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Dilepton and photon emission rates from a hadronic gas. |lI
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We extend our early analyses of the dilepton and photon emission rates from a hadronic gas to account for
strange mesons using a density expansion. The emission rates are reduced to vacuum correlation functions
using three-flavor chiral reduction formulas, and the latter are assessed in terms of empirical data. Using a fire-
ball, we compare our results to the low and intermediate mass dilepton data available from CERN. Our results
suggest that a baryon free hadronic gas does not account for the excess of low mass dielectrons observed at
CERES but does well in accounting for the intermediate dimuons at HELIOS. The same observations apply to
the recent low and higp, dielectron rates from CERE$S0556-281®8)04411-2

PACS numbss): 25.75.Dw, 12.38.Lg, 11.30.Rd, 11.40.Ha

[. INTRODUCTION emission rates. In Sec. V, we use a fireball scenario to ac-
count for our time-evolved rates in comparison to current
The latest experiments at the CERN SPI$ machine CERES and HELIOS data. In Sec. VI, we discuss the current
have revealed a sizable enhancement of low mass dileptors spectrum of CERES data. Our conclusions are summa-
above the two-pion threshold, triggering a number of theofized in Sec. VII.
retical investigationg2—6]. A somewhat smaller enhance-
ment was also noticed in the intermediate mass region
around the phi in both dielectro@CERES and dimuon Il. DILEPTON RATES
(HELIOS) experimentg1,7]. This region requires a strange-
ness assessment of the emission rates. An example is trgﬁ
recent analysis by Li and Gal&]. !
In a recent series of investigations we have assessed t{ﬁ
dilepton and emission rates emanating from a hadronic g
without strangeness using general princigleégl]. We have

In a hadronic gas in thermal equilibrium, the rd&eof
eptons produced in a unit four-volume is directly related
the electromagnetic current-current correlation function
1,12. For massive dileptons; , with momentap, ,, the
rate per unit invariant momentug= p,+p, is

found that the current low mass dilepton enhancement can 2 2 2\ 112

_ ! dR o [ 2m 4m
only be accounted for by allowing for a sizable nucleon den- _ 1+ 1— wW(g), @
sity [4]. It is important to stress that our construction is not a d'q 6732\ q? 2 '

model. It relies on the strictures of broken chiral symmetry,
unitarity, and data. Most model calculations should agreavherea=e?/4r is the fine structure constant, and
with our analysis to leading order in the pion and nucleon
densities, an example being the comparison by Gale for the W(q):f dx efiq-xTr[e*(HfF)/TJp,(X)J’u(O)]
baryon-free ratef9].

The aim of the present work is to extend our baryon-free
analysis to the strangeness sector, to account for strange me- _ 2 IMWF(q). )
sons in the hadronic gas. Our results will borrow on the 1+edT
extension of the chiral reduction formulas to QCD with three
flavors [10]. To leading order in the meson densities, theHereeJ,, is the hadronic part of the electromagnetic current,
emission rates in the hadronic gas involve forward scatteringfl is the hadronic Hamiltoniank is free energy,T is the
amplitudes of realphoton and virtual (dilepton photons, —temperature, anaVvF(q) is
which behavior is constrained by data mostly from electro-
production and _photon-fusion_ reactions_. By incluo_ling WF(q):if d%x eiq-xTr[e*(HfF)/TT*(J,u(X)JM(O))]
strangeness we aim at evaluating the emission rates in the
intermediate mass region around the phi. Throughout we will
not consider baryons. =iJ d*x eiq"‘(O|T*(J”“(X)JM(O))|O>

