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Abstract

The Quark Gluon Plasma (QGP) produced in ultra relativistic heavy-ion collisions at the Large
Hadron Collider (LHC) can be studied by measuring the modifications of jets formed by hard scat-
tered partons which interact with the medium. We studied these modifications via angular correla-
tions of jets with charged hadrons for jets with momenta 20 < p]Tet < 40 GeV/c as a function of
the associated particle momentum. The reaction plane fit (RPF) method is used in this analysis to re-
move the flow modulated background. The analysis of angular correlations for different orientations
of the jet relative to the second order event plane allows for the study of the path length dependence
of medium modifications to jets. We present the dependence of azimuthal angular correlations of
charged hadrons with respect to the angle of the axis of a reconstructed jet relative to the event plane
in Pb—Pb collisions at /snn = 2.76 TeV. The dependence of particle yields associated with jets on
the angle of the jet with respect to the event plane is presented. Correlations at different angles rel-
ative to the event plane are compared through ratios and differences of the yield. No dependence
of the results on the angle of the jet with respect to the event plane is observed within uncertainties,
which is consistent with no significant path length dependence of the medium modifications for this
observable.
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1 Introduction

A hot, dense liquid of quarks and gluons is created in high energy collisions of heavy ions at the Rel-
ativistic Heavy Ion Collider (RHIC) [[1H4] and the Large Hadron Collider (LHC) [5H11]]. This strongly
interacting medium, called the Quark Gluon Plasma (QGP), suppresses colored probes such as quarks
and gluons.

Hard parton scatterings occur early in the collision and lead to the production of jets, collimated sprays
of particles formed from the fragmentation of the scattered parton. These hard partons lose energy
through induced gluon bremsstrahlung and elastic collisions with medium partons as they traverse the
QGP, leading to a broadening of the resulting jet and softening of its constituents [12, [13]]. This energy
loss can be studied with measurements of high transverse momentum hadrons or reconstructed jets.
High momentum charged hadron production is suppressed by a factor of approximately five in Au—Au
collisions at RHIC [14H16]] and up to a factor of nearly ten in Pb—Pb collisions at the LHC [7} [17] relative
to that in pp collisions. These measurements are used to constrain the transport coefficient g, the squared
partonic momentum exchanged with the medium divided by the path length traversed [18]] in the QGP.

An enhancement of particle production at low pt due to medium interactions has been observed with
measurements of fragmentation functions, the momentum distributions of particles within the jet [19-
21], as well as through broadening in high momentum dihadron correlations [22, 23] and jet-hadron
correlations [[11, 24-26]].

Measurements of correlations allow studies of lower energy jets and of the soft constituents by means of
statistical subtraction of the large combinatorial background at lower momenta. Studies of correlations
have been limited by methods for background subtraction due to the structures in the background corre-
lated with the signal because of hydrodynamical flow. The recent development of the Reaction Plane Fit
(RPF) method enables precision subtraction of the background for both jet-hadron and dihadron correla-
tions [27].

The path length dependence of partonic energy loss can be constrained through measurements of the
dependence of azimuthal correlations of high momentum particles or reconstructed jets on the angle of
the jet relative to second order event plane of the collision. Because the overlap region of the incoming
nuclei for non-central collisions is almond shaped, particles traveling perpendicular to this event plane
(out-of-plane) have a longer path length through the medium on average than those traveling in the
direction of the event plane (in-plane). Therefore, the suppression of high momentum single particles
is expected to be greater in the out-of-plane direction than in-plane [28]. This is also evident in the
azimuthal anisotropy of high-pr single particle [29-32]] and jet [33} 34] production relative to the second
order event plane. This suppression indicates that there are fewer jets out-of-plane after interactions
with the medium, but is not a measure of the properties of the surviving jets relative to that plane.
Measurements of dihadron correlations relative to the event plane at RHIC indicate suppression and
some broadening [35}36], but do not exhibit much event plane dependence [37]]. Some theoretical studies
indicate that jet-by-jet fluctuations in the energy loss may be as important as the path length dependence
for some observables, such as azimuthal anisotropies at high momentum and di-jet asymmetries [38-40].

