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Abstract Interactions of hard partons in the Quark Gluon
Plasma (QGP) created with relativistic heavy ion collisions
lead to characteristic modifications of the internal structure
of reconstructed jets. A large part of the observed jet sub-
structure modifications stem from the QGP’s response to
energy and momentum deposited by hard partons. Good con-
trol over medium response in theoretical calculations is thus
instrumental to a quantitative understanding of medium mod-
ified (quenched) jets in heavy ion collisions. We present an
improved way of handling the medium response in the jet
quenching model Jewel and present results for a variety
of jet sub-structure observables. The new recoil handling is
more versatile and robust than the old scheme, giving a bet-
ter control over many observables and, in particular, greatly
improves the description of the jet mass.
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1 Introduction

Jets, collimated bunches of hadrons that result from the
branching of energetic quarks or gluons and the subsequent
hadronization of the fragments, are pivotal objects in collider
physics. They provide a proxy for the fundamental degrees
of freedom of Quantum Chromodynamics (QCD) and their
study allows for stringent tests of the perturbative calculabil-
ity of QCD dynamics. The precision understanding of their
rich internal structure, usually referred to as jet sub-structure,
is instrumental for tests of the Standard Model and in searches
for physics beyond it [1–8].

In a heavy-ion collision the branching of energetic partons
occurs in the presence of a hot, dense and coloured Quark
Gluon Plasma (QGP). The interaction between partons in
the branching sequence and the QGP results in modifica-
tions of both the parton branching pattern and of the QGP
they propagate through (see [9–12] for reviews). While all
modifications arise from the same underlying dynamics, the
exchange of colour and energy-momentum between partons
and the QGP, it is helpful to describe qualitatively the classes
of modifications as follows.

A first class relates to the ability of interactions to alter the
dynamics of the branching sequence through modification
of each branching step [13–34] and to disrupt the coherence
properties of the branching sequence [35–48], thus altering
the relation between subsequent branchings.

A second class of modifications arise from transfer (loss)
of energy-momentum from partons to QGP which may even-
tually result in a parton becoming equilibrated with the QGP
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[49], and with the deviation of partons from their original tra-
jectories away from the direction of the branching sequence
[50].

These modifications will result in changes, relative to a
case where no QGP is present, of what is reconstructed as
a jet. Jet reconstruction involves the specification of a set of
rules and parameters, a jet algorithm, dictating which par-
ticles are to be combined into a specific jet and how their
momenta is to be combined. The anti-k⊥ algorithm [51], typ-
ically used in hadron colliders, recursively clusters particles
according to a distance measure that re-weights the distance
in the rapidity-azimuth plane with the inverse of the trans-
verse momentum of the hardest particle in a pair thus privi-
leging the early clustering of pairs involving at least a hard
particle. Clustering stops at a specified maximum distance,
commonly referred to as the jet radius.

Modifications of jets arise from both the loss of particles
from the jet reconstruction catchment, for particles radiated
to large angles due to QGP effects or particles deviated from
their original trajectory, and from the change of particle dis-
tribution within the jet.

The modification of the QGP by the traversing partons
alters the hydrodynamical evolution of the QGP. A joint
description of parton branching and QGP modifications has
been explored in [52,53]. However, for the evolution of the
QGP these effects have been argued to be small [54]. Due to
momentum conservation, the modifications of the QGP are
strongest in the vicinity of hard jets. A far more phenomeno-
logically important consequence of the disturbance of the
QGP by the traversing partons is thus that this part of this
disturbance will be reconstructed as part of a jet. While these
QGP response contributions to jets are generically expected
to be small, they have been shown [55–62] to be responsible
for strong modifications of jet substructure observables. As
these observables have become central to current studies of
QGP with jets [63], an accurate description of this class of
jet modifications is an essential part of the study jets in heavy
ion collisions.

In the high occupancy environment of a heavy-ion colli-
sion, jet reconstruction is only possible in combination with
a background subtraction procedure. Background refers to
all in an event, specifically all that overlaps with the recon-
struction region of a jet, that is unrelated with the jet. In
practice, the background to be subtracted is estimated from
events with no jets or from regions of the same event where
no jets are present. A perfect background subtraction would
thus result in the elimination of all components of the event
uncorrelated with the jet from the final reconstructed jet. One
should, however, note that no background subtraction will,
nor should, remove QGP response as that part of the QGP is,
through interaction, correlated with the jet.

