Energy loss of high energy partons in a finite QCD medium

R. Baier^a, Yu. L. Dokshitzer^b, A. H. Mueller^{1c}, S. Peigné^d and D. Schiff^d

a Fakultät für Physik, Universität Bielefeld, D-33501 Bielefeld, Germany b Theory Division, CERN, 1211 Geneva 23, Switzerland^2 c Physics Department, Columbia University, New York, NY 10027, USA d LPTHE^3, Université Paris-Sud, Bâtiment 211, F-91405 Orsay, France

Abstract: We shortly summarize results which we have recently obtained on the radiative energy loss of high energy quarks and gluons suffering multiple collisions in a QCD medium of finite length. These results are also generalized to the case of nuclear matter.

1 Introduction

Gluon radiation induced by multiple scatterings of a very energetic incident quark or gluon propagating through QCD matter becomes coherently suppressed compared to independent emission [1, 2, 3, 4]. In the case of QED the analogous suppression of photon radiation is known as the Landau-Pomeranchuk-Migdal (LPM) effect [5, 6].

In order to calculate the soft gluon radiation intensity static and screened scattering centres are assumed [7]. This leads to a probability distribution in terms of the transverse scattering momentum ⃗q?,

V (⃗q^2? )d^2q? ≡ μ^2 π(⃗q^2? + μ^2)^2 d^2q?. (1)

It is reasonable to assume that successive scatterings are independent. As a consequence the mean free path λ of the parton has to be large compared to the characteristic range μ�^1 of the “Coulomb potential” (1), i.e. λ ≫ μ�^1.

We may actually generalize this treatment to the case of cold nuclear matter and define a probability distribution V (⃗q^2? ) related to the gluon distribution function [4].

1Supported in part by the U.S. Department of Energy under grant DE-FG02-94ER-40819 2Permanent address: Petersburg Nuclear Physics Institute, Gatchina, 188350 St. Petersburg, Russia 3Laboratoire associé au Centre National de la Recherche Scientifique

2 Gluon radiation spectrum

For a fast quark of energy E, which e.g. is produced through deep inelastic scattering and which propagates through a hot medium of length L, the induced gluon intensity (per unit length of propagation) reads in leading order of the strong coupling α_s, ωdI dωdz ≃ 3α_sN_c πL ln | | | sin (_{ω0} λ L ) ω0 λ L | | | , (2) where ω denotes the energy of the soft gluon, ω ≪ E, and λ is the mean free path of the quark. Here the number of colours N_c is assumed to be large (for a more detailed discussion see [1, 3]). The quantity ω_0 charcterizes the spectrum, ω_0 ≡ √ iκυ̃(1/ √ κ). The value of the dimensionless parameter κ =^{μ2λ}_{2ω} determines the shape of the radiation intensity. υ̃, related to the Fourier transform of the potential V (⃗q^2? ) in the impact parameter space ⃗B, is given by

υ̃(B^2) ≡ 4

1 − V ( ⃗B^2) ⃗B2 ≃ ln 1/B^2 for the Coulomb case (1) ⟨⃗q^2? ⟩/μ^2 otherwise (3) for B^2 → 0. The parameter κ may be viewed as the typical phase difference between neighbouring scattering centres. The interesting coherent phenomena for which the medium properties are important show up for κ ≪ 1, because then a group of N_{coh} ≃ 1/ √ κ centres radiate coherently.

For large L the spectrum (2) approaches [1, 2, 3] ωdI dωdz ≃ 3α_sN_c 2π √ μ^2 λω ln(1/ √ κ), (4)

when putting υ̃(1/ √ κ) ≃ ln 1/ √ κ for κ ≪ 1. Modulo logarithms (4) is valid for

O(λμ^2) < ω < ω_{fact} ^= O ( μ^2 λ L^2 ) < E, (5) as long as L ≤ L_{cr} ^= O( √ Eλ/μ^2) for E → ∞. For ω ≥ ω_{fact} the radiation is totally suppressed.

It is important to state that the spectra (2) and (4), respectively, do not depend on the parton’s energy E.

We note that the matter properties enter in the spectra (2) and (4) via the ratio q̂ ≡ μ^2υ̃/λ. Effectively q̂ plays the role of the transport coefficient [6], q̂ ≡ μ^2υ̃/λ ^= ⟨⃗q^2? ⟩ λ = ρ ∫ d^2q?⃗q^2? dσ d^2q?

, (6)

with ρ the density of the scattering centres and dσ/d^2q? the “parton-centre” cross-section, where λ ≡ 1/ρσ. Within logarithmic accuracy the jet broadening is therefore given by ⟨⃗q^2? ⟩_L ≡ q̂L ≃ μ^2 λ υ̃(λ/L)L, (7) after the parton’s passage through matter of length L, i.e. (7) is effectively a random walk result.

3 Energy loss in finite length media

In [3] the radiative energy loss in a hot medium of finite extent L, L ≤ L_{cr} is derived. For a quark jet the result is − dE/dz ≃ α_sN_c 8 q̂L, (8) which amounts to the total loss of −ΔE(L) ≃^{αsNc}_8 q̂L^2, i.e. it is increasing quadratically with the length L [8] and independent of E for E → ∞. This remarkable dependence on the length L can also be heuristically obtained by integrating the spectrum given by (4) over ω and z, with 0 ≤ ω ≤ ω_{fact} and 0 ≤ z ≤ L. This result may actually be generalized to cold nuclear matter [4]: the relation (8) between the energy loss and the jet broadening (7) is shown to be valid in general and indeed does not depend on the parameters of the model.

