arXiv:nucl-ex/0505008 v1 9 May 2005

Proc. 21st Winter Workshop on Nuclear Dynamics (2005) 000–000 21st Winter Workshop on Nuclear Dynamics

Breckenridge, Colorado, USA February 5–12, 2005

High p_T correlations of γ and charged hadrons at RHIC

Kirill Filimonov

Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

Abstract. Prompt photon production in ultra-relativistic heavy-ion collisions provides a calibrated probe for the study of the properties of high energy density QCD matter. Especially interesting are the measurements of γ-tagged jets where the hard scattering scale is known and can be used to determine the partonic energy loss in the dense matter. We discuss the potential of γ-jet measurements at the Relativistic Heavy Ion Collider (RHIC) and argue that the observed supression of the away-side correlations for di-jet production in central Au+Au collisions at √ s_{NN} =200 GeV should significantly reduce the backgrounds for the γ-jet coincidence measurements.

Keywords:

PACS: 25.75.-q

1. Introduction

In hadronic collisions, direct photons (those that do not come from hadronic decays, such as π^0→γ+γ and η →γ+γ) result from parton-parton scatterings with large momentum transfer. They are predominantly produced from quark-antiquark annihilation (q + q̄ → g + γ) and quark-gluon Compton scattering (q + g → q + γ). Additional non-hadronic-decay component comes from the processes in which a photon is radiated off a quark: q + X → q + X + γ (bremsstrahlung photons). The measured direct photon cross section in high-energy hadronic collisions is well reproduced in the leading and next-to-leading order perturbative QCD calculations [ 1, 2]. In ultra-relativistic heavy-ion collisions, thermal direct photons are expected to be produced in the Quark-Gluon Plasma (QGP) phase [ 3]. Rates of thermal photons are predicted to be sizeable up to transverse momenta p_T ∼3-4 GeV/c [ 4] and their measurements are highly desirable to infer the temperature achieved in the nucleus-nucleus collisions. It was also suggested that partons produced in hard scatterings may interact with a thermalized parton from the QGP, resulting in a hard+thermal component in photon production, which may extend to higher transverse momenta [ 5].

Non-thermal photons from hard scatterings in heavy-ion collisions are also of high interest as they are produced very early in the collision and escape the hottest and densest stage without further interaction. The measurements of single-particle inclusive spectrum of prompt photons at high p_T can test the expected scaling of particle yields in hard processes with the number of inelastic nucleon-nucleon collisions [ 6].

Energetic partons propagating through the medium are predicted to lose energy via induced gluon radiation, with the energy loss depending strongly on the color charge density of the created system and the traversed path length [ 7]. Strong suppression relative to p + p collisions of inclusive hadron yields at high p_T measured in central Au+Au collisions [ 8, 9, 10, 11] is believed to arise from final-state interactions in the dense medium that is created at RHIC [ 12, 13, 14, 15]. The observed suppression is well described by the pQCD calculations invoking partonic energy loss (“jet quenching”). However, since the yield of produced hadrons at a fixed p_T results from the convolution of the parton production cross section and fragmentation function, suppression of single-particle spectra is not an ideal observable to measure directly the modification of the fragmentation function for a given energy scale. A much better tool to study jet energy loss is provided by the measurements of γ-jet coincidences, where the inclusive jet fragmentation function can be extracted from the differential p_T -spectrum of charged particles in the direction opposite to a tagged direct photon [ 16].

The STAR detector at RHIC [ 17] has demonstrated excellent charged particle tracking capability provided by the large acceptance (|η| <1.3, 2π in azimuth) Time Projection Chamber [ 18]. Neutral particle (γ,π^0) detection in STAR can be performed in full azimuth and |η| <1, 1< η <2 ranges covered by the Barrel [ 19] and Endcap [ 20] segmented electromagnetic calorimeters. We have employed the PYTHIA event generator (v. 6.131) [ 21] run with default parameters for p + p collisions at √ s=200 GeV to study the feasibility of measuring γ-tagged jets using the STAR detector.

