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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 ddfhoton emissionor constraints from broken chiral symmeffgiilepton emission
Next-to-leading-order effects are worked out, and their contribution qualitatively assessed. The opening of the
7N cut causes the photon rate to saturate the upper limits for the photon yield from WAB80 for a nucleon
density that just reaches the lower limits of the low mass dileptons seen at CERIE56-282(97)00821-7

PACS numbeps): 12.38.Lg, 11.30.Rd, 11.40.Ha

[. INTRODUCTION In this work we would like to investigate the role of a

finite baryon density in a hadronic gas using the approach
Recent relativistic heavy-ion collisions at CERN have re-presented in |, with an emphasis on constraints brought about
ported an excess of dileptons over a broad range of leptopy broken chiral symmetry and experiments beyond the
invariant mass, below the rho mads2]. A possible excess  tnreshold region. Specifically, we will use the comprehensive

was also reported in the direct photon spectf@h A rate  famework introduced ifi11] in the form of on-shell chiral
?neopdail#ga:go]:gr?ﬁ-ﬁlecor:gs;?;rficmagaggczze i(sjcérgihrgteilggn reduction formulas. The outcome is a set of general on-shell
. lic p ! Ward identities that could either be saturated by experiment,
sptIJrr]r(;drec:ennstldZraek[)&%]a(trt]zr:goanﬁztﬁgjgé d to a$ e have or approximated near threshold by an on-shell loop expan-
pap v ion [11,13, and above threshold by resonance saturation

analyzed the dilepton and photon emission rates from ) _ )
baryon free hadronic gas using on-shell chiral reduction forl 14} The resuilts conform with the strictures of broken chiral
symmetry, relativistic crossing, and unitarity. In this sense

mulas[11] in the context of a density expansion. At pion

densityn,. and temperatures of the order of the pion masdhey are more tha_n conventional disper;ion analysis. Both
m,, the expansion parameter was identified withthe photon and dilepton rates are subjected to the same

x.=n_/2m_f2=<0.3 [10], where f_=93 MeV is the pion analysis due to their common dynamical origatbeit with

decay constant. Some enhancement was observed in the |<5Wf|erj;“ kinematics. fb iill able t .
mass dilepton and photon rates due to the “tails” in the N the présence of baryons, we are still able 1o organize
our calculation into a density expansion as was done in | for

vector and axial-vector correlators and/or the addition of athe pions alone. This allows s to separate out the important

pion chemical potentidi.This enhancement is however in- ffoct q tain th 0 p the hiah d
sufficient to account for the empirical excess when inserte ecls and ascertain the corréctions from the nhigner oraer
rms. In Sec. I, we outline the character of this density

in a conventional hydroevolution of the fire ball, and could € . L )
pansion at finite temperature and density. In Sec. Ill, we

be traced back to the detector cuts in transverse momentu . . .

[12]. To account for the data, an order of magnitude en- Iscuss the photon rates, using data an_d chiral constraints.

hancement in the present bare’ rate is needed in the low masg€ effects of nucleons are assessed using a relativistic one-
oop chiral expansion without th& and a chiral expansion

region from 2n_ to 4m_, . . . .
At present CERN energies, both the S-Au and Pb-Au ex With the A is evaluated in Sec. IV. In Sec. V, we extend our

periments show evidence of a sizable baryonic density in thgfﬁ:ﬁi:eomneﬁ éhe(; ?éliptggoir:'f:/'g?h;?]tzssggsg?grgge;?%e
midrapidity region(about two to three times nuclear matter u u : gnitu

densitypg). Could it be that such an enhancement is causeaifot:?nngétc't%:eg‘?;?g;‘g5;i%%gef;rgo:jn;r;]tzreiziiniﬂtéscxp\z/i;?'
by the strong pion-nucleon interactions? Some recent inves T B
tigations suggest so in the context of some effective models

of pion-nucleon dynamics and at specific kinematicack-
to-back emission[8,9]. Il. DILEPTON AND PHOTON RATES

In a hadronic gas in thermal equilibrium, the rakeof
dileptons produced in a unit-four volume follows from the
The pion chemical potential used in | in the context of the chiralthermal expectation value of the electromagnetic current-
reduction formula refers to the pions in the final states. current correlation functiofl5]. For massless leptons with
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momenta p,,p,, the rate per unit invariant momentum -

g=p;+ P, is given by —iW (q):<0|OJ(q)|0>conn+§ f d7T<7T|OJ(Q)|7T>conn
dR a?
WZ—WW(Q), (1) +32,| de<N|OJ(q)|N>+ 5)

with the nucleon fields carrying implicit spin and isospin

— a2 ; :
wherea=e€“/47 is the fine structure constant, N=N'(p,s), the pion fields implicit isospinr=72(k), and

vv(q):f d*xe 19Xy e (H-#N=DITae(x) 3 ,(0)], OJ(q)=f d*x€*T* 3#(x)J,(0).
)
The phase space factors are
eJ, is the hadronic part of the electromagnetic curréhis e 1 1
the hadronic Hamiltoniang the baryon chemical potential, dN= p3 — =T
N the baryon number operataf) the Gibbs energyT the (2m)° 2E, e #1141
temperature, and the trace is over a complete set of hadron
states. For leptons with mass, the right-hand side of Eq. dor d*k 1 1
(1) is multiplied by T~ 27)° 2w, e T—1
2m? 4mz\ 12 with the nucleon energg = \/m2N+ p? and the pion energy
1+ ?)( 7) : wy= Mm% +k2. The matrix elements in E¢5) correspond to

the forward scattering amplitudes of a réphoton ratg or
o ) virtual (dilepton rat¢ photon with on-shell nucleons and
Similarly, the rate for photons follows from E(R) atq“=0.  pjions. We consider the nucleons to be in thermal equilibrium