The structure of the paper is as follows: In Sec. Il, we

derive the emission rates for a baryon-free hadronic gas to n?(wd)

leading order in the final meson densities including strange +2 if 1 d4x eiq~><< 72 (K)|
mesons. In Sec. Ill, we discuss the relevance of the various a 2w

contributions and introduce the pertinent spectral functions. . a

In Sec. IV, we discuss the integrated dielectron and photon XTHI#() 3, (0] it (K)Ycont - - 3)
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where the sum is over physical mesons including strange ' o '
ones. For temperaturds<m,, the first two terms in Eq(3) 0.40 | |
are dominant. The first term relates to the vacuum current-
current correlator and captures the essentials of the resonance
gas model. It follows frone™ e~ annihilation data. The sec- 0.30 | i
ond term is the first correction to the resonance gas model )
resulting from one meson in the final state. Two- and higher- ., ]
meson corrections in the final state can be evaluated using E; 0.20 - 1 |
similar argument$3]. ' 1

Using the definition of the electromagnetic curreljf’ ]
=07,Q0=V>+(1/y3)V and the decomposition 010 |

T*(3,3,)=T*(V3V3)+ 1T*(vf‘v8
006 500.0 1000.0 15000 2000.0

1
+ =T (VVE+VIVE), (4)

V3

we may follow[3,13] and rewrite Eq(3) in terms of two-
point correlation functions

Im(i fye—iq-y<o|ST*(v;<y>V3<0>)|0>)

=(—0%g,,+9,0,)Im I (g?),

Im(i jye—iq-v<0|3T*azM<y>jiy<o>>|o>)

=(—9%9,,+9,9,)Im I15%q?), (5)

q {MeV)

FIG. 1. Electromagnetic spectral function. See text.

With the above in mind, we have

Im WF(q)= —3q2|m( (9% + %HE(q%

ek
+f (277)3W1(q!k)1 (6)

with TT,=T13% and T1{/= 41188, The first term is the analog
of the resonance gas contribution with no chiral reduction

and additional three- and four-point correlation functions usinvolved. The second term is the correction to the resonance

ing three-flavor chiral reduction formuld40]. The axial-

gas model resulting from one meson in the final state. Use of

vector current, appearing in Eq(5) is one pion reduced the on-shell three-flavor chiral reduction formulas gives, for

[3,13.

the part involving solely the two-point correlators,

12 12 3 6
WE(a,k)=0f 5 a”Im TIu(q?) +gi 5 0Im| Iy(a?) + 7 I(a%) | ~ g7 5 (k= a)im TLy((k—)?)

K

6 6
— 05 — (k=) Im IT{((k—q))+Im HX((k—q>2)]—ng—2<k+q>2|m L ((k+9)?)

fi

6
—gEf—2<k+q>2[lm ITX((k+0)?)+Im T3 ((k+q)?)]

K

+QQTE

8 (P—m2gP)REA(k+0q)+Ax(k—0g)]im II1y,(g?)

8 ~ ~ 3
0k (¥~ miq?) R AR(k+a) + AR(k—a)lim| Iy(g?) + 2 T1U(A?) |, v

K

wherev=Kk-q. The contributions from three- and four-point correlators read
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f,m> m f,m2 m+m Jami| o
WF(g,k)=1 g73y3—2 = —gf3r ——— —g7— 2} Im G®
1(9,k) ‘gk \/_ ffr -+ 2m, gk\/— fﬁ e+ 2m, gk3 fn -
2K[| _3m 2(m+my)  (m+2mg)| -
—— dgr— 4K Y Im G
3 C|gk f721. gk fﬁ k 3f§] o
o . 1
— gkPk(E7?)*Im ifffef'“Z*"*V*'q'X(owT* VA¥(X) + —=V#8(x)
xJyJz \/§
X v3<y>+iv8(y) in3(2)iaa(0){]0)
M \/§ M
1 -
—g2kP f""3'+ﬁfa8'>(E‘2)aalm([5§—(q+2k)”“(k+q)“A'R(k+q)]
; —ik-z—iq-y o 3 1 8 sa 2 :
X1l , 2 (o|ST V#(y)+ﬁvﬂ(y) 1a3(2)ian(0) [|0) ¢ | + permutationsg— — q,k— —k),
(8)