2. Spectra of direct photons

First we would like to establish how well the PYTHIA model describes the experimental data on prompt photon production at RHIC energies. Measurements of cross section for π^0 [ 22] and direct γ production [ 23, 24] in p + p collisions at √ s=200 GeV were reported by the PHENIX collaboration. Figure 1 shows the measured cross sections compared to our PYTHIA calculations. The model reproduces the data quite adequately, somewhat underestimating the measured π^0 yields at low p_T , but shows a better agreement at higher transverse momenta. In the model, π^0 cross section dominates over prompt photon production up to p_T ∼25 GeV/c. So-called isolation cuts which set a limit on the total energy or number of particles in a cone around the photon are usually used to reduce the decay photon

Fig. 1. Measured cross section and PYTHIA calculations for π^0(open symbols from [ 22], dashed line) and direct-photon (solid symbols from [ 24], solid line) production in p + p collisions at √ s=200 GeV.

background for clean γ-jet identification in p + p collisions.

Due to the high multiplicity of produced particles it may be difficult to apply isolation cuts in central Au+Au collisions. On the other hand, the π^0-spectra are suppressed by a factor of ∼5 relative to the scaled p + p collisions, whereas prompt photon production is shown to be unaffected by the medium [ 25]. Figure 2 compares the inclusive spectra of π^0 and direct γ measured in central Au+Au collisions at √ s=200 GeV with scaled PYTHIA calculations. The π^0 inclusive spectra from PYTHIA were scaled by the number of binary collisions and an additional factor of 0.2 to take into account the experimentally measured suppression in hadron production in central Au+Au collisions at high transverse momenta. Extrapolating experimental data to higher p_T using PYTHIA, we can see that the yield of direct photons is comparable to π^0 yield around p_T ∼12 GeV/c. Moreover, the direct photon production dominates yields of photons from hadronic decays above p_T ∼8- 10 GeV/c.

3. Jets tagged by direct photons

Hard scattered partons fragment into a high energy cluster (jet) of hadrons which are distributed in a cone of size Δη ∼ Δϕ ∼ 0.7 in pseudorapidity and azimuth. Correlations of high p_T hadrons were successfully used for the identification of jets on a statistical basis in Au+Au and p + p collisions at RHIC [ 26, 27]. The relative azimuthal angle distributions of di-hadrons reveal jet-like correlation characterized by the peaks at Δϕ = 0 (near-side correlations) and at Δϕ = π (back-to-back).

Fig. 2. Measured inclusive spectra and scaled PYTHIA calculations for π^0(open symbols from [ 10], dashed line) and direct-photon (solid symbols from [ 25], solid line) production in central Au+Au collisions at √ s=200 GeV.

Direct photons produced in hard scatterings are accompanied by a jet of hadrons in the azimuthal direction opposite to that of the photon. High p_T γ-hadron relative azimuthal angle distributions are then expected to produce only away-side correlations.

Figure 3 shows the PYTHIA calculations of the relative azimuthal angle distributions between photons with p_T >10 GeV/c and charged hadrons with 5<p_T <10 GeV/c in p + p collisions at √ s=200 GeV (photons and charged hadrons were taken within |η| <1 corresponding to the STAR experimental acceptance). Left panel of Figure 3 shows the distributions normalized separately for hadronic decay, direct, and bremsstrahlung photon triggers. Photons coming from hadronic decays (mostly π^0’s) are correlated to the charged hadrons on the near and away sides. Their correlation is stronger (larger associated hadron multiplicity) than that of direct photons, since hadronic decay photons originate from higher p_T neutral pions, which in turn come from fragmentation of yet higher E_T partons. In the γ-jet measurements, bremsstrahlung photons are background to the study of the processes where energy of the photon precisely characterizes the momentum transfer Q^2 of the hard scattering. In PYTHIA, photons coming from the processes involving initial/final state radiation contribute 40-30% to the total yield of prompt photons in the range p_T =6-12 GeV/c, in agreement with the NLO pQCD calculations [ 29]. Their correlation with the high p_T charged hadrons is predicted to be weaker than that of the true direct photons. Right panel of Figure 3 shows the distributions normalized to the total number of photon triggers from all sources. The direct γ-jet correlations are predicted to contribute less than 20% to the total γ-charged distribution in p+p

Fig. 3. PYTHIA calculations of the relative azimuthal angle distributions between photons with p_T >10 GeV/c and charged hadrons with 5<p_T <10 GeV/c in p + p collisions at √ s=200 GeV. Left panel: distributions are normalized separately for hadronic decay, direct, and bremsstrahlung photon triggers. Right panel: distributions are normalized to the total number of photon triggers.

collisions with the selected p^{trig}_T >10 GeV/c and p^{assoc}_T =5-10 GeV/c.