Specifically, and ignore the off-equilibrium effects caused by the collision

dynamics on the midrapidity nucleons. The chemical poten-

drR @ tial w is fixed by setting the nucleon density equal to
QOEI—WW(Q)- (80 4fdN2E,, since the baryon numbeX is conserved and

unrenormalizedas in conservation of vector currei@VvC)].
We observe that the first term in E¢h) when used in con-
Both Egs.(1) and (3) follow from the same current-current junction with Eq.(4) is reminiscent of the resonance gas
correlator(2), albeit for off-shell and on-shell photons, re- approximatior{16]. The trace in Eq(2) is a sum over pions
spectively. For consistency, both emission rates will be asand nucleons in the final state, which means by detailed bal-
sessed simultaneously as was stressed in I. ance and time reversal all possible thermal reactions in the
From the spectral representation and symmetry, the ratggitial state.
may also be expressed in terms of the absorptive part of the To |eading order in the nucleon and pion densities
time-ordered function ny=4/dN2E, andn_ =3/d72w 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 df 1/and
ImWF(q), that of a nucleon is associated with a factoggf f ., where
(4)  9a=1.26 is the nucleon axial charge. The dimensionless ex-
pansion parameters should bec,=n_,/2m_f2 and
. . o kn=nNnga/2myf2. For T<m, and ny<3p,, we have
WF(Q):'f d'xed T e (M= ITT* 34(x)J,(0)]. k,~kny=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
We observe that Eq4) vanishes aT =0 even for a nonzero widths P

baryon chemical potential. A cold nuclear state can neither

emit real nor virtual photons, for otherwise it would be un-
stable. Ill. ADDING NUCLEONS

W(q)= 1t eqo,T

For temperature$<m,, and baryonic densitiesy=3p, A full treatment of the first two terms of Eq5) was
we may expand the trace in EG) using pion and nucleon  capried out in 1. There the electromagnetic current was de-
states’. Expanding the trace in terms of free incoming PIONS composed into an isovector parf and an isoscalar pa.

and nucleons, and summing over disconnected pieces lead{9,c BB and BV correlators are expected to be small in the

the density expansion pionic states, but in the presence of nucleons they must be
reassessed. The vacuum contribution is proportiondl o
the transverse part of the vector correlat@T*VV|0)
2We neglect the antinucleon contribution since it is highly sup-which follows from electroproduction data. Also including
pressed for the temperatures and densities we consider. terms to first order in the density expansion, we find
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1 F 10 :
lmWF(q)=—3q2|mHv(q2)+f—z f d7W7(q,k) o L ——n ]
" T&N
10" - 1
+f dNWH(q,p) +O(k2 k3, knkn).  (6) 100 L T=150 MeV |
L o10° |
The term linear in pion density can be reduced by the use 018 107 L
chiral reduction formulas to a form amenable to experimen-ig &
tal determinations. That analysis showed that, to within a few.Z
percent, the only important contributions wef] T 107
S0 Ly
WE(a,k)=1202ImI1y(g%) — 6(k-+ ) ImILA[ (k+@)°] o L
+(g——q)+8[(k-q)*~m7g?]imIly(q) 107 il
X R Ap(k+0)+Ar(k—0)] (7) " 00 05 10 15

q, (GeV)

with Ag(k) the retarded pion propagator o ) ) _
FIG. 1. The photon emission rate to first order in the density

1 expansion for pions onlydashedl and both pions and nucleons
Ar(k)=PP e i 7 sgn(k®) 8(k%— mi), (solid). A fixed nucleon density op, was used.

m

turbative unitarity follows from an on-shell loop expansion

and II, the transverse part of the axial correlatorin 1/f, that enforces current conservation and crossing
(0| T*jajal0) which follows from 7 decay data. symmetry[13].

Now taking into account the nucleons gives the third In general, after summing over spin, only four invariant
term, which is just the spin-averaged forward Compton scatfunctions which depend os andqg? remain:
tering amplitude on the nucleon with virtual photons. This is
only measured for various values gf<0. However, the
dilepton and photon rates requigd=0. Therefore, only the
photon rate for this term can be determined directly from
data by use of the optical theorem =4(9,,A+d,9,B+q(,p,)C+p,p,D). (9

ZS if d*xedX(N(p)|T*J,(x)J,(0)|N(p))

The absorptive part, which is of relevance here, only starts to
eZWE(q,p)= —4(s— mﬁ)z Utvo’;‘(s) (8) contribute at one loop. The four invariant functions are re-
! lated by current conservation—leaving omlyandB as in-
dependent. To one-loop infl/the diagrams that contribute
with s=(p+q)2 Experimentally, the isospin sum of the are shown in Fig. 2 and require the addition of the crossed
cross section in Eq8) can just be replaced brytoy‘{ [17] due diagrams as well. The analytic expressions are quoted in Ap-
to the weak collective effect of the two nucleons in the deu-pendix A for arbitraryg?. For on-shell photons, they fulfill
teron. The total cross section ofd is dominated by the the nonrenormalization conditioh(mZ,0)=Z with Z=0(1)
A(1232 [18]. The result for the instantaneous photon rate isfor the neutror(proton. This is fully given by the tree level
shown in Fig. 1 forT=50,100,150 MeV and a nucleon den- nucleon contribution, IeavingA"’OpS(m,%‘,O):O which has

sity of ny=p,. From there it is easy to see that the nucleonpeen checked to hold analytically for the loop functions.
contribution dominates over the pions by about an order of

magnitude. If the same situation were true for the dilepton o
rate, the enhancement would probably be enough to explain a&‘ — ”j b Hi f == f * \‘\\, /
the excess dileptons in the low mass region.

