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Jets in the vacuum correspond to multi-parton configurations that form via a branching process
sensitive to the soft and collinear divergences of QCD. In heavy-ion collisions, energy loss
processes that are stimulated via interactions with the medium, affect jet observables in a profound
way. Jet fragmentation factorizes into a three-stage process, involving vacuum-like emissions
above the medium scale, induced emissions enhanced by the medium length and, finally, long-
distance vacuum-like fragmentation. This formalism leads to a novel, non-linear resummation of
jetenergy loss. In this talk we present new results on the combined effects of small-R resummation
and energy loss to compute the R-dependent jet spectrum in heavy-ion collisions.
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1. Introduction

Jets are collimated sprays of energetic particles that are copiously produced in high-energy
collider experiments. They are proxies of perturbative partons, i.e. quarks and gluons, that are
produced in high momentum-transfer scatterings and reveal their complex fragmentation patterns.
In heavy-ion collisions, the space-time structure of jet fragmentation is particularly pertinent since
it occurs in the background of a hot and dense QCD medium. Final-state interactions between
jet constituents and the medium modifies the inclusive spectra as well as the intra-jet distributions
[1-3].

We present here ongoing work toward properly implementing a formalism of jet energy loss that
a) accounts for the multi-prong structure of jets that interact with the plasma and their fluctuations
and b) that correctly models how energy is transferred from the leading particle to large angles,
where it ultimately thermalizes. In addition, the resummation of logarithms of the cone-size R, i.e.
a, In 1/R, are consistently resummed using the standard DGLAP evolution equations [4]. These
emissions correspond to large-angle vacuum-like emissions that are not captured by the jet cone.

2. From single parton quenching to multi-parton quenching

For a single parton, produced according to the initial parton spectrum d&-/dp; ~ p;", we write
the modified spectrum as

da'med — /oo de P(O)(E)da'vac(p,T + 6) ~ Q(O)(V)da'vac , (1)
dpr 0 dp; dpr

where v = n/p; and the quenching factor Q0(v) = fooo dee™€PO)(¢). This approximation relies
crucially on the assumption of small energy losses, i.e. €/p; < 1, and on the steeply falling nature
of the spectrum, characterized by a large n > 1. Since the quenching factor is the Laplace transform
of the probability distribution, all sources of energy loss can be accounted for multiplicatively. For
example, the energy loss induced via soft, in-medium radiation taking place off a highly energetic
particle can approximately be treated as a Poissonian process. In this case, we obtain
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where d/. /dw = /k dI/(dwd’k)®(|k| — wR) is the spectrum of emission outside of the jet cone.

The generalization to multiple partons follows from the same approximations leading up to
the factorized expression (1). As an illustrative example, let us consider the exclusive N-parton
production cross section, where k| + ... + ky = py. Leaving details of the coherence and space-
time properties of the p; — {ki, ..., kny} fragmentation process aside, we also assume that all N
partons are affected by medium energy loss. Since the most sensitive part of the process is the hard
spectrum of the “primordial” parton carrying energy p in the n > 1 limit, it is possible to show
that
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Hence, the main result of multi-parton energy loss is to apply an overall reweighting factor, which
only depends on the total momentum, to the multi-parton system without producing further modifi-
cations of the details of the fragmentations process. These will appear as sub-leading contributions
in the v expansion.

A full treatment of a parton shower, including its coherence and space-time properties, can
be realized as an implicit equation for a generating functional [5]. Considering the distribution of
partons created in a fragmentation process, we separate three stages: i) vacuum-like radiation on
time-scales shorter than the medium resolution time, ii) medium-induced processes affecting all
resolved charges, and iii) further vacuum-like fragmentation after energy has been redistributed.
The phase space available for emissions in stage i) is [6]

(PS);) = 2 &Cr | R (ln Pry 2 5) , (4)
n 6, we 3 6.

with ws ~ §L* and 6. ~ (§L3)"'/? and § is the jet quenching parameter. The impact of such
emissions on the inclusive jet spectrum was first realized in [6]. It was also interpreted in terms
of a factorization of the in-medium branching process in [7]. The second stage is encoded in the
single-parton quenching factors, i.e. via the medium-induced spectrum in (2).

In order to merge these three stages, we have to invoke two angular-ordered showers. Starting
with the last stage, the late “out” shower is a vacuum-like vetoed shower, i.e.

R
Zout(p’ R) = u(p) + / dIT (1 - ®in) [Zout(Zp’ G)Zout((l - Z)p’ 9) - Zout(p’ 0)] > (5)

as do
T 6

Altarelli-Parisi splitting functions (we have suppressed the flavor indices) and we define the in-
medium phase space as @, = O(t; < tq < L), with #; = 2/[z(1 — z)p6?] and 14 = (12/§6%)'/3. The
final form of the generating functional is

where u(p) are test functions and the phase space dIl = p(z)dz involves the un-regularized

R
apR>=zm@JwQ@00+/'dHGmw@nam«l—@nm—Z@ﬂn. (6)

It is worth discussing in detail all the terms in (5). The right-most term on the right hand side
accounts for multiple emissions inside the medium. The left-most term describes fragmentation
outside of the medium, iterated by (4). However, every resolved parton that escapes the medium
brings an additional quenching factor Q¥ (v), similar to (3). Furthermore, the “out” shower starts
at a arbitrary large angle R’ ~ 1, i.e. breaks angular ordering with respect to any previous emission.
This is a consequence of the condition 74 < L. Naturally, for intra-jet distributions R’ is fixed by
the jet cone.

The normalization of the generating functional describes the suppression of the inclusive jet
spectrum. We have that Z(p, R)|(,=1} = Q(p, R) where

R
@nm=Q%w+/<M&meﬁmm—@nm—Mnm. ™

Here, the single-parton quenching factor Q) (v) acts as an initial condition for the complete
resummed quenching factor of the jet.
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Figure 1: Cone-size dependent jet nuclear modification factor R4 4 for heavy-ion collisions at the LHC.

3. R-dependent jet spectrum in heavy-ion collisions

We have computed the R-dependent spectrum in heavy-ion collisions. The initial hard spectrum
was matched to PYTHIAS simulations at R = 1 with EPS09 LO nPDFs for LHC conditions and
evolved using DGLAP evolution equations to the measured jet cone size. Medium parameters
were fixed to L = 3.5 fm and § = 1.5 GeV?/fm so as to describe existing data on jet suppression
at R = 0.4. We have neglected elastic energy loss, and computed the medium-induced radiation
spectrum in the BDMPS approximation assuming Gaussian transverse momentum broadening. The
results presented at the conference are shown in Fig. 1. The error bands correspond to varying the
parameter 6. by a factor of 2.

We observe a weak R-dependence of the nuclear modification factor that can be interpreted
as a consequence of color coherence: only splittings that occur at angles larger than 6. will be
resolved and affect the cone-size dependence of the spectrum. To summarize, jet energy loss is not
only sensitive to the mechanisms of energy loss of single partons but also to how a jets as coherent
quantum states interact with a thermal environment. The study of jet substructure observables in
combination with the inclusive jet spectrum may allow to further constraint the theory in view of
extracting medium transport properties.
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