where the permutation applies only for the last term, and nao the two-flavor results discussed|i8l]. Since they include

mixing is assumedI{3¥=11%*=0). The thermal meson den-
sity functiongj and the meson propagatﬁﬁ(q) are defined
by

gie n(wp) 3 1
e

. A=

= —.
20f 20l e/T-1 g>—mi+ie

9

The three-point correlatcfEZ is given as

_ . R 1
h_ iq-(z—y) * 3 ,8
Gh Lfyeq N(0|&T*| | V& (z)+—\/§V“ (z))

X a"(0)]]0). (10)

V3 (y)+ ivf’<y>
“ \/5 1

The meson decay constarfig~1.24f ., f,~1.3X%_, and
f,~0.74f . are used14]. The results, Eq36)—(8), reduce

strangeness, they can be used all the way through the phi
region.

The spectral functions appearing in E¢8) and (7) are
related toe™ e~ annihilation data. They will be borrowed
from experiment. The three- and four-point correlation func-
tionsVVj aja, Vjaia, andVV o are constrained by the two-
photon fusion reactions and crossing symmér§]. A de-
tailed analysis of these processes shows that their
contribution to our rates can be ignored for both CERES and
HELIOS (2% correction. These observations confirm and
extend the ones made 8] to the three-flavor case. Hence,
the two- and three-point contributions will be omitted for
most of the discussion to follow.

Ill. SPECTRAL FUNCTIONS

In this section we derive explicit expressions for the
spectral functions. The empirical information on the two-
point correlators will be inserted in the rate production

TABLE |. Resonance parameters.

16(IP%) Mass (m,) Decay width G;) Decay constantf()
I, p(770) 17(17) 768.5 150.7 130.67
p(1450) 1465 310 106.69
p(1700) 1700 235 75.44
Iy w(782) 0 (1) 781.94 8.43 46
w(1420) 1419 174 46
w(1600) 1649 220 46
$(1020) 01 ") 1020 4.43 79
$(1680) 1680 150 79
IT), a,(1260) (1) 1230 400 190 {,)
myYy K1(1270) 3(1%) 1273 90 90
K 1(1400) 1402 174 90
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by means of suitable spectral weights. For instance, the 40 T T T
contribution of the nonstrange hadrons to the spectral
weights is dominated by the (m,=768.5 MeV, Iy,
=150.7 MeV) and the a; (M, =1230 MeV, I'os

=400 MeV) resonances. For that, we will follow the argu-
ments of[3] and use the following parametrizations:

3.0 |

)

] IJ
t%j¥l T%%

1,2 _ﬁ m§+yq2
HV(q )_ 2 2 2 . PN
q°m;—q°—im,I',(q°)

1.0 Adone Y2 B
f2 T SLAC-LBL
a
My =—5—F5— S (11)
My =g~ —1Mg 1 45 (q . ) N
' o %3000 2000.0 2500.0 3000.0 3500.0
. _ M (MeV)
with f,=2f . andf, =190 MeV. The decay widthE are
given by FIG. 2. R.3 values. Data from Adon¢l7] and SLAC-LBL
[18].
2 2\ 32
q°—4m7
I,(9%)=6(q°~4m’)y —”(—) , o(=3m) N
P T P 2 2 _ I _ c 2| _
Vo?\ m2—am? Rog=> — =2 > 2 el=2,
i o(eTe —-uTu ) g=u,d,s

(19

ma q2_9m2 32
2\ — 2 2 1 T
Fal(q )=6(a 9m”)ro’al \/?( mgl—gmi) - (12 and underestimates the hadronic correlations by about 30%
in the 2.5—3.5 GeV region. This tail is important in the emis-
sion rates as we will note in the next section. It may be
ggerpreted aglogarithmig corrections to the perturbative
quark result by duality. Above 3.5 GeV the charm effects

show up.