Measurements for the event plane dependence of jet modification can therefore provide insight into the
relative importance of path length for partonic energy loss. We present measurements of jet-hadron
correlations relative to the event plane in Pb—Pb collisions at /sy = 2.76 TeV using A Large Ion
Collider Experiment (ALICE) detector. We first describe the details of the measurement technique and
then present the results. We conclude with a discussion of the constraints these measurements provide
for models.
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2 The ALICE detector

A detailed description of the ALICE detector and its subdetectors can be found in [41]. The detectors
used for the present analysis are briefly described in this section. These are the forward scintillator
arrays (VO0) [42] 143], Inner Tracking System (ITS) [44], the Time Projection Chamber (TPC) [45]], and
the Electromagnetic Calorimeter (EMCal) [46].

The VO detector is used for centrality estimation and event plane reconstruction. The VO system consists
of two scintillator arrays located at asymmetric positions, one at a pseudorapidity range of 2.8 <1 < 5.1
(VOA) and the other at —3.7 < 11 < —1.7 (VOC) [42]. Each set of arrays is made of four radial rings with
each ring divided into eight sections in the azimuthal direction [42]].

The ITS and TPC detectors provide tracking of charged particles over the full range of azimuth with a
pseudorapidity range of |n| < 0.9. They are located inside the central barrel solenoidal magnet which
provides a homogenous field with strength of 0.5 T [47]. The ITS is a cylindrical silicon detector made
up of 6 layers located at the center of the main-barrel. The first two layers are the Silicon Pixel Detectors
(SPD), followed by two layers of Silicon Drift Detectors (SDD), and two outer layers of Silicon Strip
Detectors (SSD) [48]. The TPC surrounds the ITS and is the main detector used for tracking in ALICE.
It is filled with a gas mixture of Ne and CO, [49]. The transverse momentum and charge of the particles
can be inferred from the curvature of the tracks. Combining information from the ITS and TPC allows
for the momentum determination of charged particles as low as pt =~ 0.15 GeV/c up to pt ~ 100 GeV/c.

Track selection is optimized for track quality, momentum resolution, and nearly uniform azimuthal ac-
ceptance, as in [47]]. At least three hits in the ITS are required. Tracks without a hit in the SPD are refit
to include the primary vertex, reducing the azimuthal dependence of the track reconstruction efficiency
while maintaining good momentum resolution. The tracks used in this analysis are required to have 80%
of the geometrically allowed space points and at least 70 total space points in the TPC. The tracking effi-
ciency is determined from simulations of the detector response using tracks simulated with HIJING [50]]
propagated through the detector using GEANT3 [51]] and ranges from 80—-85% in the momentum range
used in this analysis.

The uncertainty on the single track reconstruction efficiency is 4%, with an additional 1% systematic
uncertainty due to contamination from secondary tracks [47, [52H54]. This uncertainty is correlated
point-to-point and contributes to the scale uncertainty in the correlation functions and yields.

The EMCal is used for the neutral energy reconstruction and triggering. It is a lead-scintillator sampling
calorimeter with a pseudorapidity coverage of || < 0.7 and an active azimuthal range of A¢ = 107°
in the readout in the 2011 configuration [46, 155, 56]. The EMCal had 11520 towers with transverse
size 6 cm X 6 cm, or approximately twice the effective Moliere radius. The relative energy resolution
is 0.11/ VE +0.017 +0.051 /E, where the energy E is measured in GeV [53]. Clusters are formed
by combining signals from adjacent towers and each cluster is required to have only one local energy
maximum. This analysis uses events triggered by a high energy deposit in a 4 x4 region of towers in the
EMCal. This trigger configuration has less sensitivity to the underlying event than a trigger configuration
with a larger area, often used for jet analyses, because the contribution of the underlying event to the
energy is proportional to the trigger area. The raw trigger threshold was multiplicity dependent and
corresponded to approximately 4.5-6 GeV in the centrality bin used in this analysis.