The energy loss per unit distance (8) may be compared to the one for an infinite medium L → ∞, with E large but fixed, which is obtained in [1] by − dE/dz ≃ α_sN_c √ q̂E, (9) i.e. depending on the incident quark energy.

4 Phenomenology

In order to estimate the energy loss e.g. of a very energetic quark in cold matter of finite extent [9] one has to know the coefficient q̂ in (8). One possibility [4, 11] is to use jet broadening (7), which e.g. is measured by the momentum imbalance of jets in deep inelastic production of dijets [10]. The analysis by Luo et al. [10] determines q̂ ≃^4_3π^2α_s(A^{1/3}/L)λ^2_{LQS} , with L ≃^3_4 R expressed in terms of the nuclear radius R ≃ 1.2A^{1/3}fm. With λ^2_{LQS} ≃ 0.05 − 0.1GeV^2 [10], this gives the estimate [11] q̂ ≃ (3.7 − 7.4) α_s GeV/fm^2. (10)

According to (8) this gives −dE/dz ≃ (1.2 − 2.5) GeV/fm for L ≃ 10fm and α_s ≃ 0.3, which is a rather large loss per unit distance.

An independent estimate may be obtained by relating q̂ to the proton’s gluon structure function xG(x, Q^2) [4, 11, 12]. This uses (6) in terms of the (transport) quark-proton cross section ∫_{μ2/B2} 0 d^2q?⃗q^2?

dσ^q�^{proton} d^2q? ≃ α_sC_F π^2 2 xG(x, μ^2/B^2 ≃ μ^2/ √ κ), (11)

where x is small and estimated to be x ≃ O(1/(λm_{proton})) ≃ O(0.1).

Depending on xG(x) ≃ 1 − 5 in the region of interest of small x, and with the nuclear density ρ ≃ 0.17fm�^3, one finds [4, 11]

q̂ ≃ (0.2 − 1.0) α_s GeV/fm^2, (12)

which gives an energy loss −dE/dz < 0.35 GeV/fm, i.e. a significantly smaller value than the one quoted above!

In case of hot matter a corresponding estimate yields −dE/dz ∼ 3 GeV/fm [1].

Not only because of these uncertainties careful measurements of the energy loss of partons at HERA’s future experiments using different nuclei are indeed an important challenge. It is especially crucial to look for possible differences of the parton propagation in cold versus hot matter, which are expected on the basis of the above (still crude, because asymptotic) estimates [1, 3, 4, 11].

Acknowledgement

This research is supported in part by the EEC Programme “Human Capital and Mobility”, Network “Physics at High Energy Colliders”, Contract CHRX-CT93-0357.

References

[1] R. Baier, Yu. L. Dokshitzer, S. Peigné and D. Schiff, Phys. Lett. 345B (1995) 277, and references therein; see also:

D. Schiff, Proceedings of Workshop on Deep Inelastic Scattering and QCD, Paris, April 1995, Eds. J.-F. Laporte and Y. Sirois, p. 481;

S. Peigné, Thése de doctorat, Université Paris-Sud, Orsay, May 1995.

[2] R. Baier, Yu. L. Dokshitzer, A. H. Mueller, S. Peigné and D. Schiff, The Landau- Pomeranchuk-Migdal effect in QED, preprint BI-TP 95-40, CERN-TH.96/14, CUTP-724, LPTHE-Orsay 95-84 (1996).

[3] R. Baier, Yu. L. Dokshitzer, A. H. Mueller, S. Peigné and D. Schiff, Radiative energy loss of high energy quarks and gluons in a finite volume quark-gluon plasma, LPTHE-Orsay 96-34 (1996).

[4] R. Baier, Yu. L. Dokshitzer, A. H. Mueller, S. Peigné and D. Schiff, Radiative energy loss and p_T - broadening of high energy partons in nuclei (in preparation).

[5] L. D. Landau and I. Ya. Pomeranchuk, Dokl. Akad. Nauk SSSR 92 (1953) 535, 735.

[6] A. B. Migdal, Phys. Rev. 103 (1956) 1811; and references therein.

[7] M. Gyulassy and X.-N. Wang, Nucl. Phys. B420 (1994) 583; M. Gyulassy, X.-N. Wang and M. Plümer, Phys. Rev. D51 (1995) 3236.

[8] A. H. Mueller, Proceedings of Workshop on Deep Inelastic Scattering and QCD, Paris, April 1995, Eds. J.-F. Laporte and Y. Sirois, p. 29.

[9] S. J. Brodsky and P. Hoyer, Phys. Lett. B298 (1993) 165.

[10] M. Luo, J. Qiu and G. Sterman, Phys. Rev. D49 (1994) 4493; and references therein.

[11] A. H. Mueller, Invited talk at Quark Matter ’96, Heidelberg, May 1996.

[12] E. Levin, LPM effect for nuclear matter in QCD, preprint CBPF-NF-061/95.