where 0(x) the Heaviside functior{step function. Analo-
gous parametrizations will be used for the strange resonanc
as well including thew and ¢ in II,,, andK, in II,. The
isovector part of the spectral WeigHt'V is dominated by the

p and its radial excitations, while the hypercharge phtis
dominated by the omega, the phi, and their radial excitations. IV. EMISSION RATES

In the physical basis,
A. Dielectron rates

1 2 g 1 ., 2 4 Given the two-point spectral weights, it is then straight-
wg="\ 30~ \3¢ Iy=zly+zIy. (13  forward to reconstruct the emission rates using Eésand
(7). The contributions, Eq(8), are found to be numerically

In Fia. 1 we show the electromaanetic spectral functionsma” and will be ignoredR can be reexpressed in terms of
Hem=H9-+;HY tollowing from o gr arargeters(sol'd the invariant dielectron mas¥l = \/g?, the rapidity 5, and

v =llyTally following ur pa ! the magnitude of the transverse momentyni11]:
curve in comparison with the data compiled [ih5].

The resonance parameters we have used are summarized

in Table 1[16]. The decay constants are fit to the empirical 10* ' : : '
spectral weight$14]. They are all within 10% of the con- ,
stituent quark model. Although the axial-vector spectral 107 ¢ T = 150 MeV
weight is not well known at large invariant mass, we observe .
that its numerical contribution to the dilepton emission rates 07 ¢
is overall small. <
The high energy tail of the vector spectral weight is still & 0 ¢
above the freeq threshold well through the high mass re- 7_5 -
gion as shown in Fig. 2 foR-3= 127 ImII(s) without the w5 0 1
J/'W contribution. We will use the parametrization 2
T 10° | —— SU@®)
> > —— SU(2)
09 1+tan>~(M) (14) 10
8 q . ] . . .
Y 500.0 1000.0 1500.0 2000.0

as shown by the solid line. Herg;=2 GeV andq M (MeV)

=0.4 GeV. We recall that the fregq threshold for SUB) is FIG. 3. Dielectron rates ak=150. See tex.



PRC 58 DILEPTON AND PHOTON EMISSION RATES ... . il 2903

107 y . . 107 : .
107° H 10° N
" T = 150 MeV . |
10 - 0 T=150 MeV
107 107 J
o0 | : S0t} 1
S 10° 1 2 10
1 w0 | | 15 o | T=100 MeV |
= ”U
o~ L= i
g 10 ot . 4 10™"
% 10" | ] 0910-12 | i
-13 -13
e 0 T-50 MeV
1" : 0™+ N
107" . 1 . 10" I .
0.0 1000.0 2000.0 3000.0 0.0 1000.0 2000.0 3000.0
M (MeV) q, (MeV)
FIG. 4. Hadronic gagbold) versus quark gaghin). See text. FIG. 6. The photon emission rate from a hadronic gas.
dr = dR B. Photon rates
_ 2T N
42M _J dyf doi d4q(M'7f’qt)- (16) The rate for photons follows from EqR) at g?=0:
o IR __ % wig) (17
In Fig. 3, we show our new three-flavor ratsolid line) in q d3q B A2 @

comparison to the two-flavor rate] (dashed ling Aside
from the omega and phi which were absent in the two-flavor
analysis, the results are overall consistent fdr Figure 6 shows the photon emission rate far
=150 MeV. The chiral reduction results show a substantiaF50,100,150 MeV. They are overall consistent with the
enhancement of the low mass dielectrons in comparison to photon rates established for the @Ucase[3].
simple partially conserved axial-vector curréRCAC) treat-
ment[3].

