of the terms linear
in k and practically vanishes even before theD peak is
reached. The damping is simply coming from the exponen-
tial factors in phase space and so the only place where this
term is significant is within the Dalitz tail. This behavior is
expected to occur for all terms inWpN

N and so we may ne-
glect the terms of orderkNkp .

For completeness, we quote the result for the first term in
Eq. ~11! in Appendix C. Qualitatively, we note that the full
pp scattering amplitude as well as terms of photon-pion
scattering similar toWp appear with an additional suppres-
sion factor ofk. In the soft pion limit most of the correlation
functions in the pionic state are amenable to correlations in
the vacuum, some of which were assessed in I and found to
be small. Hence, we expect qualitatively thatWpp

F is sup-
pressed by the factorkp

2 as expected and hence are small in
comparison with the lower order terms.

VII. CONCLUSIONS

We have extended the analysis in I to account for possible
nucleon densities in assessing the photon and emission rates
from a hot hadronic gas. We have used the very general
framework put forward in@11,14,13# to allow for a compre-
hensive analysis of the emission rates in powers of the matter
densities, and enforce the known constraints of broken chiral
symmetry on shell, current conservation, and relativistic uni-
tarity. We believe that most approaches to this problem as
well others involving issues of chiral symmetry in matter,
have to embody the chiral Ward-identities established on-
shell in @11#, whether at threshold or above.

Our purpose of this paper was to use these arguments in
combination with a density expansion to account for a sys-
tematic analysis of the dilepton and photon rates from a hot
hadronic gas at finite nucleon density. For the photon rate,
we have used the constraints from broken chiral symmetry
and data to leading order in the densities. A large enhance-
ment of photons in the low energy region was found. Using
an on-shell expansion to one loop and a general decomposi-
tion of theD, we were able to reproduce the photon rates at
q250.

We have used the same amplitude to estimate the dilepton
production rate atq2.0. In the latter, we have found an
enhancement from thepN cut in the low mass region for a
nucleon density on the order of nuclear matter density on top
of the already large enhancement from thermal reactions
alone. This enhancement is caused by the opening of a
threshold in thepN channel, and does not iterate coherently
in the next order corrections, which we have found to be
qualitatively small and mostly confined to the Dalitz region.
In our analysis, unitarity is enforced through a 1/f p expan-
sion. The convergence of the latter is upset atM;400 MeV
for the real part of the amplitude. However, an assessment of
the imaginary part, which is relevant for the present calcula-
tion, requires a two-loop calculation.

For S-Au and Pb-Au reactions, we have evolved the
dilepton rate in space-time and taken the experimental cuts.
The result is not enough to explain the data, even with some
liberal choices of the parameters. The nucleon densities do
trigger large dilepton yields but die out quickly after short
reaction times. In addition, we have evolved the photon rates
and found the results on the edge of the upper bounds of the
data in the extreme case. This means that any further en-
hancement would overshoot the empirical measurements.
Since we have a controlled expansion scheme, these results
lead us to suspect the nucleons may not be enough to explain
the data. Any mechanism which could explain the data
would need to have a very specific form in order not to upset
the photon yield. However, this space-time evolution is still
only a qualitative assessment. Quantitative results from a full
hydrodynamical model which takes into account the quark-
gluon phase, flow, and hadronic multiplicities is needed for a
final analysis.

Our results imply a different interpretation for the role of
the nucleons compared with a number of recent estimates
@8,9,25#. Our analysis, however, is different in a number of
ways. We have evaluated the rates at finite temperature,
since there is no emission in cold matter. Also our results go
smoothly into those of I at zero nucleon density, thereby
enforcing the known constraints of~on-shell! broken chiral
symmetry, current conservation, relativistic crossing, and
unitarity for all dilepton kinematics. Finally, our qualitative
assessment of the next to leading order shows that the ex-
pansion is reliable in the low mass region, with no apparent
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need for coherent resummations.
The empirical consequence of these differences is that the

dilepton strength in ther region from a hot hadronic gas
remains about constant and dominated by thermalpp pairs.
The enhancement below this region in invariant mass does
not come at the expense of this peak. A consequence of this
is that the enhancement is very sensitive to the temperature
and nucleon density and dies away quickly as the fireball
evolves. The resolution in ther region for the CERES data is
not enough to sort out the dilepton emission from ‘‘cold’’
v’s. An improvement on this resolution may be an important
step in assessing the effects of interaction as reported here in
comparison to those discussed in@5,8,9,25#. Another im-
provement, as stressed in I, is to have more empirical corre-
lations between the photon and dilepton yields.
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APPENDIX A

The on-shell one-loop result can be written in terms of
Feynman parameter integrals. Since we are only considering
the imaginary parts, the~real! subtraction constants will be
ignored:

f p
2 A~s,q2!5Z~gA

221!S 12
q2

s2mN
2 D J22

pp~q2!24mN~gAG̃1spN!G3
pp~q2!1Z

q2G2

s2mN
2 F2G3

pN~s!2JNN~q2!24G3
Np~s!

1
3

2
J1

pN~s!2mp
2 GpN~s!G23Z2G2

4q2mN
2

~s2mN
2 !2 @JpN~s!2J1

pN~s!#14G2@G3
pp~q2!2G3

NN~q2!#1G2JNN~q2!

1
1

2
ZG2@4G3

NN~q2!2JNN~q2!23J1
pN~s!#1G2S 12

3

2
ZD ~s2mN

2 !GpN~s!12ZG2~s2mN
2 !G1

pN~s!

