COMF-970340 -2

Electromagnetic Signatures of QGP (Photons):
Experimental Status

T.C. Awes for the WA98 collaboration

DISTREUTON OF T8 pad AN 18 et
M.M. Aggarwa.l1 A.Agnihotri?, Z.Ahammed?, A.L.S.Angelis*, V.Antonenko®, V.Arefiev,

V.Astakhov®, V.Avdeitchikov®, T.C.Awes?, D.V.K.S.Baba8, S.K.Badyal®, A.Baldine$,
L.Bara.bachs, C.Barlag®, S.Ba.the9, B.Batiounia®, T.Bernier!?, K.B.Bhalla?, V.S.Bhatia!,
C.Blume®, D.Bock®, R.Bock!!, E.-M.Bohne?, D.Bucher®, A.Buijs'?, E.-J.Buis!?, H.Biisching®,
L.Carlen!3, V.Chalyshev®, S.Chattopadhyay®, K.E.Chenawil3, R.Cherbatchev®, T.Chujo!4,
A.Claussen®, A.C.Das®, M.P.Decowskil2, V.Djordjadze®, P.Donni?, I.Doubovik®, M.R.Dutta
Majumdar®, S.Eliseevl®, K.Enosawal*, H.Feldmann®, P.Foka%, S.Fokin®, V.FrolovS,
M.S.Ganti3, S.Garpman!®, O.Gavrishchuk®, F.J.M.Geurts!?, T.K.Ghosh!%, R.Glasow?,
B.Guskov®, H.A.Gustafsson!3, H.H.Gutbrod!®, R.Higuchi!4, L. Hrivnacova!®, M.Ippolitov?,
H.Kalechofsky?, R.Kamermans'?, K.-H.Kampert?, K.Karadjev®, K.Karpiol?, S.Kato!4,
S.Kees®, HKim7, B.W.Kolb!!, L Kosarev®, LKoutcheryaev®, A Kugler!s, P.Kulinich?8,
V.Kumar?, M.Kurata!4, K. Kuni:a.14 N. Kuzmm6 L La.ngbem11 A.Lebedev®, Y.Y. Lee”,
H.Lohner 16 D.P. Ma.ha.pa.tra.19 V. Ma.nko5 M.Martin?, A.Maximov®, R.Mehdiyev®,
G. Mgebnchvﬂr" Y.Miake!4, D.Mikhalev®, G.C. M1shra.19, Y. Mlya,moto14 D. Mornsonzo,
D.S.Mukhopadhyay®, V.Myalkovski€, H.Naef‘, B.K.Nandi!®, S.K.Nayak!?, T.K.Nayak3,
S.Neumaier!!, A.Nianine®, V.Nikitine$, S.Nikolaev®, S.Nishimural4, P.Nomokov®, J.Nystrand!?,
F.E.Obenshain?®, A.Oskarsson!3, 1.Otterlund'®, M.Pachr!5, A.Parfenov®, S.PavlioukS,
T.Peitzmann®, V.Petracek!®, F.Plasil’, M.L.Purschke!!, B.Raeven!?, J.Rak!®, S.Raniwala?,
V.S.Ramamurthy!®, N.K.Rao®, F.Retiere!, K.Reygers®, G.Roland!®, L.Rosselet*, I. Roufanov®,
J.M. Rubio?, S.8.Sambyal 8, R.Santo®, S.Satol4, H.Schlagheck?, H.-R.Schmidt!!, G.Shabratova®,
1.Sibiriak®, T.Siemiarczuk!?, B.C.Sinha3, N.Slavine®, K.Soderstrom!?, N.Solomey*, S.P.Sgrensen?’,
P.Stankus?, G.Stefanek!?, P.Steinberg!®, E.Stenlund!3, D.Stiiken®, M.Sumbera!®, T.Svensson'?,
M.D.Trivedi®, A.Tsvetkov®, C.Twenhofel'2, L.Tykarskil?, J.Urbahn!l, N.v.Eijndhoven!2,
W.H.v.Heeringen!?, G.J.v.Nieuwenhuizen!8, A.Vinogradov®, Y.P.Viyogi®, A.Vodopianov®,
S.Voros?, M.A.Vos!?, B.Wyslouch!®, K.Yagil4, Y.Yokotal4, and G.R.Young’

