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Photon interferometry and size of the hot zone in relativistic heavy ion collisions
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The parameters obtained from the theoretical analysis of the single-photon spectra observed by the WA98
Collaboration at Super Proton Synchrotron~SPS! energies have been used to evaluate the two-photon corre-
lation functions. The single-photon spectra and the two-photon correlations at relativistic heavy ion collider
~RHIC! energies have also been evaluated, taking into account the effects of the possible spectral change of
hadrons in a thermal bath. We find that the ratioRside/Rout;1 for SPS andRside/Rout,1 for RHIC energy.
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I. INTRODUCTION

Two-particle intensity interferometry along with th
analysis of single-particle spectra has been widely used f
quantitative characterization of the hot zone created by
collision of two heavy ions at high energies. The method w
first applied to measure the angular diameter of stars
other astronomical objects using the measurements base
two-photon correlations known as Hanbury Brown–Tw
~HBT! correlations@1#. Later in the field of particle physics
two-pion correlations were used to obtain the spatial ex
of the fireball in proton-antiproton reactions@2#. In high en-
ergy heavy ion collisions, two-particle~e.g., pions, kaons
etc.! correlations have been extensively studied both exp
mentally @3–5# and theoretically@6,7# to obtain direct infor-
mation about the size, shape, and dynamics of the sourc
freeze-out. This is usually done via selection of transve
momentum and rapidity of the correlated particles. Co
pared to two-particle correlation, the three-particle corre
tion has been shown to provide additional information
chaoticity and asymmetry of the source emission@8#. Re-
cently, it has been argued that spatial separation betw
sources of different species can be extracted from nonide
cal particle correlation functions, hence these can provide
independent cross-check of the transverse flow prescrip
@9#. One of the major limitations of carrying out the correl
tion studies with hadrons appearing at the final state is
the information about the possible early dense state of ma
is diluted or lost through rescattering. Although, some cal
lations suggest that the ratio of the radius of the source a
the direction of the total transverse momentum (KW T) of the
two detected particles to the source radius perpendicula
KW T and the beam direction, as a function of transverse m
mentum, can provide useful information@10#. However, the
results at relativistic heavy ion collider~RHIC! where quark-
gluon plasma~QGP! is expected to be formed are not e
couraging for the above signal@4,5#. Investigations to under
stand the partonic effects on the interferometry with fin
state particles~pions! at RHIC @11# are being pursued. HBT
interferometry as a sensitive probe of the QCD equation
state and hence formation of QGP has been discusse
Refs.@10–12#. It has been argued@13,14# that in contrast to
hadrons, two-particle intensity interferometry of photons t
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are produced throughout the space-time evolution of the
action and which suffer almost no interactions with the s
rounding medium can provide information on the history
the evolution of the hot matter created in heavy ion co
sions.

From the experimental point of view, photon interferom
etry encounters considerable difficulties compared to had
interferometry due to small yield of direct photons from t
early hot and dense region of the matter and the associ
large background of photons, primarily from the electroma
netic decay processes of hadrons at freeze-out@15#. How-
ever, recent calculations demonstrate that it is still possibl
experimentally filter out the correlations of photons from t
hot and dense zone from those arising due to the resi
correlations of decay photons. This can be done by study
photon interferometry as a function of invariant relative m
mentum of the two photons@16#. One expects the photon
coming from the early stage of the reactions to contrib
predominantly to the region of small invariant relative m
mentum.

The aim of the present work is to first analyze the sing
photon spectra observed by the WA98 Collaboration@15# in
Pb1Pb interactions at SPS energies. In the next step,
evaluate the two-photon correlations with the initial con
tions, equation of states~EOS!, and freeze-out conditions
which reproduce the photon spectra mentioned above.
EOS used here@17# contains all hadrons upto mass;2.5
GeV @18#. The freeze-out conditions are fixed from the stu
of hadronic spectra measured by the NA49 Collaborat
@19#. The effects of the possible spectral modifications
hadrons in a thermal bath on the single-photon spectra
two-photon correlations have been included. The result
RHIC energy for the single-photon distributions and tw
photon correlations are also presented.

