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We study photon production from the hidden local symmetry approach that inclyggsanda; mesons
and compute the corresponding photon emission rates from a hadronic gas in thermal equilibrium. Together
with experimental radiative decay widths of the background, these rates are used in a relativistic transport
model to calculate single photon spectra in heavy-ion collisions at SPS energies. We then employ this effective
theory to test three scenarios for the chiral phase transition in high-temperature nuclear matter including
decreasing vector meson masses. Although all calculations respect the upper bound set by the WA80 Collabo-
ration, we find the scenarios could be distinguished with more detailed [&t556-28188)04307-9

PACS numbgs): 25.75—-q, 12.40-y, 13.75.Lb, 25.20.L]

I. INTRODUCTION results[12] find that thep mass does not vanish in the chiral
Experiments due to be performed over the next few de!'m't' . : . -
. o The aim of this paper is to compare the predictions of
cades are aimed at achieving a quark-gluon plasma, thereb L . .
. X ' ) ecreasing in-medium vector meson magsdgether relying
hopefully granting the ultimate confirmation of QCD as the . L .
. . . on the Georgi vector limit or nptwith the WA80 photon
theory of strong interactions and also settling the debate over

. . . tra. The most important pr are— n
the phenomenology of hadronic matter at high density. HowSpeC a e mos portant processss py and

. . X mp—ry as well as the decay— wmy as determined in Ref.
ever, data currently available from experiments carried out %13]- Thea, resonance is also important for photon rates, as

the CERN SPS in the form of dilepton and photon spectigjiscyssed in Ref§14—16, and was treated incompletely in
offer information relevant to many outstanding issues, suchhe transport calculations of RéL7]. Furthermore, different
as the enhancement of low-mass dileptons in central heavicenarios for the density dependence of matter such as the
ion collisions reported by the CERES and HELIOS Collabo-Georgi vector limit have not been addressed in the context of
rations[1,2], anomalous)/¢ suppression in central RIPb  photon rates in the past. We therefore use the extended hid-
collisions by the NA50 Collaboratioh3], and finally the  den local symmetry Lagrangian to make easy tests of differ-
limit on single photon spectra from central heavy ion colli- ent scenarios through the adjustment of the parameters. The
sions set by the WA80 Collaboratign]. Georgi vector limit is possible in the hidden gauge descrip-
There has been intense theoretical activity in the past fewion as described in the next section. The massive Yang-
years to predict the behavior of hadronic matter at high denMills Lagrangian, as used in Refl15], is to some extent a
sity as chiral symmetry restoration and deconfinement arspecial case of this Lagrangian, corresponding to a specific
approached. However, the general physical picture of QCIparameter choice and a different gauge-fixing scheme.
phase transitions is still not agreed upon. Lattice QCD lacks In general, the effective parameters—masses and
the techniques to surmount the finite-density problem ana@ouplings—may be seen as a result of two distinct steps.
other models differ in opinion to the important effects. In First, the low-energy limit of QCD defines the physics of
particular, there is nothing to prohibit chiral symmetry from hadronsin free spacedue to chiral symmetry breaking and
being restored via the Georgi vector lin§]. confinement. Second, the physics of hadrons at high density
In this limit, the p becomes massless. Its longitudinal po-and temperature is obtained through many-body effects with
larization must disappear, transforming into a scalarthe above mentioned low-energy interaction.
isovector particle identified as the chiral partner of the pion. One might argue to what extent this dichotomy is a natu-
Thea, is the chiral partner of thg and so also must become ral thing. Whether it is suggested by the very existence of
massless. The interesting question is the nature of the mabkadrons, or is a result of the historic development of strong
decrease of the vector mesons and whether heavy-ion collinteraction physics. There is no good reason to exclude me-
sions will be able to distinguish between them. The decreasdium effects from either of these steps. For instance, finite-
in general is an effect still in contention although it is able totemperature lattice QCD calculations, in principle complete,
explain the dilepton spectrum from CERES within a trans-consider ensembles of a very small number of particles.
port code calculatiof,7]. Temperature effects at this level are mainly due to modifica-
Based on the restoration of scale invariance of QCD fottion of the QCD vacuum, and may be compared to internal
low momentum scales, Brown and RE®] suggested that structure modifications of hadrons, rather than many-body
the mass of nonstrange vector mesons should decrease éffects. Traditional many-body calculations, on the other
dense matter, together with the chiral condensate. There arehand, use the same parameters in their basic Lagrangian at
number of arguments that emerged that are in favor oéll temperatures and densities. Each of these approaches
Brown-Rho scaling9]. However, finite-temperature calcula- taken separately might miss part of the picture.
tions based on effective Lagrangidi®,11 and some lattice In this paper, we do not attempt to predict medium modi-
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fications of the vector meson masses. Instead, we assume all ffT
medium effects are induced by Brown-Rho scaling of the Lva=7 Tr|D & &l = éuD L éréRENI2
vector meson masses and the pion decay constant through
three different scenarios as presented below. We therefore 2
can work both in free space and at high temperature and Ly=—TiD ¢ & 12
density by adjusting the couplings within the hidden gauge M7 a4 HEMEMT
theory framework as will be shown in the next section.
The remainder of the paper is structured as follows. In £2
Sec. Il we briefly review the hidden local symmetifLS) £7=f Tr|D & & — EuD . éréhél —D L Euénl?,
formalism extended to both vector and axial-vector mesons
and its fundamental results. Then we propose a scheme of ) )
parameter assignment which leaves only the vector meson PuérL=0uéri—19(VEA) Er tielr (VEA),,
masses as external parameters. In Sec. lll we present our
main analytical results, the—mmy decay width and cross Duém=3d,ém—19(V—A) émTigén(V+A),.
sections forrm—py as well asmp— 7y, and show the ther-
mal equilibrium photon rates derived from them. In Sec. IVThe choiced=1—b+b?/(b+c) ensures the pion kinetic
we discuss different ways to implement Brown-Rho scalingterm in£ has a unit coefficient. Fixing the gaugg =1 and
and their effect on the results of the previous section. In Se<fI=§R=epr7r/f7), there is ma; mixing present inLx
V we describe the transport model we use and then presemthich can be eliminated by the shift
the predictions for photon rates from+®&u collisions with
the different implementations of Brown-Rho scaling. Finally, b

