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the N-subjettiness observable for track-based jets in heavy-ion collisions. This study is
performed using data recorded in pp and Pb-Pb collisions at centre-of-mass energies of
Vs = 7TTeV and /sy = 2.76 TeV, respectively. In particular the ratio of 2-subjettiness
to 1-subjettiness, 7o/7, which is sensitive to the rate of two-pronged jet substructure, is
presented. Energy loss of jets traversing the strongly interacting medium in heavy-ion
collisions is expected to change the rate of two-pronged substructure relative to vacuum.
The results are presented for jets with a resolution parameter of R = 0.4 and charged jet
transverse momentum of 40 < pr e < 60 GeV/c, which constitute a larger jet resolution
and lower jet transverse momentum interval than previous measurements in heavy-ion
collisions. This has been achieved by utilising a semi-inclusive hadron-jet coincidence
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values compared to the measurement in pp collisions. This hints at a reduction in the rate
of two-pronged jets in Pb-Pb collisions compared to pp collisions.
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1 Introduction

The goal of relativistic heavy-ion physics is to study the behaviour of Quantum Chromo-
Dynamics (QCD) matter in the high energy density and temperature regimes, where a
medium of deconfined quarks and gluons, known as the quark-gluon plasma (QGP), is
formed [1, 2]. During the initial stages of the collisions, short distance scattering interac-
tions between the constituents of the incoming nucleons produce high-momentum transfer
partons (quarks and gluons), which fragment into collimated showers of particles known
as jets. Jets provide an experimental tool with which to reconstruct the parton shower
and access the kinematics of the initial scattered parton. The production of jets and their
substructure in pp collisions is well described by perturbative QCD [3-6], which makes



them well-calibrated probes to investigate this medium in heavy-ion collisions. The phe-
nomenon of jet quenching, which refers to the modification of jet production rates and
jet substructure due to interactions in coloured matter [7], is one of the most important
signatures of QGP formation and has been extensively studied in nuclear collisions at both
the Relativistic Heavy Ion Collider and the Large Hadron Collider, via measurements of
inclusive jet production as well as correlations of jets with high-energy triggers (hadrons,
photons, W and Z bosons and jets) [8-11]. The observed modifications are a consequence
of radiative and elastic interactions of the partons with the coloured medium and provide
an opportunity for measuring the transport properties of the QGP, notably the transport
parameter ¢ [12]. However, the dynamical mechanisms underlying such interactions are
still not well understood. Measurements of jet shapes [13-18] and more recently, jet sub-
structure [19-21] attempt to shed light on these mechanisms. It has also been proposed
that jet-medium interactions might be influenced by the underlying structure of the jet and
the degree to which the medium can resolve this substructure [22]. Jet substructure ob-
servables can be used to quantify these modifications and study the responsible energy loss
mechanisms, whilst also being sensitive to the fundamental properties of the medium [23].

In this paper, modifications to the two-pronged substructure of jets in heavy-ion col-
lisions, compared to those measured in pp collisions, are reported, in order to investigate
the impact of the underlying jet substructure on quenching effects. Two-pronged jets are
composed of exactly two distinct hard or semi-hard substructures and are tagged through
the measurements of the ratio of 2-subjettiness to 1-subjettiness, 7o/71, which are cal-
culated relative to a variety of differently defined axes. These are the axes of subjets
obtained by reclustering the jet constituents with jet finding algorithms. Each algorithm
can operationally reorder the jet shower, in momentum and angular separation, result-
ing in the selection of different axes. The reclustering algorithms are also combined with
grooming techniques [24, 25] to remove wide-angle soft radiation from the jet and select
specific regions of the splitting phase space where medium-induced signals are enhanced
(or suppressed) or where jet quenching calculations are under better control [26]. In Pb-
Pb collisions a semi-inclusive data driven approach is used to suppress the combinatorial
background and extend the measurement to larger jet resolution and lower pr ;. In pp
collisions, comparisons of the measurement with PYTHIA [27] calculations at the same
centre-of-mass energy are used to validate the model as a vacuum reference for the Pb-
Pb centre-of-mass energy. In addition to 7o/71, the splitting aperture angle, AR, is also
reported in pp collisions, providing complementary information on the underlying two-
pronged substructure.

The paper is organised as follows: section 2 describes the observables and the different
axis choices (reclustering algorithms). Section 3 details the pp and Pb-Pb data sets and
event selection criteria used for the analysis. Section 4 describes the jet finding proce-
dure, including the underlying event and combinatorial background subtraction techniques
used in Pb-Pb collisions. The response of the shapes to detector effects and background
fluctuations are also highlighted. Section 5 details the simultaneous correction of the jet
substructure observable and p‘"Th’jet distributions, via a two-dimensional Bayesian unfolding
procedure, for these detector effects and background fluctuations. Section 6 lists the con-



tributions to the systematic uncertainties. Finally the fully corrected results are presented
in section 7, alongside a discussion with comparisons to theoretical models.

2 N-subjettiness, aperture angle and axis definitions

This analysis measures the proportion of two-pronged jets in Pb-Pb compared to pp colli-
sions. Track-based jet finding is performed using the anti-kp [28] algorithm with a jet reso-
lution parameter of R = 0.4 (full details of the jet reconstruction are given in section 4). In
order to tag jets as being single-pronged or two-pronged, the N-subjettiness [29] observable
is chosen. N-subjettiness is a jet substructure observable, denoted by 7x, which quantifies
the degree to which a jet has a N (or fewer)-pronged substructure. It is measured relative
to N axes, which are the axes of the subjets returned by unwinding the reclustering history
of a given choice of reclustering algorithm by N — 1 steps, and is defined as,
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ZPT,k minimum(ARy g, ARo . ..., ARN ), (2.1)
k

where k runs over the list of jet constituents. The transverse momentum, relative to the
beam, of constituent k is denoted as prj and ARg, is the distance in the pseudorapidity-
azimuthal (1-¢) plane between the constituent k and the axis of subjet S. The observable
is normalised by the product of the jet resolution parameter, R, and the jet transverse
momentum, pr jet-

If the bulk of the prje¢ is correlated to at least one of the subjet axes, the jet is
composed of N or fewer well defined subjets and 7y tends to zero. If a sizeable fraction of
the pr et is not aligned with any of the subjet axes, the jet is composed of at least N + 1
subjets and 7y tends to unity. The ratio of 7n/7n_1 is sensitive to exactly N-prongs in
a jet, as an N-pronged jet is expected to have low 7n and high 7n_1 values. In this way,
the ratio of the two quantities is more discriminative of N-prongness in jets than either
quantity on its own.

