arXiv:nucl-ex/0006008 13 Jun 2000

Observation of Direct Photons in Central 158 A GeV^{208}Pb+^{208}Pb Collisions

M.M. Aggarwal,^1 A. Agnihotri,^2 Z. Ahammed,^3 A.L.S. Angelis,^4 V. Antonenko,^5 V. Are^ev,^6 V. Astakhov,^6 V. Avdeitchikov,^6 T.C. Awes,^7 P.V.K.S. Baba,^8 S.K. Badyal,^8 C. Barlag,^9 S. Bathe,^9 B. Batiounia,^6 T. Bernier,^{10} K.B. Bhalla,^2 V.S. Bhatia,^1 C. Blume,^9 R. Bock,^{11} E.-M. Bohne,^9 Z. Bĺorĺocz,^9 D. Bucher,^9 A. Buijs,^{12} H. Bĺusching,^9 L. Carlen,^{13} V. Chalyshev,^6 S. Chattopadhyay,^3 R. Cherbatchev,^5 T. Chujo,^{14} A. Claussen,^9 A.C. Das,^3 M.P. Decowski,^{18} H. Delagrange,^{10} V. Djordjadze,^6 P. Donni,^4 I. Doubovik,^5 S. Dutt,^8 M.R. Dutta Majumdar,^3 K. El Chenawi,^{13} S. Eliseev,^{15} K. Enosawa,^{14} P. Foka,^4 S. Fokin,^5 M.S. Ganti,^3 S. Garpman,^{13} O. Gavrishchuk,^6 F.J.M. Geurts,^{12} T.K. Ghosh,^{16} R. Glasow,^9 S. K.Gupta,^2 B. Guskov,^6 H. Ā.Gustafsson,^{13} H. H.Gutbrod,^{10} R. Higuchi,^{14} I. Hrivnacova,^{15} M. Ippolitov,^5 H. Kalechofsky,^4 R. Kamermans,^{12} K.-H. Kampert,^9 K. Karadjev,^5 K. Karpio,^{17} S. Kato,^{14} S. Kees,^9 C. Klein-Bĺosing,^9 S. Knoche,^9 B. W. Kolb,^{11} I. Kosarev,^6 I. Koutcheryaev,^5 T. Krĺumpel,^9 A. Kugler,^{15} P. Kulinich,^{18} M. Kurata,^{14} K. Kurita,^{14} N. Kuzmin,^6 I. Langbein,^{11} A. Lebedev,^5 Y.Y. Lee,^{11} H. Lĺohner,^{16} L. Luquin,^{10} D.P. Mahapatra,^{19} V. Manko,^5 M. Martin,^4 G. Martť”nez,^{10} A. Maximov,^6 G. Mgebrichvili,^5 Y. Miake,^{14} Md.F. Mir,^8 G.C. Mishra,^{19} Y. Miyamoto,^{14} B. Mohanty,^{19} D. Morrison,^{20} D. S. Mukhopadhyay,^3 H. Naef,^4 B. K. Nandi,^{19} S. K. Nayak,^{10} T. K. Nayak,^3 S. Neumaier,^{11} A. Nianine,^5 V. Nikitine,^6 S. Nikolaev,^5 P. Nilsson,^{13} S. Nishimura,^{14} P. Nomokonov,^6 J. Nystrand,^{13} F.E. Obenshain,^{20} A. Oskarsson,^{13} I. Otterlund,^{13} M. Pachr,^{15} S. Pavliouk,^6 T. Peitzmann,^9 V. Petracek,^{15} W. Pinganaud,^{10} F. Plasil,^7 U. v. Poblotzki,^9 M.L. Purschke,^{11} J. Rak,^{15} R. Raniwala,^2 S. Raniwala,^2 V.S. Ramamurthy,^{19} N.K. Rao,^8 F. Retiere,^{10} K. Reygers,^9 G. Roland,^{18} L. Rosselet,^4 I. Roufanov,^6 C. Roy,^{10} J.M. Rubio,^4 H. Sako,^{14} S.S. Sambyal,^8 R. Santo,^9 S. Sato,^{14} H. Schlagheck,^9 H.-R. Schmidt,^{11} Y. Schutz,^{10} G. Shabratova,^6 T.H. Shah,^8 I. Sibiriak,^5 T. Siemiarczuk,^{17} D. Silvermyr,^{13} B.C. Sinha,^3 N. Slavine,^6 K. Sĺoderstrĺom,^{13} N. Solomey,^4 G. Sood,^1 S.P. Sørensen,^{7,20} P. Stankus,^7 G. Stefanek,^{17} P. Steinberg,^{18} E. Stenlund,^{13} D. Stĺuken,^9 M. Sumbera,^{15} T. Svensson,^{13} M.D. Trivedi,^3 A. Tsvetkov,^5 L. Tykarski,^{17} J. Urbahn,^{11} E.C.v.d. Pijll,^{12} N.v. Eijndhoven,^{12} G.J.v. Nieuwenhuizen,^{18} A. Vinogradov,^5 Y.P. Viyogi,^3 A. Vodopianov,^6 S. Vĺorĺos,^4 B. Wysˇouch,^{18} K. Yagi,^{14} Y. Yokota,^{14} G.R. Young^7