Sec. VI is devoted to a summary and conclusions. A At b+c @’9#7’-

The gauge choice foA andV could introduce two other
IIl. HIDDEN LOCAL SYMMETRY MODEL unphysical scalar fieldéo and p) that parametrize the de-

We start with a brief review of the extended HLS model, C0Mposition ofU(x) above. This also leads to mass genera-
The reader is referred to RefL8] for further details. We tion for these new fields through the usual Stueckleberg con-
would like to include the dynamics of both theand a, struction. However, choosing the unitary gauge rids the

mesons and at the same time have a mechanism which aIngrangian of the unphysical fields at merely the expense of
. _ . making the vector-field propagators nontransverse. Also, the
lows for the Georgi vector limit5]. This has been done for

) . vector part reduces to the Callan-Coleman-Wess-Zumino
the p meson alone using an $2) hidden local symmetry (CCW2) effective Lagrangian in this gaugé]. We will
[18]. In that case the Lagrangian depends on a single parangicy o this gauge throughout for convenience.
eter a with the Kawarabayah|-Szuzuk|—R|azudd|n— Unfortunately, upon adding the;, the first KSRF rela-
Fayyazuddin(KSRP relation [19] g,=2f79,., being a tjon develops a strong momentum dependence and the decay
general consequence of the theory. Imposirg2 gives the  width T, ., vanishes. In addition, the width,__. , is half
universality of thep couplings, a second KSRF relation  of its experimental value(For a full discussion of these
=2g2,..f2, andp dominance which are all phenomenologi- points see Ref/18].) These unattractive features can be rec-
cally motivated. The Georgi vector limit is approachedaas tified by including higher derivative terms. The added part is
— 1. In this limit, the ordering of the hidden local symmetry chosen to b¢18]

Lagrangian in terms of the number of derivatives can be

vindicated since both the- and p are light. Away from the OL=— L4+ L5+ L,
vector limit this ordering of terms can still be considered
valid. i
In order to include thea;, we need to extend the local Lo4=7 T afyamF )+ EhafianéuF N1,

symmetry to SU(2)XSU(2)g. This increases the number
of terms in the most general Lagrangian to give .
[
Lo=— 7 Tt ayF,) - akéhanéuF L1+ H.c.
;C:aﬁv"_ b£A+ C£M+d£ﬂ.+ Ekin (1)

Lo=7 Tl éwakdlayF L) — ol ayéyFR1+He,

with the kinetic terms for the vectdr,, and axial-vectoA ,
fields included in the last term. In addition we can add a . B + (RL) i i
global SU2)xSU(2) symmetry to describe external vector With a*=(D*£)é" andF ;= defined as the field strength
V, (including the photopand axial-vectotd,, fields. for the field corgblnatlon‘(i A),. Fora_=2 the first KSRF

Defining the conventional nonlinearfield for the pionin ~ relationg,=2f7g, ., and vector dominance are regained.
terms of three S(2) fields, U(X)=§E(X)§M(X)§R(X), we The a; decays take on the reasonable valtjé§ﬁp7T
have[18] =360 MeV andI’ =320 keV.

a;—ym
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Saturating the two Weinberg sum rules with the narrow

p 7r td ’ .
width approximatior{20] gives the two relatiorts \ N \-\ \.\
T ” ,.}, ’ #

s

/

N

a 2
9p=0a,; mal_ a—]_mP=

: )

—‘|3

S M X

which are satisfied fob=a andc=a/(a—1) in Eq. (1). A A
This leaves only the one parameteto govern the evolution
of the Lagrangian towards the Georgi vector limit. For
=2, the familiar relationm} =2m> is reproduced. This

gives my =1090 MeV, whereas the experimental value ISV with a=2 (r=1/2) and almost vanishing foaa=1.64

m,,=1230 MeV. This discrepancy suggests that2 is not  (y~1/3). Therefore, not assuming total vector dominance in
the proper value in free space and it should be closex to nature actually improves most quantities towards their mea-
=1.64. sured values by about 10% with the exception of the decay
Settinga=1.64 changes the other physical observables awidth I', .., which nearly vanishes to(e?).
well. First of all, theyswm vertex is not entirely vector domi-
nated, resulting in a nonzem,,,=0.18 direct coupling to
the photon(The total contribution including thg-y mixing . ANALYTICAL RESULTS
is stilll., of course, equal te.) The p—_cou.pli.ng universality is Although we will also consider the effects of the 7,
modified to becomgpmzo.%g, stll_l within reason. In fact, ;.4 7' mesons, these particles are long enough lived to
the two KSRF relations can be written for genemaas mostly decay after freeze-out and therefore we can take the
experimental values for their partial widths. The only decay
gimffﬂ abundant enough to consider is thers 7y. For the pho-
ton production from two-body collisions, only7— py and
_ ) . . Tp— ry are important enough to consider for the tempera-
with §,=2r(1—2rg andr defined in Eq.(2). Using f, ture region relevant to heavy-ion collisions at SPS energies
=92.4 MeV andg,,,/4m=3.0 [21] improves the second [13] These three processes are all related to the same matrix
KSRF relation prediction for thep mass from m,  glement quoted in Appendix A. Electromagnetic gauge in-

~800MeV (a=2) to 760 MeV @=1.64). Notice that ariance can easily be checked on our expressions. The con-
Georgi's relatioom?=4g;__f7 is reproduced foa=1. The tributing graphs are shown in Fig. 1.