The N-subjettiness observable was originally designed to identify boosted hadronically-
decaying objects such as W bosons and top quarks [29, 30] Reconstructed jets containing a
W boson exhibit a distinct two-pronged energy flow due to the two hard subjets produced
by the decay of the W boson to two quarks. The ratio of 7o/7; can be used to discriminate
these jets from quark and gluon-initiated jets, which are primarily single-cored. In this
paper the measured ratio of 75/71, on a jet-by-jet basis, is used to identify the two-pronged
subsample of QCD jets in both pp and Pb-Pb collisions. Jets with a clear two-pronged
substructure relative to the subjet axes will have low 7 and high 7 values, resulting in a
small 79/71 ratio. Various jet quenching mechanisms, such as medium-induced semi-hard
radiation emitted at large angles, are expected to change the rate of two-pronged QCD jets
in heavy-ion collisions relative to the vacuum [31]. Hard medium-induced radiation could
be a signature of the jet interacting with the partonic structure of the QGP, since large
momentum transfers are suppressed for strongly-coupled degrees of freedom [23]. This type
of radiation could create an additional prong in the jet, transforming the predominantly
single-pronged QCD jets, into two-pronged objects. It has also been postulated that colour



coherence effects [22], arising from the finite resolving power of the medium with respect to
jet substructure, could result in a larger degree of quenching for two-pronged jets compared
to single-cored jets. This would result in a decrease in the population of two-pronged jets
in Pb-Pb compared to pp collisions.

In addition to the 79 /71 observable, the aperture angle between the two selected subjet
axes in the N = 2 case, AR, is reported in pp collisions. Since the degree to which the jet
substructure is two-pronged depends on the angular separation of the prongs, in addition
to the way the pr jet is distributed among them, this observable provides complementary
information to 72 /7. The measurements of the AR observable in pp collisions also provide
an important baseline for measurements of this observable in heavy-ion collisions, where
they can be used to directly probe the angular resolving power of the medium with respect
to coloured structures.

2.1 Subjet axes

The calculation of N-subjettiness requires N subjet axes, which are themselves obtained
by unwinding the reclustering history N —1 steps. The subjet axes are therefore dependent
on the choice of the reclustering algorithm used, with different algorithms returning axes
that are sensitive to different regions of the splitting phase space. The addition of grooming
techniques can further isolate this probed phase space, allowing for the selection of regions
where calculations are under better theoretical control. The reclustering algorithms em-
ployed in this analysis, which belong to the sequential recombination class of algorithms,
are detailed as follows:

2.1.1 kt clustering

This metric clusters particles based on their pr and angular separation from one an-
other [32]. The clustering begins by combining soft particles, with hard structures only
being brought together in the final steps of the clustering history. Therefore unwinding the
last clustering step gives operational access to two hard subjets.

2.1.2 Cambridge-Aachen clustering

The C/A algorithm combines particles solely based on their angular separation from one
another, thus maintaining an angular ordered tree in vacuum [33]. Particles closest to
each other in the n-¢ plane are brought together first, with the last step of the clustering
combining the furthest separated structures in the jet. Unwinding the reclustering history
one step gives access to the pair of subjets separated by the largest angle.

2.1.3 Soft Drop grooming (with C/A)

The Soft Drop groomer [25] is applied to the C/A reclustered jet. In this case, instead of
selecting the axes returned by unwinding the reclustering history by one step, the splitting
is first tested against the Soft Drop condition. This is given by,

minimum(pT,lapTQ) (AR>ﬁ
> Zeut ’

— 2.2
pr,1+ P12 (22)
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where the indices 1 and 2 label the subjet axes and R represents the jet resolution
parameter. The z.,; and § parameters control the grooming behaviour. The former places
a lower limit on the momentum fraction carried by the subleading subjet, which is the subjet
carrying the smaller momentum fraction. The latter quantifies the interplay between the
angular and momentum components of the splitting, with higher § values preferentially
removing soft large-angle radiation. If the Soft Drop condition is satisfied, the splitting
is accepted and the axes are returned. However, if the splitting does not satisfy the Soft
Drop condition, the subleading subjet is groomed away and the procedure is repeated by
unclustering the leading subjet and testing against the Soft Drop condition. This process
iteratively continues until either a splitting is found which passes the Soft Drop condition
(the axes are returned), or the reclustering history is exhausted and there is only one track
left in which case the jet is discarded.

The purpose of the grooming procedure is to strip away soft radiation from the jet and
uncover a hard substructure. The benefit of using the C/A algorithm for the groomer is
that the splitting tree is angular ordered, which is the expected configuration of the parton
shower in the vacuum. Therefore, the first structure that is accepted by the groomer is
expected to be correlated to the earliest hard splitting in the jet. In this work the Soft
Drop condition is defined with values of z.; = 0.1 and 8 = 0, which is equivalent to the
Mass Drop tagger [34]. This removes the angular dependency from eq. 2.2 and reduces
the Soft Drop condition to a test of the hardness of the splitting. In this configuration,
the groomer removes soft large-angle radiation from the jet. The widest hard or semi-hard
splitting that is found in the declustering process, is returned (in vacuum).