(WA98 Collaboration) 1 University of Panjab, Chandigarh 160014, India 2 University of Rajasthan, Jaipur 302004, Rajasthan, India 3 Variable Energy Cyclotron Centre, Calcutta 700 064, India 4 University of Geneva, CH-1211 Geneva 4,Switzerland 5 RRC ŞKurchatov InstituteŤ, RU-123182 Moscow, Russia 6 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 9 University of Mĺunster, D-48149 Mĺunster, Germany 10 SUBATECH, Ecole des Mines, Nantes, France 11 Gesellschaft fĺur Schwerionenforschung (GSI), D-64220 Darmstadt, Germany 12 Universiteit Utrecht/NIKHEF, NL-3508 TA Utrecht, The Netherlands 13 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.

16 KVI, University of Groningen, NL-9747 AA Groningen, The Netherlands 17 Institute for Nuclear Studies, 00-681 Warsaw, Poland 18 MIT Cambridge, MA 02139, USA 19 Institute of Physics, 751-005 Bhubaneswar, India 20 University of Tennessee, Knoxville, Tennessee 37966, USA (Draft 1.0, June 12, 2000)

A measurement of direct photon production in^{208}Pb+^{208}Pb collisions at 158 A GeV has been carried out in the CERN WA98 experiment. The invariant yield of direct photons in central collisions is extracted as a function of transverse momentum in the interval 0.5 < pT < 4 GeV/c. A signi^cant direct photon signal, compared to statistical and systematical errors, is seen at pT > 1.5 GeV/c. The results constitute the ^rst observation of direct photons in ultrarelativistic heavy-ion collisions which could be signi^cant for diagnosis of quark gluon plasma formation.

25.75.+r,13.40.-f,24.90.+p

The observation of a new phase of strongly interacting matter, the quark gluon plasma (QGP), is one of the most important goals of current nuclear physics research. An extensive experimental program has been undertaken at the CERN SPS accelerator with Pb-ion beams of 158AGeV to search for and investigate the QGP. Several observations, such as suppression of the J/ψ resonance [1] and the enhancement of strangeness [2], hint at an interesting new behavior of the matter produced in these collisions. While such observations imply a hot and dense initial phase with strong rescattering, consistent with the assumption that a quark gluon plasma was formed, a direct signature of the plasma and its properties is missing. It is therefore of great interest to search for photons emitted directly from the early hot phase of the relativistic heavy-ion collisions.

Photons (both real and virtual) were one of the earliest proposed signatures for QGP formation [3,4]. Real photons are dominantly produced by scatterings of charged particles during the collision. Once produced, they interact with the surrounding matter only electromagnetically resulting in a long mean free path. They are therefore likely to escape from the system directly after production without further interaction, unlike hadrons. Thus, photons carry information on their emitting sources from throughout the entire collision history, including the initial hot and dense phase.