FIG. 1. The general diagrams for the matrix element involving
PITY.

1
gpﬂ'ﬂ':Eag(l_l—gr)! mﬁzm

pion vector radius for=2, (r?)J=0.39 fn?, is slightly be- First focusing on the decay— wmy, the result in free
low the data(r?)=0.44=0.03 fnf. For generah the value  space fora=2 (1.64) is
is
0t oy
pon B(1+E) T(p"—7 7" y)=1.6 (1.8 MeV.
(r >V:gT,

Both values are in reasonable agreement with the experimen-
tal data 1.5-0.3 MeV [21]. In the same model, we can cal-
Oculate the radiative decay width of charged rho mesons, and
we obtainl’(p— m7y)=0.88 (0.98) MeV after isospin av-
eraging, showing thg™* together give slightly less contribu-
tion than thep® alone.

which for a=1.64 results in 0.46 fdin good agreement
with the data. The pion polarizability can then be determine
from the Das-Mathur-Okubo relatigr22] and gives values
consistent with data for both values af

The decays of tha; meson also are modified. The total X
The cross sections far7— py andwp— 7y can be cal-

width is dominated by, _, . which changes from 360 to : g

) 1P ] culated in the same way, and the results are shown in Figs. 2
430 MeV witha=1.64, still about equal to the experimental 54 3 for three values . A momentum dependent width
value of 400 MeV. The surprise is the radiative decayior the a, mesons as calculated in the HLS Lagrangian was
I3 —yn- It changes from 320 to 50 keV as given by the jhcjyded. It is useful to compare our results with those of

formula Kapusta, Lichard, and Seib¢t3], which did not include the
5 ol 13 effects of thea; meson.

r :(E) (3r—1)%p| For mm—py, thea=2 anda=1.64 results are similar

amrm o\g 1272 and near the results of Kapusta al, within the pertinent

values ofy/s. Likewise, therp— y result fora=2 (which
This is very different from the experimental value 630 keV has a visible bump close t@m,) drops quickly to the Ka-
also obtained by vector meson dominance. This is due to thpustaet al, cross section due to the broadening in the mo-
contribution and interference from the graph with a directmentum dependeiat; width. Thea=1.64 result, however, is
photon. This is responsible for pulling the width down to 320larger by almost a factor of 2, showing there is no simple

connection between having a smél} ., width and the

cross section in therp channel. Therefore we will usa

Adding widths to the resonances changes the quantitative resutt 1.64 for the free space calculations below and not concern
for the parametea by less than a percent. ourselves further with tha=2 case. As a consistency check,
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0 0.5 1 1.5 2 2.5 3

0.01 I | I ] 1 E.,(GeV)
0.5 1 1.5 2
Vs (GeV) FIG. 4. Thermal rates for the procesp— 7y as compared to

those of Song and Kapusé al.
FIG. 2. The total cross section ferm— py for a=2, 1.64, and
1.05. The value ofy is determined bym?=ag?f. The result of mal equilibrium can be readily computed from the matrix
Ref.[13] is shown for comparison. element for a given process. For the process2i-3+ vy,

the differential rate is given by
our results reduce essentially to those of Kapestal., when

we turn off thea, effects, as they should. dr
The a=1.05 results lead to substantially smaller crossEyW
sections, indicating that less photons will be produced from 4
these processes when chiral symmetry restoration is ap- N d3p, d3p, d3ps
proached. This is especially seen when comparing to the free = 3513 J (2m)32E, (2m)32E, (2m)32E,
space resultgd=1.64). Including the scaling of the param-
eterg as well will lead to a decrease of the vector meson X(2m)*8%(p1+p2—Ps—p,) F(EDF(Ex)[1+f(E3)],
masses as discussed in the next section. The suppression of
cross sections seen here will be counterbalanced by an ewhere M is the scattering amplitudef(x)=[exp§/T)
hancement from the increase in phase space and the rated] ! is the Bose-Einstein distribution, add is the degen-
will not appreciably change. eracy factor which equals the number of distinct incoming
Emission rates for photons from a gas of hadrons at therstates considered in the matrix element. Since the matrix
element depends only on the Mandelstam variable$p,
- I ' I 1 +py)? and t=(p;—p,)?, we follow Ref.[13] and insert
i integrals over each of these variables with delta functions

| M2

— a=2

- S— a=1.64 ] ensuring the above definitions. The differential rate can then
---a=1.05
— — Kapusta et al

be expressed in terms of an exact quadruple integral as
shown in Appendix B.
For the thermal emission rate from the degay w7y,
we used the approximate expression given in RE5]. As it
is seen from Figs. 4, 5, and 6, our thermal ratesaferl.64
are considerably different from those of Sofrid] who in-
cluded thea; meson within the massive Yang-Mills ap-
proach but did not include a momentum dependent width.
For the mm— py process, the rates are similar to Song for
small photon energy but soon fall below. Although the mas-
L mp->Ty _ sive Yang-Mills Lagrangian is a special case of HLS, we
have very different parameter choices.
The variablea; width is an important effect, leading to a
0.01 . | . | . very broad resonance in tteechannelmp— 7y cross sec-
05 1 1.5 2 tion. There the contribution of tha, is practically zero for
Vs Js=1.4 GeV. However, this does not account for the factor
s (GeV) . )
of approximately 3 between our result for the thermal emis-
FIG. 3. The total cross section fatp— my for a=2, 1.64, and  Sion rates and those of Song. For {helecay, our result is
1.05. The value ofy is determined byn’=ag?f2. The result of ~almost identical to Song’s, as expected from our agreement
Ref.[13] is shown for comparison. on the corresponding decay width. At thermal equilibrium,