The full potential of jets as probes of QGP dynamical
properties relies on the ability to have sufficient theoretical

control of the totality of modifications imparted on a jet by
its interaction with QGP to devise phenomenological frame-
works capable of yielding results from which a bona fide
comparison with experimental measurements can be made.
Any bona fide extraction of physical information from exper-
imental jet results through comparison with theoretical pre-
dictions requires that those theoretical computations, be them
purely analytical or the result of Monte Carlo event genera-
tion, are subjected to a workflow analogous to the one used
to reconstruct experimentally.

The contribution of QGP response to jets in Jewel
was originally addressed in [62] where two different back-
ground subtraction procedures – grid subtraction and four-
momentum subtraction – were proposed. Results obtained
from grid based subtraction were found to be very dependent
on the chosen granularity of the grid. While four-momentum
subtraction performed well for all observables computed
exclusively from transverse momenta of jet constituents, it
led to potentially unphysical results for observables, such as
the jet invariant mass, dependent on the full four-momenta
of jet constituents.

In this work we put forward a background subtraction pro-
cedure that accounts for the specificity of how QGP response
is modelled in the Jewel event generator and which yields
robust results for all observables, importantly those com-
puted from the full four-momenta of jet constituents.

The paper is organized as follows. In Sect. 2 we provide a
brief description of Jewel MC with a specific focus on the
modelling of QGP response. In Sect. 3 we identify the origin
of the generation of unphysical negative squared jet masses
by four momentum subtraction. Section 4, introduces a new
subtraction method based on the widely used constituent
subtraction. Results for typical jet shape and sub-structure
observables are discussed in Sect. 5 with particular emphasis
on subtraction, and Sect. 6 presents some conclusions.

2 JEWEL

Jewel [64,65] simulates the QCD evolution and re-scattering
of hard partons in a background medium. It builds on
PYTHIA 6.4 [66], which is used for hard matrix elements,
initial state parton shower and hadronisation. Jewel imple-
ments the final state parton shower interleaved with re-
scattering and provides a simple model for the background
medium. Re-scattering in the medium is described by LO
matrix elements supplemented with a parton shower, such
that both elastic and inelastic scattering are included with
leading-log correct relative contributions. The interplay
between different sources of radiation is governed by the for-
mation time in such a way that always the emission with the
shortest formation time gets realised. The coherence between
several scattering processes within the formation time of the
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same emission giving rise to the LPM effect is included in a
probabilistic formulation.

Jewel does not simulate complete heavy ion events, ther-
mal background partons that do not participate in a scattering
involving a hard parton never explicitly show up in the event.
Instead, the event consists of partons coming from the hard
matrix elements and the parton showers. It is possible to also
keep the thermal partons that did interact with a hard par-
ton (“recoils”) in the event, but then the thermal momentum
these partons had before the interaction has to be subtracted
from the final event. Two options for doing this, grid subtrac-
tion and four-momentum subtraction, are discussed in [62].
Grid based subtraction has not been pursued further due to
short-comings of the method. The four-momentum subtrac-
tion methods and its limitations will be briefly reviewed in
the next section before a new method along the lines of con-
stituent subtraction is introduced in Sect. 4.

3 Four-momentum subtraction and negative squared
jet masses

Four-momentum subtraction, introduced in [62], removes the
thermal momenta exactly from the jet’s four-momentum. The
thermal momenta to be subtracted, those that in the absence
of the jet would have ended up within the jet’s reconstruction
region, are determined by adding to the final state particles
list a set of ‘dummy’ neutral particles with very small energy
and momenta and pointing in the direction of the thermal
momenta.1 In operational terms, these ‘dummy’ particles are
the same as the ghosts used by FastJet [67] during its cluster-
ing to determine the jet area. They can get clustered into jets
without affecting the jet’s momentum or structure. Thermal
momenta, that are matched to a dummy (in the azimuthal
angle–rapidity plane) inside a jet, are subtracted from the
jet’s momentum. The resulting four vector constitutes the
subtracted jet momentum. The procedure was implemented
as follows:

1. Cluster the initial jet collection from the final state parti-
cles (including dummy particles);

2. Compile a list of the thermal momenta (particles in the
HepMC event record with status code 3);

1 In the original version of the four-momentum subtraction, the dummy
particles were massless and had the same azimuthal angle and pseudo-
rapidity as the thermal momentum. Since Jewel- 2.3.0 the dummies
are massive and have the same azimuthal angle, pseudo-rapidity, and
rapidity as the thermal momentum. This is preferable since the dis-
tance measure in the k⊥-family of jet clustering algorithms is based
on rapidity separation. The only observable where this change has any
visible consequences is the jet mass, which is particularly sensitive to
soft particles at the edge of the jet.