Following early estimates of photon emission rates [5Ű8], Kapusta et al. [9] made detailed comparisons of the emissivity of the QGP and a hadron gas as two contrasting scenarios. It was demonstrated that the thermal emission rates of a hadron gas and a QGP were very similar and dependent essentially only on the temperature T . This led the authors to conclude that direct photons are a good thermometer for strongly interacting matter, but would not in themselves allow to distinguish between the two scenarios.

Recently, it was shown by Aurenche et al. [10] that photon production rates in the QGP when calculated up to two loop diagrams, are considerably greater than the earlier lowest order estimates. A new higher order process of qq annihilation with rescattering was found to dominate the photon emission rate from quark matter at high photon energies. Following this result, Srivastava [11] has reinvestigated the predicted photon production in heavy-ion collisions and shown that at suf^ciently high initial temperatures the photon yield from quark matter may signi^cantly exceed the contribution from the hadronic matter to provide a direct probe of the quark matter phase.

A large number of measurements of prompt photon production at high transverse momentum (p_T > 3 GeV/c) exist for proton-proton, proton-antiproton, and proton-nucleus collisions (see e.g. [12]). To a great extent, especially at higher √ s, these data can be successfully described by perturbative QCD calculations and provide an important foundation from which to study photon production in nucleus-nucleus collisions. First attempts to observe direct photon production in ultrarelativistic heavy-ion collisions with oxygen and sulphur beams found no signi^cant excess [13Ű16]. The WA80 collaboration [16] provided the most interesting result with a p_T dependent upper limit on the direct photon production in S+Au collisions at 200AGeV. This result was subsequently used by several authors to rule out a simple version of the hadron gas scenario [17Ű20] and has been interpreted to set an upper limit on the initial temperature of T_i = 250 MeV [21].

In this paper we report on the ^rst observation of direct photon production in ultrarelativistic heavy-ion collisions. The results are from the CERN experiment WA98 [22] which consists of large acceptance photon and hadron spectrometers. In addition, several other large acceptance devices allow to measure various global variables on an event-by-event basis for event characterization. Photons are measured with the WA98 lead-glass photon detector, LEDA, which consisted of 10,080 individual modules with photomultiplier readout. The detector was located at a distance of 21.5 m from the target and covered the pseudorapidity interval 2.35 < η < 2.95 (y_{cm} = 2.9). The particle identi^cation was supplemented by a charged particle veto detector in front of LEDA.

The results presented here were obtained from an analysis of the data taken with Pb beams in 1995 and 1996. The 20% most peripheral and the 10% most central reactions have been selected from the minimum bias cross section (σ_{min.bias} ≈ 6300 mb) using the measured transverse energy E_T . In total, ≈ 6.7 · 10^6 central and ≈ 4.3 · 10^6 peripheral reactions have been analyzed.

The extraction of direct photons in the high multiplicity environment of heavy-ion collisions must be performed on a statistical basis by comparison of the measured inclusive photon spectra to the background expected from hadronic decays. Individual photons cannot be tagged as isolated direct photons in these reactions due to the high multiplicities. To obtain the direct photon spectrum the following steps are performed (for a detailed description of the detectors and the analysis procedure see [23]): First, the raw photon spectra are accumulated after application of the photon identi^cation criteria (such as transverse shower size) to the showers observed in the LEDA. The raw photon spectra are then corrected for contamination by charged and neutral hadrons, for conversions, for the identi^cation ef^ciency, and acceptance. The ef^ciency includes all effects of the detector response such as distortions by shower overlap, dead and bad modules, and energy resolution. Neutral pions are reconstructed via their γγ decay branch. Invariant mass spectra are accumulated for all photon pairs for each pair p_T bin. The photon-pair combinatorial background is estimated by event-mixing and then subtracted from the real-pair spectra. The yield in the π^0 mass peak is extracted to obtain the raw neutral pion p_T spectra. These are then corrected for conversions, for the π^0 identi^cation ef^- ciency, and for geometrical acceptance. In addition, η mesons are extracted in a limited transverse momentum range with an analogous procedure.

