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We study the fragmentation function of jets propagating through a dense quark-gluon plasma within
perturbative QCD. Our results for its nuclear modification factor are in qualitative agreement with
the experimental data in Pb+Pb collisions at the LHC. In particular, we reproduce the enhancements
seen in the data at both relatively soft and relatively large transverse momenta, with clear physical
interpretations. The perturbative predictions however are quite sensitive to the value of the infrared
cutoff mimicking the confinement scale, due to the fact that the fragmentation function is not an
infrared safe quantity. To remedy this, we propose a new observable — the (primary) subjet
fragmentation function — which is infrared safe and has features similar to the fragmentation
function. We provide predictions for this observable in the vacuum and in heavy-ion collisions

that could be tested against the experimental data.
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One of the most striking evidence for the formation of a quark-gluon plasma in heavy-ion
collisions at RHIC and at the LHC is the suppression of high pr jets, phenomenon known as
jet quenching. If the measurement of such suppression is of fundamental importance per se, it
is not enough to constrain the various theoretical models for plasma-jet interactions. It is then
crucial to confront models with other jet observables. Among them, jet substructure observables
are promising probes of the modifications of the partonic cascades produced in the medium [1]. In
this paper, we discuss one such observable: the jet fragmentation function.

The theoretical framework for this study is perturbative QCD (pQCD) and its emerging picture
for jet evolution detailed in [2, 3]. This picture includes two kinds of radiation: standard vacuum-
like emissions (VLEs) triggered by the parton virtuality and medium-induced emissions (MIEs)
triggered by multiple collisions inside the medium, characterised by its quenching parameter §.
We have shown in [2] that the partonic cascades can be factorised in three steps: (i) a cascade
of VLEs inside the medium satisfying w36* > 2§ and 0 > 6. = 2/ \/cj? with w and 0 the
energy and angle of emission and L the jet path length, (ii) each parton escaping the previous
vacuum-like cascade propagates through the medium over a distance L and thus sources MIEs,
(iii) finally all the outgoing partons trigger another cascade of VLEs outside the medium in
the phase space ¢ty = 2/ w6? > L. The first emission outside the medium is not constrained by
angular ordering because of the colour decoherence due to the interactions with the plasma [4-6].
The implementation of this picture within a Monte-Carlo (MC) parton shower is straightforward
(see [3, 7] for detailed descriptions). All the numerical results presented here are obtained using
this MC.

This paper is organised as follows: we first present our results for the “standard” fragmentation
function defined from the hadrons inside jets. This observable being infrared and collinear (IRC)
unsafe, we define a new fragmentation function under better theoretical control in pQCD. This IRC
safe fragmentation function is then studied in the vacuum and in nucleus-nucleus collisions.

1. Nuclear modifications of the standard fragmentation function

The standard jet fragmentation function 9D(x) and its nuclear modification factor R(x) are
defined as
1 dN
Njets dx’

_ Z)med(x)

where Nijes is the number of selected jets and dN is the number of jet constituents (hadrons) with a

D(x) =

R(x) €]

momentum fraction x between x and x + dx. The integral of D(x) over x is equal to the mean total
intrajet multiplicity of hadrons, a quantity which is of course not IRC safe. Thus, the fragmentation
function is strongly sensitive to hadronisation corrections or on the unphysical cut-off k| i, required
to regulate the collinear divergence in a parton level calculation.

