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Photons from Pb+Pb and S+ Au collisions at ultrarelativistic energies
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The effects of the variation of vector meson masses and decay widths on photon production from hot and
dense strongly interacting matter formed after Au collisions at CERN Super Proton Synchrotr(BPS
energies are considered. It has been shown that the photon spectra measured by the WA80 Collaboration
cannot distinguish between the formation of quark matter and hadronic matter in the initial state. The photon
yield in Pb+Pb collisions at CERN SPS and BNL Relativistic Heavy lon Collider energies is estimated.
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PACS numbgs): 25.75—q, 12.40.Yx, 21.65tf, 13.85.Qk

I. INTRODUCTION taking in-medium effects on hadronic properties into ac-
count. The motivation of this work is to study the shift in the
Nucleus-nucleus collisions at ultrarelativistic energies of-photon spectra due to medium effects on hadrons relative to
fer a unique opportunity to create and study a new state dhe case where these effects are neglected and to see whether
strongly interacting matter called quark gluon plagi@&P.  this shift could be identified by using experimental data pres-
Photons and dileptons can probe the entire volume of thently available. The transverse expansjdh has been ne-
plasma without almost any interaction and as such are bett@lected because thelative changen the spectra as men-
markers of space-time history of the evolving matigf.  tioned above will hardly be affected due to such effects.
However, apart from QGP, photons can originate from the The paper is organized as follows. In Sec. Il we discuss
primary interactions among the partons of the colliding nu-the photon emission rate from QGP and hot hadronic matter.
clei, which dominate the high momentum region of the specSection Ill is devoted to a discussion of the medium effects
tra, and these photons could be evaluated reliably by applyen the hadronic masses and decay widths. The space-time
ing perturbative QCD(pQCD). At smaller values of the evolution of the hot and dense matter is addressed in Sec. IV.
transverse momentum, meson decéyminly 7° and also In Sec. V we present results and discussions.
») dominate the spectrum. Due to their long lifetimé
decays into two photons outside the hot zone and photons Il. PHOTON EMISSION
originating from this decay can be reconstructed through in- » ) o
variant mass analysis. But there is no method by which the [N @ phase transition scenario, thermal photons originate
thermal photons from hadronic reactions and decays withif?oth from QGP and hadronic phase as the latter is realized
the hot zone of the thermalized system can be identified ext/hen the temperature of the system reduces to the critical
perimentally. In an ideal scenario where all the photons fronfémperature T;) due to expansion. However, if the system
7° decays are reconstructed and the photons from hard QCfes not go through a phase transition, then obviously, the
processes are identified and subtracted, then only thermHermal photons will originate from hadronic interactions
photons will remain in the data. only. We have studied the thermal photon spectra from both
Irrespective of whether QGP is formed or not, hadronicthe scenarios. o
matter(HM) formed in ultrarelativistic heavy ion collisions ~ The thermal emission rate of real photons can be ex-
(URHIC) is expected to be in a highly excited state of veryPressed in terms of the trace of the retarded photon self-
high temperature and/or density. Thus it is of primary impor-energy {1},,) at finite temperaturg6]
tance to understand the change in hadronic properties, e.g.,
mass, lifetime etc. at finite temperature and density. One of dR 29*7 R 1
the most important aspects, spontaneously broken chiral Eﬁ:_ (277)3'mH’”eE’T—1’ @)
symmetry, a property of hadrons in their ground state, is

expected to be restored at high temperature, which Shou'\g/heregw is the metric tensor anflis the temperature of the
Sthermal medium. In the guark mattépM) the lowest order

Changes in the hadronic properties could be probed mogl,ibtion to the trace of the imaginary part of the retarded
efficiently by studying the thermal spectrum of real and V'r'self-energy IR (p) comes from the two loop diagrams
wv

tual (dilepton pair$ photons. The thermal photon yield from and corresponds to the QCD Compton and annihilation pro-