3. For each jet, get the list of thermal momenta that are within
�R < 1 × 10−5 of a the jet constituent, i.e a dummy
particle;

4. Sum up the four-momenta of the matched thermal
momenta. This constitutes the background;

5. For each jet subtract the background four-momentum
from the jet’s four momentum, this provides the corrected
jet collection.

6. Calculate jet observables from corrected jet four
-momenta.

Four-momentum subtraction can also be performed for
suitably defined jet sub-structure observables. It then oper-
ates not on the entire jet, but only a part of it, e.g. a sub-jet. In
iterative procedures this means that the subtraction also has
to be performed iteratively, i.e. in every step.

Due to the way in which a parton level quantity, i.e. the
thermal momenta, is subtracted from jet level four-momenta,
four-momentum subtraction only works for IRC safe quan-
tities. When cuts are applied on the hadron distribution sub-
traction is in general not possible any more, because it is not
known which part of the thermal momenta should be sub-
tracted from the reduced hadron population. This can lead to
ambiguities when comparing to measurements.

A problem with this four-momentum subtraction method
is that the jet mass, although formally an IRC safe quantity,
behaves in a strange way. In particular, the squared jet mass
is negative for roughly half of the jets (Fig. 1).

To understand how this happens we consider the elastic
scattering of a hard parton off a thermal parton pμ

h + pμ
th =

p′μ
h + pμ

rec. If all momenta are contained inside the recon-
structed jet, the jet momentum after four-momentum sub-
traction can be written as

P ′μ = pμ
rem + p′μ

h + pμ
rec − pμ

th = pμ
rem + p′μ

h + qμ

= pμ
rem + pμ

h = Pμ, (3.1)

where qμ is the four-momentum transfer in the scattering
and pμ

rem is the momentum of the remainder system. In this
case the jet momentum does not change and the jet mass after
scattering is the same as the jet mass before. If, however, one
or several of the partons involved in the scattering fall outside
the jet cone, the jet mass changes due to the scattering. The
different possibilities of losing a parton are listed below.

1. The thermal momentum is not contained in the recon-
structed jet. Then the jet momentum becomes

P ′μ = pμ
rem + p′μ

h + pμ
rec = pμ

rem + pμ
h + pμ

th

= Pμ + pμ
th (3.2)

and for the squared jet mass one gets
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Fig. 1 Signed mass, i.e.

sgn(M2
jet)

√
|M2

jet|, distribution

after four-momentum (blue) and
constituent subtraction (red) for
R = 0.4 anti-k⊥ jets with
p(jet)
⊥ > 100 GeV and

|η(jet)| < 2.5 from a di-jet
sample at

√
sNN = 2.76 TeV

M ′2
jet = M2

jet + m2
th + 2Pμ p

μ
th > M2

jet. (3.3)

The jet mass thus increases slightly, since the scalar prod-
uct of two physical 4-momenta cannot be negative. Given
the typical kinematics (mth small, pμ

th a soft momen-
tum, Pμ a hard momentum with mass small compared
to energy) the increase is mostly rather small.

2. The recoiling thermal parton is outside the jet. Then the
jet momentum becomes

P ′μ = pμ
rem + p′μ

h − pμ
th = pμ

rem + pμ
h − pμ

rec

= Pμ − pμ
rec (3.4)

and for the squared jet mass one gets

M ′2
jet = M2

jet + m2
rec − 2Pμ p

μ
rec. (3.5)

Now the squared jet mass can decrease and even become
slightly negative. Again, the scalar product Pμ p

μ
rec is typ-

ically small, so there is only a mild change in jet mass.
Moreover, it is overcompensated by the first case, which
is more likely to occur.

3. The scattered hard parton is outside the jet. Then the jet
momentum becomes

P ′μ = pμ
rem + pμ

rec − pμ
th = pμ

rem + q = Pμ − p′μ
h (3.6)

and for the squared jet mass one gets

M ′2
jet = M2

jet + m′2
h − 2Pμ p

′μ
h . (3.7)

Here m′2
h is the virtual mass squared of the scattered hard

parton, which is normally small compared to its momen-
tum. But now Pμ p′μ

h is the scalar product of two hard

momenta and given typical kinematics it is not small com-
pared to the squared jet mass. This situation can thus lead
to a sizeable reduction of the squared jet mass, usually
turning it negative. This case is also frequent enough to
lead to the large effects observed in Fig. 1.