0.1

o (mb)
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L I L I I I Undoubtedly, if our description is valid, renormalization
Thermal rates mm=py effects as well as temperature and medium effects within the
. HLS description[10] play a major part in the evolution of
o our three parameters. On the other hand, there may be more
- - Kapusta el al fundamental effects, which can not be predicted from within
the effective theory. After all, spontaneous chiral symmetry
breaking is a property of full QCD, and the mechanism con-
trolling it may or may not be captured in an approximate
description such as ours. Therefore, we do not address within
the HLS approach the issue of how the three quantities
evolve towards the phase transition. Instead, we will con-
sider a number of scenarios based on very general argu-
ments.
_ The p meson mass has been suggested as a possible order
1o-tolia il N L RN parameter for the chiral phase transitii28]. If the phase
o o5 1 1.5 2 25 3 transition is of second order, them, will smoothly decrease
E,(GeV) towards zero. According to the scaling argument by Brown
and Rho[8], all other quantities such ds, andm, will be

driven by the ratiom’/m, (m} is the in-mediump mass.

the effects from this decay are outshined by those due to th@ur aim is to find out the effect of such a picture on photon

two-body processes by aimost two orders of magnitude. ~ €mission from heavy-ion collisions.
Scenario | The conventional wisdom would be to allow

thea; mass to drop towards zero along with thenass

T=100,150,200 MeV

E dR/d%p (fm~* GeV-?)

vonnd el vl vl il

FIG. 5. Same as Fig. 4, farm—p7y.

IV. SCENARIOS FOR THE CHIRAL PHASE TRANSITION

*

The most attractive feature of HLS is that it describes
fairly well the dynamics of pions and vector mesons with
only three parameters: the pion decay consfgntthe uni- b May
versal coupling constarg, and the parametea. From the
construction of the HLS Lagrangian, the latter two define the,ever. this simple scaling will freeze the Hl:Sparam-
masses of the vector mesons eter at its free-space value as can be seen fron{3qThis

implies a will never attain its renormalization group fixed
m2=ag?f2, mimi=(a—1)/a ©) - -
P ™ p' ey : point of the HLS theory18], a=1, which would lead to the
_ _ . . Georgi vector limit The dependence af on the in-medium
In practice, this relation may be reversed in order to use thg mass is determined by the scaling dimensiofi,oés given

3|3,
3

vector meson masses to set the valuea ahdg. by the Gell-Mann-Oakes-Renner relation

We set out to use this description for the physics of me-
sons at high temperature and baryon density. Our basic as- _ @2 — . o\ 120
sumption is that, at least for moderate conditions, the HLS M _ ( <1M/)*) (f_w) Ay :f_w_(&)
description still holds, only with changed parameter values. m, (%ﬂ) f_ (Jl/f) f, \m,

In other words, the effects of temperature and medium may

be described in terms of changifig, m,, and Ma, only.
The suggested values farare 1/3[8], 1/2[24], and 1[25].

1078 grerrr SRRNARSUARARLARE Since g scales ag )~ Y2 from the above and Eq(?3),
FA X Thermal rates p->nmmy 7 h s .
c e 100,150,200 er ] choosinga=1/3 would lead to an infinitely strong coupling
10E I etm,s voe in the chiral limit contrary to the asymptotic freedom of
r - ] QCD. The choice ofv=1/2 is therefore a limiting case, lead-
2 10 3 ing to
S i i
h -6 L -3
- fr_m
“-g‘ lO'"’é— _é fﬂ. mp
% i ]
m 107°F E and thugg is frozen to its free-space value justass. This
r ] prescription is equivalent to the one used in R&f].
10-° E
10_"\_ ]

(=)
o
[}
-
—
L
[
[
(o]
w

2A one-loop calculation of the renormalization group equations
E, (GeV) including thea; meson has not yet been done, but even a different

fixed pointa=a, will not change the final situations described in
FIG. 6. Same as Fig. 4, fgg— 77y. this paper.
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Scenario Il As opposed to the complete disregard for the L B B B L B S=Cgr
renormalization group behavior afandg, we now take the F / ]
fixed points to be realized. H approaches 1 as themass i T i
goes to zero, the ratimallmp must diverge, as can be seen o1l // i

. . L E R MAETETE Scenario 1 E
from Eq. (3). This does not imply th@,; mass can not van- o F % = — Scenario II ]
ish, only that it must vanish slower than,. As a limiting < C /// Scenario HI ]
case, however, we taka, to be constaritand this deter- = 0ol I // |
minesa. Note that now the flow ok andg to their fixed Tk //
point values of 1 and O, respectively, are intimately con- C A - ]
nected such that they conspire to give a constatas seen - // pmmmy ]
in Eq. (3). Of the possible values cited, only=1 for the 0.001 = '0{3' ' /'014' - '0{5' - Iofsl - '017' T o8
Brown-Rho scaling driveg to 0. In conclusion, we take

O L NN DL e B B

( E) 2: m, : \ mpomy 7

falmy : \: 5

This is one way of “implementing” the Georgi vector limit, 0% g \ e :
without having to address the issue of the fate ofdhe If g . Scenaria I ]
the a; becomes massless along with fiethen its longitu- ® E \ 3
dinal polarization will be a massless scalar, degenerate with 0.1 o ) ]
the pion. - ~— o e

Scenario lIl A different physical picture that may be con- F T ]
sidered[26] as an alternative to the vanishing wf, in the N A N I P T
chiral limit is based on lattice results indicating timat and 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Ma, decrease with temperature but become equal at som o4
finite value, not running to zerfl?2)]. If a similar situation - ! '\ ! ! ]
occurs with density, we may parametrize it by taking the B : =Y ]
vector meson masses, and My, as the sum of an invariant 03 F \ =
degenerate piecegeg, Which is the same in both, and a ¢ \ ------ Scenario I g
piece that scales with the chiral order parameter to some 2 Scenario Il 3
positive powerq: 'Y g \ E