2.1.4 Reclustering metric comparisons

The comparison of the 75/7 observable for different subjet axes choices, using a variety
of reclustering algorithms, is shown in figure 1 for track-based jets at particle level. These
are calculated in simulated pp collisions at /s = 7TeV using the PYTHIA6 Perugia 2011
tune. The angular separation (in the n-¢ plane) of the subjet axes in the 7o case, AR, is
also shown in figure 1 (right). The 7o/7; distribution measured for the C/A case tends
towards unity. This is due to the fact that C/A selects soft large-angle subleading prongs,
to which the rest of the jet emissions are not aligned. The addition of the Soft Drop groomer
significantly changes the subjet axes, with the 75/71 distribution in this case peaking at
lower values. This indicates that the subleading axis is correlated to a larger fraction of the
PT,jet- There is also an increase in the population of jets with a value of 7o/71 = 0, due to
an increase of two-track jets after grooming. The distribution obtained with the Soft Drop
groomer is qualitatively similar to the kt case, where by construction soft particles are
clustered together first and the final reclustering step brings together any hard structures
present in the jet.

In the “C/A + min” case shown in the plots, a minimisation step is performed, starting
with the axes returned by the C/A reclustering. The process seeks to find a local minimum
of N-subjettiness, by geometrically varying the axes [35]. The minimisation was expected
to reduce the sensitivity of the axes to uncorrelated soft radiation. However the impact of
this additional step was found to be minimal, with respect to the C/A case without minimi-
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Figure 1. The 7o/7; (left) and AR (right) observables are shown for a variety of different axis
selection algorithms. Both plots are obtained using a PYTHIAG6 Perugia 2011 simulation of pp
collisions at /s = 7TeV, in the particle level charged jet transverse momentum interval of 40 <
PRI < 60 GeV /e

sation, both in the PYTHIA calculations presented here and in measurements made in pp
and Pb-Pb collisions. As such, this particular configuration will not be discussed further.

The AR distributions, obtained using various reclustering algorithms, show that soft
subleading prongs, selected by the C/A algorithm, are present at large angles from the jet
core (AR > 0.3). In contrast, hard subleading prongs, selected by both the k1 and Soft
Drop groomer, appear at small angles (AR ~ 0.1). This indicates that this sample of QCD
jets are predominantly single-cored, with most of the p?ﬁl’jet appearing close to the jet axis.

The pCTh’th dependence of the 79/ and AR observables is shown in figure 2 for the
kT reclustering algorithm, for three consecutive pCTh7jet intervals. The AR shape exhibits a
strong p%jet dependence in accordance with the collimation of jets with increasing pCThJet.
However, the 7o/7; shape shows only a mild dependence on the p(%fjet. The study was
performed for the other algorithms (not shown), with the same conclusion also holding for
C/A with Soft Drop grooming. However, no pCT}jjet dependence is observed for the C/A
reclustering algorithm, with and without minimisation of the 7 and 7 variables. This is
because the presence of large-angle soft particles in the jet cone is largely independent of
p%l,jet. The weak p%jet dependence observed for the 79/7; observable facilitates a cleaner
comparison of measurements made in the same p%jet interval in Pb-Pb and pp collisions,
as the reduction in the p%fjet scale due to quenching in Pb-Pb collisions has no effect on
the vacuum properties of this observable.

3 Data sets, event selection and simulations

A detailed description of the ALICE detector and its performance can be found in refs. [36,
37]. The analysed pp data were collected during Run 1 of the LHC in 2010 with a collision
centre-of-mass energy of \/s = 7TeV using a minimum bias (MB) trigger. The MB trigger
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Figure 2. The p%fjct dependence of the 75 /71 (left) and AR (right) observables are shown, for the
axes obtained using the kr reclustering algorithm. These calculations are made using PYTHIAG6
Perugia 2011 simulations of pp collisions at /s = 7 TeV.
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configuration is the same as described in ref. [38]. The data from heavy-ion collisions were
recorded in 2011 at /sxy = 2.76 TeV. This analysis uses the 0-10% most-central Pb-
Pb collisions selected by the online trigger based on the hit multiplicity measured in the
forward VO detectors [39]. The data sets and event selections are identical to refs. [8, 13].
After offline selection, the pp sample consists of 168 million events (Liy ~ 2.5nb™ 1), while
the Pb-Pb sample consists of 19 million events (Lin; ~ 21.4 ,ubfl). In heavy-ion collisions a
semi-inclusive hadron-jet procedure [8] is employed, as described in section 4, which further
restricts the event selection.

The analysis uses primary charged particles reconstructed as tracks in the Inner Track-
ing System (ITS) [40] and Time Projection Chamber (TPC) [41] which both cover the full
azimuth and pseudorapidity |n| < 0.9. Tracks are required to have transverse momentum
0.15 < pr < 100 GeV /c. Further details of the track selection can be found in ref. [42].

In pp collisions, the tracking efficiency is approximately 80% for tracks with pp >
1 GeV /e, decreasing to roughly 56% at pp = 0.15 GeV /¢, with a track momentum resolution
of 1% for pr =1 GeV/c and 4.1% for pr = 40 GeV/c [37, 43]. In 0-10% most-central Pb-
Pb collisions, the tracking efficiency is about 2 to 3% lower than in pp at any given pr.
The track pr resolution is about 1% at pr = 1 GeV/c and 2.5% for pr = 40 GeV /c [42].

For both centre-of-mass energies of /s = 2.76 TeV and /s = 7TeV used in this
analysis, pp collisions were simulated using PYTHIA6 (Perugia Tune 2011) [44]. These
Monte Carlo (MC) simulations were used to construct the response matrices employed as
part of the unfolding procedures detailed in section 5. These MC simulations were utilised
at three levels which will be discussed in this paper. The first is the particle level MC, which
includes primary particles and the decay products from strong and electromagnetic decays.
This is used to construct the truth level axes of the response matrices. The second is the
reconstructed level MC, which is obtained by propagating the particle level events through



a detailed reconstruction of the ALICE apparatus using GEANT3 [45]. This level includes
both secondaries from interactions in the detector material and the products of weak decays
and is used as the measured axes of the response matrix in pp collisions. To account for
the smearing due to the background in Pb-Pb events, the MC simulated at /s = 2.76 TeV
is embedded into real, 0-10% most-central, Pb-Pb events at reconstructed level to obtain
the measured axes for the response matrices in this collision system. This comprises the
third type of MC in use, referred to as the embedded level. PYTHIA-generated events
are embedded instead of real pp data measured at /s = 2.76 TeV, due to the limited
size of the measured data sample. The differences between PYTHIA and measurements
in pp collisions are studied at /s = 7TeV and are considered when comparing with
measurements in Pb-Pb events.