Negative squared jet masses thus appear frequently with four-
momentum subtraction, but should be regarded as an artifact
rather than a natural feature of the method. The squared mass
of any composite object consisting of particles is always pos-
itive. If one could reconstruct a jet in a heavy ion environ-
ment and then look at its constituents one by one and keep
only those that receive most of their energy from hard par-
tons rather than the background, then the squared jet mass
could never be negative. Since this is impossible due to the
quantum mechanical nature of particle collisions, one has
to resort to other background subtraction techniques both in
experiment and theory. Since it is desirable that the back-
ground subtraction leaves the squared jet mass positive (and
doesn’t introduce other artifacts in the jet mass distribution),
we switch to constituent subtraction, which we discuss in the
next section.

4 Background subtraction with constituent subtraction

The new background subtraction procedure2 uses the con-
stituent subtraction method [68] with the ghosts replaced by
the thermal momenta. In contrast to the old four-momentum
subtraction the thermal four-momentum is not subtracted
locally, but its transverse momentum and mass are subtracted

2 An implementation of the procedure as a Rivet projection is publicly
available from jewel.hepforge.org.
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Fig. 2 Comparing four-momentum and constituent background sub-
traction for R = 0.4 anti-k⊥ jets from a di-jet sample at

√
sNN =

2.76 TeV with p(jet)
⊥ > 100 GeV and |η(jet)| < 2.5: relative difference

in jet transverse momentum (top left), angle �R = √
(�φ)2 + (�η)2

between jet axes (top right), and relative mass difference (bottom). The
mass difference is shown only for jets where the squared mass with
four-momentum subtraction is positive

from nearby particles in a way that ensures positive definite
mass squares (cf. Fig. 1). The exact algorithm is repeated
below.

All four-momenta (final state particles and thermal
momenta) are represented by their transverse momentum p⊥,

mass mδ =
√
m2 + p2⊥ − p⊥, rapidity y and azimuthal angle

φ:

pμ = ((mδ + p⊥) cosh(y), p⊥ cos(φ), p⊥ sin(φ),

(mδ + p⊥) sinh(y)) .

A list of all possible pairs consisting of a final state parti-
cle i and a thermal momentum k is compiled and sorted by
distance, where the distance measure used is

�Rik =
√

(yi − yk)2 + (φi − φk)2.

The subtraction proceeds by going through the list (starting
from the smallest distance) and in each pair subtracting the
smaller p⊥ from the larger and the smallermδ from the larger:

if p(i)
⊥ ≥ p(k)

⊥ : p(i)
⊥ → p(i)

⊥ − p(k)
⊥

p(k)
⊥ → 0

if p(i)
⊥ < p(k)

⊥ : p(i)
⊥ → 0

p(k)
⊥ → p(k)

⊥ − p(i)
⊥

(4.1)

and

if m(i)
δ ≥ m(k)

δ : m(i)
δ → m(i)

δ − m(k)
δ

m(k)
δ → 0

if m(i)
δ < m(k)

δ : m(i)
δ → 0

m(k)
δ → m(k)

δ − m(i)
δ .

(4.2)

One can continue until the end of the list is reached, or stop
at some distance cut-off in order to avoid subtractions from
particles that are far away. In our implementation we chose
the latter option with a cut-off at 0.5 in �Rik . After all sub-
tractions are done, all momenta with p⊥ = 0 are removed.
The remaining momenta constitute the subtracted ensemble.

Subtracting scalar p⊥ and mass ensures that all particles
retain physical masses (i.e. have positive squared invariant
masses). Consequently, the squared invariant mass of the jet
is guaranteed to be positive as well. This does, however,
come at the cost of not conserving energy and momentum
exactly. In order to validate the constituent subtraction proce-
dure against the old 4-momentum subtraction, where energy-
momentum is exactly conserved, we will explicitly show that
the new procedure does not introduce new artifacts.