It is necessary to point out here that our calculation c
tains some significant improvements over the previous wo
@13,14#. The correlation function evaluated here~i! contains
contributions from two-loop calculations of photon emissi
rate @20#; ~ii ! emission rate from hadronic matter contai
in-medium effects;~iii ! the EOS contains all hadronic de
grees of freedom upto mass;2.5 GeV; and~iv! the initial
conditions, freeze-out conditions, and the EOS reproduce
WA98 single-photon spectra@15# and NA49 hadronic spec
tra. Moreover, in Ref.@14# where the correct definition of the
Bose-Einstein correlation~BEC! was used, the space-tim
©2003 The American Physical Society02-1
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evolution was only one dimensional.
The paper is organized as follows. In the following se

tion we give a general discussion on the correlation funct
and the associated kinematics. This is followed by the s
tion that deals with the space-time evolution. Section
deals with the results. First we present the results for S
energies. Then we discuss the single-photon spectra and
photon correlations at RHIC energies. In Sec. V we summ
rize our findings.

II. CORRELATION FUNCTION

The BEC function for two identical particles is defined

C2~kW1,kW2!5
P2~kW1,kW2!

P1~kW1!P1~kW2!
, ~1!

wherekW i is the three-momentum of the particlei andP1(kW i)
and P2(kW1,kW2) represent the one- and two-particle inclusi
photon spectra, respectively. These are defined as

P1~kW !5E d4xv~x,k! ~2!

and

P2~kW1,kW2!5P1~kW1!P1~kW2!

1E d4x1d4x2v~x1 ,K !v~x2 ,K !cos~DxmDkm!,

~3!

whereK5(k11k2)/2, Dkm5k1m2k2m5qm , x andk are the
four-coordinates of position and momentum, respectiv
andv(x,k) is the source function, which defines the avera
number of particles with four-momentumk emitted from a
source element centered at the space-time pointx. v(x,k) is
actually the thermal emission rate of photons per unit f
volume. For the QGP phase at a temperatureT, this is given
by @21,22,20#

v~x,k!5
5

9

aas

2p2
T2~x!e2k/T(x)H lnF 2.912k

g2T~x!
G

1
4~JT2JL!

p3 S ln 21
k

3T~x! D J , ~4!

where a51/137, as is the strong coupling constant,JT
54.45, andJL524.26. Note thatC2 is independent of the
strong coupling constant. For photon emission from a
hadronic gas, we have considered a host of reaction
cesses involvingp, r, h, andv mesons as well as from th
decay of ther andv @21#. For the details on the evaluation
of the photon emission rate from a hadronic gas we refe
Refs.@23,24#. The effects of the intermediarya1 meson have
also been considered in evaluating the photon emission
@25,26#.
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We shall be presenting the results in terms of difference
rapidity (Dy) of the two photons, outward (qout), sideward
(qside), and invariant momentum differences (qinv) of the
two photons, which are defined as

qout5
qW T•KW T

uKTu
5

~k1T
2 2k2T

2 !

Ak1T
2 1k2T

2 12k1Tk2Tcos~c12c2!
, ~5!

qside5UqW T2qout

KW T

KT
U5 2k1Tk2TA12cos2~c12c2!

Ak1T
2 1k2T

2 12k1Tk2Tcos~c12c2!
,

~6!

qinv5A22k1Tk2T@cosh~y12y2!2cos~c12c2!#, ~7!

whereqW T5kW1T2kW2T , KW T5(kW1T1kW2T)/2 with the subscriptT
indicating the transverse component,yi is the rapidity, and
c i ’s are the angles made bykiT with the x axis. One also
defines another kinematic variableqlong as

qlong5k1z2k2z5k1Tsinh~y1!2k2Tsinh~y2!. ~8!

It may be mentioned that the BEC function has values
<C2(kW1 ,kW2)<2 for a chaotic source. These bounds are fro
quantum statistics. While the radius corresponding toqside
(Rside) is closely related to the transverse size of the syst
the radius corresponding toqout (Rout) measures both the
transverse size and duration of particle emission@6,7#. So
studying Rside/Rout will indicate the duration of particle
emission@27–29#. These source dimensions can be obtain
by parametrizing the calculated correlation function with t
empirical Gaussian form

C2511exp~2Rout
2 qout

2 2Rside
2 qside

2 2Rlong
2 qlong

2 ! . ~9!

A gross idea of the source size can also be inferred fr
Rinv , which is defined as

C2511exp~2Rinv
2 qinv

2 !. ~10!