To illustrate this, we show on Fig. 1-left the variability of R(x) with respect to the cut-off
k1 min as given by our MC, which does not currently include any hadronisation model. As expected,
the envelop of the variations is large. Nevertheless, the general trend of the curve is in qualitative
agreement with the recent ATLAS data [9]. Namely, one observes a significant enhancement of the
ratio at small x and for x close to 1, while for 0.02 < x < 0.2, the ratio becomes smaller than 1. We
point out that since both x D™ (x) and xD"*(x) are normalized to 1, one cannot have R(x) > 1
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Figure 1: (Left) Variability of our MC results for the ratio R(x) w.r.t. changes in k; min and the maximal
branching angle 0y,.x. The envelop is dominated by k, min variations. (Right) MC results for the 4 sets
of values of the medium parameters ¢, L and the strong coupling for medium-induced vertices a; meq that
provide similarly good descriptions of the LHC data [8] for the nuclear modification factor for jets R44 [3].

for all x. That said, we now briefly explain the physical mechanisms leading to these enhancements
at both ends of the spectrum.

In the small x part, these mechanisms differ significantly from those encountered in the
literature [10—12], where the increase of soft particle production at relatively large angles from
the jet axis is related to the medium response to the jet propagation. In our picture, soft particle
production is dominated by gluons produced outside the medium with 7 > L at the end of the
evolution. This evolution is amplified in the presence of a medium w.r.t. the vacuum because of
[13]: (i) the violation of angular ordering by the first emission outside the medium, which re-opens
the angular phase-space for subsequent evolution [2, 14], and (ii) the presence of relativitely hard
MIEs with w > wy, = af@Lz which remain inside the jet and can further radiate VLEs outside the
medium [3]. (The multiple branching scale wy, is the typical scale for energy loss at large angles,
i.e. MIEs deviated out of the jet cone [15].)

For x close to 1, we have shown in [13] that the enhancement seen in the ratio is essentially
not a change in the in-medium fragmentation process but rather a bias toward hard fragmenting
jets induced by the steeply falling jet spectrum. This spectrum favors jets that lose less energy. In
hard-fragmenting jets, the leading parton! sourcing the jet must not have radiated too many partons
in order to have a final x fraction close to 1. As the intrajet multiplicity is positively correlated with
the energy loss [3], hard fragmenting jets lose less energy than average jets, hence are favored in
nucleus-nucleus collisions. This argument is actually very general as it applies to many theoretical
models [10, 12, 17, 18]. It also explains the strong correlation between the nuclear modification
factor for jets Raa and the x ~ 1 region of the fragmentation function, since both quantities are
controlled by energy loss effects. This correlation is apparent on Fig. 1-right: the 4 sets of physical
parameters in our calculations that all give a good description of R4 4 [3] scale identically for x ~ 1

Most likely a quark, since quark jets have a harder core and lose less energy than gluon jets [13, 16].
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whereas the degeneracy is lifted for x << 1. We conclude that by studying the soft sector in the
fragmentation of jets, one can better constrain theoretical models that have been tuned to yield a
good description of Ra4.

2. Fragmentation into subjets

In this section, we first define an IRC safe fragmentation function relying on subjets and we
calculate it at leading logarithmic (LL) accuracy in the vacuum. Then, we argue that this new
observable is sensitive to the same medium effects while being resilient to non-perturbative physics.

Definition and LL result in the vacuum. The basic idea of this observable is to replace the
unphysical cut-off k; min by a parameter of the observable, k ¢, which is chosen much larger than
the confinement scale Agcp. For a given jet with transverse momentum pr je;, we decluster the jet
using the Cambridge/Aachen algorithm [19, 20] following the hardest branch. This gives a list of
subjets. In this list, we keep only those which have a transverse momentum with respect to the hard
branch larger than k, .. The subjet fragmentation is then defined as the number d Ny, of subjets
with splitting fraction z < 1/2 between z and z + dz normalised by the total number of selected

jets [13]:
1 dNgp

]Vjets dz
This definition is close to the Iterated Soft Drop multiplicity differential in z [21].