1 University of Panjab, Chandigarh 160014, India 2 University of Rajasthan, Jaipur
302004, Rajasthan, India  Variable Energy Cyclotron Centre, Calcutta 700 064, India
" 4University of Geneva, CH-1211, Geneva J, Switzerland S RRC (Kurchatov),
RU-123182 Moscow, Russia 8 Joint Institute for Nuclear Research, RU-141980 Dubna,
Russia 7 Oak Ridge National Laboratory*, Oak Ridge, Tennessee 37831-6372, USA
8 University of Jammu, Jammu 180001, India ° University of Miinster, D-48149
Miinster, Germany °SUBATECH, Ecole des Mines, Nantes, France 1 Geselischaft
fiir Schwerionenforschung (GSI), D-64220 Darmstadt, Germany 12 Universiteit
Utrecht/NIKHEF, NL-3508 TA Utrecht, The Netherlands '3 University of Lund,
SE-221 00 Lund, Sweden 14 University of Tsukuba, Ibaraki 305, Japan 15 Nuclear
Physics Institute, CZ-250 68 Rez, Czech Rep. 8 KVI, University of Groningen,
NL-9747 AA Groningen, The Netherlands 17 Institute for Nuclear Studies, 00-681




Warsaw, Poland '8 MIT Cambridge, MA 02139, USA 1° Institue of Physics, 751-005
Bhubaneswar, India ?° University of Tennessee, Knozville, Tennessee 37966, USA

1 Introduction

Historically, photons and lepton-pairs were amongst the first suggested probes to
search for evidence of Quark Gluon Plasma formation in ultra-relativistic heavy-
ion collisions. Because real and virtual photons have a mean free path much
greater than the size of the nuclear system, they will escape the reaction zone
once produced. As a result they carry information about the conditions at the
time and location of their production. Presuming that the system attains thermal
equilibrium, the spectrum of radiated real or virtual photons will reflect the
temperature and local charge density. The observed photon spectrum will contain
contributions from the entire thermal and spatial evolution of the system. In
particular, it is expected that while the total thermal photon yield will reflect the
volume and lifetime of the system, the photon yield at high pr will be dominated
by contributions from the initial high temperature phase.

~ In the case of QGP formation, the conventional picture is that the system
quickly thermalizes in the QGP phase at initial temperature T;. It expands and
cools rapidly until the critical temperature T is reached. The system remains
at the transition temperature in a mixed phase while it undergoes the phase
conversion from the QGP phase to the hadronic phase. The length of time spent
at the transition temperature is dependent upon the relative number of degrees of
freedom available to the system in the two phases. Upon completion of the phase
conversion the hadronic matter then cools until the freeze-out temperature I is
attained at which point interactions cease to occur. In the non-QGP scenario, the
system of hadronic matter simply expands and cools rapidly from 7} until reaching
the freeze-out temperature. The thermal photon pr spectrum is expected to
contain components which reflect the various temperatures in the evolution of
the system. In particular, the high pr region should be dominated by the initial
temperature of the system, while a long-lived mixed phase might give rise to a
pr spectrum which is dominated by the time spent at T¢.
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Figure 1: Energy density as a function of temperature from Ref. [1]. The dashed
lines correspond to a gas containing only 7, p, w, and 7 mesons (with and without
QGP phase transition). The full lines include all hadronic resonances with masses
below 2.5 GeV/c2. ‘