Clusters with energy above 3 GeV, which exclude minimally ionizing particles [S6], are used in this
analysis. Partially formed hadronic showers may still pass this threshold. To avoid overcounting of
charged particle pr, the cluster energies are corrected as in [53]]. Tracks are propagated to the average
cluster depth in the EMCal and matched to the nearest cluster. If the nearest cluster is within |[An| < 0.015
in pseudorapidity and |[A¢| < 0.025 in azimuth, the cluster most likely arose from a charged hadron. If
the cluster energy is at or below the track’s momentum, the cluster is not used in the analysis, while if
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the cluster energy is above the track’s momentum, the track momentum is subtracted from the cluster
energy [53].

3 Method
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\\\mid—plane

in-plane

Figure 1: Jet-hadron correlations are measured for jets in three regions relative to the n = 2 event plane, which is
transverse to the direction of the beams. These regions include in-plane (|y — @je| < 7/6) shown in red, mid-plane
(/6 < |y — ¢jet| < m/3) shown in white, and out-of-plane (| — @je;| > 7/3) shown in blue.

The data used in this analysis were collected during the 2011 run [41] from 0.5M 30-50% central Pb—Pb
collisions at /snn = 2.76 TeV. It was additionally required to be triggered by a high energy deposit
in a 4x4 region of towers in the EMCal [56]. Procedures for selection and reconstruction of tracks
from charged particles, identification of calorimeter clusters, and jet reconstruction are as in [47] and
are summarized in Sec. Estimates of the distributions of corrected jet energies are also reported
here. The experimentally reconstructed second order symmetry plane is called the second order event
plane, referred to as the “event plane" later in the text for simplicity. Centrality determination and
event plane reconstruction is discussed in Sec. [3.2] Jets from triggered events are correlated with all
charged tracks in azimuth (A¢ = @jet — Passoc) and pseudorapidity (A1) = Njer — Nassoc)> as discussed in
Sec. [3.3] The distributions of these associated tracks relative to the trigger jet are measured in three
bins in the angle between the trigger jet and the event plane, in-plane (|y — ¢ie;| < 7/6), mid-plane
(/6 < |y — ¢et| < m/3), and out-of-plane (|y — @jei| > 7/3) bins, as shown in Fig.[I} The analysis is
restricted to 30—50% central Pb—Pb collisions because this is where the event plane resolution is highest
and therefore the analysis will be most sensitive to any path length dependencies. The subtraction of the
combinatorial background using the RPF method [27] is discussed in Sec. [32[} The determination of the
yields and the widths is discussed in Sec. The possible impact of the finite event plane resolution on
the signal is discussed in Sec. [3.6]

3.1 Jet reconstruction and energy distribution

Tracks and corrected EMCal clusters are clustered into jets using the anti-k7 algorithm with a resolution
parameter R = 0.2 in the FastJet package [57]]. Jet transverse momenta are calculated as the scalar sum
of their constituent transverse momenta using a boost-invariant pr recombination scheme. Tracks are
assumed to be pions and clusters to arise from massless particles. In order to suppress contributions
from combinatorial jets and the contribution of uncorrelated background to the jet energy, jets are recon-
structed with constituents above pr > 3 GeV/c and are required to have an area of at least 0.08 calculated
using ghost particles as described in [57]]. Jets are required to be within |nje;| < 0.5 and 1.6 < @jer < 2.9
so that the entire jet is contained within the EMCal acceptance.

Small jets are used to reduce the impact of the background, as background contributions scale with R?.
Additionally, to further suppress contributions of the background to the energy and to match trigger
conditions [46]], the jets are required to contain a cluster with transverse energy larger than 6 GeV.
We note that this requirement leads to a selection of biased jets, explicitly biasing the near-side. The
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away-side, in contrast, is not explicitly biased, although it is unlikely to be a random sample of the jet
population. With these constituent cuts, the background contribution to the energy is negligible using
estimates of the background per unit area as in [38]. The background contribution to the energy is
therefore not subtracted from the jets, although any residual contribution would be included in the energy
distribution estimation. The jet energy is not corrected for detector effects, but the distribution of particle
level jet energies in the sample is estimated using PYTHIAG6 [59] Tune A [60] simulations embedded at
detector level into data measured in Pb—Pb collisions and matched back to generator level.