In central Au+Au collisions, dihadron correlations are strongly affected by inmedium effects. Correlations of high p_T hadrons at small relative angles are seen to be essentially unaffected by the medium (the strength of the near-side correlations is consistent with that measured in p+p and d+Au collisions). In sharp contrast, the away-side (back-to-back) correlations are strongly suppressed in the most central Au+Au collisions [ 14, 27]. Back-to-back suppression also varies with azimuthal orientation of the jets relative to the reaction plane for non-central Au+Au collisions, exhibiting larger suppression of the back-to-back correlations for the out-of-plane trigger particles than for in-plane [ 28]. These observations are naturally predicted by jet quenching models, where the energy loss of a parton depends on the density of and distance traveled through the medium. The high p_T trigger biases the initial production point to be near the surface so the near-side correlations should be similar to those seen in p+p collisions. The away-side correlations are suppressed in the dense medium, and more suppressed when the trigger hadron is emitted perpendicular to the reaction plane.

For γ-jet processes in heavy-ion collisions, there is no bias in the initial production point as direct photons are expected to escape the medium without interaction. The accompanying back-to-back parton will travel through the medium and, in jet quenching models, will lose energy, resulting in the suppression of the away side correlations with respect to the reference nucleon-nucleon system. This suppression, however, should be smaller than that in the case of di-jet production, where the away side parton propagates through the largest distance through the dense medium. In [ 27], the suppression of the away-side di-hadron correlations has been quantified using I_{AA} parameter. Similarly to the nuclear modification factor R_{AA}, taken as the ratio of single-particle yields measured in AA collisions to the geometryscaled yields measured in nucleon-nucleon collisions, I_{AA} is defined as the ratio of the di-hadron correlation strength measured in AA to the reference p + p data.

I_{AA} for the away-side correlations was found to be smaller or comparable to R_{AA}, indicating that the away-side jets might be suppressed more strongly than singleinclusive p_T -distributions, in agreement with the premise of the surface emission bias. Recently, a simple medium induced jet absorption model incorporating realistic nuclear geometry was used to quantitatively describe the centrality dependence of the observed suppression of the high p_T hadron yield and of the back-to-back angular correlations [ 30]. We performed very similar calculations shown in Figure 4. In the jet absorption model, the geometry of the two overlapping nuclei with

Fig. 4. Measurements of the nuclear modification factor R_{AA} (triangles, π^0’s with p_T >4 GeV/c, from [ 10]) and away-side suppression factor I_{AA} (circles, charged hadrons with p^{trig}_T =4-6 GeV/c and 2 < p^{assoc}_T < p^{trig}_T GeV/c, from [ 27]) in Au+Au collisions at √ s_{NN} =200 GeV compared to different jet absorption model scenarios as a function of the impact parameter b normalized by the nuclear diameter 2R_A. the Woods-Saxon density distribution is calculated using a Monte Carlo Glauber approach. Jet energy loss is modeled using an absorption coefficient and the matter integral along the path of the parton, parameterized for the different dependencies of the absorption on the path length. Parameterizations assuming the l^2-dependence of the absorption on the path length l describe the experimental data quite well (Figure 4). A generic prediction of the model is that the back-to-back correlations are more suppressed than the single-particle production, by as much as a factor of 2. If this holds true, the γ-jet measurements at RHIC should be easier to perform. Since there is no initial production “surface” or “skin” bias associated with selecting γ-triggers, the γ-accompanying jet will be suppressed by a single-particle rate, which is less than the di-hadron suppression rate for jet-jet processes. It is illustrated in Figure 5, where we show the distributions from the right panel of Figure 3, but with hadronic γ production scaled by the π^0-suppression factor of 0.2, and assuming a

Fig. 5. Scaled distributions from the right panel of Figure 3. The distributions are normalized to the total number of hadronic+direct photon triggers.