— @ § Q tel ./-‘,-/’/ég

M* — Myeg (py)* 0.1 .\ i =
M=Maeg | (yh) = E
o J] S AT AN T EVENIIN SR ETAEE I B

for M=m, and m,,. It is also possible to consider different 0.2 0.3 0.4 M ?dsev) 0.6 0.7 0.8
values ofe« for the two vector mesons, but for simplicity we

take them equal. Agairi,, will scale with ¢>* and so in the FIG. 7. Photon production cross sections/at= 1200 MeV and
limit $—0, g is proportional tog(*~ 12 which imposes p decay rate as a function gf mass, for the three different sce-
the choicen =1 among the ones mentioned above. Therefordarios.

f. scales with¢”? and the matrix elements sharply increase

as ¢ approaches 0. In our simulations, where the individuals'n.Ce both the strict Brown-th scaling of scenario | and the
: lattice based scaling of scenario Il allow both vector meson
values of thep mass are determined by the local mean

baryon field, there is a small number of occurrencesnpf masses to drop together, we see an incree}se in _the cross
’ sections as thp mass decreases. From this point of view, the

. . fnain difference in the three scenarios is the way in which the
photons in excess of the WAB0 data unlasg, is weII_ aTl mass decreases: either at the same rate gs ti at all,
enough separatgd frqm these lowest values. Our choice P faster than the. This leads to a different rate of enhance-
Mgeg=0.2M, avoids this. _ _ . . ment for lowerp masses, and no considerable change for the
Each .Of the thre_e scenarios gives _d|st|nctly different re-o, eme case of the Georgi-vector limit in scenario Il. This
sults as illustrated in Figs. 7 and 8. Figure 7 shows the de

d t the phot ducti dboisfixed can also be seen in Fig. 8 where thenass is fixed at 500
pendence of the photon production cross secti Ixe MeV. Thea; mass reduction in scenarios | and Ill is accom-

Js=1200 Me\) and p radiative decay width on the mass. panied by an increase in the cross sections.
Notice that in Fig. 8 the cross sections for redupadass
tend to increase with/s starting at approximately 1300
3In our simulations, we expect only relatively small effects from MeV. The same behavior is present in the free-space result,
partial chiral symmetry restoration. If then, decreases signifi- only at higher values o. This is certainly unphysical and
cantly slower tham, , we may take it constant in the first approxi- comes from the terms with high powers of momenta in the
mation. extended HLS Lagrangian introduced by the redefinition of
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RRRRr RN ‘p‘ﬂ\ m rrr to a grand-canonical ensemble of mesons which can produce
| -

0.3 |- ; N excess pions at will, the real situation in heavy-ion collisions
E ——free space is closer to an ensemble with fixed pion nhumber constrained
" ' -—--Scenario 1 iy by the hadronic observables.
ozl b | oseemen
E
5 L § V. PHOTON SPECTRA IN HEAVY-ION COLLISIONS
01 - In studying medium effects in heavy-ion collisions, rela-

tivistic transport calculationg27,2§ based on the Walecka-
n type model have been quite useful, providing a thermody-
o Lo v namically consistent description of the medium effects

6 065 1 15 =2 &5 through the scalar and vector fields. In heavy-ion collisions
10 pr g at CERN-SPS energies, many hadrons are produced in the
F nM>pY 3 L . . .
F 7 initial nucleon-nucleon interactions. This is usually modeled
- ——Free space 1 by the fragmentation of strings, which are the chromoelectric
i - —-Scenario 1 1 flux tubes excited from the interacting quarks. One success-
—~ 1 \ o SCemane S ful model for taking into account this nonequilibrium dy-
E F ) B namics is therRQMD model [29]. To extend the relativistic
¥ r ] transport model to heavy-ion collisions at these energies, we
L . have used as initial conditions the hadron abundance and
01 L _ distributions obtained from the string fragmentation in
s ] RQMD.
E e Specifically, we obtain from th&Qmp model (version
0 05 1 15 =2 25 2.1) the chemical compositiothadron abundangeand their
Vs (GeV) spatial and momentum distributions after the string fragmen-

tation. As shown in Refd.6,7], the initial conditions based
FIG. 8. Photon production cross sections in free space and for gn theroMmD string fragmentation and the initial conditions
p mass decreased to 500 MeV in the three different scenarios. Thgased on thermal and chemical equilibrium assumptions lead
dotted lines indicate the range where we replace the cross sectiogs very similar dilepton spectra. We expect that our predic-
by aconstan_t—equal_to the valuc_e at the start of the dotted line. Thg,no for photons spectra will not be very sensitive to the
value A of this cutoff is scaled witm, . particular initial conditions we use.

Further interactions and decays of these “primary” had-
the A, field. We are, after all, working with an effective rons are then taken into account through a conventional rela-
theory which breaks down at high energies. In a more carefuivistic transport model. We include nonstrange baryons with
analysis, one should interpolate between the effective theornasses below 1.72 GeV, as well as A(1405, =, and
and asymptotically free QCD. For our purposes, we calculatg,(1385. For mesons we include, 7, p, o, 7', a;, and ¢,
our cross sections up to where they start to increase agais well asK andK*(892). Baryons are propagated in their
(Vs=A=2GeV for the free space casand then fix the mean fields, which are assumed to be the same for all non-
cross section to that final value for larger values/sf The  strange baryons. The mean fields for hyperons are assumed
parameter\—which can be considered as an effective cutoffto be 2/3 of that for nonstrange baryons, based on the simple
parameter to enforce asymptotic freedom, as in most hadyuark counting rule. The meson masses are all reduced in
ronic models—is thus part of our model and is chosen taaccordance with the mean figlfi], the only exception being
scale along witm, . In Fig. 8, we show the part of the HLS thea; mass which is varied according to the three scenarios
cross section we use with thicker lines, and the discardedf Sec. IV.
piece with thinner dotted lines above cutdff Only the high In addition to propagation in mean fields, hadrons also
p; region of our photon spectra are affected by the value ofnteract under stochastic two-body collisions. For baryon-
the cutoff. Removing the cutoff altogether, the total photonbaryon interactions, we include both elastic and inelastic
rates exceed the WA8O limits f&,>1.5 GeV, but increas- scattering for the nucleons(1232, N(1440), and\(1535).
ing A to 3 GeV causes only minor changes in our final re-Their cross sections are either taken from RE3§, 31] or
sults, showing the relatively low sensitivity to having a cut- obtained using the detailed balance procediB2]. The
off. meson-baryon interactions are modeled by baryon resonance