Detector effects such as the single track reconstruction efficiency, momentum resolution in the tracking
detectors and energy resolution in the calorimeter combined with contributions from particles which are
not directly observed, such as neutrons and K, and contributions from the background lead to a finite
energy resolution. This means that when jet-hadron correlations are measured at a particular jet pr, the
distribution of true jet momenta is broad. A full correction for this effect would require two dimensional
unfolding with jet-hadron correlations measured for several jet momenta. The current statistics do not
allow for such measurements. Instead, we estimate the distribution of true jet energies and focus on
comparisons between jets at different angles relative to the event plane to enable the highest precision
search for path length dependence allowed by the currently available data.

The kinematic selection of tracks and clusters used in jet finding is chosen to suppress contributions
from the combinatorial background and reduce smearing of the jet energy due to the large combinatorial
background. With these kinematic selections, the background density is negligible and showed no event
plane dependence. Given that no event plane dependence is observed in the signal, this also means that
the resolution of the jet axis does not vary with the angle of the jet relative to the event plane.

PYTHIAG TuneA [59, 60] simulations of pp collisions with jets are embedded at detector level into 30-
50% Pb-Pb data. The embedded events are analyzed with the same parameters and cuts as the data
analysis, including the jet constituent and cluster biases, while the generator level jets are measured for
pt > 5 GeV/e. The generator level jets are first matched geometrically to PYTHIA detector level jets,
and then the detector level jets are geometrically matched to jets found within R = 0.2 in the embedded
event, with the additional requirement the associated generator level jet distribution is measured. Each
such distribution is normalized within the region 20 < pr < 100 GeV/c where fluctuations are minimized
and, assuming that the jet energy distribution in the data is the same as that provided by PYTHIAG®6, de-
scribes the generator level jet distribution that corresponds to the measured detector level jet distribution,
shown in Fig. 2] The uncertainty on the jet energy scale is 2.6% and the jet energy resolution, which
is also encoded in the response matrix, is around 20% for the jets selected in this analysis [53]. There
are slight differences in the jets reconstructed with pr < 20 GeV/c for jets at different angles relative to
the event plane due to a low momentum embedded jet overlapping with a another jet in the Pb—Pb data.
Since there are more jets in-plane than out-of-plane in the data, this leads to an apparent difference in the
reconstructed jet spectra. Otherwise there are no significant differences between jets at different angles
relative to the event plane.

3.2 Centrality determination and event plane reconstruction

Centrality is determined from the sum of the energy deposition [42] in the VO scintillator tiles, as de-
scribed in [61]. The centrality of the collision is reported as percent ranges of the total hadronic cross
section, with lower percentiles referring to the most central (largest multiplicity) events [61]. The sec-
ond order event plane Wgp, is reconstructed using the VO following the procedure in [33] by combining
signals from the VOA and VOC arrays [43]]. The separation in pseudorapidity between the measurement
of the signal and the measurement of the event plane suppresses the contribution from the jet signal to
the event plane determination [33]].

The reaction plane is defined by the beam axis and the vector between the centers of the two incom-
ing nuclei. Additional asymmetries in the distribution of nucleons within the overlap region, generally
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Figure 2: The generator level jet probability distribution corresponding to jets measured with pt between 20-40
GeV/c for PYTHIA events embedded in 30-50% central Pb—Pb collisions. Generator level jets are required to
have pr > 5 GeV/c. The distribution is measured for each angle relative to the event plane, as well as the sum of
all angles.

quantified by a harmonic decomposition, generate symmetry planes at all orders (n > 0) [62, [63]]. If the
nucleons were in their average positions and there were no fluctuations in interactions between nucleons,
the reaction plane would correspond to the second order symmetry plane, Wrpy. The experimentally
reconstructed symmetry planes are called event planes. For simplicity, we refer here to the experimen-
tally reconstructed second order event plane as the event plane. As explained below, we do not correct
the signal for the difference between the event and symmetry planes because no event plane dependence
is observed in this measurement. Corrections for the event plane resolution will increase differences
between results at different angles relative to the event plane but will not induce any event plane depen-
dence if there is none in the uncorrected results. We discuss the impact of the event plane resolution in
Sec.[3.6] The impact of the dijets on the event plane reconstruction was studied in [33] and found to be
negligible.