4 Jet reconstruction and underlying event corrections

In both collisions systems jet reconstruction is performed on all accepted tracks, using
the anti-kt algorithm with a jet resolution parameter of R = 0.4. This algorithm is the
standard choice for jet finding at the LHC due to both the stable shape of the resulting
jets as well as the disposition of the algorithm to cluster around hard structures. The
choice of jet clustering algorithm determines the set of jet constituents, with no impact
on the reclustering procedure beyond that. The FE-scheme, which simply combines the
four-vectors of two tracks, is used to recombine tracks [46], with the mass of each track
assumed to be that of the charged pion. Jet finding is done using the FastJet package [46].
The jet area, Ajet, is calculated with a precision in the order of a percent, using so called
ghost particle areas of A, = 0.005 [47]. In Pb-Pb collisions, a selection on the jet area is
applied, such that jet candidates with an area smaller than 60% of the area of a cone with
a radius of 0.4 are rejected. This requirement suppresses background jets whilst preserving
true hard jets with a high efficiency [48] (100% in the reported pCTh7jet interval). Additional
geometric selections are also imposed on the jet candidates, requiring || < 0.5, where
Njet is the pseudorapidity of the jet axis. This ensures that the full jet cone is contained
within the acceptance of the ALICE inner barrel. The jet energy instrumental resolution
is similar for pp and Pb-Pb collisions, varying from 15% at pCT}fjet = 20 GeV/c to 25%
at p%}fjet = 100 GeV/c. The Jet Energy Scale uncertainty is dominated by the tracking
efficiency uncertainty which is 4%.

In pp collisions, for the presented jet resolution parameter R = 0.4 and jet momentum
interval 40 < pCTh’jet < 60 GeV /e, the impact of the underlying event background is minimal.
This, in addition to the low pile-up contamination, means that underlying event corrections
in this collision system are not required. However, for the Pb-Pb analysis, the presence
of the large background due to the underlying event necessitates corrections both for the
smearing of the jet pr and jet substructure observables, as well as to the measured yield of
jets. The smearing of the measured quantities for each jet is corrected for by subtracting
the average underlying background in each event from each jet individually, as described in
section 4.1. Any residual smearing due to local fluctuations of the background are corrected
for using a two-dimensional bayesian unfolding procedure, as described in section 5.



The need for a correction to the measured yield of jets arises from a contamination by
jets purely comprised of soft particles not correlated with a given hard scattering, known
as combinatorial jets. This contamination must be corrected for before the unfolding pro-
cedure. Combinatorial jets constitute one of the main challenges for measurements at large
jet resolution parameter and low pffh’jet in heavy-ion collisions, as the rate of combinatorial
jets is high in this regime. In order to correct for the combinatorial yield without introduc-
ing a bias on the jet fragmentation, a data driven semi-inclusive approach using hadron-jet
coincidences is extended for the first time to a substructure measurement. This procedure
is described in detail in section 4.2. The average underlying event is first removed on a jet-
by-jet basis, before correcting the resulting yield of jets. Once the impact of combinatorial
jets on the measured sample is suppressed, residual fluctuations of the underlying event
are corrected for via an unfolding procedure.

4.1 Average background subtraction in heavy-ion collisions

The constituent subtraction [49] and area-derivatives [50] methods are applied indepen-
dently to correct the candidate jet pr and shape distributions for the average underlying
event background, with the former used as the default method and the latter used as a
systematic variation. To estimate the background in each event, a separate jet reconstruc-
tion pass is carried out using the kt algorithm with R = 0.2. This algorithm is sensitive to
soft clusters in the event and allows for the estimation of the density of jet-like transverse
momentum and mass due to the background, p and py,. These are defined as

praw,ch,i mraw,i

. T jet . '

p =median | —=— |, pp, = median | —5 , (4.1)

Ajet Ajet

where the index i runs over all jet candidates in an event, excluding the two with the

highest prTajVef i The transverse momentum, mass and area of the i reconstructed jet are
raw,ch,i raw,i ; .

denoted by py e s Moy and Ajg, respectively.

The constituent subtraction method works by uniformly adding ghost particles to each
jet, with the p?lll and mass of these particles being scaled to represent the event-wise p and
Pm values, respectively. Jet constituents and neighbouring “ghosts” are iteratively paired
up and their p%b and mass are subtracted. The pairing and subtraction are done separately
for the p%jet and mass. During this subtraction the p$' (or mass) of the jet constituent
and “ghost” in each pair are compared and the smaller chh (or mass) value is subtracted
from the larger one. The p?}l (or mass) of the smaller one is then set to zero and the jet
constituent or “ghost” that it belonged to is removed from the next iteration of pairing. In
this way, the average underlying event background is removed at a constituent level from
the jets. The area-derivatives method employs a numerical approach to account for the
underlying background. The jet is populated with “ghost” particles and the background
subtracted observable of interest is redefined as an expansion containing the observable
measured in the presence of the background and its derivatives (in this work up to the
second order) with respect to the p%h scale of the “ghosts”, which are subtracted from the

first term. This series is then numerically solved in the limit that the “ghost” chh scale



goes to zero, which represents the case with no underlying event background. A detailed
description of the methods and their application to jet substructure observables in ALICE
can be found in [13].