Inside jets the final state particles carry much more
momentum than the thermal momenta. The constituent sub-
traction procedure thus leads to all thermal momenta being
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Fig. 3 Comparing event-wise and jet-wise subtraction for constituent
background subtraction for the leading R = 0.4 anti-k⊥ jet from
a di-jet sample at

√
sNN = 2.76 TeV with p(jet)

⊥ > 100 GeV and

|η(jet)| < 2.5: relative difference in jet transverse momentum (top left),
angle �R = √

(�φ)2 + (�η)2 between jet axes (top right), and relative
mass difference (bottom)

used up and disappearing from the ensemble. Since only final
state particles survive, one can keep track of the particles’
flavour (and other properties if needed) and arrive after sub-
traction at a final state consisting of identified particles. One
can then extract observables such as charged jet mass or jet
fragmentation functions that are built from certain particle
species only (in this example charged particles). This is not
possible with the old four-momentum subtraction and – at
least for the charged jet mass – improves the agreement with
data, as discussed in Sect. 5.1.

4.1 Subtraction on reconstructed jets

Constituent background subtraction can be carried out on
all final state particles prior to jet reconstruction, or after
jet reconstruction on the particles clustered into jets. In the
latter version it can be directly compared to four-momentum
subtraction, which always operates on reconstructed jets.

When subtracting on jet level, it first has to be determined
which of the thermal momenta should be subtracted. To this
end dummy particles, which have very small momenta and
the same rapidity, pseudo-rapidity and azimuth as the thermal
momenta, are added to the final state. After jet reconstruction

one then finds the dummy particles that got clustered into
the jet, the corresponding thermal momenta should then be
subtracted.

In Fig. 2 four-momentum and constituent background sub-
traction are compared. To this end a di-jet sample is gener-
ated with Jewel2.3.0 [64,65] in the standard set-up using
the simple medium model described in [65]. Jets are recon-
structed with the anti-k⊥ algorithm [51] and for each the
background subtraction is performed twice: once with the
four-momentum method and once with constituent subtrac-
tion. As seen in the left panel of Fig. 2 the jet’s transverse
momentum after background subtraction is the same with
both methods while the jet axis can move to a slightly dif-
ferent position (central panel in Fig. 2). The mass difference,
however, is clearly asymmetric (right panel in Fig. 2): the
mass with constituent background subtraction is smaller than
with four-momentum subtraction (considering only jets with
a positive mass squared after four-momentum subtraction).
Observables built from the jet’s transverse momentum and
direction (e.g. the di-jet asymmetry AJ ) are thus insensitive
to details of the background subtraction procedure, while the
jet mass is not.
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Fig. 4 Charged jet mass measured by ALICE [75] (R = 0.4, |η(jet)| < 0.5) with different versions of constituent and four-momentum subtraction.
See text for explanations

4.2 Event level subtraction

With the constituent subtraction method it is also possible
to perform the subtraction of thermal momenta on the entire
event before jets are reconstructed. This has the advantage
that the jets are less biased by fluctuations in the contribu-
tion from medium response. Figure 3 shows a comparison
between event-wise and jet-wise subtraction. To avoid ambi-
guities when matching jets from both samples we consider
only the leading jet in each event. The difference in jet trans-
verse momentum and the distance between the jet axes are
narrow distributions centered at zero. The difference in jet
mass is considerably wider, but also centered at zero. It has
a slight asymmetry that leads to a slightly wider mass dis-
tribution for the jet-wise subtraction compared to event-wise
subtraction.

5 Results

The results presented in this section were obtained from a
standard di-jet sample in Pb+Pb collisions generated with
Jewel-2.3.03 using the proton PDF set Cteq6LL [69] and
the Eps09 [70] nuclear PDF set, both provided by Lhapdf
[71]. The QGP is modelled with the simple medium model
(with parameters Ti = 485 MeV and τi = 0.6 fm for√
sNN = 2.76 TeV [72], and Ti = 590 MeV and τi = 0.4 fm

[73] for
√
sNN = 5 TeV). The Jewel events were analysed

using the Rivet framework [74]. Jets were reconstructed
using algorithms provided by FastJet [67].