The ^nal measured inclusive photon spectra are then compared to the calculated background photon spectra to check for a possible photon excess beyond that from long-lived radiative decays. The background calculation is based on the

FIG. 1. The inclusive photon (circles) and π^0 (squares) transverse momentum distributions for peripheral (open points) and central (solid points) 158 A GeV^{208}Pb+^{208}Pb collisions. The data have been corrected for ef^ciency and acceptance. Only statistical errors are shown.

measured π^0 spectra and the measured η/π^0-ratio. The spectral shapes of other hadrons having radiative decays are calculated assuming m_T -scaling [24] with yields relative to π^0’s taken from the literature. It should be noted that the measured contribution (from π^0 and η) amounts to ≈ 97% of the total photon background.

Fig. 1 shows the fully corrected inclusive photon spectra for peripheral and central collisions. The spectra cover the p_T range of 0.3 − 4.0 GeV/c (slightly less for peripheral collisions) and extend over six orders of magnitude. Fig. 1 also shows the distributions of neutral pions which extend over a similar momentum range with slightly larger statistical errors.

The ratio of measured photons to calculated background photons is displayed in Fig. 2 as a function of transverse momentum. The upper plot shows the ratio for peripheral collisions which is seen to be compatible with one, i.e. no indication of a direct photon excess is observed. The lower plot shows the same ratio for central collisions. It rises from a value of ≈ 1 at low p_T to exhibit an excess of about 20% at high p_T .

A careful study of possible systematical errors is crucial for the direct photon analysis. The various sources of systematical errors have been investigated and are summarized in Table I. The largest contributions are from the γ and π^0

FIG. 2. The γMeas/γBkgd ratio as a function of transverse momentum for peripheral (part a)) and central (part b)) 158 A GeV 208Pb+^{208}Pb collisions. The errors on the data points indicate the statistical errors only. The pT -dependent systematical errors are indicated by the shaded bands.

identi^cation ef^ciencies and the uncertainties related to the η measurement. It should be emphasized that the inclusive photon and neutral meson (the basis for the background calculation) yields have been extracted from the same detector for exactly the same data sample. This decreases the sensitivity to many detector related errors and eliminates all errors associated with trigger bias or absolute yield normalization. The estimate of the systematical errors has been checked by performing the entire analysis with various photon selection criteria which change the ef^ciency and background corrections by factors of 2-3. The ^nal results were veri^ed to be consistent within the systematical errors for the different analysis cuts. Full details on the systematical error estimates are given in [23]. The total p_T -dependent systematical errors are shown by the shaded regions in Fig. 2. A signi^cant photon excess is clearly observed in central collisions for p_T > 1.5 GeV/c.

The ^nal invariant direct photon yield per central collision is presented in Fig. 3. The statistical and asymmetric systematical errors of Fig. 2 are added in quadrature to obtain the total upper and lower errors shown in Fig. 3. An additional p_T -dependent error is included to account for that portion of the uncertainty in the energy scale which cancels in the ratios. In the case that the lower error is less than zero a downward arrow is shown with the tail of the arrow indicating the 90% con^dence level upper limit (γ_{Excess} + 1.28 σ_{Upper}).

No published prompt photon results exist for protoninduced reactions at the √ s of the present measurement. Instead, prompt photon yields for proton-induced reactions on ^xed targets at 200 GeV are shown in Fig. 3 for comparison. Results are shown from FNAL experiment E704 [25] for proton-proton reactions, and from FNAL experiment E629 [26] and CERN SPS experiment NA3 [27] for protoncarbon reactions. These results have been divided by the total pp inelastic cross section (σ_{int} = 30 mb) and by the mass number of the target to obtain the invariant direct photon yield per nucleon-nucleon collision. They have then been multiplied by the calculated average number of nucleon-nucleon collisions (660) for the central Pb+Pb event selection for comparison with the present measurements. This scaling is estimated to have an uncertainty of less than 10%. The protoninduced results have also been scaled from √ s = 19.4 GeV to the lower √ s = 17.3 GeV of the present measurement under the assumption that Ed^3σ_γ /dp^3 = f(x_T )/s^2, where x_T = 2p_T / √ s [28]. The √ s-scaling effectively reduces the 19.4 GeV proton-induced results by about a factor of two. This comparison indicates that the observed direct photon production in central^{208}Pb+^{208}Pb collisions has a shape similar to that expected for proton-induced reactions at the same √ s but a yield which is enhanced.