The event plane is also extracted using TPC tracks in order to determine the event plane resolution. The
n-th order event plane can be calculated from the charged particle azimuthal distribution by [64]:

Zi Wi Sil’l(l’ld),')
Y wicos(ng;) ) /n,

where the sum is over all particles in the event, ¢; is the azimuthal angle of the i-th particle, and w; is
the weight of the i-th particle. For measurement of the event plane with the VO, the sum is over all of its
sectors and the weights are equal to the amplitude of the respective sector in the VO, which is proportional
to the local multiplicity. A calibration and recentering procedure following [33] is applied to remove
any bias introduced by non-uniform acceptance of the VO system. For measurement in the TPC, tracks
are given equal weights (w; = 1) and the acceptance is nearly uniform. Track selection is the same as that
described in Sec. [3]except the transverse momentum range is restricted to 0.15 < pr < 5.0 GeV/c. More
details of the procedure can be found in [33]].

Y, ep= <arctan (1)

Due to the finite multiplicity of each event, there will be a difference between the symmetry plane and
the reconstructed event plane. This difference is quantified by the event plane resolution

R, = (cos(n[¥nepr —¥ul)). ()
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where W), is the true angle and ‘¥, gp is the measured angle of the nth order event plane. To evaluate the
event plane resolution directly from data, this analysis uses three sub-events, comparing the event planes
measured in the full VO, measured in the TPC using tracks at positive pseudorapidities, and measured in
the TPC using tracks at negative pseudorapidities. We can express the nth order resolution of the full VO,
RV 64,1631, of the second order event plane by

TPC,n>0 TPC,1n<0
(cos(n[¥12p — ¥opp" ) (cos(n[¥3pp — o 55" "))

VO V0
R, = <COS(”[lP2.,EP -¥))) = <cOs(n[lPTp(;rpo _ \PTPC,n<O])>
2,EP 2,EP

3

where ‘I"{%P, ‘Pg};%mo, and ‘I’;PE%MO are the second order event planes calculated using the three dif-
ferent sub—eventé, and W, is the true angle of the second order symmetry plane. Fits to the Fourier
decomposition of the correlated background are performed up to n = 4 and are measured relative to the
event plane. Thus, event plane resolution corrections R (y2) and R4 (y,) are needed to correct these
terms for the finite precision of the second order event plane measured in the VO system, as discussed
in Sec. [3.4] The event plane resolution for the 30-40% and 40-50% centrality ranges are combined by
weighting the two samples by the number of corresponding events of each. The event plane resolu-
tions R, (y2) and R4(y,) for the analyzed 30-50% event sample are 0.73 and 0.44, respectively, with
negligible uncertainties.

3.3 Jet-hadron correlations

The distribution of charged particles relative to 20 < p']?t < 40 GeV/c reconstructed jets is measured
in azimuth (A¢) and pseudorapidity (An) as
1 dzNZlSSOC 1 1 dszeas

- 4
Nuig dAQdAT)  Nyig a(AP,AN)e(p5Fso°, n355°¢) dApdAn @)

where Ny, is the number of trigger jets, £(p§°°, n°°°) is the product of the single track reconstruction

efficiency and acceptance, and a(A¢,An) dominantly corrects for the pair acceptance. The distributions
are determined in bins of centrality, associated hadron transverse momentum (p5°°°), and bins of the

trigger jet angle relative to the event plane.

