Evolution of jets in a flowing quark-gluon plasma.
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In the modern experiments on ultra-relativistic heavy ion collisions a new extreme state of nuclear matter called the quark-gluon plasma (QGP) is produced [1]. Today’s studies say that after thermalization it behaves like a nearly ideal fluid, exhibiting pronounced collectivity. Thus, the QGP can be considered as the simplest form of nuclear matter, giving access to the non-perturbative regime of QCD. Studying the QGP dynamics in collider experiments can help us to learn how the QCD matter forms from the elementary constituents and their mutual interactions within the underlying quantum field theory.

The big problem about the experiments on heavy-ion collisions is the short lifetime of the produced matter, which exists for some femtoseconds.  To probe the evolution of such a short-living system, one may study the correlations of multiple particles observed in the experimental detectors. However, these correlations are highly entangled, and the details of the evolution could hardly be accessed in this way. Alternatively, one may access the real time evolution of the matter with hard probes — energetic particles produced in the same initial collision of nuclei and penetrating the matter during its production and expansion.   One of the main experimental probes of that type are jets — collimated sprays of particles produced by branching and hadronization of energetic quarks or gluons. The production of jets across a range of transverse momenta and rapidities provides unique spacetime resolution of the medium dynamics. This is the core idea behind so-called jet tomography, and in this project, we will continue developing the required theoretical toolkit.

Formulating a scattering problem for particles interacting with a matter is challenging, especially if one relies on the formal QFT tools. Alternatively, this problem can be treated with an effective description of the medium, based on a collective “external” field of the in-medium charges. This is the primary approach to probe-medium interactions in QCD matter. Within this approach, one describes the interaction of jets with the medium through t-channel gluon exchanges between the jet and matter (quasi-)particles. Such calculations are complex, and additional simplifying assumptions are often needed. However, most considerations are oversimplified, focusing on static matter and infinitely energetic partons, and the medium evolution appears to be decoupled from the jet modification observables [2].  

Only recently, some of these approximations have been lifted in the theory of jet-matter interactions [2], and here we will make the next step along this path. In our work [3], we build upon the results of [2], and consider the collective motion of the medium and transverse gradients of its parameters at the same time. We particularly focus on the cross-terms between the gradient and flow effects in the collisional and radiative processes within the opacity expansion.  These terms appear at the leading order in inversed jet energy expansion (eikonal order), and may substantially modify the coupling of jets to the medium evolution.   The results for the modification of final jet distributions contribute to another essential step towards the eventual goal of full-fledged jet tomography.

Here, we illustrate the results of [3] with the simplest jet quenching process -- transverse momentum broadening of an energetic parton in a medium of length L. At the first leading order in opacity expansion, there are two diagrams contributing to the process of broadening – the so-call Single and Double Born diagrams, see Fig. 1. 
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Fig. 1: The Single and Double Born diagrams of the broadening process

At this order, the amplitude squared reads as
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and it should be averaged over quantum numbers in the regular way. However, due to the stochastic nature of the in-medium sources, the amplitude squared should be also averaged over the possible background field configurations. Here, we assume color neutrality, and take into account only pair-wise averages of the source color generators. Thus, we find 
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where we assume that the medium is homogeneous in the longitudinal direction and the velocity u is constant,  is the number density of sources,  is the Debye mass (the screening scale) of the source potential v, J is the initial source of the energetic parton, defining the initial distribution of jets, and C is an overall color factor. To illustrate the result of the novel contributions, let us consider the averaged squared transverse momentum in the final state of an initial narrow distribution of partons [image: image4.png]J(p))? ~ 8P (pL)



. Using the explicit form of the amplitude squared, we find
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where g is the coupling inside the color potential, and E is the leading parton energy.

In [3], we have also derived the leading mixed flow-gradient corrections to the medium-induced gluon spectrum and jet energy loss at the first order in opacity expansion. Altogether, our results allow to account for the medium evolution in the most important jet observables commonly used to analyze the experimental data. At the next stage, we hope to see these theoretical results integrated into the modern simulations of jet evolution in HIC event generators, and we leave that for future work. 
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