3 Code publicly available from jewel.hepforge.org.
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Fig. 5 Groomed jet mass divided by (un-groomed) jet p⊥ distribu-
tions for p+p (top left), p+p smeared to 0–10% Pb+Pb resolution (top
right), 0–10% Pb+Pb (bottom left) and Pb+Pb (0–10%) divided by
smeared p+p (bottom right). The SoftDrop parameters are zcut = 0.1
and β = 0 and the jets are anti-k⊥ jets with R = 0.4, |ηjet)| < 1.6 and

160 GeV < p(jet)
⊥ < 180 GeV. CMS data [78] and JEWEL+PYTHIA

results with different subtraction methods. The CMS measurement has
not been unfolded and the JEWEL+PYTHIA results have not been
smeared, so a direct comparison is not possible

5.1 Jet mass

In [62,75] it was found that in Jewel with four-momentum
subtraction the jet mass was significantly larger than observed
in data. Following the discussion in Sect. 3 we conclude that
four-momentum subtraction yields problematic results for
jet mass and expect constituent subtraction to be much more
reliable. ALICE measured the charged jet mass in three dif-
ferent jet p⊥ bins [75]. With four-momentum subtraction
charged jets pose a problem, since it subtracts parton level
momenta from hadron level jets. The workaround was to
reconstruct and subtract full jets, and afterwards rescale the
jet p⊥ and mass with factors derived from jets with the same
cuts in p+p collisions. The results (including only jets with
positive squared mass) are shown as the orange histograms
in Fig. 4 and clearly don’t agree very well with the ALICE
data. Using event wise constituent subtraction with the same
procedure of rescaling full jets (green histograms in Fig. 4)
leads to an improvement, but still not a satisfactory descrip-
tion of the data. The best agreement with data is obtained by
doing event wise constituent subtraction preserving the par-
ticles’ flavour, such that charged jets can be reconstructed in
the background subtracted event (blue histograms in Fig. 4).

The jet mass distribution calculated in this way is shifted
slightly towards smaller masses compared to the p+p distri-
bution. This is due to a partial cancellation of the jet colli-
mation effect and medium response. Jet collimation leads to
a reduction of the mass (a small mass is correlated to a nar-
row and hard fragmentation pattern), while medium response
increases the mass by adding soft particles distributed widely
over the jet (and beyond).

5.2 Groomed jet mass

Grooming techniques are used to remove contamination from
soft and/or large angle radiation often stemming from back-
ground. Several algorithms have been proposed, the most
widely used in heavy ion physics is Soft Drop [76,77].
According to this procedure the constituents of jets are
first re-clustered with the Cambridge/Aachen algorithm. In
an iterative procedure the last re-clustering step is undone
to yield two sub-jets. The algorithm terminates when their
momenta satisfy the relation

zg = min(p⊥,1, p⊥,2)

p⊥,1 + p⊥,2
< zcut

(
�R12

R

)β

, (5.1)
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Fig. 6 Groomed jet mass divided by (un-groomed) jet p⊥ distribu-
tions for p+p (top left), p+p smeared to 0–10% Pb+Pb resolution (top
right), 0–10% Pb+Pb (bottom left) and Pb+Pb (0–10%) divided by
smeared p+p (bottom right). The SoftDrop parameters are zcut = 0.5
and β = 1.5 and the jets are anti-k⊥ jets with R = 0.4, |ηjet)| < 1.6 and

160 GeV < p(jet)
⊥ < 180 GeV. CMS data [78] and JEWEL+PYTHIA

results with different subtraction methods. The CMS measurement has
not been unfolded and the JEWEL+PYTHIA results have not been
smeared, so a direct comparison is not possible

where R is the jet radius used in the re-clustering and �R12

the distance between the sub-jets in the rapidity-azimuth
plane. Otherwise, the softer sub-jet is discarded and the pro-
cedure repeated for the harder one.

In contrast to the jet mass, which is calculated from the
four-momenta of all constituents, the groomed jet mass is
calculated from the energies and opening angle of the two
sub-jets identified by the SoftDrop procedure:

M2
g = 2E1E2(1 − cos θ12). (5.2)

It is therefore expected to be less sensitive to soft and large
angle fragments, and consequently to the subtraction proce-
dure. To demonstrate that this is indeed the case we repeat the
analysis by the CMS collaboration [78]. Unfortunately, we
cannot compare our results directly to the data as the latter
are not unfolded and the information on how to smear the
Monte Carlo events is not available.

Figures 5 and 6 show the results of the JEWEL+PYTHIA
simulation for the ratio of the groomed jet mass (calculated
according to Eq. 5.2) and the un-groomed jet transverse
momentum with two different grooming settings for event
wise constituent subtraction, jet wise constituent subtrac-
tion and four-momentum subtraction. As expected, there are

no significant differences between the three methods, as the
groomed jet mass is calculated from the sub-jets’ transverse
momentum and the opening angle (i.e. neglecting the sub-jet
invariant masses). A direct comparison to the experimental
data is unfortunately not possible. The only conclusion that
can be drawn is that there is qualitative agreement with the
(un-smeared) p+p data and for the more aggressive grooming
setting (zcut = 0.5 and β = 1.5), where the smearing effects
are not large, also with the Pb+Pb data.