StAU coII|_5|ons has been stu_dled by many au_thEﬂsS] cesses, the total rate for which is given [
without taking medium effects into account. In this work we

evaluate the transverse momentum distribution of photons 2
emitted from a strongly interacting system with initial con- d_R: E ““STZ 1+ Mo exp(—E/T)In(O.ZSlE)
ditions expected to be realized at CERN Super Proton Syn- d3p 9 242 w22 N
chrotron (SPS energies for P Pb and S Au collisions, 2
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where « is the fine structure constante,=67/(33 where M is the invariant amplitude for photon production
—2n;)In(8T/Ty) [8] is the strong coupling constant apg is  and
the chemical potential of the quark.

In the hadronic mattefHM) an exhaustive set of hadronic a=—(s+t— m%— m§)2,
reactions and vector meson decays involving,», and »
mesons have been considered. It is well knd@&hthat the
reactionsmp— 7y, mm—py, wT— 1Y, Tp— a7y, and the
decaysp— mmy and w— 7y are the most important chan- X (s—m2—m3)—2mi(m3—1t)],
nels for photon production from hadronic matter in the en-
ergy regime of our interest. The rates for these processes _>, o> .5 2 2 2
could be evaluated from the imaginary part of the two loop®~ E3(m5—1)" = 2B, E[2m5(s+t—my—m3)
photon self-energy involving various mesons. Recently ithas — — (m2—t)(s—m?—m2)]— EZ[(s— m?—m3)2— 4m’m2]
been showri10] that the role of intermediarg; in the pho-
ton producing reactions is less important than thought earlier —(s+t— mg— m§>(m§— t)(s— mi— mg)
[11,12. In the present work we have neglectag in the

b=E;(s+t—m3—m3)(ma—t)+E[(s+t—m5—m3)

intermediate state. +m5(s+t—m3—m3)2+mi(m5—t)?,

To evaluate the photon emission rate from a hadronic gas
we model the system as consisting ®fp,w, and 5. The (s+t—m2—m?) Em?
relevant vertices for the reactionsm—py and mp—my Eimin= 1E 7 o
and the decay— w7y are obtained from the following La- S+t—my—m;
grangian:

Ems  mi—t
I - e_ - - E2min:2—+?y
£=—gpwwp”~(77><aﬂw)—eJ"A”-l-EF“(p’uva)3, mz_t

)

£ b . Vb%—ac
whereF ,,=d,A,—d,A,, is the Maxwell field tensor and 2max— g a
J# is the hadronic part of the electromagnetic current given
by The photon production rate from HM cannot be expressed in

a closed form as in Eq2) due to the complexities arising
J#=(p,X évu)3+[7;><(&u7;+gpm;,x5u)]3, (4  from tthe nature of the hadronic interactions and reaction ki-
nematics.

with EEW=(9MEV—ayﬁﬂ—gpm(ﬁﬂxﬁv). The invariant am-
plitudes for all these reactions have been listed in the appen- Ill. MEDIUM EFFECTS

dix of Ref.[13]. ) To study the medium effects on the transverse momentum
For the sake of completeness we have also considered thgsirihution of photons from URHIC we need two more in-
photon production due to the reactionsy—my, 77  gredients. First, we require the variation of masses and decay

— 77y and the decap— 7y using the following interaction: \iqihs with temperature, because the invariant matrix ele-
ment for photon production suffers in-medium modifications
through the temperature dependent masses and widths of the

gwprr

_ gPP’] vV qa Voo
L= m_nef”“ﬁﬁ#p I pPut m, €uvapd’©"d pim participants. As the hadronic masses and decay widths enter
directly in the count rates of electromagnetically interacting
N emﬁ A ot ) particles, the finite temperature and density effects in the
Oprn S cross sections, particularly in the hadronic matter, are very

important in URHIC.
The last term in the above Lagrangian is written down on the At nonzero temperature and density the pole of the propa-
basis of vector meson dominan@éMD) [14]. The invariant  gator gets shifted due to interactions with real and virtual
amp”tudes for these reactions are also given in F{e&lﬂ excitations present in the system. Such a modification can be
The emission rate of a photon of ener@ﬁnd momentum studied through the Dyson-SChWinger equation. In the fol-