This huge correction to the pion result near threshold is
due to the opening of thd channel. Approximating the * e JJJ # LH /'r dkﬁ {'J \‘\ Jf
cross section in E8) by a narrowA resonance, we see the ot "
dimensionless parameter of importance ismy(
—my)/2I" ,~1 which is multiplied byxy under thermal in- . l\ ,_,(JJJ o M}"‘\ N \"'\\fﬂ f x\'\»f’j
tegration. This enhancement from the opening of a new R
threshold does not iterate in the low mass region. This en-

sures the density expansion is under control. In Sec. V we e i
check whether this enhancement in the photon rate is enough g
to surpass the upper bound set by WASQ FIG. 2. One-loop diagrams for Compton scattering. The graphs

For off-shell photons, we must resort to chiral constraintsyith a star also have a mirror image diagram which must be taken
to determine the nucleon contribution to the dilepton rateinto account and all graphs except for those in the last line require

Broken chiral symmetry dictates uniquely the form of thethe addition of a crossed diagram. The lettered graphs are discussed
strong interaction Lagrangia(at tree level for spin 3. Per-  in Appendix A.
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10° . . (N(P)IVE|A ()Y = TP Q) (7,0, ~ 0, 8)
- opical +[R(@?)+4R(@2)1(0,0,~ 9,49
+iS(%) 0,000, 1 v5u" (k) (10

—-— delta

with g=k—p. 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 nucléaon-
transition matrix element.

The modulus square and sum over all spins and isospins
of Eq. (10) will be denoted byM(k?,g?) and is quoted in
full in Appendix B. It is directly related to thA contribution
of the forward scattering amplitude/’, ,

-
o
&

g, dR/d’q fm™ GeV™*

mMyMy

_ TNTa 24 (s_s
s—mi+im,I', M(s.a)+(s=u)

WR(g,p)=1Im

-
o
&

with u=(p—q)?. If we were not to take the imaginary part,
the full tree level result must also include the nucleon Born
terms. Atg?=0 this is equal to the isospin sum ofgs,0)

and the same nonrenormalizability condition of the last sec-
tion requiresAA(m§,0)=0. This is satisfied trivially by the
decomposition used in E€LO), since the charge was fixed to
zero by current conservation.

If we do not contract the vector indices W}, as in Eq.
FIG. 3. The photon emission rate as in Fig. 1 using data and thé9), we can also determinB(s,q?). The polarizabilities are
optical theorem(solid), using the one-loop resultalashed and  defined as
using a contribution from thA (dash-dottef A fixed nucleon den-
sity of pgo was used. The inset shows dataiflq?gdt in millibarns as a

1.5

9, (GeV)

— a_ 2 0y — 2
function of lab momentum in GeV froifil7] and the good agree- a+p=—2amyA"(my,0)= O M m_m 2
ment for the imaginary parts of the one-loop ahisults discussed A N
in the text.
— o ) 8a Q7
A= - —B(m{,0)=

o m 9 my—my’
The results for the photon rate are shown in Fig. 3 for a N AN

representative temperatufe= 150 MeV (_results are §imi|ar overconstraining the value @. Although experiment has
for other temperatur¢s Comparison is made with the shown the electric polarizability dominates over the mag-

nucleon result from Eig. 1. The one-loop gmplitude repro-atic onea> B, the A is a magnetic dipole effect and tends
duces the shape attamed frpm the data qglte well—even f% overestimates in other calculation§19]. Therefore we
larger photon energies—with the exception of the small - —
bump around thé\ peak. That missing feature, however, is conci?tratf on_ f|?(|ng a r_easorﬁble valui mers,8=10
kinematically around the region of interest for the enhance2* 10 _fm . This mdee_d gives g=14x 1Q fm* about
ment of the dilepton daté800 MeV above thresholdThere- three times the experimental value. This corresponds to

fore to make a full statement about the nucleon contributionQ(O):2'75mN' Translating mto_ our notatlc_)n, It Is compa-
for finite g2, we will include theA in the analysis. rable to the valu®=2.5/my obtained by a different method

[20].
The decay width of the\ is given by
IV. THE ROLE OF THE A mi_ mﬁ

—amZ M(m%,00=0.72 MeV,
A

Fyony=amy
Relativistic chiral Lagrangians can be written down for
spin 3/2 particles, but these tend_to have pathologles. Wgnd can be used to fiS(O)zl.Zlmﬁ,. This compares well
therefore treat tha as a resonance in the continuum, and US€ b s—1 02 from [20]
time reversal invariance and data to constrain the form of the N —= ) )
The form factorsR,R do not contribute ag“=0. For

transition matrix element. We decompose tHeA vector .~ ™, N :
finite g“, the A contribution is mostly around its mass shell

transition matrix element in general®as ; . .
and so we can use the Dirac equation to rewrite
gR—(my+my)R in Eqg. (10) and absortR into the defini-
tion of R. Then using the verte0) in pion electroproduc-