5.3 Jet-hadron correlations

The jet-hadron correlations

ρ(r) = 1

p(jet)
⊥

∑
k with

�RkJ∈[r,r+δr ]

p(k)
⊥ , (5.3)

studied in this section are a generalisation of the jet pro-
file with the sum running over any set of particles (for the
jet profile, it would run only over the constituents of the

jet) and �RkJ =
√

�φ2
k J + �y2

k J is the angular separation
between particle k and the jet axis. When the sum is over all
particles the observable is IRC safe and unproblematic for
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Fig. 7 Jet-hadron correlation function measured by CMS [79] at√
sNN = 2.76 TeV for R = 0.3 anti-k⊥ jets with p(jet)

⊥ > 100 GeV and
0.3 < |η(jet)| < 2. The correlation includes only charged particles with

p⊥ > 1 GeV. JEWEL+PYTHIA results are shown for four-momentum
subtraction and constituent subtraction, the latter including all particles
for comparison to four-momentum subtraction and charged particles
with p⊥ > 1 GeV

subtraction. However, a typical experimental procedure is to
include charged particles above a certain p⊥. This cannot be
reproduced exactly with four-momentum subtraction, which
has to include all particles in order to work. With constituent
subtraction, however, the experimental procedure can be fol-
lowed more closely.

Figure 7 shows an early measurement of the jet-hadron
correlation at

√
sNN = 2.76 TeV [79]. Here R = 0.3 jets

are reconstructed from both charged and neutral particles
with the anti-k⊥ algorithm and the correlation is taken for
charged particles with p⊥ > 1 GeV. The measurement is
compared to JEWEL+PYTHIA results with constituent sub-
traction and four-momentum subtraction. Since the data are
not unfolded for detector effects, the jet p⊥ in the MC sample
is smeared with the parametrisation from [80]. The two sub-
traction methods agree when all particles are considered in

the constituent subtraction case to match what can be done
with four-momentum subtraction. When only charged par-
ticles above the p⊥ cut are considered, there are small but
significant differences in Pb+Pb while the p+p results remain
unchanged. This leads to a small difference in the ratio.

In a more recent analysis [81] at
√
sNN = 5.02 TeV the jet-

hadron correlation was extended outside the jet cone (Fig. 8).
In this measurement R = 0.4 and charged particles with
p⊥ > 0.7 GeV are included in the correlation. The same
pattern as in Fig. 7 is observed: four-momentum and con-
stituent subtraction including all particles yield very similar
results, while considering only charged particles above the
p⊥ cut reduces the correlation in Pb+Pb, but not in p+p. The
differences are much larger for r > R, where the calculation
with all particles clearly fails to describe the data while the
JEWEL+PYTHIA result for charged particles above the p⊥
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Fig. 8 Jet-hadron correlation function measured by CMS [81] at√
sNN = 5.02 TeV for R = 0.4 anti-k⊥ jets with p(jet)

⊥ > 120 GeV
and |η(jet)| < 1.6. The correlation includes only charged particles

with p⊥ > 0.7 GeV. JEWEL+PYTHIA results are shown for four-
momentum subtraction and constituent subtraction, the latter including
all particles for comparison to four-momentum subtraction and charged
particles with p⊥ > 0.7 GeV

cut nicely reproduces the data for the ratio of the correla-
tions in Pb+Pb and p+p. These findings highlight once more
the importance of following the experimental procedures as
closely as possible and showcases the greater flexibility of
constituent subtraction compared to the old four-momentum
subtraction.

5.4 Jet fragmentation functions

Jet fragmentation functions are an example of an observable
that cannot be calculated with four-momentum subtraction
in a meaningful way, because it only works at the level of jets
and not for hadron distributions.4 It characterises the momen-

4 Some results were shown in [62], but there only the jet p⊥ was sub-
tracted while the hadron distribution was not and contained the full

tum distribution of charged hadrons found within �R < R
of the jet axis in terms of their p⊥ or the longitudinal momen-
tum fraction

z = p(track)
⊥
p(jet)
⊥

cos �R or ξ = ln(1/z).