III. SPACE-TIME EVOLUTION

To compare transverse momentum spectra of a pho
with the experiments, we have to convolute the static em
sion rate@fixed temperature, e.g., given by Eq.~4!# by the
space-time evolution from the formation to the freeze-o
state. This is done solving the relativistic hydrodynamic
equations in~311! dimensions@30# with boost invariance
along the longitudinal direction@31#. One then needs to
specify the following: the initial temperature and the tim
when the hot system reaches a state of thermodynamic e
librium, the EOS that guides the rate of expansion/cooli
and the freeze-out temperature when the system decou
into free-streaming hadrons. We will not discuss here
details on the EOS, initial conditions, and the modification
the hadronic masses in a thermal bath because these t
had been discussed in our earlier works in great detail, wh
will be appropriately referred below. For SPS conditions
will assume a hot hadronic gas in the initial state with te
perature dependent masses of the constituent hadrons, w
2-2
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expands and cools till freeze-out. The two-photon corre
tions at SPS energies will also be given for a possible ph
transition scenario, i.e., when QGP is formed at the ini
state. The EOS used here is given in Ref.@17#. The initial
conditions are similar to Refs.@32,33#. The variation of had-
ronic masses~except pseudoscalar! with temperature follows
universal scaling law proposed by Brown and Rho~BR!
@34#. It is necessary to point out that a substantial amoun
literature is devoted to the calculation of effective masses
hadrons in the medium. Our principal motivation for choo
ing the BR conjecture is that this has been used success
to explain the WA98 photon spectra@32# and CERES/NA45
@35# low mass dilepton spectra@36,37#. For higher collision
energies, i.e., at RHIC we will consider a situation whe
QGP is formed in the initial state, then the quark mat
evolves with time to a hadronic phase via an intermed
mixed phase in a first order phase transition scenario.
mixed phase is a mixture of both quark matter and hadro
matter, with the fraction of quark matter decreasing w
time to zero when the phase transition is complete. The
hadronic gas then expands till the system freezes out.
initial condition for the SPS and RHIC energies in terms
the initial temperature (Ti) is set from the number of par
ticles per unit rapidity at the midrapidity region for thos
energies according to the following equation:

Ti
35

2p4

45z~3!

1

pRA
2t i4ak

dN

dy
. ~11!

ak5p2gk/90 is determined by the statistical degeneracy (gk)
of the system formed after the collision. Taking the parti
multiplicity per unit rapidity at midrapidity to be 700 fo
SPS, we getTi5200 MeV with the formation time (t i)
taken as 1.0 fm/c. With a multiplicity of 1100 for Au1Au
collisions at RHIC, we getTi5264 MeV for an initial time
of 0.6 fm/c @38#. The critical temperature (Tc) is taken to be
170 MeV@39# here. The freeze-out temperature (Tf) is taken
to be 120 MeV for both SPS and RHIC energies; a value
describes the transverse momentum distributions of had
produced@40#. Let us now turn to the EOS which plays
central role in the space-time evolution we have conside
For the hadronic phase, the EOS corresponds to that for
hadronic gas with particles of mass up to 2.5 GeV and
cludes the effects of nonzero widths of various mesonic
hadronic degrees of freedom@17#. The velocity of sound
(cs

2) corresponding to this EOS at freeze-out is about 0
@17# ~the value corresponding to a free gas of massless
ticles being 0.33!. We emphasize that the medium modific
tions of the constituent hadrons play a nontrivial role in t
estimation of the quantities mentioned above. Of special
terest is the velocity of sound and the estimation of the ini
temperature for the hot hadronic gas considered at S
These have been exhaustively dealt with in a number of
earlier works@17,26,32,40# and we do not repeat them her
With these inputs we have performed a (311)-dimensional
hydrodynamic expansion. The solution of the hydrodynam
equations has been used to evaluate the space-time int
tion involved in Eqs.~2! and ~3!.
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IV. RESULTS

In this section we present the results of two-photon int
ferometry. We shall first present the results for SPS ener
and then give our predictions for RHIC. In both cases,
will first start with the single-photon spectra and then pres
the two-photon correlation as a function ofDy, qout , qside,
and qinv . At the SPS energies we present the two-pho
correlation results using the inputs that reproduce the m
sured single-photon spectra@15#, as mentioned before. Fo
RHIC, our predictions are based on the same model as
one that explains the SPS data, but for different initial co
ditions as expected at RHIC energies.