5 from a thermal system at a temperatdrés given by I9w|ng we calculate the effectlve nuclleon mass in the rela-
tivistic Hartree approximatiofiRHA) using Walecka model

for which the interaction Lagrangian density is given by
dR N * tmax 2 [16 17_'
LB N ,
t

ﬁ: 16(2m)"EJ (my+my? min - B
= — 22
f(El)f(Ez)[1+ f(E3)] £I gv¢yu¢w +gs¢0'¢- (7)
><jo|E1de2 > ., (6
VaE3+2bE,+c The effective mass is obtained as
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enhancement effec{d5]. Note that in our calculation the

4 d’k M* )
M* = gSJ 5 = [feo(p* T+ fep(n*,T)] nucleon, rho, and omega masses decrease differently; we do
(2m)® E* not observe any universal scalift@]. Effects of vector me-
5 . son mass variation on the photon spectra has recently been
gs 1 %3 M Y. studied by Songt al.[20], where, they have assumed a pro-
+ — —|M*3In| — | —=M?3(M* —M) . oY TGy Lighe
m2 2 M file for the vector meson mass variation without calculating it
S aL .
within the framework of any hadronic model.
—EM(M*—M)Z—l—l(M*—M)g} tS)
2 6 ’ IV. EVOLUTION DYNAMICS
where The observed photon spectrum originating from an ex-

panding QGP or hadronic matter is obtained by convoluting

1 the static(fixed temperaturerate, as given by Eql), with
feo(u*, )= exd (E* — ")/ T]+1' expansion dynamics. Therefore, the second ingredient re-
K quired for our calculations is the description of the system
undergoing rapid expansion from its initial formation stage
f. (u*,T)= 1 to the final freeze-out stage. In this work we use Bjorken-like
Fb ' exf (E* +,U«*)/T]+1’ [21] hydrodynamical model for the isentropic expansion of
the matter in (& 1) dimension. For the QGP sector we use
E* = JkZ+ M*2, a simple bag model equation of stdfe09S with two flavor
degrees of freedom. The temperature in the QGP phase
2 evolves according to Bjorken scaling IaWT=Ti37-i .
pr=p—|—|ns. In the hadronic phase we have to be more careful about
v the presence of heavier particles and their change in masses

due to finite temperature effects. The hadronic phase consists
Here,ng is the baryon density of the medium and is given byof 7,p,, 7, anda, mesons and nucleons. The nucleons and
heavier mesons may play an important role in the EOS in a
(9) scenario where mass of the hadrons decreases with tempera-
ture.
The energy density and pressure for such a system of
mesons and nucleons is given by

o= [ @l feo(w* )~ Tro(u* 1.

(2m)°

The effective mass of the vector mes@gho/omegais then
determined using the following interaction Lagrangian:

- S fdspEfBaE.,T)

= mesons( 2)

l:VNNZQVNN(ﬁY,LTaNVZ 2MN(T TaNﬁ”V“)

(19 In

. d*pEnfep(En, T, u* 15
whereV&={w",p*}, M is the free nucleon mas}| is the )3f PENTro(En T.i%) (19

nucleon field andr,={1,7}.

The real part of the vector meson self-energy dudl i
polarization is responsible for mass shifting and the imagi-
nary part of the same due tor polarization gives the decay p.=
width of the vector meson in the medium. The details of the
calculations can be found in our previous w¢fb,18 and
we do not reproduce them here. However, from the results of
those calculations the variation of nucleon, rho, and omega
masses and the decay width of rho with temperature at zero
baryon density can be parametrized as

and

p

gi
2 dsp fBE(EuT)

i =mesons( 2 77)