3We could also include terms with,u*, but these are suppressed tion, R can be shown to be proportional to the longitudinal
near the mass shell, where we are interested. part of the cross section. This is on the order of 10% of the
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total result even for moderat® and therefore we will take

-8
R=R=0 for the rest of this paper. 10 3
We plot the photon rate due to tiealong with the one- 10° L T=50 MeV ]
loop result in Fig. 3. From there we see that theate does ;
quite well around the peak and then dies away for larger 107 P— ]
energies. In fact, adding the one-loop ahdates, we come /
very close to reproducing the nucleon result obtained from 107" L ]

the data. This even includes the secondary peak, seen in tF
inset of Fig. 3, which is fit moderately well by the loop 4,
contribution. Therefore we take both contributions into ac-
count as a way to parametrize the photon spectral functior

of

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 fijteto TE 107 - E
ascertain the dilepton rate. =
=
g
V. DILEPTON RATES WITH NUCLEONS 10° L i
We will neglect the momentum dependence of the form Py
factors for theNA transition in Eq.(10) since they are ex- SR T=150
pected to be of monopole form (Ag%4M2)~1 with

M, = 3(my+m,) [21] and hardly change for thg? we will 10° L
examine(less than 1 Ge¥. Indeed, forM =500 MeV, the ’
change in the value of the rate is 30%. The form factors in
the NN transition are treated perturbatively as shown in Fig.

2 and discussed in Sec. lll. This is comparable with data S

spacelike up ta/[g?]=400—450 MeV. Taking the full result 10" 50 1000.0
of the previous section tq>>0 gives the curves in Fig. 4. M (MeV)

Also shown is the one-loop result and the pion result from |

for comparison. FIG. 4. The dielectron rate for pions alofaotted, pions andA

Qualitatively, the rates are similar to the photon case. Thésolid), and pions and one-loofdashedl The contribution from
enhanced bump of thA is smeared out and enhances thePions, A_, and one loop together is represented by the thick solid
rate by as much as a factor of téior T=100 Me\) before liné. A fixed nucleon density op, was used.

gradually dying out again near thepeak. The tail of the count through various methodis,8,9 find enhancements in
one-loop goes above theresult around =200 MeV. This  the rate similar to our result. However, the details of the
may be easily understood by noting that the absorptive pajh-medium effects are not needed in this analysis and so
involves thewN cut, with pions typically carrying a momen- should be considered more general. Also in our calculations
tum of orderm, and the nucleon a momentum of order there is no shift of the dilepton pair productiprpeak.
Pr~mMm,. The one loop is also overtaken by the pionresultat |n Fig. 5 we show the dependence of thie-150 MeV
the p peak. dielectron rate on the nucleon density fof=%p,, po, and

I_n addition to _the constraints of symmetries an_d unltarlty,3p0_ At T=150 MeV and?p,, the result is dominated by
an important point regarding the present analysis relates t

the convergence of the fl/ expansion discussed in the the pions as the nucleon contribution is extremely small.
9 . EXP : This shows the effect is truly from the nucleon density. Even
to 4m_ mass region. A reliable assessment consists of evalu-

ating the two-loop contribution to the imaginary part, which S0, only at o do?s the r_ate flatten Ol."t at the value of the
peak rather than increasing towards it.

is beyond the scope of this work. However, a simple indica- In ord full d d the role of th foll
tion of the corrections can be made by comparing the relativ n order to fully understand the role of the cuts, we follow
] and evolve the instantaneous rate over space-time using

Sg?tggtl?c?rl\slf:ge(z)(;rﬁ/lee\a/mv(\j/eogte);lgs/% ?ﬁ;:rtlﬁgt?:;_l?othiorne_ recent transport equation resu[ts| and experimental cuts
parts. - P El]. Assuming a homogeneous expansion, the volume and

tribution is about half the tree result, and about equal a . :
M =400 MeV. This is the range for which our result is valid, emperature only depend on time and can be parametrized as

3

although the one-loop imaginary part decreases for t

M =400 MeV. We expect the two-loop contributions to fur- V(1) =Vo| 1+, T =(Ti-T.)e ""+T.

ther increase the rate in this range by opening up7theN 0

cut. with to=10(10.8) fmt and 7=8(10) fm/c for S-Au (Pb-

Combining the one-loop and results gives the thick Au) collisions. The freeze-out time tg,=10(20) fmk. We
solid line in Fig. 4. The dominant effect in our case comesabsorbV, into an overall normalization constant that in-
from the continuum and not theA resonance. At cludes the charged particle distribution as well. RQKé&la-

M =400 MeV, the inclusion of nucleons enhances the ratdivistic quantum molecular dynamicspredicts the initial
by a factor of 3. Others who have taken nucleons into acbaryon density ng=2.5, for S-Au and 4,
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10° | 1 ' '
10—9 E T=50 MeV 3 10°°
107 1
10" 1
1 0-12 10
IS
&
107 ¢ 1 S 107
E -
z g
10° L 4 =
: g
[ g
-6 =
10 5 10°
3
107 : 3
0.0 500.0 1000.0 -
M (MeV) 10