Figure 1 shows the single-photon yield measured by
WA98 experiment at CERN SPS, as a function of transve
momentum. The contributions from hard scattering of p
tons ~hard photons! and from a hot hadronic gas~thermal
photons! have been shown separately. The hard photon c
tribution has been normalized to reproduce the scaledp1C
data@41# as well as the scaledp-p data@42# (p-p data are
not shown here; please see Ref.@32#!. The experimental re-
sults of the WA98 Collaboration show some ‘‘excess’’ ph
tons over the hard photons for 1.5<pT(GeV),2.5 GeV,
which we argue to originate from a thermal source either
QGP or hot hadronic gas of initial temperature 200 MeV~see
also Refs.@32,33# for details!. In the present work we have
evaluated the thermal photon from a hot hadronic gas w
its mass reduced according to the universal scaling scen
@34#. The combined result of hard and thermal photons
found to explain the data reasonably well.

From the expressions given in Eqs.~5!–~7!, one can see
that several combinations can be made in the variablesy, c,
andkT to present the results for two-photon correlation. F
simplicity, we will present all two-photon correlation resul
for direct photons with momentum around 2 GeV/c, since it
lies in the range of momentum where excess direct phot
have been observed at the SPS energies. We takec250 and
y250 for all cases. We varyc1 andy1 wherever necessary

1 2 3 4 5

k
T
(GeV)

10
Ð7

10
Ð6

10
Ð5

10
Ð4

10
Ð3

10
Ð2

10
Ð1

d
N
/d

2
k
T
d
y
(1
/G
eV

2
)

p+C (E629: Scaled)

Pb+Pb (WA98)

Hard Photons

Thermal Photons

Hard+Thermal

SPS

FIG. 1. Single-photon spectra at SPS.
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Figures 2~a!–2~d! show the variation of the correlatio
strength (C2) as a function ofDy, qout , qside, andqinv for
various phases~sum[QGP1mixed1hadrons). The HBT
radii of the evolving hot hadronic matter~denoted by
Hadron* , indicating that the masses of the hadrons are mo
fied in the medium according to BR scaling! is shown in
Table I. Please note that to get the quantityRlong in the
longitudinally comoving system~LCMS! of reference one
should multiply the numbers given in Table I by cosh(yK),
whereyK is the rapidity corresponding to the momentumK
defined in Sec. II. We would like to mention here that t
HBT radii give the length of homogeneity of the source a
this is equal to the geometric size if the source is sta
However, for a dynamic source, e.g., the system formed a
ultrarelativistic heavy ion collisions, the HBT radii ar
smaller than the geometric size~see Refs.@28,43–45#!.

Our earlier analysis@32# shows that the WA98 single
photon spectra can be explained by two different kinds
initial states:~i! hot hadronic gas, with the masses of t
hadrons varying according to BR scaling hypothesis or~ii !

0 0.05 0.1 0.15 0.2
qinv (GeV)

0.0 0.2 0.4 0.6 0.8 1.0
∆y

1

1.2

1.4

1.6

1.8

2
C

2

0 0.05 0.1 0.15 0.2
qout (GeV)

0 0.05 0.1 0.15 0.2
qside (GeV)

1

1.2

1.4

1.6

1.8

2

C
2

k1T  = k2T =  2 GeV

ψ1 = ψ2 = 0

y2 = 0

k1T = 2 GeV

ψ1 = ψ2 = 0

y1 = y2 = 0

k1T  = k2T =  2 GeV

ψ2 = 0

y2 = y2 = 0

k1T  = k2T =  2 GeV

ψ2 = 0

y1 = y2 = 0

(a) (b)

(c) (d)

FIG. 2. Correlation functionC2 as a function ofDy, qout ,
qside, andqinv for Pb1Pb collisions at 158A GeV at SPS.

TABLE I. Values of the various parameters~in fm! of the cor-
relation functions in the forms given in Eqs.~9! and ~10! for SPS
and RHIC energies at a transverse momentum of 2 GeV.