Naturally, the thermal equilibrium rates shown at the endformation and decay. For example, the interaction of a pion
of Sec. Il will increase dramatically for all three scenarios aswith a nucleon proceeds through the formation and decay of
the vector masses decrease. This is mostly due to the Boltany of theN or A resonances from thA(1232 up to the
mann factor. For example, if themeson mass is reduced to N(1720). The formation cross sections are taken to be of the
500 MeV at T=150 MeV, the thermal emission rajer  relativistic Breit-Wigner form. The meson-meson interac-
— 7y increases by about a factor of 6. However, as we willtions are either formulated through resonance formation and
discuss in the next section, this effect is not the only factor talecay when the intermediate meson is explicitly included in
consider when applying these results to heavy-ion collisionsour model, such as ttes, meson, or treated as a direct elastic
In addition, the total pion multiplicity is constrained by ex- scattering with a cross section estimated from various theo-
periment. Whereas the thermal rate calculation correspondsgtical modeld6].
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FIG. 9. Total thermal photon spectra in centratAu collisions FIG. 10. The same as Fig. 9, for>7avy.

at 20A GeV for the different scenarios discussed.
meaningful comparison with the dropping mass scenarios,

Photon creation is taken into account during the evolutiorone would need to use a large chemical potential in the bare
of the transport code through decays or two body processesass scenario, which would push up the thermal rates. In
The experimental data fes and %’ decays are used as these this paper, however, we do not use thermal equilibrium ini-
particles are long lived and mostly decay after escaping int¢ial abundances. Instead, we evolve the system from the
free space. Photons can also be produced from the decay sfime initialRQMD output for all cases considered. This pro-
baryon resonances. These contributions are usually neglecteddure guarantees the correct final pion yield without addi-
in hydrodynamical calculation§33,34, but are included tional assumptions such as a pion chemical potefifial
here through experimentally measured radiative decay With a droppingp mass, thep number increases in the
widths [21]. Baryon contributions are found to be much initial stage mainly through the procegs- . This, how-
smaller than those coming from mesons, as pointed out iever, is also the dominant decay mode for thand so the
Ref.[17]. Otherwise, we include the three main contributorspions are eventually regained at freezeout. The thresy
to photon productionp— 7wy, wm—pvy, andmp—amy as  photon-producing processes discussed in detail above are not
calculated in the previous sections and modify the two fun-enhanced dramatically if the number pfmesons increase
damental parametessandg of the HLS Lagrangian accord- because this is achieved at the expense of reducing the num-
ing to each of the three scenarios mentioned above. ber of pions. As a resultp— 7y is neither favored nor

In Fig. 9 we compare our thermal photon spectra with thedisfavored and the other two processesr—py and p
upper bound of the WA80 Collaboration. Overall the results— 7y are balanced against each other. Although all three
are below the upper bound for photons with transverse moscenarios are close to the free space result, the largest change
menta well below 1 GeV. For higher transverse momentagcomes to scenario Il and the Georgi vector limit, which is
our results touch the upper bound of the experimental dataeduced by almost a factor of 2 in the final rates as seen in
These observations are essentially the same as those of REfg. 9.
[17], although the contribution from two-body collisions at  This variation in the three scenarios can be seen better by
high transverse momenta now becomes comparable to that bfeaking the rates up into the important contributions. This is
meson decay, due to a more realistic treatmerat;offfects.  shown in Figs. 10, 11, and 12 for the- 7y, mm—p7y, and
This shows that whether the vector meson masses are rep— my rates, respectively. The main contribution can be
duced or not, the rates do not change much since the openisgen to come fronp decay, which is larger than what one
up of phase space is balanced against a decrease in the cowuld expect from the thermal rates of Sec. Ill. This is a
pling constants. result of the spread of the actyamasses around the central

The fact that there is no dramatic increase in photon emisvalue in the transport simulation. The decay rates are driven
sion rates would seem to contradict the naive expectations dfy phase space, and there is a net gain from the instances of
thermal rate calculations. Regardless of whether the drogiigher mass which is not compensated by losses from lower
ping mass scenario is invoked or not, any photon spectruralues. The largest value to the decay rates comes from sce-
calculation must at the same time fit the observable piomario Ill in which both masses drop, batincreases as the
multiplicity. Through the use of a complete transport calcu-ratio of thep anda; mass approaches 1. The lowest rates
lation as described above, this quantity can be consistentlpome from scenario Il as one would expect from the cross
obtained. As shown in Ref6], this could be achieved in a sections.
thermal model by either decreasing the vector meson mass or It is also interesting to note how similar scenario | is to
increasing the pion chemical potential by hand. Thus, for dhe free rates in all three figures. This is because Brown-Rho
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results from WA98 and future photon measurements are
needed to properly interpret the discrepancy with the present
data.