FIG. 5. The dielectron rate including the pioms,and one-loop
for pg (solid), 3p, (lower dashel] and 3, (upper dashed 107

for Pb-Au [22] which translates intony=0.7p(1.0pg).
Only the pion and nucleon densities are retained since we ar
expanding the emission rateé5) in terms of stable final
states, summing over all possible initial states. This point is FIG. 6. Our dielectron rate including theand one-loop contri-
particularly transparent in the region. Assuming chemical butions evolved in space-time as[i#] for S-Au and Pb-Au colli-
equilibrium gives a constant nucleon chemical potential. Theions. In the upper grapimy=0, 0.7p,, and 2.5, are plotted as

0.0 0.5 1.0
M (GeV)

rate then can be written as the dashed, solid, and dash-dotted lines, respectively. In the lower
graph, the lines are fany=0, 1.0py, and 4o,. The data are from
(dN/d 77dM) to ,. dR [1]. The systematic errors are added linearly to the statistical error
(chh/dﬂ) OMI dtV(t)f A(q .q°) d4 bars to give the cross line. The Pb-Au data are preliminary.

with the normalization constal,=6.76(1.33)x 10 ' fixed reach the lower error bars of the data in the
by the transport results if6]. The acceptance functioA =~ M=200-400 MeV regime as shown by the dash-dotted
ensures the detector cuts at CERES >200(175) MeV, line. The large effect seen in Fig. 4 is not present because the
2.1< 7<2.65, and®..>35 mrad are taken into account. temperature dies away quickly, thereby decreasing the
The finite mass resolution is also taken into account by foldnucleon density and rate dramatically as seen in Fig. 5.
ing the spectrum with a Gaussian averaging function given Comparing td8], our rate is slightly smaller in the region
by the CERES Collaboratiofi2]. of interest. This can be traced back to the bare rates. For
Finally, we plot the results for S-Au and Pb-Au collisions M=400 MeV, their rate fomy=0.5, is larger than the
in Fig. 6. This requires the addition of the Dalitz amd rate forny=pg [23] which differs from our result in which
decays which were obtained from the transport mg8@l  the nucleon contribution dies away continuously leaving
The data are presented by adding the statistical and syster@nly the pion contribution(Fig. 5). This is related to the
atic errors linearly. The Pb-Au data are still preliminary. Fordepletion of thep peak in[8], which does not occur in our
ny=0, the pion result alone has already been analyzed igase.
two hydrodynamical model§12,6]. Comparison of this We can also evolve the photon rates and compare with the
alone can be used to test the validity of the evolution inupper bounds set by WAS80 for S-A3]. The procedure is
space-time described above. Our result is shown as thgimilar to that for the dileptons above. The acceptance cut is
dashed line in Fig. 6. The overall shape due to the cut look&.1< 7»=<2.9 and no integration over momentum is required.
reasonable. The values for the rate[ir?] are an order of In this case the factoN, is only the volumeV, which we
magnitude smaller, but this can be traced back to a shorteérormalize by comparison witfil2] for ny=0. This fixes
time in the hadronic phase. The agreement \i&his fair. V=300 fn? which corresponds to an initial radius of 4 fm
We can think of the results of this space-time evolution as amnd agrees with central collision estimates. The result for the
upper bound on the results from a true hydrodynamicapions (dashed ling and nucleons for the normal case of
model. ny=0.7p, (solid line) are shown in Fig. 7. The extreme case
Adding the nucleon contribution gives the solid line in of totally saturating the baryons by nucleonms & 2.50() is
Fig. 6. The effect of the cuts is dramatic, resulting in a veryshown by the dash-dotted line and puts the rate right on the
small enhancement. Only if we take the extreme case of thedge of the upper limits for the data. Since we have analyzed
baryon density totally saturated by nucleons do we start tdoth the dilepton and photon rates simultaneously, this im-
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FIG. 7. Our photon rate witlisolid) and without(dashed the

nucleon contribution discussed in this paper. The dash-dotted line i

the extreme case of takingy=2.5p initially. The data are upper
bounds from(3].

plies that more enhancement of the dilepton r@hich is
needed even for the extreme caa®uld overshoot the pho-
ton data, a particularly important point in our analysis.

VI. HIGHER ORDER TERMS

We have now assessed all the terms of &9.linear in

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

1
5 ImWF(q = W j dwldWZW‘IFT‘IT(qaklik2)
1 F
+ z f dmdNW’ \(a,k,p)

1
o f ANy AN WE (G,p1.p2) (1D)

with Wiﬁ referring to the forward scattering for real or vir-
tual photonsy* a8— y* a8 as used above. Note that matrix
elements involving nucleons carry an implicit factor ofﬁL/
since the contribution only starts at one loop. Experimen-
tally, we can estimate the strength of the third term in Eq.
(11) atg?>=0 as follows. We noted in connection with Eq.
28) 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.

The A may be thought of as a bound state of a pion and a
nucleon, and so the second term in Ebl) could be impor-
tant. We also must retain the isoscalar contribuégnto the
electromagnetic current when nucleons are involved. We can
still reduce out the pions as given [itl] if we assume the
pions do not interact with the isoscalar part. This is true in

the density. The result is that they cannot explain the CERE$he soft pion limit and so should be a good approximation
data. In general, higher order terms will be suppressed b10]. The overall form ofw¥ is very similar tow" , in
more powers of the expansion parameter. This implies thahich one pion was also reduced out, with the vacuum ma-
inclusion of higher order effects will not be dramatic. How- trix elements being replaced by averages in a nucleon state.
ever, this rule of thumb can be upset if new thresholds opeithe result is

wF(a.k,p)=—4 ImiEI f d4xeiq'X<N(p)|T*JM(X)\]“(0)—B”(X)B”(0)|N(p)>+ {z} €839 a3t
S a,{s,l