The correction a(A@,An) is calculated as a function of centrality and associated particle momentum by
mixed events using a trigger jet from an EMCal-triggered event and associated hadrons from minimum
bias events or semi-central triggered events. The mixed event procedure will also remove the trivial
correlation due to an 11 dependence in the single particle and track distributions. However, since there
is little n dependence in either tracks or jets within the acceptance used in this analysis, the dominant
effect is the pair acceptance. Mixed events are constructed separately for 30-40% and 40-50% centrality
classes. The mixed events are required to be within the same 10% centrality class and have vertex
positions within 2 cm along the direction of the beam, zyx. There is no difference in the correction
within uncertainties for different orientations of the jet relative to the event plane, and therefore the same
correction a(A¢,An) is applied for all angles relative to the event plane. All associated momentum
bins for pr > 2.0 GeV/c are combined to increase statistics because a(A¢,An) has little momentum
dependence at high momenta. The correction a(A¢@,An) is normalized to one at its maximum with the
systematic uncertainty in the normalization determined by using different regions in A¢ and An, with
a systematic uncertainty below 0.5% for all p7*°° bins used in this analysis. There is an additional
shape uncertainty due to slight changes in the correlation function at large A7 in the acceptance with zy
position. Since the background level is determined from the level of the correlation function at large An,
this leads to a scale uncertainty in the background subtraction. This uncertainty is determined by varying
the binning of the mixed events in zyx and is correlated for different angles relative to the event plane and
for different bins in pi™°°. This scale uncertainty is used later for determining a systematic uncertainty
on the background subtraction and is dependent on p3°°.
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3.4 Background subtraction

The signal in equation ] has a large combinatorial background from particles created by processes other
than the hard process which created the jet. The jet signal may be correlated with the second order event
plane because of jet quenching, and soft hadrons are correlated with the second order event plane due to
hydrodynamical flow. The Fourier expansion of this background can be expressed by:

dN
TdA¢

=B (1 - Z 2piriggassoc cos(nA(]))> , 5)

where ¢ and ¥ vasso¢ refer to the effective Fourier coefficients for the azimuthal anisotropy of the trigger

jet and ass001ated hadron, respectively, to the background. For inclusive measurements, if the back-
ground is dominantly due to flow, the v, of this background will be equal to the v, due to flow. The exact
values may be slightly different due to differences in the event samples, varying sensitivity in the method
to fluctuations in the v, and non-flow, the difference between the average over all pairs <~mg 7ass0¢) and
the product of the averages over all events ( tng)(~2““> differences in the v, for particles in jets and
from the bulk, and decorrelations between symmetry planes for hard and soft processes.

The contribution from these soft processes is subtracted using the RPF method [27]. This method avoids
contamination by the near- and away-side jets by focusing on the near-side only at large An and instead
using the dependence of the flow-modulated background on the angle of the trigger jet relative to the
event plane to constrain the background shape and level. For in-plane jets, background particles are
more likely to be near the trigger jet than 7 away in azimuth, leading to a higher cos(2A¢) term, and
the background level is higher because there are more jets in-plane. For out-of-plane jets, background
particles are less likely to be near the trigger jet, leading to a negative cos(2A¢) term, and the background
is lower because there are fewer jets. Because the second and fourth order event planes are correlated, a
similar argument holds for the fourth order terms. These effects help constrain the even n terms and help
distinguish them from the odd » terms and constrain the background level while avoiding contamination
from the near- and away-side jets.

The event plane dependence can be used to determine the background shape and level. When the angle
of the jet is fixed relative to the event plane, the effective size and shape of the background is given by

oo trlg
( 142 Z  sin(2ke) Rk ocos(2k¢s)) (6)
v+ %2“2 Sin(nc)gtncn,o COS(”¢S) + Zzozl (vgiinc‘2k+"‘7" + Vﬁi;cgfn\cukfnhn) W%