12ZG2q2G2
pN~s!1~Z22!2mp

2 G2G4
pN1~Z21!4mp

2 G2V424mp
2 G2G4

Np

1
1

2
~Z22!G2q2@mp

2GpN12G12
NN~q2!#1crossed,

f p
2 B~s,q2!524@mNspN2~gAmN2G!2#FG456

pp~q2!2G12
pp~q2!1

1

4
Gpp~q2!G1ZG2

4mN
2

s2mN
2 @2G4

pN~s!12G5
pN~s!2GNp~s!

14G1
Np~s!12G2

Np~s!24G4
Np~s!24G5

Np~s!#12~Z22!G2@G456
NN~q2!2G12

NN~q2!#12ZG2G456
pN~s!22G2G12

pN~s!

2G2@GNp~s!22G12
Np~s!#22ZG2@2G456

Np~s!2G12
Np~s!#12~Z22!mp

2 G2@G10
pN2G3

pN#14~Z21!mp
2 G2V5

24mp
2 G2FG10

Np2G3
Np1

1

4
GNpG1crossed,

C5
2

q21mN
2 2s

~A1q2B!, D5
2q2

q21mN
2 2s

C

with G4565G412G51G6 and G125G11G2 . Also gA is the nucleon axial charge,spN is the pion-nucleons term,
G5 f pgpNN , andG̃52G2gAmN . The values used weregA51.26, mN5940 MeV, mp5140 MeV, andspN545 MeV to
ensure the nucleon is on shell. Takingq250 andspN→0 reduces the loop result to that given in@19#. Conformity with the
Ward identities@11# requires an on-shell expansion@13# as taken into account here.

Each of theJ, G, G, andV’s are Feynman parametrization integrals quoted in full in@13#. The imaginary parts have cuts
for s.s05(mN1mp)2 andq2.4mp

2 . The cuts forq2.4mN
2 do not impact this paper and are not quoted, thereby making the

contributions fromJNN andG i
NN zero. The labeled diagrams in Figs. 2~a!–2~h! are dominated byJpN, GpN, GNp, GpN, V,

GNp, Gpp, and Jpp, respectively~fully given by these if thepN coupling were a constant rather than proportional to a
derivative in the Lagrangian!.

We only need to quote a subset of the integrals and obtain the others by use of algebraic manipulations as outlined in@19#.
Using l(x,y,z)5x21y21z222xy22xz22yz, lp5l(s,mN

2 ,mp
2 ), lq5l(s,mN

2 ,q2), andlpq5l(q2,mp
2 ,mp

2 ), the imagi-
nary parts forq2>0 are

ImJpp~q2!5
Alpq

16pq2 u~q224mp
2 !,
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ImJpN~s!5
Alp

16ps
u~s2s0!,

ImGpp~q2!5
1

16plpq
u~q224mp

2 !,

ImGpN~s!52
1

16pAlq

lnFapq1Alplq

apq2Alplq

Gu~s2s0!,

ImGNp~s!52
1

16pAlq

lnFbpq1Alplq

bpq2Alplq
Gu~s2s0!1

1

16pAlq

lnFcpq1Alpqlq

cpq2Alpqlq
Gu~q224mp

2 !,

ImGpN5
Alp

4p

s

apq
2 2lplq

u~s2s0!,

ImGNp5
Alp

4p

s

bpq
2 2lplq

u~s2s0!2
1

8pq4

Alpq

s2mN
2 1mp

2 u~q224mp
2 !,

ImV5
1

16pAlq~s2mN
2 2q2!

u~s2s0!H lnFepq1Alplq
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G1 lnF f pq1Alplq

f pq2Alplq
G J 1~s→u!

1
1

16pAlq~s2mN
2 2q2!

u~q224mp
2 !H lnFdpq1Alpqlq

dpq2Alpqlq
G1 lnFmp

2 q21Alqlpq

mp
2 q22Alqlpq

G J ,

with

apq5~s2mN
2 1q2!~s1mN

2 2mp
2 !22sq2,

bpq5~s1mN
2 2q2!~s1mN

2 2mp
2 !22s~2mN

2 2mp
2 !,

cpq5q2~s2mN
2 2q212mp

2 !,

dpq5q2~s2mN
2 2q22mp

2 !,

epq5~s2mN
2 1q2!~s2mN

2 1mp
2 !22sq2,

f pq52s~s2mN
2 !2~s2mN

2 1q2!~s2mN
2 1mp

2 !.

These imaginary parts reduce to those in@19# for q250. Increasingq2 leads tolq becoming negative and the analytically
continued forms of the above expressions: for example,

ImGpN~s!52
1

8pA2lq

arctanSAlplq

apq
D u~s2s0!

must be used.

APPENDIX B

We use the following conventions for theD’s sum over spins and propagator

(
s

um
i ~p!ūn

j ~p!5S d i j 2
t it j

3 D p” 1mD

2mD
Pmn~p!,

Dmn
i j ~p!5S d i j 2

t it j

3 D i ~p” 1mD!

p22mD
2 1 imDGD

Pmn~p!,

with
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Pmn~p!5gmn2
1
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1

3mD
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2 pmpn .
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with r 5mN /mD and the sum over spins including the photon, nucleon, and theD.

APPENDIX C

We quote here for completeness the full on-shell Ward identity forWpp
F . It contains thepp forward scattering amplitude

iTpp and the pion-spin-averagedpg scattering amplitudeiTpg both quoted in@11#:

1

f p
4 Wpp
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