In Fig. 4 we show the rates from a hadronic gas in com- V. EMISSION RATES FROM A FIREBALL
parison to a free quark rate from a quark da§] at T
=150 MeV. The plasma rates are large in the low masg, |
region(more than a factor of)2 above the phimore than a
factor of 2, and around the 2 GeV regid@about a factor

In a heavy-ion collision the electromagnetic emission oc-
rs from various stages of the collision process. In this part,
we will focus on the low and intermediate dilepton emission
- . . rates (up to 1.5 GeV. We will assume that they emanate

1/2). Surprisingly, however, the hadronic tail, Eql4) from a simple fireball composed of a hadronic gas. The fire-

i ; . ) -
(e"e” into hadrong still provides substantial emission ball will be modeled after transport codes, for the CERES

strength even through the high mass region in comparison tﬁ'Au) and HELIOS-3(S-W) heavy-ion collisions. In par-
a free quark gas at the same temperature. An enlargement ular, the expansion will be assumed homogeneous, with a

that region is shown in Fig. 5. volume and temperature parametrized 26|

-~10

10 T T T T

3
. TO=(T,-T.)e V"+T., (18

t
T = 150 MeV V(t)=V0(1+%

—
o
L
L

with ty=10 fm/c, T;=170 MeV, T,=110 MeV, 7
=8 fm/c, and the value oW, is absorbed into the overall
Master Approach normalization constanNyV, (=6.76x10 7 fm® in Eq.
(19), which is fixed by the transport results. The freeze-out
time will be set tot;, =10 fm/c. Since we would like to
only address the issue of a thermal gas of mesons, we will
ignore the baryons, assuming their contribution at present
energies to be small in the leading density approximdudn
The mesonic fireball is more appropriate for RHIC as op-
posed to CERN energies.

Using Eq.(18) and the above rate, the final expression for
the integrated emission rate per unit rapidityand invariant
FIG. 5. Same as Fig. 4. massM is

Plasma

dR/IAM? (im™ GeV™H)
=)

2000.0 2200.0 2400.0 2600.0 2800.0 3000.0
M (MeV)
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—
(=]

107

dN/(dMdn)/(dN_/dn) [(100 MeVv)™']

107 1 \ L 1
0.0 0.2 0.4 0.6 0.8 1.0

M (GeV)

FIG. 7. Dielectron rates for the CERES S-Au experiment. See

text.

dN/d» dM d3q
0

M)=N Mth'o'dtth Ay PR
W( )=Npg . (t) | —A(g0,9 )ﬁ-
(19

q

The acceptance functiolh(qy,q%) enforces the detector
and ©.,.>35 mrad
for CERES. For HELIOS-3, Eq(19) can be used by
cut m=4(7-27%),
m=/(2m,)?+[15/coshf)]>. The results for CERES and

cut p;>200 MeV, 2.K75<2.65,

integrating over x with the

HELIOS-3 are summarized in Figs. 7 and 8.

The thin line in Fig. 7 is our result using only the two-
point spectral weights in Eq19), while the thick line fol-

1.2
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_4

10 T T

t
&

= -
= =}
&

-
[=]
[

(0°N, /dndM)/(dN, /dn) [(100 MeV)™']
3

-9

M (GeV)

FIG. 9. Dielectron rates for the totg@, of the CERES Pb-Au
experiment.

The data are fronil]. Clearly the fireball evolution and the
mesonic gas do not account for the low mass dileptons. In
Ref. [3], it was shown that only large nucleonic densities
could account for the data to leading order in the hadronic
densities.

The solid line in Fig. 8 is our three-flavor result for the
HELIOS-3 experiment. The dashed curve refers to the results
discussed recently by Gal®] using effective Lagrangians
and a variety of two-body reactions. Our results are in over-
all agreement with theirs. The dotted line is again the back-
ground contribution from the transport modél9]. The fair
agreement of the fireball with the dimuon spectra above 1

lows from an additional Gaussian smearing over the detectdP€V indicates that a thermal hadronic gas treatment is con-

mass resolution:

dN/d7 d

M

p( (M—M")?
exp —

247

o0 1
dM’
JO Ne2mo

with o=0.1IM. The backgrounddotted ling was taken from
a transport mod€]5,9]. The ¢ resonance is clearly visible.