02
277)3J’ d3p3 Ex feo(En,Tow®),  (16)

where the sum is over all the mesons under consideration
(12) and N stands for nucleons anf, = \/p*+ miz. The entropy

my,/my=1-0.0264T/T)%%, © stand
density is given by

m%/m,=1-0.1268T/T.)>*, (12
_€H+PH_/.L*nB_4 T T3
m*/m,=1—0.0438T/T)7% (13) SH= T =48er(T.Ne)
2
I'*/T,=1+0.6644T/T,)*~0.628T/T;)°, (14 =4%geﬁ[m* (T.ng), T.ng] TS, 17)

where an asterisk indicates effective mass in the medium and
T.=0.16 GeV. In the rho width we have included the Bosewhereg. is the effective statistical degeneracy.
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Thus, we can visualize the effect of finite mass of the 1I50F T T T 1 T T
hadrons through an effective degeneracy [ ]
el M* (T,ng),T,ng] of the hadronic gas. The variation of 125} -
temperature from its initial valu€; to final valueT; (freeze- X ]
out temperatunewith proper time ¢) is governed by the 100 .
conservation of entropy and baryon number ¥

& 75F >
ST= Si Tiy o ) r ]
Ng7=nN57;. (18 5.0 3 B
The initial temperature of the system is obtained by solving 25} | | | | | | ]
the following equation self-consistently: 010 012 014 016 018 020
T (GeV
dN,  45%(3) _, 3 ( )
— = T 7TRA4aeffT' Ti, (19) . . . .-
dy 2t I FIG. 1. The solid(dashedl line indicates the variation of effec-

tive degeneracy at zero baryon density as a function of temperature

wheredN_ /dy is the total pion multiplicity Ry is the radius ~ With (withou) medium effects on the hadronic masses.

of the system.r; is the initial thermalization time, andgs

:(772/90)geﬁ_ The Change in the expansion dynamiCS, a§Nh|Ch the temperature decreaseSTas0.241/r°‘19 to a tem-
well as the value of the initial temperature due to mediumperatureT . If the system is considered to be formed in the
effects, enters the calculation of the photon emission rat®adronic phase then the initial temperature is obtained as

through the effective statistical degeneracy. T;=230 MeV (270 MeV) when in-medium effects on the
hadronic masses are taken into accagmored, the corre-
V. RESULTS AND DISCUSSION sponding cooling law being T=0.230£%1%° (T

=0.266+%2%%9. These are displayed in Fig. 2 by solid and
We consider Pl Pb collisions at CERN SPS energies. If dashed lines, respectively. The above parametrizations of the
we assume that the matter is formed in the QGP phase witbooling law in the hadronic phase have been obtained by
two flavors @ andd), theng,=37. TakingdN,./dy=600 as  solving Eq.(18) self-consistently. With finite initial baryon

measured by the NA49 Collaborati¢a2] for Pb+Pb colli-  density,n;=2n3 (nd is the normal nuclear matter density
sions, we obtainT;=180 MeV for r;=1 fm/c [21]. The the cooling laws are modified td=0.222t%12 and T
system takes atimeQ=Ti3¢i /T2 to achieve the critical tem- =0.2194%174in a “hadronic scenario”(matter formed in

perature of phase transitio (=160 MeV, see Ref[23]).  the hadronic phasend “QGP scenario’(matter formed in

In a first order phase transition scenario the system remairthe QGP phagerespectively(not shown in Fig. 2 Having

in the mixed phase up to a timeg,=r7q, i.e., T remains at  obtained the finite temperature effects on hadronic properties
T, for an intervalr, — 7o, wherer is the ratio of the statis- and the cooling law we are ready to evaluate the photon
tical degeneracy in QGP to hadronic phaserAthe system spectra from a (* 1) dimensionally expanding system. The
is fully converted to hadronic matter and remains in thistransverse momentum distribution of photons in a first order
phase up to a proper timg when the freeze-out temperature

T; is attained. We have takefi;=130 MeV [24] in our
calculations.