4.2 Suppression of combinatorial jets via hadron-jet correlations in heavy-ion
collisions

In order to suppress the combinatorial jet yield in the measured sample, a data-driven
method using semi-inclusive hadron-jet correlations, is applied. First, two exclusive classes
of high trigger charged hadron p, with 15 < pp < 45 GeV/c¢ (Signal) and 8 < pr < 9GeV/c
(Reference), denoted as TT{15,45} and TT{8,9} (where TT stands for trigger track), are
considered. These intervals are similar to those used in [8] and are chosen so as to optimise
the signal-to-background ratio, as described below. The event sample is split into two
statistically independent samples for the signal and reference measurements. Jet finding
is then performed in events containing a trigger hadron, with the jets constrained to a
back-to-back (with respect to the trigger hadron) azimuthal window, Ay = @11 — Yjet,
which is defined such that |m-Ag| < 0.6. This region of azimuthal phase space is chosen
to account for in-medium deflections of the recoiling parton. The same pseudorapidity
window of || < 0.5, as described in section 4, is used for jet selection. The contribution of
combinatorial jets found in the recoiling region of the high transverse momentum trigger
hadrons is expected to be uncorrelated to these hadrons and hence equal for both TT
classes. Therefore, subtracting the per-trigger normalised yield of jets measured in the
recoil regions of the two classes results in a combinatorial-suppressed distribution which
allows for unfolding to particle level. The two trigger classes are of sufficiently high pr
so that topological, multiplicity and flow biases induced by a trigger hadron saturate and
are removed by the subtraction procedure. In this paper the hadron-jet recoil method is
applied for the first time to a jet substructure measurement, where the subtraction involves
the two-dimensional recoil yields of p‘ifh’jet and the 75 /7 substructure observable (defined in
section 2) measured for each trigger hadron class. The subtraction procedure is given by,

1 d2N 1 d2N

AT —
h
Ntrig,Sig dp%dethz/Tl

recoil

, (42)

B . ch
Ntrlg,Ref de,jeth2/Tl Prrig €T TRt

PT,trig €T Tsig

where TTgj; and TTger represent TT{15,45} and TT{8,9}, respectively. The vari-
ables Niig sig and Nirig Rer Tepresent the number of trigger hadrons selected in the signal
and reference classes, respectively. It should be noted that the scale factor term found
in [8], which corrects the reference trigger class yield for effects of finite phase-space in the
recoil region, is omitted. The impact of this scale factor is found to be negligible through
tests in data. This follows from the fact that this correction mostly affects the absolute
yield of the subtracted distribution and has a smaller impact on the shape of the distri-
bution. As the PYTHIA distributions are compared with inclusive measurements in pp
collisions, only the descriptions of the shapes of the distributions are validated. As the
descriptions in PYTHIA of the magnitudes of the semi-inclusive yields of the observables
are not validated, the presented measurements in Pb-Pb collisions are self normalised for
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comparisons to PYTHIA. As such, the scale factor correction has a negligible impact on
the results.

4.3 Performance of the heavy-ion underlying event subtraction procedures on

7'2/T1

The performances of the constituent subtraction and area-derivatives methods for the 79 /7
observable are studied by embedding simulated PYTHIA MB events, propagated to recon-
structed level, into the 0-10% most central, real Pb-Pb events. Jet finding is then performed
at the embedded level and the constituent subtraction and area-derivatives methods are
applied. The particle level jets are then matched to their embedded level counterparts
to assess the impact of these underlying event subtraction methods. In addition to de-
termining a geometric correspondence between the particle level and embedded level jet
axes, the matching condition also requires that tracks pertaining to half of the transverse
momentum of the particle level jet are included in the matched embedded level jet. These
will be the matching criteria used in all cases between jets at particle and embedded levels.
Figure 3 (left) shows the 79 /71 distributions, measured using the k reclustering algorithm,
for unsubtracted embedded jets (diamonds), average background-subtracted embedded jets
(squares and triangles for the two methods), and PYTHIA particle level jets (full circles).
The heavy-ion background has a large impact on the PYTHIA distribution, promoting
the unsubtracted embedded distribution to significantly larger values compared to parti-
cle level. The background subtraction techniques do a fairly good job of correcting the
distribution back to particle level. The comparison is performed in the particle level mo-
mentum, pi; ,:t’Ch, interval of 40-60 GeV /c. Similar performances are obtained for all subjet
axes choices. After applying these methods to the measured data, any remaining residual
differences between the particle level and background subtracted distributions, which are
due to background fluctuations and detector effects, are corrected using an unfolding pro-
cedure (see section 5). Since the embedded MC jets are matched to particle level, no yield
correction to suppress combinatorial jets is required for this performance check.

Figure 3 (right) shows the residual distributions for 75/71, simulated for both pp and
Pb-Pb (via embedding) collisions, for 40 < p%?;;fh < 60GeV/c. As expected, the dis-
tributions measured in Pb-Pb collisions exhibit a larger width compared to those in pp
collisions, as the residuals are influenced by background fluctuations in addition to instru-
mental effects.

The impact of employing the semi-inclusive hadron-jet coincidence technique to sup-
press the combinatorial yield is shown for the measured data in figure 4, where the 79/7
distributions measured in the recoil region of each trigger hadron class, along with the differ-
ence of these two distributions, are presented in three intervals of pCT}fjet. It can be seen that
the signal-to-background ratio, which can be inferred from the separation of the two TT
classes, increases with increasing p%tjet, as the contribution of combinatorial jets decreases.
For 20 < p%jet < 40 GeV /¢, combinatorial jets are dominant and the difference between the
recoil shape yields of the two trigger classes is small. As expected, this difference, which is
the combinatorial-suppressed distribution, increases relative to the TT{15,45} distribution