Figures 9, 10, 11 and 12 show a comparison of jet frag-
mentation function measurements by ATLAS [82] and CMS
[83] at

√
sNN = 2.76 TeV to JEWEL+PYTHIA results with

constituent subtraction. Thanks to the improved subtraction
there is generally a decent agreement between MC and data
for small z or p⊥ (large ξ ), i.e. in the regime where medium

recoil contribution. The MC results therefore overshot the data in the
soft part of the fragmentation function.
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Fig. 9 Jet fragmentation function for charged particles with p⊥ >

1 GeV as a function of the longitudinal momentum fraction z at√
sNN = 2.76 TeV measured by ATLAS [82] for R = 0.4 anti-k⊥

jets with 100 GeV < p(jet)
⊥ < 398 GeV and |η(jet)| < 2.1 in p+p

and Pb+Pb (0−10% centrality) collisions. JEWEL+PYTHIA results
are shown with constituent subtraction for charged particles with the
same p⊥ cut as in the data

response is important. The hard part of the distribution is gen-
erally overestimated by JEWEL+PYTHIA. This is a conse-
quence of a too strong jet collimation effect, that is also seen
in other observables (for instance the jet-hadron correlation
shown in Figs. 7 and 8).

6 Conclusions

In this paper we have provided a new procedure for back-
ground subtraction in events generated with Jewel. This pro-
cedure, based on constituent subtraction [68], is more robust
that previous procedures applied to Jewel events [62].

Subtracting thermal momenta with constituent subtraction
has many advantages over the old four-momentum subtrac-

tion method. This is particularly evident for the jet mass,
where results differ substantially for the different methods,
with those for constituent subtraction free from artifacts and
in clear better agreement with experimental observations.
The main reason for this is that the thermal momenta are
subtracted from individual particles instead of (sub)jet four-
momenta. This can be done in such a way that the jet mass
is much more stable (e.g. the squared mass cannot become
negative).

Another, more important, consequence of subtraction
from particles is that constituent subtraction can be carried
out at event level, before jets are reconstructed. Not only
does this lead to less biased jet populations, but it also allows
for the introduction of cuts on the hadron distribution from
which observables are calculated. This gives better control
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Fig. 10 Jet fragmentation function for charged particles as a func-
tion of particle p⊥ at

√
sNN = 2.76 TeV measured by ATLAS [82]

for R = 0.4 anti-k⊥ jets with 100 GeV < p(jet)
⊥ < 398 GeV

and |η(jet)| < 2.1 in p+p and Pb+Pb (0−10% centrality) collisions.
JEWEL+PYTHIA results are shown with constituent subtraction for
charged particles

over comparisons between theoretical calculations and mea-
surements because the experimental definitions of observ-
ables can be followed more closely on the theory side. As seen
in Sect. 5, this clearly improves the agreement of Jewel cal-
culations with data for the jet mass and jet-hadron correlation
at large distances from the jet axis. Other observables, like
jet fragmentation functions, which cannot be calculated in a
meaningful way using four-momentum subtraction are com-
puted straightforwardly and meaningfully with constituent
subtraction.

The results presented here stress the importance of the
medium response contributions to the theoretical descrip-
tion of jets in heavy ion collisions with some observ-
ables (jet mass, jet profile, fragmentation functions, etc.)
being meaningfully comparable to experimental data only
if medium response contributions are included in the the-
oretical description. Jewel calculations, after background
subtraction, should be directly comparable with experimen-
tal results where both background subtraction and unfolding
for detector effects have been performed.
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Fig. 11 Jet fragmentation function for charged particles with p⊥ >

1 GeV as a function of ξ = ln(1/z) at
√
sNN = 2.76 TeV measured by

CMS [83] for R = 0.3 anti-k⊥ jets with 100 GeV < p(jet)
⊥ < 300 GeV

and 0.3 < |η(jet)| < 2 in p+p and Pb+Pb (0−10% centrality) collisions.
JEWEL+PYTHIA results are shown with constituent subtraction for
charged particles with the same p⊥ cut as in the data
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Fig. 12 Jet fragmentation function for charged particles as a function
of particle p⊥ at

√
sNN = 2.76 TeV measured by CMS [83] for R = 0.3

anti-k⊥ jets with 100 GeV < p(jet)
⊥ < 300 GeV and 0.3 < |η(jet)| < 2

in p+p and Pb+Pb (0−10% centrality) collisions. JEWEL+PYTHIA
results are shown with constituent subtraction for charged particles
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