-5

ANy /dy M)
(20

10

Master Approach
— —__ Li-Gale
107 background
s
2
o 10—5
©
Z
Zs.
10°
107° : .
1.0 1.5 2.0 25
M (GeV)

FIG. 8. Dimuon rates for the HELIOS-3 S-W experiment. See

text.

sistent with the data. Some enhancement in the low mass
region may be achieved by adding baryons, but not enough
in our leading density approximation to bring it into agree-
ment with the dat43].

VI. CERES WITH p; CUT

Recently, the CERES collaboration analyzed thede-
pendence of the dielectron paif&0]. Using our mesonic

5

10 T T

P, < 400 MeV

]
5

-7

-
o

-
=]
&

(6N, fandM)/(dN, /cin) [(100 MeV)™ ]
=)

0.0 0.5 1.0 1.5
M (GeV)

-
S
3

FIG. 10. Dielectron rates for low, of the CERES Pb-Au ex-
periment.
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107 ; . mesons without baryons. The analysis relies on the extension
of the chiral reduction formulas from SP) to SU3). The
hadronic gas now includes the effects from kaons, etas, and
phis. As expected, only substantial changes in the rates are
seen around the omega and phi regions.

In the low mass region there is a substantial enhancement
due to the mixing with the axial particles, but not enough to
account for the CERES data after time-evolution and detec-
tor cuts. In the intermediate mass region, there is good agree-
ment with the HELIOS data. The baryonic effects are impor-
tant in the low mass region, but not enough to account for the
discrepancy seen in the Pb-Au collisions at CERN within the
density expansiof3]. The large and persistent hadronic tails
. . make the thermal mesonic emission rates comparable to the
0.0 0.5 1.0 1.5 ones from a thermal gas through the intermediate mass re-

M (GeV) gion.

As we have indicated in the Introduction, our analysis
is not based on a model. Our only assumption is that the
emission rates follow from a baryon-free and dilute hadronic

rates and the fireball evolution, E¢48) and(19), we show gas. The rest follows from symmetry and data. As such

in Figs. 9 and 10 our results in comparison to data. Theall model calculations should be in agreement with our re-

background contribution in our case was borrowed fromsults under these assumptions, and it is gratifying to see that

transport calculation$21]. The initial temperature of the the recent analysis performed by Gd®] using reaction

fireball is set afT;=160 MeV and the freeze-out tempera- rates does.

ture at T,=105 MeV for which the time scale is;, The fact that the HELIOS-3 data can be explained without

=20 fm/c, with =10 fm/c andty,=10.8 fm/c. The new recourse to additional assumptions makes part of our argu-

normalization constanoV,=3.45<10"7 fm? is fixed by  ments reliable. The persistent disparity in the low mass re-

the transport result21]. gion with CERES and the newly measurpdspectra may
Our analysis, based on a baryon-free hadronic (@ath  indicate the need for an enlargement of the original assump-

strange mesonsdoes not reproduce the low mass dielectrontions. The importance of the thermal quark gas emissivities

enhancement in both Figs. 9 and 10. Since most of thén the 1/2 and 1 GeV regions may be indicative of some

iscrepancy of the low mass enhancement comes from lowimple nonperturbative effects in the partonic phase for the

p; contribution, taking into account the large statisticaltemperatures consideré@2]. This issue will be addressed

and systematical errors fol >1.0 GeV, we find that our next[19].

high p; spectrum is consistent with the data. In Fig. 11, the

data are the differences between the mean values of the total

and low p; spectrum, and so we do not include the vertical ACKNOWLEDGMENTS

error bars.

P, > 400 MeV

-
o
o

L
=

—_
o

FIG. 11. Dielectron rates for higp, of the CERES Pb-Au ex-
periment.
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