With excellent data in the photon spectra, one could pos-
sibly distinguish between the three broad scenarios set forth
in this paper. However, given the extremely poor signal to
noise ratio for the photons, the experimental uncertainty is
too large to say whether one or another of the curves in Fig.
9 is right. One might rank the scenarios in order of decreas-
ing total photon rate. Then, the free-space result and scenario
Il seem more likely to exceed the upper bounds for the
regionp;<1.75 GeV than scenarios | and Il. Both the free-
space result and scenario Il are strong in this regionpfor
decay. The free-space result outshines all other scenarios for
pm— 7y, While scenario Il dominates for7— p7y. Except
for p decay above 2 GeV, scenario Il gives the lowest pre-
dictions. Also, it is the only one to have the same slope as the
WASO limits.

VI. SUMMARY AND CONCLUSIONS

The purpose of this study is to investigate the effect of
dropping in-medium vector meson masses on photon spectra

scaling for thea, meson does not allow either of the tWo o heayy-ion collisions. This has been done earlier for

parameters of the HLS Lagrangian to change. The widesjjiepton spectrd6] and for photon spectrl7]. In the case
range in values among the scenarios comes innthie~py ot photon spectra, the effect of the has to be included
rates which give a spread of almost an order of magnltud?“] since it is potentially important.
between scenario Illarges} and scenario lismalles}. One We recalculated three processes important for photon pro-
can see from Fig. 8 that this process has a larger spreagciion in heavy-ion collisions using the extended hidden
betwge_n scenarios in t.erms Cross sections, top. local symmetry Lagrangiafl8] with the propera; mass.

It is interesting that in total, all three scenarios as well aSyq fing that the contribution of tha, as intermediate state
the free rates touch the upper bounds set by WAB8O for larggy oatively small, in contrast to results found in earlier mod-

pi. If other processes such agm— py were included, they  o15114,15 but closer to the results in RetL6]. It would be
would also feed into this high momentum region and posSijnteresting to see whether this is indeed a genuine physical
bly push the rates past the upper bounds. One must be cagget by jooking at alternative formulations of HLS. In par-
tious, however, in drawing conclusions in terms of absolutedcular’ thesr-a, mixing is taken care of now by a shift of the

values of the photon rates at higheven though we cut off  , el whereas using one of the unphysical fields that ap-

the unphysical high-momentum dependence of our Cross Sefe a1 in nonunitary gauges could have the same effect without
tions as discussed at the end of Sec. IV. Needless to sa

odifying thea, vy vertex. Both thea;— 7y decay width
and thes- to d-wave ratio ina; decay should be used to

10
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FIG. 12. The same as Fig. 9, fap—my.

However, the small effect of tha; meson lies in some-
thing even more basic: the linear relation in the HLS be-
tween the couplingy and the vector meson masses. There-
fore, as temperature and density increase, the masses drop in
agreement with Brown-Rho scalifg] and the couplings are
driven to zero in accordance with asymptotic scaling. This
suppresses the rates when density corrections are taken into
account.

Nevertheless, using only the vector and axial-vector me-
son masses as input parameters our model reasonably pre-
dicts the vector and axial-vector meson decay widths. Our
predictions for thermal photon emission rates from a had-
ronic gas through the processes— wy, mm—p7y, andp
— arry are within the range of similar results in the litera-
ture. The rates fopr— 7y are slightly higher than those of
Kapustaet al. [13], but a factor 2—3 lower than those of
Song[15].

We considered three different scenarios for the in-
medium evolution ofn,, andmal in an attempt to understand

the differences in signals they would give: strict Brown-Rho
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scaling where the ratimp/mal stays fixed, an extreme case gives the lowest yield in this range. It slightly exceeds the
of the Georgi-vector limit wheren,_is fixed, and a sche- Upper bounds of WASO for largp,, but a fully consistent

matic model inspired by finite temperature lattice results. WJ“gh energy k_Jehawor IS a matter of further study_.

simulated single photon spectra in central&i collisions at In conclusion, we find that in the extended hidden local
SPS energies using the relativistic transport model that ha%ymmetry approach the role of thag .for the processes we
been used to study dilepton spectra in the same reactions. V\ggnsmered Is less important than it is gener_ally_though_t. We
included photons from the background sourcesrbfand 7 showed that one can 'mp'?me”F the dr_oppl_ng m-med_er_n
decays, as well as thermal sources such as meson decz\ig%ass.and Brov.vn?Rho scaling without V|0_Iat|ng the existing
decays of baryon resonances, and two-body processes. éberlmental_ '"”f?'ts for ph.oton productlc_)n. Furthermore’.
found that more than 95% of single photons come from théhere are |'nd.|cat|'ons that d|ff¢r¢nt scenarios lead to experi-
decays ofr? and 7. The thermal photons account for only mentally distinguishable predictions.

less than 5% of all single photons, in agreement with the
experimental observation made by the WA80 Collaboration.
We compared our thermal photon spectra with the experi- We thank Charles Gale, Mannque Rho, and Jac Verbaar-
mental upper bound extracted by the WA80 Collaborationschot for stimulating discussions and a critical reading of the
Overall, the results were all comparable to each other for thenanuscript and Madappa Prakash, Ralf Rapp, Edward
total rate, none of them exceeding significantly the experiShuryak, and Heinz Sorge for useful discussions. This work
mental bounds. Fop;<2 GeV, the largest photon yields was supported in part by the US DOE Grant No. DE-FGO02-
were found for the lattice-inspired scenario and the simula88ER40388 and by the National Science Foundation under
tion without dropping masses. The Georgi-vector limit caseGrant Nos. PHY-9511923 and PHY-9258270.
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APPENDIX A: MATRIX ELEMENTS

For p2(p)— 7°(p1) 75(p,) v(k), the matrix elemeniM shown diagrammatically in Fig. 1 is given by the addition of the
following four expressionsr(=m?2/m; ):

e
M= Eaceegbem{mifl' €2+ 21 (€1 €205 P—€1-Po€r- P)+2r%(€1- €201 P2~ €1 P1€x- P2)} +(P1,b) = (P2,C),

&(py+p)2+m?
] o= — & €1-Pr€-Pay +(P1,b) = (Ps,C)

e
M :EaBeEbce_[ €1- €D+ e 'kE . — €1+ € k —_— 5
2 (€1-P1€2- P+ €1-Kep-pr—€1-€2p1-K) (p1+p2)2_mp

gf?

w

€1-P2€2-P1
WJF(Pl,b)H(pz,C),

m

M;z=2age(1+§)e* %> e

(p1-kex-W—€,-pik-W)
(prtk)Z—m5

e
My=—07> aCGESbe[ rW-e,+(3r—1)

gf2 ]+(pllb)<_>(p21C)!

with ¢,=2r(1—-2r) and

W= €1-po[ (41 = 1)p*—rp5]—[(4r =1)pa- p+rpo- (P1+k) el .
As required by gauge invariance, the total matrix elemehwanishes under the replacement- k.