XIm[g#*— (k+q)*(2k+q) P Ar(k+q) + (k+q)“(k+a)"(2k+0)*AR(k+q)]

X J d*xe DX (N(p) | T*j 4, (X)j,(0)[N(P)) + (g— — ) + BKH K

X Imi ; d*xe9Re Ap(k+a) + Ar(k—q)J(N(P)[T*3,(x)3,(0) — B, (x)B,(0)|N(p))

+3mf, f d'xd*yed T3 Im(N(p)|T*3,()3“(y)7(0)IN(P))

—k“kﬁf d*xd*yd*zed *=Ve Ami(N(p)|T*,(X) I“(Y)iaa(2)iag(0)IN(P))

+KAML 57— (2k+0) ,(k+0)"Ar(k+0)] f d*xdtyek V- Xe iax

X 2 Te®(N(P)|T*jR.(0iAg(¥)I*(0)IN(p)) +(q— —a) + (k—— k) +(g,k— —q, k).

a,{s,1}

We use the same analysis as the last section faddtierm. The contribution here is negative, but weighted by an extra factor
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of «. It is about 10% of the leading contribution. Since there is no prominent resonance with the quantum numbers of the
isoscalar ternBB, the imaginary part should also be small and will be neglected.

The second term contains the axial currgnt which is a pionic contribution, and so this term may feed intoAhé&Jsing
the decompositionk=p’ —p)

(N(P)i2,A(P"))=U(P)[F(k})g,,+ G(K?) y,k,+H(KO)K,k,+il (k?)ahkyk,Ju"?(p"),

an analysis ofrN scattering if24] showed thaf(0)=1.38 andG(0)=0.4/my . Using the fact thaH and| are suppressed
for largeN., we can justify keeping only thE term to find

2

. 2 .
f d“XéK‘Xi<N(p>|T*ji\,L(x>j%V(0>|N(p>>=—39F so L KMt M) [ (PHK)uPHK),

(p+K)2—mi+im,Ty Yuv mix

+(K——K),

where only theA channel has been retained. This term and We have used the same amplitude to estimate the dilepton
its crossed counterpart gives a positive contribution to theroduction rate ag?>0. In the latter, we have found an
rate. Numerical results show this term is appreciable rightnhancement from theN cut in the low mass region for a
near threshold but quickly shrinks to 10% of the terms lineamucleon density on the order of nuclear matter density on top
in « and practically vanishes even before thepeak is  of the already large enhancement from thermal reactions
reached. The damping is simply coming from the exponengione This enhancement is caused by the opening of a
tial factors in phase space and so the only place where thigeshold in therN channel, and does not iterate coherently
term is significant is within the Dalitz tail. This behavior is ;, the next order corrections, which we have found to be
expected to occur for all terms W/ and so we may ne- qualitatively small and mostly confined to the Dallitz region.
glect the terms of ordeys, . , _In our analysis, unitarity is enforced through & 1kxpan-

For completeness, we quote the result for the first term Nion. The convergence of the latter is upsebat 400 MeV

Eq. (12) in Appendlx_ C. Qualitatively, we note that the fu_II for the real part of the amplitude. However, an assessment of
7 Scattering amplitude as well as terms of photon-pion

i 9. . o the imaginary part, which is relevant for the present calcula-
scattering similar toV . appear with an additional suppres- tion. requires a two-loon calculation
sion factor of«. In the soft pion limit most of the correlation e P . '
functions in the pionic state are amenable to correlations in,. For S-Au .and Pb-Au reactions, we have gvolved the
the vacuum, some of which were assessed in | and found tgllepton ra’Fe in space-time and tgken the experlmental cuts.
be small. Hence, we expect qualitatively ﬂWEm is sup- '!'he result is not enough to explain the data, even W|tr_1_some
pressed by the factOf,zT as expected and hence are small inIlk_)eral ch0|ces_ of the p_arameters._ The nuc_leon densities do
comparison with the lower order terms. tngggr Iarge dilepton _y|elds but die out quickly after short
reaction times. In addition, we have evolved the photon rates
VIl. CONCLUSIONS and fqund the results on the e(_jge of the upper bounds of the
data in the extreme case. This means that any further en-
We have extended the analysis in | to account for possibl@ancement would overshoot the empirical measurements.
nucleon densities in assessing the photon and emission rat8ice we have a controlled expansion scheme, these results
from a hot hadronic gas. We have used the very generdéad us to suspect the nucleons may not be enough to explain
framework put forward irf11,14,13 to allow for a compre- the data. Any mechanism which could explain the data
hensive analysis of the emission rates in powers of the mattevould need to have a very specific form in order not to upset
densities, and enforce the known constraints of broken chirghe photon yield. However, this space-time evolution is still
symmetry on shell, current conservation, and relativistic uni-only a qualitative assessment. Quantitative results from a full
tarity. We believe that most approaches to this problem akydrodynamical model which takes into account the quark-
well others involving issues of chiral symmetry in matter, gluon phase, flow, and hadronic multiplicities is needed for a
have to embody the chiral Ward-identities established onfinal analysis.
shell in[11], whether at threshold or above. Our results imply a different interpretation for the role of
Our purpose of this paper was to use these arguments the nucleons compared with a number of recent estimates
combination with a density expansion to account for a sys{8,9,25. Our analysis, however, is different in a number of
tematic analysis of the dilepton and photon rates from a hotvays. We have evaluated the rates at finite temperature,
hadronic gas at finite nucleon density. For the photon ratesince there is no emission in cold matter. Also our results go
we have used the constraints from broken chiral symmetrgmoothly into those of | at zero nucleon density, thereby
and data to leading order in the densities. A large enhancesnforcing the known constraints édn-shel) broken chiral
ment of photons in the low energy region was found. Usingsymmetry, current conservation, relativistic crossing, and
an on-shell expansion to one loop and a general decompoginitarity for all dilepton kinematics. Finally, our qualitative
tion of the A, we were able to reproduce the photon rates aassessment of the next to leading order shows that the ex-
q?=0. pansion is reliable in the low mass region, with no apparent
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need for coherent resummations. ACKNOWLEDGMENTS
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and nucleon density and dies away quickly as the fireball
evolves. The resolution in theregion for the CERES data is
not enough to sort out the dilepton emission from *“cold” APPENDIX A
's. An improvement on this resolution may be an important
step in assessing the effects of interaction as reported here in The on-shell one-loop result can be written in terms of
comparison to those discussed [i5,8,9,29. Another im-  Feynman parameter integrals. Since we are only considering
provement, as stressed in |, is to have more empirical correhe imaginary parts, théeal) subtraction constants will be
lations between the photon and dilepton yields. ignored:

22
> {ZFQN(S)—JNN(qZ)—H?”(S)
—my

q° q
fiA(s,q2)=Z(gi—l)<l—s_m) 7(9%) — 4My(gaG+ o) T2 (q2)+Z
N

4q2mﬁ| N N 2 2 NN/ 2 29NN/ 2
s CRC RN AR ACR R ACRIRER

372G?
(s

3
+§J N(s)—miT™(s) |-

1
+52G4r5"N(0?) —INN(g?) — 37 () ]+ G?

1- ;Z) (s—m2)T™(s)+2ZG¥(s—m2)I'™N(s)

+ZZGZqZI‘gN(S)+(Z—2)2mengZ{N+(Z—1)4meGZQ4—4meGZQZ"T
+ = (Z 2)G2q[m2G™+ 21'¥N(g?) ]+ crossed,

2

4
f2B(s,0%) = — 4[ Moy — (9amn—G)?]| T3y 0?) — T 15 (q?) + F”(qz) +ZGZ—mz[2F N(s)+2rgN(s)—IN7(s)

+4ATY™(s)+ 2T 57 (s) — 4T ™(5) — 4T Y ™(s) ]+ 2(Z—2) G T oy q?) —TYN(q?) 1+ 2ZGT jo(s) — 2G2T T)(s)

— G TN7(s)— 2T'Nr(5)] - 22 G 2T\ s) — TN (5) ]+ 2(Z— 2)m2 G2 GTN — GTN] + 4(Z — 1)m2 G20
1
- 4mf,Gz[ Gl — g™+ 7 GN™| + crossed,
= A+9°B), D= 29° C
_q2+mﬁ,—s( a’B), Cg?+mi—s

with I'yse=1'4+2s5+1'g and I';p=I'1+1';. Also ga is the nucleon axial charger,y is the pion-nucleono term,
G=f,0,nn, aNdG=2G—gamy. The values used weig,=1.26, my=940 MeV, m_= 140 MeV, ando =45 MeV to
ensure the nucleon is on shell. Takigg=0 ando,\— 0 reduces the loop result to that given[it8]. Conformity with the
Ward identitied 11] requires an on-shell expansiph3] as taken into account here.

Each of thel, T', G, and()'s are Feynman parametrization integrals quoted in fullliB]. The imaginary parts have cuts
for s>sy=(my+m,_)? andq2>4m,27. The cuts forqz>4mﬁl do not impact this paper and are not quoted, thereby making the
contributions fromJNN andT"MN zero. The labeled diagrams in FiggaR-2(h) are dominated by™, '™, TN7 g™
G\™ T andJ™™, respectively(fully given by these if thewN 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 dd@ihed in
Using A(X,Y,2) =Xx2+y?+ 22— 2xy— 2xz— 2yz, N ,=\($,m3,m2), Aq=A(S,M§,0?), andX q=\(g? mZ,m?), the imagi-
nary parts forg?>=0 are

W

ImI™(o) = g5 6(o—4m?),
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ImJ™ A —0
mI™(s) = 755 05~ So),
TT( N2\ — —
ImI'™™(q°) 16mn 0(g°—4m:)
\ 1 ANg
ImI'™(s)=— a(s—so)
1677\/— — VA
1 T VAN 1 mqT VA
ImI'N7(s)=— 41 0(s—sq) + In mhq 0(9%—4m2),
R T v v ! [ TN v P v i
I\, s
N _ ™ _
MG = aiq—xwxqe(s o)
|mgNW=J)\_”—2—S B(s—50) — DT (ot and)
Am bl —Nahg o 8mg? s—mi+m? a !
1 B N L O Y O L e 1 | B
= S—Sp)1 In n s—u
167N g(S—M3—q?) "1 lemg= Wahal | Fag— VAaAg
N aghq M29%+ VA A g

|

6(q%—4m2)1 In Grg* VAwahg +In
T Ldag— VA aghg

1
" 167\ o(s—mZ—q?) M292— VA g\ g
with
Apq=(S—M{+0?)(s+m{—m2)—2sc?,
b q=(s+Mi— %) (s+my—m?2)—2s(2mi—m>),
Crq=02(S—M{— 0%+ 2m?2),
dq=0%(s—my—g*—m3),
€,q=(S—M{+0%) (s—mi+m?) — 2scf,
f rq=28(S—M§) — (s— M +g?)(s—mi+m2).
These imaginary parts reduce to thosg 18] for g>=0. Increasingg? leads toh; becoming negative and the analytically

continued forms of the above expressions: for example,

ImI'™N(s)=— arctar( M) 6(s—sp)

77\/_

must be used.