- 11 -



—~ S L s B B B B B B
W 10 o PYTHIA Part | ' ALICE Simulation L
Y — o0 PYTHIA Emb. Const. Sub. o _ =
< g2k 2 PYTHIA Emb. Area-Deriv. Sub. 0-10% Pb-Pb ysy = 2.76 TeV
g " o PYTHIA Emb. Unsubtracted ~ Anti-kycharged jets, =04 -
©
i)
o,
P
~~
— ¢ Kk reclustering © ° —
4 ' o O —
107 F TQ W <08-R g s 5 ]
i f 40 < PP < 60 Gevie T E
10° — Tiet ? ° —
R B .?ﬁ. P R R B ﬁ A ]
0 0.2 0.4 0.6 0.8 1 1.2 14
/T,
c 0b—m—mr——— T ———T T
5 - @ PYTHIA {5=7TeV .
& 0.5 O PYTHIA Embedded |s, =2.76 TeV —
o_ - -
2 0.4 ALICE Simulation - 3
Ke) = Anti-k; charged jets, R = 0.4 7
8 0.3 40< piaj:f“ <60 GeV/c * ]
09_ [ k; reclustering ]
0.2y <09 - R ot E
- jet I F ]
ol - ]
0.1 ot o -
C oLt ]
(peccepesset—. .. . —egpsses =

QD
=3

.(TZ/T1)reC-(T2/T1)p

Figure 3. Left: the performances of the constituent (squares) and area-derivatives (triangles)
subtraction methods on the 75/7; observable, measured with the kr reclustering algorithm, are
evaluated by embedding PYTHIA MC events into real Pb-Pb data. The filled circles represent the
case with no heavy-ion background and the diamonds represent the case with background but no

subtraction. Right: the 75/7 residual distributions characterising the observable resolution due to

detector effects and uncorrelated background. Both plots are shown for 40 < p%ﬁm < 60GeV/c.

with increasing pCThJet. It is now possible to unfold this distribution to particle level, as the
combinatorial entries are heavily suppressed through this semi-inclusive correction.

5 Detector and background response and two-dimensional unfolding

The measured distributions are unfolded to simultaneously correct the reconstructed p%j ot
and shape distributions back to particle level. The corrections account for detector ef-
fects (pp and Pb-Pb collisions) and residual background fluctuations (Pb-Pb collisions).
As shown in figure 3, the background subtraction techniques applied in Pb-Pb collisions
perform well for the measured 75 /7 distributions. Therefore, the unfolding procedure does

not induce large correction factors.
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Figure 4. The uncorrected 7o/71 distributions of the jets recoiling from a trigger hadron, mea-
sured in Pb-Pb collisions at \/sxnx = 2.76 TeV, are presented. For each trigger hadron class, three
consecutive uncorrected pT jet Dins of 20 < ph et < 40,40 < pT jet < 60 and 60 < p et <80GeV/c
are measured. The red, blue and black data points represent the signal trigger class, the reference
trigger class and the difference between the two classes, respectively.
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A two-dimensional Bayesian unfolding procedure, as implemented in the RooUnfold

package [51], is used. To guarantee statistical stability of the correction procedure, the 2D

. rec,ch rec,ch
correlation (pr, jet » Shape

et ), which is the input to the unfolding, is binned such that

’ecth range at 80 GeV/c in

both pp and Pb-Pb collisions. The response matrix is constructed with matched particle

there are no empty bins. This sets the upper limit of the input pffj

and embedded (reconstructed) level jets for the unfolding of Pb-Pb (pp) collisions and
contains no entries for combinatorial jets. As the raw input data in Pb-Pb collisions also
has a negligible contribution from combinatorial background jets, it can in principle be
unfolded down to arbitrarily low jet prTesgh. In practice, however, the minimum accepted
jet momentum is set at 20 GeV /c to maintain the statistical stability of the unfolding. The
same lower limit is also applied in pp collisions. The reconstructed range supplied to the
response matrix must also mirror that of the input.

A particle level p%?;;fh interval of 0-160 GeV /¢ was supplied to the response matrices.
The particle level ranges were extended relative to the input ranges, to account for jet
migrations into the reconstructed level range due to background fluctuations and instru-
mental effects. The unfolding procedure cannot account for the feed-in from reconstructed
level jets outside the truncated (reconstructed level) range which at particle level are within
the given range. These must be corrected for independently. This correction is calculated
using MC simulations at particle and reconstructed levels and is limited by choosing re-
ported unfolded bins far away from the truncation thresholds. Therefore, our final results
are presented for the jet momentum interval 40-60 GeV/c.

For the Pb-Pb analysis, the entries into the response matrices are weighted according
to their particle level p%?;etfh values, to transform the shape of the particle level embedded
spectrum from that of inclusive to recoil jets. This is to ensure the response matrix is more
representative of the underlying input data distribution. These weights are calculated in

bins of particle level pIT’ajr ;t’Ch by taking the ratio of a particle level PYTHIA recoil jet p%a;;":h

distribution and a (scaled) PYTHIA inclusive jet p%ajjr;’(:h distribution.

The unfolded solutions converge after a few iterations in both collision systems. The
stability of each unfolding procedure is tested by refolding the unfolded solutions back
and checking the agreement with the input distributions. In Pb-Pb (pp) collisions, both
distributions agree within 5% (1%) after the third (second) iteration. A closure test is also
performed, where two statistically independent MC samples are used to fill the response
matrix (particle and reconstructed levels) and provide the input data to the unfolding
(reconstructed level). In this case, the unfolded solutions agree with the particle level MC

corresponding to the pseudo input samples within 10% in pp and Pb-Pb collisions.

6 Systematic uncertainties

The systematic uncertainties for the jet substructure distributions are determined by vary-
ing the analysis settings for instrumental responses and method induced selections. The
sources of systematic uncertainty considered are:

o The tracking efficiency uncertainty for the track selection used is 4% in both pp and
Pb-Pb collisions. The unfolding procedure is repeated with a response matrix con-
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structed with 4% worse tracking efficiency. This represents the largest contribution
to the jet energy scale uncertainty [17].

e A series of systematic variations of the unfolding procedure are considered. The vari-
ation giving the largest uncertainty in each bin is chosen as the unfolding systematic
uncertainty. These include the following;:

1. The prior in the two-dimensional Bayesian implementation of RooUnfold is taken
as the projection of the response matrix onto the particle level axis. The default
prior is PYTHIAG Perugia 0. A variation to the prior, which re-weights the
response matrix such that the prior coincides with the unfolded solution, is
considered.