back-to-back suppression factor of 0.1 for the away side. For the direct γ distribution, the back-to-back suppression is assumed to be equal to the π^0-suppression factor. For the selected p_T -ranges of the trigger photon p^{trig}_T >10 GeV/c and associated charged hadron p^{assoc}_T =5-10 GeV/c, the combinatorial background even in the most central Au+Au collisions is expected to be negligible, considering the product of the single-particle per-event yields at those transverse momenta. On the other hand, the partonic energy loss is predicted to only weakly depend on the energy of the parton. Assuming that the di-hadron back-to-back suppression is twice the single-particle suppression and using PYTHIA to simulate the jet fragmentation at √ s=200 GeV, we estimate that up to 70% of the γ-charged back-to-back azimuthal correlations in central Au+Au collisions may come from direct γ-jet events. The situation can further be improved using higher p_T for the trigger photon and associated hadrons. Considering the integrated luminosity achieved in the last RHIC run of Au+Au collisions at √ s_{NN} =200 GeV, and using the PHENIX measured and PYTHIA-extrapolated cross section for direct photon production, we conclude that the exploratory γ-jet measurement may already be achievable with the STAR data on tape.

Acknowledgment(s)

This work was supported by the Director, Office of Science, Nuclear Physics, U.S. Department of Energy under Contract DE-AC03-76SF00098.

References

1. J. F. Owens, Rev. Mod. Phys. 59, 465 (1987).

2. J. Huston, E. Kovacs, S. Kuhlmann, H. L. Lai, J. F. Owens and W. K. Tung, Phys. Rev. D 51, 6139 (1995).

3. E. V. Shuryak, Phys. Lett. B 78, 150 (1978).

4. S. Turbide, R. Rapp and C. Gale, Phys. Rev. C 69, 014903 (2004). 5. R. J. Fries, B. Muller and D. K. Srivastava, Phys. Rev. Lett. 90, 132301 (2003).

6. K. Reygers, arXiv:nucl-ex/0502018.

7. M. Gyulassy and M. Plümer Phys. Lett. B 243, 432 (1990).

X. N. Wang and M. Gyulassy Phys. Rev. Lett. 68, 1480 (1992). R. Baier, D. Schiff and B. G. Zakharov Ann. Rev. Nucl. Part. Sci. 50, 37 (2000).

8. K. Adcox et al.(PHENIX Coll.) Phys. Rev. Lett. 88, 022301 (2002). 9. C. Adler et al.(STAR Coll.) Phys. Rev. Lett. 89 202301 (2002). 10. S. S. Adler et al. (PHENIX Coll.), Phys. Rev. Lett. 91, 072301 (2003). 11. J. Adams et al.(STAR Coll.) 2003 Phys. Rev. Lett. 91, 172302 (2003). 12. B. B. Back et al.(PHOBOS Coll.) Phys. Rev. Lett. 91, 072302 (2003). 13. S. S. Adler et al.(PHENIX Coll.) Phys. Rev. Lett. 91, 072303 (2003). 14. J. Adams et al.(STAR Coll.) Phys. Rev. Lett. 91, 072304 (2003). 15. I. Arsene et al.(BRAHMS Coll.) Phys. Rev. Lett. 91, 072305 (2003). 16. X. N. Wang, Z. Huang and I. Sarcevic, Phys. Rev. Lett. 77, 231 (1996). 17. K. H. Ackermann et al. (STAR Coll.), Nucl. Instrum. Meth. A 499, 624 (2003).

18. M. Anderson et al., Nucl. Instrum. Meth. A 499, 659 (2003). 19. M. Beddo et al., Nucl. Instrum. Meth. A 499, 725 (2003). 20. C. E. Allgower et al., Nucl. Instrum. Meth. A 499, 740 (2003). 21. T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comput. Phys. Commun. 135, 238 (2001).

22. S. S. Adler et al. (PHENIX Coll.), Phys. Rev. Lett. 91, 241803 (2003). 23. S. S. Adler et al. (PHENIX Coll.), Phys. Rev. D 71, 071102 (2005). 24. K. Okada (PHENIX Coll.), arXiv:hep-ex/0501066. 25. S. S. Adler et al. (PHENIX Coll.), arXiv:nucl-ex/0503003. 26. C. Adler et al.(STAR Coll.) Phys. Rev. Lett. 90, 032301 (2003). 27. C. Adler et al.(STAR Coll.) Phys. Rev. Lett. 90, 082302 (2003). 28. J. Adams et al. (STAR Coll.), Phys. Rev. Lett. 93, 252301 (2004). 29. L. E. Gordon and W. Vogelsang, Phys. Rev. D 48, 3136 (1993). 30. A. Drees, H. Feng and J. Jia, Phys. Rev. C 71, 034909 (2005).