In summary, the ^rst observation of direct photons in ultrarelativistic heavy-ion collisions has been presented. While peripheral Pb+Pb collisions exhibit no signi^cant photon excess, the 10% most central reactions show a clear excess of direct photons in the range of p_T greater than about 1.5 GeV/c. The invariant direct photon multiplicity as a function of transverse momentum was presented for central^{208}Pb+^{208}Pb collisions and compared to proton-induced results at similar incident energy. The comparison suggests excess direct photon production in central^{208}Pb+^{208}Pb collisions beyond that expected from proton-induced reactions. The result suggests modi^- cation of the prompt photon production in nucleus-nucleus collisions, or additional contributions from pre-equilibrium or thermal photon emission. The result should provide a stringent test for different reaction scenarios, including those with quark gluon plasma formation, and may provide information on the initial temperature attained in these collisions.

We wish to express our gratitude to the CERN accelerator division for the excellent performance of the SPS accelerator complex. We acknowledge with appreciation the effort of all engineers, technicians and support staff who have participated in the construction of this experiment. This work was supported jointly by the German BMBF and DFG, the U.S. DOE, the Swedish NFR and FRN, the Dutch Stichting FOM, the Stiftung fĺur Deutsch-Polnische Zusammenarbeit, the Grant Agency of the Czech Republic under contract No. 202/95/0217, the Department of Atomic Energy, the Department of Science and Technology, the Council of Scienti^c and Industrial Research and the University Grants Commission of the Government of India, the Indo-FRG Exchange Program, the PPE division of CERN, the Swiss National Fund,

FIG. 3. The invariant direct photon multiplicity for central 158 A GeV^{208}Pb+^{208}Pb collisions. The error bars indicate the combined statistical and systematical errors. Data points with downward arrows indicate unbounded 90% CL upper limits. Results of several direct photon measurements for proton-induced reactions have been scaled to central^{208}Pb+^{208}Pb collisions for comparison.

the INTAS under Contract INTAS-97-0158, ORISE, Grantin-Aid for Scienti^c Research (Specially Promoted Research & International Scienti^c Research) of the Ministry of Education, Science and Culture, the University of Tsukuba Special Research Projects, and the JSPS Research Fellowships for Young Scientists. ORNL is managed by UT-Battelle, LLC, for the U.S. Department of Energy under contract DE-AC05- 00OR22725. The MIT group has been supported by the US Dept. of Energy under the cooperative agreement DE-FC02- 94ER40818.

[1] M.C. Abreu et al., Phys. Lett. B 410, 337 (1997). [2] E. Andersen et al., Phys. Lett. B 449, 401 (1999). [3] E.L. Feinberg, Nuovo Cimento 34 A, 391 (1976). [4] E. Shuryak, Phys. Lett. B 78, 150 (1978).

[5] K. Kajantie and H.I. Miettinen, Z. Phys. C 9, 341 (1981). [6] F. Halzen and H.C. Liu, Phys. Rev. D 25, 1842 (1982). [7] B. Sinha, Phys. Lett. B 128, 91 (1983).

[8] L.D. McLerran and T. Toimela, Phys. Rev. D 31, 545 (1985). [9] J. Kapusta, P. Lichard, and D. Seibert, Phys. Rev. D 44, 2774

TABLE I. Various sources of systematical error in the WA98 158 A GeV^{208}Pb+^{208}Pb direct photon analysis speci^ed as a percentage of (γ/π^0)Meas (items a) ), (γ/π^0)Bkgd (items b) ), or (π^0)Meas/(π^0)Bkgd (item c) ). The systematical errors are quoted at two pT values to give an indication of the dependence on transverse momentum. The errors are estimated for the narrow shower identi^cation criterion (S2). The total estimated systematical error on γMeas/γBkgd is given as the quadratic sum of the various contributions. See Ref. [23] for full details.