2. The unfolding is regularised by controlling the number of iterations performed,
which is four for pp and Pb-Pb collisions in the default solutions. The uncer-
tainty in the regularisation is estimated by considering the differences to solu-
tions for iterations that are one lower and three higher than the default number
of iterations.

3. In both collision systems, the minimum accepted jet prcrh’jet as input to the un-
folding is 20 GeV/c. As a variation, this truncation threshold is lowered by
10 GeV/c. For Pb-Pb collisions, the 75/71 shape input is also truncated at 1.0
to preserve statistical stability in the default unfolding case. The upper bound
of this input is extended to 1.2 as a variation.

4. The binning of the input data is varied arbitrarily (whilst keeping the statistical
requirements of no empty bins) in both the p%jet and shape dimensions.

e The choice of the background subtraction method in Pb-Pb collisions, which primar-
ily affects the tails of the distributions, is varied. The default solution is obtained
using the constituent subtraction method, whereas the systematic uncertainty is cal-
culated using the area-based derivatives subtraction method. This uncertainty is
not available for the distribution calculated using the Soft Drop algorithm as the
numerical subtraction procedure does not produce stable results.

The different components of the systematic uncertainties, for the observables calculated
using the kr reclustering algorithm, are summarised in tables 1 and 2, for pp and Pb-
Pb collisions, respectively. All sources of systematic uncertainty are considered to be
uncorrelated and each is symmetrised before being added in quadrature to obtain the
overall systematic uncertainty.

The relative contribution and magnitude of the uncertainties are similar for all the
reclustering algorithms considered, with the exception of the first two bins of the AR
distribution measured with the C/A algorithm in pp collisions, where the tracking efficiency
uncertainty has a larger impact.
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Observable To/T1 AR

Interval 0.2-0.4 0.5-0.6 0.8-0.9 | 0.0-0.1 0.1-0.2 0.2-0.3
Tracking 7.5% 5.2% 11.2% 4.4% 0.8% 0.9%
Unfolding 1.5% 4.4% 5.7% 3.7% 2.8% 3.9%
Total 7.6% 6.8% 12.6% 5.7% 2.9% 4.0%

Table 1. Relative systematic uncertainties of the measured observables, using kr reclustering, in
pp collisions at /s = 7'TeV are shown for three selected intervals of the observables in the jet pCT}fj ot
range of 40-60 GeV/c. All sources of systematic uncertainty are considered to be uncorrelated.

Shape T2/T1

Shape interval | 0.2-0.4 0.4-0.6 0.8-1
Tracking 3.9% 1.5%  1.4%
Unfolding 11.6%  2.0%  3.2%
Bkg. Sub 2.4% 2.6% 0.9%
Total 12.5% 4.1% 3.6%

Table 2. Relative systematic uncertainties on the 7o/7; shape, measured using kr reclustering,
are shown in 0-10% most central Pb-Pb collisions at /sy = 2.76 TeV for three selected intervals
of the observables in the jet pCTh)jet range 40-60 GeV/c. All sources of systematic uncertainty are
considered to be uncorrelated.

7 Results and discussion

The fully corrected AR and 79/71 distributions, measured in pp collisions at /s = 7 TeV
in the pfr}fjet interval 40-60 GeV /¢, are presented in figures 5 and 6, respectively. The C/A
algorithm appears highly sensitive to the underlying event, with the axis of the subleading
prong being strongly correlated to large angle (large AR) soft (high 7 /71) radiation in the
jet cone. The addition of the Soft Drop groomer modifies the subjet axes dramatically,
with the axes being qualitatively similar to the kp case. The lower 19/7; values obtained
with these reclustering algorithms, compared to the C/A case, show that both axes are
aligned with a more significant fraction of the transverse momentum inside the jet. The AR
distributions for these two algorithms peak at small values, showing that the jets measured
in this sample are strongly single-cored. This is responsible for the 75/7; distributions
peaking at intermediate values, as the two hard substructures found in the jet are often
not well separated and defined.

The results are compared with PYTHIA6 Perugia 2011 and PYTHIA8 Monash dis-
tributions obtained at the same collision energy. The opening angle between the subjet
axes (AR) is well described by the MC for all three reclustering algorithms. The frag-
mentation of particles around these axes (72/71) is less well described by the MC models.
The PYTHIA distributions appear shifted towards less 2-prong jets compared to the data.
Measurements of 75/71 for top-tagged jets, made by the CMS collaboration [5], show the
same relation to MC models in a complementary jet momentum range. The results ob-
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served in pp collisions are used to validate the MC for comparisons with Pb-Pb. However,
there are two caveats to consider during this validation. The first is the difference in /s
between the two collision systems. Due to the slow change in the underlying event in pp
collisions, this is expected to be negligible. The second caveat is that measurements in pp
collisions were performed on an inclusive jet sample, whilst those in Pb-Pb collisions were
performed on jets recoiling from high-pr trigger hadrons. These methods are incorporated
into the respective MC calculations for each centre-of-mass energy. However, the recoiling
sample of jets are expected to have no fragmentation biases, which would be the main
concern when comparing the PYTHIA performances, on the two different samples, for the
observable measured.

Figure 7 presents the fully corrected 72 /7 distributions measured in Pb-Pb collisions at
V/SNN = 2.76 TeV in the pCT}fjet interval 40-60 GeV /c. The results are compared with vacuum
PYTHIAG Perugia 2011 and PYTHIAS8 Monash distributions obtained at the same collision
energy. The ratio plots in the lower panels indicate an agreement of about 20% between
the data and MC. Since in pp collisions the MC seems to produce fewer jets with a distinct
two-pronged substructure than data, the better agreement in Pb-Pb collisions alludes to
the possibility that fewer two-prong jets are measured in heavy-ion collisions relative to
pp, at the same reconstructed energy. This conclusion is most relevant for the k1 and Soft
Drop algorithms, where the axes are aligned to hard substructures in the jet.