APPENDIX B: DIFFERENTIAL THERMAL RATE

For the process +2—3+ vy we defines=(p;+p,)?, t=(p;— py)z. With E;=E;+E,—E,, introduce

Y

g;=mi—t, gy=s+t—mi—-mj,
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U3=S—m5=q;+0y,

Ey

E,

p'2=-—mi+
The differential rate is then

dR N

Ok— =2+
4E7

2
G =123

f(E)f(Ex)(A+1(E3))

E = fdsfdtMs,tzdede —— S .

The integration limits ors andt, in addition tos>(m;+m,)?, are such that;;>0 andg,>0. The limits onE,, E, are set

by

[1] G. Agakichievet al., Phys. Rev. Lett75, 1272(1995; I. Tser-
ruya, Nucl. PhysA590, 127c(1995; A. Drees, ibid. A610,
536¢(1996.

[18] M. Bando, T. Fujiwara, and K. Yamawaki, Prog. Theor. Phys.
79, 1140(1988; M. Bando, T. Kugo, and K. Yamawaki, Phys.
Rep.164, 217(1988.

[2] HELIOS-3 Collaboration, M. Masera, spokesman, Nucl. Phys[19] K. Kawarabayahi and M. Suzuki, Phys. Rev. Lel6, 255

A590, 93¢ (1995.

[3] NA5O Collaboration, M. Gonin, spokesman, Nucl. Phys.

AB610, 404¢(1996.

[4] R. Albrechtet al, Phys. Rev. Lett76, 3506(1996; R. Santo

et al, Nucl. Phys.A566, 61c(1994; T. C. Aweset al, ibid.
A590, 81c(1995.

[5] H. Georgi, Nucl. PhysB331, 311(1990.

[6] G. Q. Li, C. M. Ko, and G. E. Brown, Phys. Rev. Le®#5,

4007 (1995; G. Q. Li, C. M. Ko, and G. E. Brown, Nucl.

Phys.A606, 568 (1996.

(1966; Riazuddin and Fayyazuddin, Phys. Red47, 1071
(1961).

[20] S. Weinberg, Phys. Rev. Lett7, 616 (1966.

[21] Particle Data Group, R. M. Barnedt al, Phys. Rev. D64, 1
(1996.

[22] B. R. Holstein, Comments Nucl. Part. Phyi®, 239 (1990,
and references therein.

[23] C. Adami and G. E. Brown, Phys. Rev. 45, 478(1992.

[24] G. E. Brown, M. Buballa, Z. B. Li, and J. Wambach, Nucl.
Phys.A593, 295 (1995.

[7] G. Q. Li, C. M. Ko, G. E. Brown, and H. Sorge, Nucl. Phys. [25] G. E. Brown, M. Buballa, and M. Rho, Nucl. Phys609, 519

A611, 539(1996.
[8] G. E. Brown and M. Rho, Phys. Rev. Le@6, 2720(1991).

(1996.
[26] C. M. Hung and E. Shuryak, Phys. Rev.56, 453 (1997).

[9] T. Hatsuda, H. Shiomi, and H. Kuwaraba, Prog. Theor. Phys[27] C. M. Ko and G. Q. Li, J. Phys. @2, 1673(1996.

95, 1009(1996.

[10] M. Harada and A. Shibata, Phys. Rev.5B, 6716(1997).

[11] R. Rapp, G. Chanfray, and J. Wambach, Nucl. P#&17,
472 (1997); Phys. Rev. Lett76, 368 (1996.

[12] See, for example, S. Gottlieét al, Phys. Rev. D55, 6852
(1997).

[13] J. Kapusta, P. Lichard, and D. Seibert, Phys. Revi4D2774
(1991).

[14] L. Xiong, E. V. Shuryak, and G. E. Brown, Phys. Rev4b,
3798(1992.

[15] C. Song, Phys. Rev. @7, 2861(1993.

[16] J. K. Kim, P. Ko, K. Y. Lee, and S. Rudaz, Phys. Rev5B
4787(1996.

[17] G. Q. Li and G. E. Brown, Nucl. Phy#$632, 153(1998.

[28] C. M. Ko, V. Koch, and G. Q. Li, Annu. Rev. Nucl. Part. Sci.
47, 505 (1997).

[29] H. Sorge, H. Stoker, and W. Greiner, Ann. Phyg\.Y.) 192,
266 (1989.

[30] B. J. Verwest and R. A. Arndt, Phys. Rev.25, 1979(1982.

[31] Gy. Wolf, W. Cassing, and U. Mosel, Nucl. Phys552, 549
(1993.

[32] P. Danielewicz and G. F. Bertsch, Nucl. Phys533, 712
(1991

[33] D. K. Srivastava and B. Sinha, Phys. Rev. Leét8, 2421
(1994); D. K. Srivastava, B. Sinha, and C. Gale, Phys. Rev. C
53, R567(1996.

[34] A. Dumitru, U. Katscher, J. A. Maruhn, H. Stker, W.
Greiner, and D. H. Rischke, Phys. Rev5(, 2166(1995.