Rinv Rout Rside Rlong

SPS Hadron* 3.7 3.6 3.7 0.5
QGP 3.5 3.4 3.5 0.37

SPS Mixed 3.5 3.4 3.5 0.8
Hadron 3.0 4.5 3.0 1.5

Sum 3.5 3.6 3.5 0.9
QGP 3.5 3.5 3.5 0.55

RHIC Mixed 3 5.4 3 2.0
Hadron 2.7 6.8 2.7 2.3

Sum 3 5.5 3 1.6
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QGP, which is created initially. It is rather difficult to distin
guish between the two at present. Therefore, in the follow
we show the results on two-photon correlation functions
case~ii ! also. In Fig. 3 the variation of the two-photon co
relations is depicted in a scenario when QGP is formed
tially at SPS. The initial conditions here are similar to tho
of Ref. @32#. The HBT dimensions extracted from these co
relation functions are shown in Table I. The difference in t
correlation function as a function ofqout for QGP and the
mixed phase is negligible. When plotted as a function
qside @Fig. 3~b!# the correlation function for QGP, mixed
phase, and the sum almost overlap. The width of the co
lation function for the hadronic phase is the largest as co
pared to the other phases. The HBT dimensions satisfy
relationRside/Rout;1 for the correlation functions denote
by ‘‘sum’’ in Table I. This is irrespective of the formation o
QGP or hot hadronic gas with the mass of the hadrons~ex-
cept pseudoscalar! approaching zero at the initial temper
ture. Although the latter scenario is closely related to
chiral/deconfinement phase transition, it is very difficult
this stage to draw a firm conclusion.

Figure 4 shows our predictions for the single-photo
spectra at RHIC energies. Here the thermal photons con
contributions from QGP, mixed, and the hadronic phas
The results show a clear dominance of the thermal pho
over the hard photons forpT,3 GeV. We calculate the two
photon correlation at RHIC energies with the inputs that
used to evaluate the single-photon spectra as a functio
Dy, qout , qside, andqinv .

Figure 5~a! shows the variation ofC2 as a function ofDy,
for two photons with momentum of 2 GeV/c. We have taken
c15c250 for simplicity. The contributions from all the
three phases are shown. We observe that the width of

0 0.05 0.1 0.15 0.2
qinv (GeV)

0 0.05 0.1 0.15 0.2
qside (GeV)

1

1.2

1.4

1.6

1.8

2

C
2

0 0.05 0.1 0.15 0.2
qout (GeV)

0 0.15 0.3 0.45 0.6 0.75
∆y

1

1.2

1.4

1.6

1.8

2

C
2

k1T  = k2T =  2 GeV

ψ1 = ψ2 = 0

y2 = 0

k1T = 2 GeV

ψ1 = ψ2 = 0

y1 = y2 = 0

k1T  = k2T =  2 GeV

ψ2 = 0

y2 = y2 = 0

k1T  = k2T =  2 GeV

ψ2 = 0
y1 = y2 = 0

(a) (b)

(c) (d)

FIG. 3. Correlation functionC2 as a function ofDy, qout ,
qside, andqinv for Pb 1 Pb collisions at 158A GeV at SPS. Solid
~dashed! line indicates results for QGP~mixed! phase and dot-
dashed~dotted! line represents correlation function for hadron
~sum! phase.
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correlation function is largest for the QGP phase followed
that from the mixed phase and then the hadronic phase.
inverse will reflect the corresponding HBT radii of th
source. Figure 5~b! shows the variation ofC2 with qout , for
y15y250, c15c250, andk1T52 GeV. The contributions
of all three phases are shown. One observes that theC2

variation is similar for the three phases and is similar to t
for the case withDy, but the widths are considerabl
smaller. Figure 5~c! shows howC2 varies withqside for all
the three phases as well as the sum. For this case we
takeny15y250, c250, andk1T5k2T52 GeV. The trend
in the variation of the width for the three phases has
versed. The width ofC2 distribution for QGP is smallest
followed by that for the mixed phase and then the hadro
phase. Figure 5~d! shows howC2 varies withqinv for all the
three phases as well as the sum. For this case we have
y15y250, c250, andk1T5k2T52 GeV. The trend in the
variation of the width for the three phases is similar to th
for the case ofqside.

1                          2                          3                          4                          5  
kT (GeV)

10
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10
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10
–5

10
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10
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10
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10
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10
0

dN
/d

2 k T
dy

 (
1/

G
eV

2 )

Total
Thermal Photons
Hard Photons

RHIC

FIG. 4. Single photon spectra from Au1Au collisions at RHIC
energies.
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V. SUMMARY

The two-photon correlation functions have been evalua
for SPS and RHIC energies. Constraints from the experim
tally observed single-photon spectra have been used
evaluate the correlation functions at SPS energies. Pre
tions for both the single-photon spectra and the two-pho
correlation functions have also been given at RHIC energ
The values of HBT radii extracted from the two-photon co
relation functions show thatRside/Rout;1 irrespective of
the formation of QGP or hadronic gas with reduced m
initially for SPS andRside/Rout,1 for RHIC energy.
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FIG. 5. Correlation functionC2 as a function ofDy, qout ,
qside, and qinv for Au1Au collisions at 200A GeV at the RHIC.
Solid ~dashed! line indicates results for QGP~mixed! phase and
dot-dashed~dotted! line represents correlation function for hadron
~sum! phase.
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