In Fig. 1 we depict the variation of effective degeneracy
as a function of temperature witlisolid) and without
(dashed medium effects on the hadronic masses. We ob-
serve that forT>140 MeV the effective degeneracy be-
comes larger due to the reduction in temperature dependent
masses compared to the free hadronic masses. Physically this «
means that the number of hadrons in a thermal bath at a
temperatureT is more when in-medium mass reduction is
taken into account. Equatiofl9) then implies that for a

L BN B

o A A A
0.250

0.225 k

(MeV)

0200}

0.175}

given pion multiplicity the initial temperature of the system 0-150¢

will be lower (highep when medium effects on hadronic N =

masses are considerdeynored. This is clearly demon- 5 10 &5/) 20 25 30
T (Im/c

strated in Fig. 2 where we show the variation of temperature
with proper time for different initial conditions. The dotted G, 2. variation of temperature with proper time. The dotted
line indicates the scenario where QGP is formed initially atjine indicates the cooling law in a first order phase transition sce-
T;=180 MeV and cools down according to Bjorken law up nario. The soliddashel line represents temperature variation in a
to a temperaturé@ at which a phase transition takes place; it “hadronic scenario” with(without) medium effects on the hadronic
remains constant at. up to a timery=8.4 fm/c after  masses at zero baryon density.
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FIG. 3. Total thermal photon yield in PtPb central collisions FIG. 4. Total thermal photon yield in-SAu central collisions at

at 158 GeV per nucleon at CERN SPS. The long-dash line showspo GeV per nucleon at CERN SPS. The long-dashed line shows
the results when the system is formed in the QGP phase with initiglhe results when the system is formed in the QGP phase with initial
temperaturd;=180 MeV atrj=1 fm/c. The critical temperature temperaturelT; =190 MeV atr;=1.2 fm/c. The critical tempera-

for phase transition is taken as 160 MeV. The sé@tilort-dashed  tyre for phase transition is taken as 160 MeV. The sédidort-

line indicates photon spectra when hadronic matter formed in thjashedi line indicates photon spectra when hadronic matter formed
initial state atT; =230 MeV (T;=270 MeV) atr;=1 fm/c with iy the initial state atT,=230 MeV (T;=270 MeV) at r;
(without) medium effects on hadronic masses and decay widths=1.2 fm/c with (without) medium effects on hadronic masses and
The upper(lower) dotted line represents the photon spectra withgecay widths.

initial baryon densit)n'B:an in a “hadronic” (“QGP"” ) scenario.

scenario. We observe that photons from “hadronic scenario”
with medium effects on vector mesons shine less brightly
than the case without medium effects fof>2 GeV.
d_R _ Before going further we would like to note that in the
E O(e—€q) . . A . S
3 op hadronic scenario” with medium effects the initial tem-
Q perature is lowen230 MeV) compared to the case when

phase transition scenario is given by

EdN sz
— =TT
d3p A

dr €— €y dr €o—€ medium effects on hadronic masses are ignored (
EdT p— EdT p— =270 MeV). A lower initial temperature will result in a
P/oep @ H P/ytQ *H lower photon emission rate from the thermal system. On the