The measurement of the AR shape is not presented for Pb-Pb collisions. This is due to
the non-diagonal nature of the AR response which arises from the presence of combinatorial
subleading prongs, to which the AR shape is very sensitive. These prongs persist in a sig-
nificant fraction of jets after the background subtraction procedure and contribute strongly
in the region of phase space where the area is maximal, AR ~ R. This off-diagonality of
the response renders the unfolding unstable and a fully corrected measurement cannot be
presented. This response to the underlying event can be understood through the nature of
the substructure observable in question, which can be broadly placed in one of two distinct
classes. The first of these are observables which isolate a particular set of constituents or
structures in the jet, such as a subjet, and then measure the properties of this isolated
structure. Such observables are prone to non-continuous deformations by the underlying
event, which in some cases are not possible to correct for through unfolding. AR is one
such observable as it is a measure of the geometrical placement of subjets within the jet.

The second class of observables are those which do not isolate any part of the jet,
but instead use all the tracks in the jet to statistically calculate a value, based on a given
definition. The deformation of these observables by the background has a continuous
characteristic and as such can be handled by the unfolding procedure. 79/7; is one such
observable and is therefore not very sensitive to these combinatorial subleading prongs. In
fact, a significant redistribution in the jet momentum is required to significantly alter the
value of 7o /71. As the majority of the measured jet sample have a single-cored substructure,
any potential displacement of the subleading axis, by a soft combinatorial axis, has minimal
effect on the observable. In the 75 case, the leading axis remains in the jet core, where the
majority of the momentum is situated, and thus does not significantly alter the measured
value. The 71 value is also not significantly impacted as the axis remains close to the
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Figure 5. Fully corrected AR distributions, measured with the kt, C/A and C/A with Soft Drop
grooming algorithms, in pp collisions at /s = 7TeV for jets with R = 0.4 in the jet p$} et interval
of 40-60 GeV /¢, are shown. The systematic uncertainties are given by the grey boxes. The results
are compared with PYTHIA6 Perugia 2011 and PYTHIA8 Monash. The uncertainties presented
for the PYTHIA distributions are purely statistical.

core and the contribution from the soft background to the calculation is small. Only the
addition of a hard second prong has the potential to significantly alter the observable, by
increasing the value of the 7 variable. In this way, the 1o/7 observable is resilient to
soft combinatorial prongs and can therefore be unfolded due to he diagonal nature of the
response matrix.
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Figure 6. Fully corrected 72 /71 distributions, measured with the kr, C/A and C/A with Soft Drop
grooming algorithms, in pp collisions at /s = 7TeV for jets with R = 0.4 in the jet pEFh,jet interval
of 40-60 GeV /¢, are shown. The systematic uncertainties are given by the grey boxes. The results
are compared with PYTHIAG6 Perugia 2011 and PYTHIA8 Monash. The uncertainties presented
for the PYTHIA distributions are purely statistical.

8 Conclusions

The first measurements of 75 /7 in heavy-ion collisions have been presented, as a means to
explore a possible change in the degree to which the internal structure of jets are composed
of two distinct substructures. This two-prongness of jets might be sensitive to coherence
effects in the QGP, where jets with distinct substructures that are resolved by the medium,
are expected to lose more energy compared to jets where the energy flow is concentrated
in a single core. The measurements are made relative to a variety of axes choices, selected
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Figure 7. Fully corrected 7o/7 distributions, measured with the kr, C/A and C/A with Soft
Drop grooming algorithms, in Pb-Pb collisions at ,/syy = 2.76 TeV for jets with R = 0.4 in the
jet p%jet interval of 40-60 GeV /¢, are shown. The systematic uncertainties are given by the grey
boxes. The results are self normalised and compared with PYTHIAG6 Perugia 2011 and PYTHIAS
Monash. The uncertainties presented for the PYTHIA distributions are purely statistical.

through the use of different reclustering metrics and grooming procedures, which are in
turn potentially sensitive to different aspects of in-medium jet modification. In order to
extend this substructure measurement to low jet transverse momentum and large jet res-
olution, where the impact of the underlying heavy-ion background on the yield of jets is
large, a semi-inclusive hadron-jet coincidence technique was extended for the first time to
a substructure observable, allowing for a fully corrected measurement in this unexplored
regime. This sets the foundation for further such measurements in the future. Measure-
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ments reported in pp collisions provide both information on the alignment of QCD jet
radiation relative to the different axes choices, as well as validating MC calculations for
comparison with the Pb-Pb measurements. The aperture angle between the subjet axes,
AR, is also presented in pp collisions, providing complementary information on the spacial
distinctness of the subjets returned by the different axes choices. This measurement also
serves as a baseline for future measurements in heavy-ion collisions, which can be used to
directly probe the coherence angle in the QGP.

In pp collisions, the MC calculations underestimate the two-prongness of jets (MC
distributions of /7 are shifted to larger values) whilst the aperture angle between the
subjet axes remains well described. In Pb-Pb collisions, the measured two-prongness of
jets is found to not be significantly modified relative to the MC reference, for a variety
of different reclustering algorithms. These two findings hint at a reduction in the two-
prongness of jets in heavy-ion collisions relative to pp collisions in the same measured jet
momentum interval.

Correlation studies performed by the CMS collaboration at particle level [5] indicate
that the 79/71 observable is weakly correlated with the majority of other substructure ob-
servables, measured at particle level, so far by the ALICE collaboration. These include
the jet width, the jet momentum dispersion and the (Soft Drop) groomed jet radius. In
this way, the presented 75/71 measurements can provide extra constraints for jet quench-
ing calculations and models. A relatively stronger correlation is observed between the
T2 /71 observable and both the groomed momentum imbalance and the number of subjet
prongs passing the Soft Drop condition. Detector-level measurements by the ALICE col-
laboration indicate a modification of the groomed momentum imbalance for wide-angle
splittings [21]. Future fully corrected measurements of these observables can explore the
three-dimensional correlations between the jet momentum, the groomed momentum imbal-
ance and the groomed radius. In the same way, the correlation between the jet momentum,
two-prongness of jets measured via 75/71 and the apeture angle between the axes, can be
used to understand the interplay between colour coherence and energy loss.
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