The classic method to study a phase transition is to measure the heat capacity
of the system as a function of the temperature. The phase transition becomes
evident by a discontinuity in the heat capacity as the number of degrees of freedom
available to the system makes a discontinuous change. For the hadronic system,
for a given energy deposition in the system, the initial temperature is expected to
vary inversely with the number of degrees of freedom available to the system (as
g~1/3), and since the hadronic phase is naively expected to have fewer available
degrees of freedom, it is expected that higher initial temperatures will be attained
in the case that a QGP is not formed. This expectation is demonstrated in
Fig. 1 taken from Ref. [1] in which the initial energy density for the hadronic
matter, rather than the heat capacity, is plotted against the initial temperature.
The behavior of this “caloric curve” depends on the equation of state of nuclear
matter. Calculations are shown for four different equations of state. The dotted
curves indicate the case in which the hadronic matter has only a few degrees of
freedom consisting of the 7, p, w, and 7 mesons, while the solid curves indicate the
~ case in which the hadronic matter includes all known resonances up to mass 2.5
GeV/c?. The two curves with a discontinuity in the energy density indicate the
behaviour expected for equations of state which include a QGP phase transition at
Tc = 160 MeV. Experimentally, one would like to measure the initial temperature
of the system as a function of the initial energy density to map out such a caloric
curve and thereby deduce the actual equation of state. The initial temperature
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Figure 2: A comparison of the b=0 radial energy density profiles in O + Au, S
+ Au, and Pb + Pb collisions at the SPS.

can most directly be determined from the spectrum of radiated photons. The
amount of energy which has been deposited in the system, and hence the energy
density, may be extracted from the amount of transverse energy observed.

2 Results for S + Au

An estimate of the attained energy density may be obtained using the prescription
given by Bjgrken
_ GEr/dn|mas (1)
nR2t,

where dE7/dn|mes is the transverse energy density at mid-rapidity, 7R2 is the
transverse size of the system, and 7, is the initial thermalization time, typically
assumed to be 1 fm/c. Using the observed fact that dEr/dn|ma, scales with the
number of participant nucleons [2, 3] at SPS energies together with the calculated
number of participant nucleons as a function of transverse location (purely ge-
ometry) one can generalize the above expression to calculate the energy density
profile. The results are shown in Fig. 2 for zero impact parameter.

As a consequence of the radial variation of the energy density seen in Fig. 2
together with the simplified assumption of the Bjgrken estimate and the uncer-
tainty of the initial thermalization time, it is not possible to precisely state the
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energy densities which are attained. Nevertheless, one may infer that energy den-
sities in the central core increase significantly as the projectile mass increases and
that volume averaged energy densities of about ep; ~ 2 are likely attained for
SPS energies These energy densities are well above the critical energy density if
the critical temperature is as low as 160 MeV, as currently believed (see Fig. 1).
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Figure 3: Upper limits at the 90% confidence level on the invariant excess photon
yield per event for the 7.4% omp, most central collisions of 200-A GeV *2S+Au
taken from Ref. [5]. The solid curve is the calculated thermal photon production
expected from a hot hadron gas taken from Ref. [6]. The dashed curve is the result
of a similar hadron gas calculation taken from Ref. [7]. The dotted curve is the
calculated thermal photon production expected in the case of a QGP formation
also taken from Ref. [6].

To date, there has been no observation of thermal photon radiation in ultra-
relativistic heavy-ion collisions. The WAS80 experiment set an upper limit on the
direct photon to ° ratio of v/7° < 15% at each py in the transverse momentum
region of 0.5 < pr < 2.4 GeV/c for O + Au reactions at 200 A GeV [4]. As
shown in Fig. 3, for 200 A GeV S + Au reactions WAS80 has set an upper
limit on the thermal photon yield at each pr point over the range 0.3 < pr < 3.3
GeV/c [5]. The CERES experiment has given an upper limit on the direct photon
excess integrated over the interval 0.4 < pr < 2.0 GeV/c of 14% relative to the
expected decay photon background yield [8]. While no thermal photon signal
has been observed, the WAS80 results have nevertheless generated a great deal of
theoretical interest [9] since as shown in Fig. 3 the upper limit on the thermal
photon yield at high pr puts severe constraints on the possible initial temperature
of the system. A high temperature component even with a negligible integrated