other hand it has been shown in our earlier work3,15
O(ey— 6)1 that the photon spectra at a fixed temperature get enhanced
due to the medium effects. These two competitive effects
determine the space-time integrated photon spectra, which is
X rdrdn, (20 measured experimentally. In the present calculation the en-
hancement in the photon emission due to the higher initial
whereeq (ey) is the energy density in the QGRadroni¢  temperature in the free mass scendwitiere the static rate is
phase afl ., 7 is the space time rapiditiR, is the radius of smalle) overwhelms the enhancement of the rate due to
the nuclei, and the® functions are introduced to get the negative shift in the vector meson maséghkere initial tem-
contribution from individual phases. In Fig. 3 we present ourperatue is smallgr similar to the results obtained in Ref.
results of the transverse momentum distribution of photon$20] in a “hadronic scenario.”
produced from Pk Pb collisions at 158 GeV per nucleon at  In Fig. 4 we compare thermal photon spectra with the
CERN SPS energies. The transverse momentum distributiompper bound of WA80 Collaboratidr25]. The experimental
of photons originating from the “hadronic scenario” with data stands for $Au collisions at 200 GeV per nucleon at
(solid line) and without(short-dashed linemedium modifi- the SPS. In this case the pion multiplicityN,, /dy=225.
cations of vector mesons outshine the photons from th®©ur calculation shows that the maximum number of photons
“QGP scenario” (indicated by long-dashed linéor the en-  originate from the “hadronic scenario” when the medium
tire range ofpy. The upperlower) dotted line indicates the effects on vector mesons are ignored. For such a scenario the
photon spectra from “hadronic’(“QGP”) scenario when photon spectra has just crossed the upper bound of the
the initial baryon density is twice the normal nuclear matterWA80 data and more likely such a scenario is not realized in
density. The reduction in the hadronic mass due to finitdhese collisions. This is in line with the analysis of the pre-
baryon density effects is more drastic in the Brown-Rho scalliminary WA80 data of Ref[3].
ing scenarig 19] than in the present model. Therefore, the It should be noted for completeness that as a first approxi-
finite density effects on hadronic properties could be visiblemation, the temperature variation of the degeneracy factor
through electromagnetic signals in the Brown-Rho scalingvas not considered in Rdf3] leading to quantitative differ-

dRrR
XO(eq—€)O(e—e€y)+ Eﬁ )
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ences in the theoretical predictions between the present work LR R R R R

and Ref.[3]. Photons from “hadronic scenario” with me-

dium modifications of vector meson properties outshine 100 : ff‘:/ld}f';l;cse E
those from the “QGP scenario” for the entine; range. 2k T;=265 MeV ]
Considering the experimental uncertainty, no definitive con- % [ ]
clusion t can be drawn in favor of any particular scenario. e - a3 B

For the Relativistic Heavy lon CollidéRHIC) a scenario o 107% E
of a pure hot hadronic system within the format of the model  ~ - 3

used here, appears to be unrealistic. The initial temperature % 1078 b
&=

considering bare hadronic masses turns out to be

~340 MeV whereas for the other extreme case of massless 1078 |

hadrons it is ~290 MeV. With temperature dependent -~

masses the initial temperature will lie somewhere between 10710 B b

these two values. For such high temperatures, clearly a hot pr (GeV/e)

dense hadronic system cannot be a reality; the hadrons would

have melted away even for lower temperatures. Thus, for FIG. 5. Total thermal photon yield in RbPb central collisions

RHIC we have treated the case of a QGP initial state. Th@t RHIC energies with medium effects for two valuesTef.

baryonic chemical potential has been taken as zero for the

central region and the finite temperature effects on the haccompared with the experimental data. We find that the pho-

ronic masses and decay widths5] have been taken into ton spectra evaluated with free masses seems to exceed the

account. The sensitivity of photon spectra on the critical temexperimental upper limit. However, the photon spectra ob-

perature is demonstrated in Fig. 5 for RHIC energies. Wedained by assuming hadronic matterith in-medium effects

observe that at higlp; the photon emission rate is insensi- or otherwisg in the initial state outshines the spectra evalu-

tive to T, because most of the thermal photon in this regionated in a first order phase transition scenario. Considering the

originate from the very early hot stage of the evolution.experimental uncertainty, it is not possible to state which one

Since the lowp; thermal photons are produced in the had-of the two is compatible with the data. Experimental data

ronic and mixed phase, there is an enhancement in the phavith better statistics could possibly distinguish among vari-

ton spectra for higher value @f; in this pt domain. ous scenarios. The sensitivity of the photon spectra on the
In summary, we have estimated the photon spectra fronaritical temperature is also presented for RHIC energies.

Pb+Pb and S Au collisions at 158 GeV and 200 GeV per

nucleon, respectlygly, with different initial conqnlons. Ir) ACKNOWLEDGMENTS
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