APPENDIX B

We use the following conventions for th¥s sum over spins and propagator

S upulp=| o'~ 5 r:z PP,
: Ty i(ptmy)
A] (p) (6J_T) pz_mi_’_lm F P;/,V(p)i

with
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1 1 2
P/.Lv(p) g/.LV ’)/,u')/v 3m ’Y[Mpv] mA pp,pv

Defining (v,vp,vq) =(p-a,k-p,k-q)/my andk?=s, we find

; [(N(p)|V3]A(K))|2=M(s,9?)

8 2 2 2 2 2 4 6
= o—[2myPiM,(s,0?) + 2myv502 My (s,0%) + 02 M;(s,0) + g*Ma(s,0?) + g°Ms(s,0?) ],

9m,
r2
My(s,0%)= —+—m Q%+ 2r2pwS?—2r(2v—rvy)QS,
N
S5v v — S
My(s,q?) = ——2r——— QR (vp my)R? —r(rvg+ V)RS-H‘(rVq V)RR-H‘ vavR + 1+ —
Vq CRLL Vg my
r N RSH 3r 2v Iy 5
m_A(Vp my) 2 2my S
M )= S —2]-3 24 "1 S ol+s ar R+ " lo- > 6+25 S
3(S.7)= | vpl 1z M, Q7+ My v vo\ M2 M=y Ve |QRTMavg ” 7| ~6r+ g r|QS

RR+

S
3my— 2Vp— m—) RS
A

S 2s S ) 2s
My(s,q°%) = ——4Vp 3m, + 2Vp QR+( —my)| 3— — |R*+(Myrg—myv)| 5— —

S N
+vgv R2+ 3myv+ 2(2mNVq myv) RS+(vp—3mA)Sz,

6 S Vq
My— —r— —(My+vp)r
N My V( A p)

S _
Ms(s,q%)= —(3— —2) (my+ vp)R?
ma
with r=my/m, and the sum over spins including the photon, nucleon, andthe

APPENDIX C

We quote here for completeness the full on-shell Ward identity/\fﬁr,,. It contains thersr forward scattering amplitude
i7T,, and the pion-spin-averageely scattering amplitudéZ.,, both quoted irf11]:

1 2
FWEa(A ks ko) = = (2ky+a)7 2, ¥ eIMTE P (ko a) kel + (4= — @)+ £2[0,0— (2t 0) ke, Ar(ka + @)

XIMT53(0.ka) + (G == @)+ (K= = ko) + (0, k= =0, — ko) + k“<2k1+q>“26

2

XIMAZ (ki,@)+ (0= = @)+ (k= — k) +(Q kg — =0, —kg) + I3 =57

) R 1
X f d*xd*yed (ko) THVE () V34(y) 5(0) | m°(kp)) — 77 ; €2%°€%%9( 2k, + )k Ag(ky+ Q)
X ImB23, (K, , k2>—7[g*” <k1+q>ﬂ<2k1+q>VAR<k1+q>]2 €23 NmBE (ke +q.ky)

1
— o kikAr(ky) X et ImBLg Ky ko) + < 3 L KEKE(2ky + )% rika+@)Ag(ky) 2, et
T a

X IMBZG (ke ko) + (0 = @)+ (ky— —kp) +(a ky— =0, —ky) - f2<k1+q> (ka+ Q)P (2ky+)*AR
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1
X (kyt @) 2 e NMIMBE (kg ko) + (K= —ky) = 279K 2 €¥IMICS (0 ks +0.ky)
a - a

1
+ (ky— —kp)+Im o (2Ky+ @) (ky+ @) K AR(ka+0) X €00 (0L ki +0,k)
s a

1 _ _
- f—zkfkf f d*xdyd*ze s 0l 2m i (7P (ky) | T* 2, (X)ias(Y) V(2 VE#(0)| 7°(ky))

with

M

Agr(ke,q)= % f d*xd'ye*1 eI VIm(m° (ko) [ T*[JR. (0 V5 (Y)17%(0) | 7°(kz))

1 e 4y, Aikq-X b *\/3 ~ b 1 e3g B ag
=E5a (2ky+q), | d*xeF 1 XIm{m°(k,)|T VM(X)O'(O)|’7T (k2))+1m Ee (2k1+q)ﬂklAR(kl)Baﬁ(kl,kz)

1 1 o
+ f—ee3g[5ﬁ—(2k1+ q) K TIMBa%(ky ko) — ket q)BJ d*xd*yed-xelk1y

1 A
X Imi (ko) | T* V(0] 2a(ViRg(0) | 70 (kp)) + f—fagef d*xe 9 XImi (P (ky) [ T*VE () VE(0)| 7°(ky)),

B33 (ky ko) =i ; f d*xe 1 Xm0 (ky) | T*j 2, (0] R (0| 7°(K2))C53 (K + 0, ky)

=3 [ dtxatyetar e ke (a8 ) VA0S, (018, 7 (k0).
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