total yield would become evident as a photon excess at high pr. On the basis of
these WABO results it has been concluded that, rather independent of assumptions
on the equation of state, the initial temperature of the system must be less than
about 250 MeV [10]. Or alternatively, it may be concluded that, given the large
energy density implied and the low apparent initial temperature, the system
must have access to a large number of degrees of freedom. This is consistent with
a scenario of QGP formation, but would also be consistent with a hadron gas
scenario in which the hadron gas consisted of the full spectrum of resonances up
to high mass. The results rule out a pure hadron gas consisting of only the lowest
mass 7, p,w, and 7 mesons [9] as seen by Fig. 1.

3 Preliminary Pb 4+ Pb Results

One of the main goals of the WA98 experiment at CERN is a high precision
search for direct thermal photons in 158 A GeV Pb + Pb collisions. This is
accomplished using the 10,080 element leadglass detector array (LEDA) which
measures the energy and emission angles of individual photons in the rapidity
region 2.3 < y < 3.0. The excess direct photon yield is determined by subtraction
of the photon yield from resonance radiative decays, primarily of the 7°’s and 7’s.
The #° and 7 yields are measured simultaneously with the same event selection
via their two-photon decay branch using the photons measured in LEDA. In total
approximately 40 million Pb+Pb events were accumulated during the 1995 and
1996 WA98 run periods. ' .

The preliminary WA98 inclusive photon transverse momentum distributions
are shown in Fig. 4 for central and peripheral event selections, as well as an inter-
mediate centrality selection. The event selection is made based on the transverse
energy measured in the MIRAC calorimeter [11]. The transverse momentum
spectra are seen to exfend beyond 3 GeV/c with about 5% of the WA98 data
sample analyzed. The inclusive photon transverse momentum distribution cal-
culated with the VENUS 4.12 event generator [12] shows a somewhat flatter pr
slope. Thissame tendency is observed in the comparison of the preliminary WA98
#° transverse momentum spectra with VENUS as discussed elsewhere [13].

The extraction of the final direct photon result will require analysis of the
full WA98 data sample and a careful systematic error analysis in order to obtain
the maximum sensitivity to a possible direct photon excess. In the meantime
it is interesting to obtain an early estimate as to whether there might be an
(unexpected) large excess.

An upper limit on the integrated direct photon signal can be obtained by
studying the ratio of electromagnetic to total transverse energy. Such a calori-
metric measurement was one of the earliest proposed means to observe the QGP
signature of enhanced photon radiation, initially estimated to be enhanced by as
much as 30% [14]. The expectation is that if a significant amount of energy were
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Figure 4: The preliminary WA98 inclusive transverse momentum distributions
for peripheral, intermediate, and central event classes. The results are compared
to the VENUS 4.12 event generator for a centrality selection corresponding to
approximately the 13% most central collisions. The data are not corrected for
efficiency.

radiated in the form of direct photons, the observed electromagnetic transverse
energy, which dominantly measnres the transverse energy of 7°’s and %’s which
undergo radiative decays, would increase relative to the total transverse energy
measured. In WA98 this measurement can be made using the MIRAC calorime-
ter. The MIRAC is a sampling calorimeter which consists of 180:towers. Each
tower is 20x20 cm? in area with a Pb/Scintillator electromagnetic (EM) section
of 15.6 radiation lengths followed by an Fe/Scintillator hadronic (HAD) section
of 5.1 absorption lengths. Each section is readout on the-left and right sides
with wavelength shifting panels attached to photomulipliers [11]. In WA98 the
MIRAC was arranged symmetrically about the beam axis to give nearly complete
azimuthal coverage over the pseudo-rapidity interval 3.5 < 7 < 5.5.