Source of Error Peripheral Collisions (20% σmb) Central Collisions (10% σmb)

pT ß 1.0 GeV/c pT ß 2.5 GeV/c pT ß 1.0 GeV/c pT ß 2.5 GeV/c

Charged Particle background^+ 1.7 2.2 1.3 1.3 γ conversion correction^+ 0.5 0.5 0.5 0.5 Neutrons^+ 0.6 1.0 0.9 1.9 γ reconstruction ef^ciency^+ 2.0 2.0 2.0 2.0 a) γ yield measurement 2.7 3.2 2.6 3.1 γ conversion correction� 0.5 0.5 0.5 0.5 π^0 yield extraction� 0.3 <0.1 5.1 1.0 π^0 reconstruction ef^ciency� 3.0 3.0 4.0 4.0 a) π^0 yield measurement 3.1 3.0 6.5 4.2 a) Non-target background 1.5 <0.1 <0.1 <0.1 a) Energy scale calibration 0.9 1.7 0.8 1.7 b) Detector acceptance 0.5 0.5 0.5 0.5 b) η/π ratio, mT -scaling 2.9 3.2 +3.4 (-4.8) +3.7 (-5.2) b) Other radiative decays 1.0 1.0 1.0 1.0 c) π^0 ^t 1.6 6.8 2.9 0.4 Total: (quadratic sum) 5.7 8.9 +8.3 (-9.1) +6.7 (-7.6)

+ Included in γ yield measurement error.^� Included in π^0 yield measurement error.

(1991).

[10] P. Aurenche, F. Gelis, H. Zaraket, and R. Kobes, Phys. Rev. D

58, 085003 (1998).

[11] D.K. Srivastava, Eur. Phys. J. C 10, 487 (1999). [12] W. Vogelsang and M.R. Whalley, J. Phys. G: Nucl. Part. Phys.

23, A1 (1997).

[13] HELIOS Collaboration, T. Ākesson et al., Z. Phys. C 46, 369

(1990).

[14] WA80 Collaboration, R. Albrecht et al., Z. Phys. C 51, 1 (1991). [15] CERES Collaboration, R. Baur et al, Z. Phys. C 71, 571 (1996). [16] WA80 Collaboration, R. Albrecht et al., Phys. Rev. Lett. 76,

3506 (1996).

[17] D.K. Srivastava and B. Sinha, Phys. Rev. Lett. 73, 2421 (1994). [18] N. Arbex, U. Ornik, M. Plĺumer, A. Timmermann, and

R. M. Weiner, Phys. Lett. B 354, 307 (1995).

[19] A. Dumitru, U. Katscher, J. A. Maruhn, H. Stĺocker, W. Greiner,

and D. H. Rischke, Phys. Rev. C 51, 2166 (1995).

[20] J. J. Neumann, D. Siebert, and G. Fai, Phys. Rev. C 51, 1460

(1995).

[21] J. Sollfrank et al., Phys. Rev. C 55, 392 (1997). [22] WA98 Collaboration, Proposal for a large acceptance hadron

and photon spectrometer, 1991, Preprint CERN/SPSLC 91-17, SPSLC/P260 [23] WA98 Collaboration, M.M. Aggarwal et al, nucl-ex/0006007,

submitted to Phys. Rev. C.

[24] M. Bourquin and J.-M. Gaillard, Nucl. Phys. B 114, 334 (1976). [25] E704 Collaboration, D.L. Adams et al., Phys. Lett. B 345, 569

(1995).

[26] E629 Collaboration, M. McLaughlin et al., Phys. Rev. Lett. 51,

971 (1983).

[27] NA3 Collaboration, J. Badier et al., Z. Phys. C 31, 341 (1986). [28] J.F. Owens, Rev. Mod. Phys. 59, 465 (1987).