Dqup(z) = ()

To calculate this quantity in the vacuum, it is convenient to introduce the generating functional
of the exclusive probability distribution an)(zb ..., Zn) of n subjets with splitting fractions zi,...,2,
in a jet with transverse momentum pr, opening angle 6 and “flavor” i € {q, g}:

Zi(pr,0lu(z)) = Z/dzl...dzn u(zl)...u(zn)PE")(zl, oo Zn) 3)
n=1

The fragmentation function into subjets D; s (z|pr, R) of ai-jet with opening angle R and transverse
momentum pr is then obtained by a functional differentiation of Z;(pr, R|u(z)) with respect to the
probing function u(z), at u = 1. From the Markovian property of the branching process ordered in
angles, Z; satisfies the following differential equation in the vacuum:

02 (pr, 0]u) 2 k)
alog(d) /0 ¢

Ocu @’ (2) (u(2) 2y (1 = 2)pr, Olu) = ZY*“(pr, 6lu))  (4)
(a,b)

where <I>f’b (z) are the unregularised DGLAP splitting functions (the sum runs over all distincts
pairs of partons (a, b)) and O, is a step function enforcing k;, > k, cu. Eq. 4 includes corrections
associated with the recoil of the hard branch. At LL accuracy, one can ignore such contributions by
setting Z,((1 — 2)pr, 0|u) = Zp(pr, 6|u) and one can approximate @fb(z) ~2C;/zand k; = zpr6
in the argument of ;. At this stage, it is possible to solve exactly the corresponding evolution
equation for Dgyp(z|pr, #) With initial condition Dy (z|pr,0) = 0. Furthermore, if one neglects
quark-gluon mixing?, one finds a good approximation of the LL result under the simple form:

2G; /R do a(zpro)
0

D} wwzlpr, R) = T 9 O(zpr — ki cu) )

2Even though it formally matters at LL accuracy.
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Figure 2: Variability of our MC results for the ratio Rgp(z) w.r.t. changes in k min and Omax (left) and
w.r.t the medium parameters (right) that reproduce the ATLAS R4 4 ratio as in Fig. 1b. For the latter figure,
k1 cut = 2 GeV and the unphysical parameters are fixed to Omax = 1 and &k min = 250 MeV.

This formula shows explicitly how the parameter k, ¢y« > Aqcp plays also the role of an infrared
regulator in the 6 integral. It makes manifest the connection between Dy (z) and the primary Lund
plane density integrated over all angles with z =~ k, /(6pr je) fixed [22, 23]. Finally, the resummed
result (5) should be matched with a fixed order calculation for quantitative comparisons with data
in pp collisions.

Monte-Carlo results in Pb+Pb collisions. We now discuss the nuclear modification factor Rgp(z)
defined as in (1) and calculated with our MC. First of all, being IRC safe, Rgp(z) is much less
sensitive to k min as shown Fig. 2-left. The larger k, . is, the more this sensitivity is reduced.
On Fig. 2-right, the ratio Ryup(z) is shown for the 4 sets of parameters that fit R44 measured by
ATLAS [8]. The reduction at large z ~ 0.5 is again essentially a consequence of the normalisation
factor Njeis [13]. Jets with z ~ 0.5 and k, > k. oy are typically two-prongs jets with angular
separation larger than the coherence angle .. o (§L3)~'/2, and thus lose more energy than average
jets [3, 24]. They are disfavored by the initial jet spectrum and suppressed in Pb-Pb collisions.
On the other hand, the increasing behaviour of the ratio as z decreases is mainly a consequence
of intrajet semi-hard MIEs [13]. Such emissions source subjets that are finally captured in the
declustering procedure performed to calculate Z);Ef)d(z). As kj ¢y is much larger than the scale
2/(LR), D$§d(z) probes only a tiny portion of the “outside” region of phase space with ¢y > L.
Angular ordering violation has therefore a less pronounced effect than for the standard ratio R(x).

To conclude, we point out that k, ¢ has a determinant role in heavy-ion collisions. It must
not be too small to avoid large hadronisation corrections. However, if it is too large, the interesting
medium effects in the relatively soft sector highlighted above are not captured. In that respect,
substructure observables relying on dynamical grooming is another interesting possibility [25, 26].
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