The centrality dependence of the ratio of electromagnetic to total transverse
energy is shown in Fig. 5. The centrality is measured by the energy observed in
the Zero Degree Calorimeter (ZDC). A fit to the ratio as a function of centrality
gives an increase of only 0.14 + 0.26% from peripheral (Ezpc = 30 TeV) to
central (Ezpc = 5 TeV) collisions. There are relatively few sources of error in
this measurement. Both electromagnetic and total energy are measured at the
same time in the same detector, meaning there are no relative acceptance effects.
Furthermore, the MIRAC covers nearly the full forward acceptance so there is
little sensitivity to a change in the baryon rapidity density with centrality, which
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Figure 5: The ratio of electromagnetic to total transverse energy as a function
of centrality, as determined by the energy measured in the WA98 zero degree
calorimeter.

might affect the local ratio of electromagnetic and hadronic transverse energy.

The main source of systematic uncertainty arises from the fact that the measured
electromagnetic energy must be corrected for hadrons which shower early and

deposit a fraction of their energy in the electromagnetic section. This correction
is less than 30%, but has a slight hadron energy dependence, and so depends on
centrality to the extent that the average particle energies vary with centrality.

In total it is estimated that the systematic error on the centrality dependence -
of the electromagnetic to total transverse energy ratio is less than 5%. Since no
centrality dependence is observed this leads one to conclude that the increase in
the electromagnetic transverse energy in central collisions relative to peripheral
collisions is less than 6.5% of the total transverse energy at the 90% confidence
level. Note that this measurement is sensitive to the additional electromagnetic
transverse energy, that is, to the product Nf’“”~ < py > and not simply the
number of excess photons. One may conclude that there is no initial evidence for
a large photon excess in central Pb + Pb collisions.

As discussed above, the most interesting information will come from the mea-
surement, or upper limit on, the direct photon yield as a function of pr. Compar-
ing our preliminary inclusive photon spectrum of Fig. 4 with predictions of Ref.
[1] with the expectation, based on previous experience, that we will reach a level
of sensitivity corresponding to about 5% of the inclusive photon yield, we ob-
serve that the predicted direct photon yields are just at the level of experimental
sensitivity.



4 Conclusions

The direct photon measurement can provide information about the thermal evo-
lution of the hot dense nuclear matter produced in ultra-relativistic heavy-ion
collisions. However, the measurement of the transverse momentum distribution
of the thermal photons is essential to obtain detailed information, in particular,
about the short-lived initial hot phase. To date there has been no confirmed
observation of direct thermal photon radiation in the transverse momentum re-
gion below about 3 GeV/c. On the other hand, the upper limit on the direct
photon yield in S + Au reactions at large transverse momenta determined by
the WAS80 experiment has been shown to imply that the initial temperature of
the system must be relatively low (< 250 MeV). Such low temperatures imply
that the system has access to a large number of degrees of freedom, consistent
with QGP formation or with a hadronic system consisting of the full spectrum of
known resonances up to large mass, but inconsistent with a hadronic gas of only
the lowest lying resonances. It is an interesting question how a hadronic gas con-
sisting of the full spectrum of resonances could come into chemical equilibrium
already during the initial phase of the interaction.

Preliminary results from WA98 for Pb + Pb reactions indicate that there is
no significant integrated direct photon excess in central collisions compared to
peripheral collisions. This conclusion is based on the variation of the ratio of
the electromagnetic to total transverse energy with centrality, which is consistent
with no increase. The analysis of the photon data obtained with the WA98
leadglass detector is underway. Comparison of the preliminary inclusive photon
spectrum to recent theoretical predictions for the thermal direct photon signal
indicate that it may be observable for the case of a hadron gas, but is likely below
the expected level of sensitivity for the case of QGP formation.
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