~trig __
vl’l - trig

1+2 ZZO:I % sin(nc)fKQkCka COS(Zk(PS)
Crz,m = <COS(I’ll[/n +myy, — (I’l + m) ‘I’2)>

where ¢; is the center of the azimuthal range of the trigger particle relative to the event plane, c is the
width of that range, N, is the number of triggers, N, is the number of associated particles, v5**°° are the
v, of the associated particles, Vi "€ are the v, of the triggers, and R, is the event plane resolution given in
equation@ [66]67]. Terms v, with n < 1 are zero. The C, ,, terms are a measure of how correlated event
planes of different orders are with the second order event plane and are approximately zero when either
n or m is odd. This is consistent with the weak correlation between the n = 2 participant plane and odd
order participant planes [68]] because the odd 7, arise mainly due to fluctuations in the initial state. In this

case, the even 7, will change when the angle of the jet relative to the event plane is changed while the odd
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Vv, remain constant. The equation is expanded to include terms up to v4. The term C; o = 1 and the terms
C4p and Cy4 are approximated to be one. The latter assumption will lead to an inconsistency between
the v4 from independent measurements and from the fit, but the fit will still provide a valid description
of the background.

The shape of the background depends on the R, which are fixed at the measured values. The fourth
order event plane resolution is calculated relative to the second order event plane, consistent with the
shape described in equation[6] The uncertainties on the event plane resolution are negligible relative to
the statistical and background fit uncertainties of the final results.

The jet signal in equation 4] can be decomposed into a near-side and an away-side. The near-side is a
peak which is narrow in both A¢ and An, meaning that it is negligible at large An, while the away-side
is narrow in A¢ but broad in An. The correlation function at large An (0.8 < |An| < 1.2) and small
A¢ (JA9| < m/2) is fit simultaneously for ¥, up to n = 4 for trigger jets in-plane (|y — @j;| < 7/6),
mid-plane (7/6 < |y — ¢, < 7/3), and out-of-plane (|y — ¢j,;| > 7/3), shown in Fig.|1} to determine
the background shape and level. Because the even ¥, depend on the angle of the jet relative to the
event plane, as shown in equation [f] the ¥, and ¥4 of both the trigger jet and the associated particle are
determined in the fit while only the product \7]3et\7§550° is extracted from the fit. A rapidity-even ¥ term can
arise due to both momentum conservation and fluctuations in the initial state. This rapidity-even ¥ has
been measured for single hadrons and is comparable in magnitude to v; and ¥3 [69,[70]. This term does
not change when the angle of the trigger jet is varied relative to the event plane so the product \7'1“\7‘1‘55"0
contributes to the background. When the fit function is varied to include this n = 1 term, it is zero within
uncertainties and did not lead to significant differences in the correlation function. Since ¥**°¢ is known
to be non-zero, this likely means that 17'let is near zero. For associated particles above pr > 2 GeV/c,
the background is low and the statistics for the region which is background-dominated on the near-side
are therefore also low, so the fit is restricted up to n = 3. The fits used in this analysis therefore have
six parameters below 2 GeV/c, B, \ﬁ; t, v5e0c, \7]3et\7"3‘ss"°, \7]; t, and 73**°°, and four above. The event plane
resolution is fixed and variations within the uncertainties lead to negligible differences in the correlation
functions.

Figure 3| shows a sample correlation function in the region which is background-dominated on the near-
side compared to the fit for in-plane (a), mid-plane (b), and out-of-plane (c) jets and all jets combined
(d) for associated particles with momenta 1.5 < p$°© < 2.0 GeV/c. Correlation functions for other
pT>°¢ ranges used in this analysis are given in [71]]. The ratio of the difference between the data and
the fit to the fit is shown in Fig. [3[(e-h), showing that the fit describes the data well. The background
subtracted correlation functions in the region |An| < 0.6 are shown in Fig. [3[i-1). The uncertainties from
the background subtraction are propagated using the covariance matrix from the fit. These uncertainties
are non-trivially correlated point-to-point and between different bins relative to the event plane and are
shown as a blue band. The scale uncertainties on the background are shown as a green band and are
correlated point-to-point and between different bins relative to the event plane. The uncertainties due
to the single track reconstruction efficiency, contamination, and the normalization of the acceptance
correction are uncorrelated with each other but correlated for all points. These uncertainties are combined
and listed as the scale uncertainty. The ¥y “and 75°°°¢ extracted from the fits are in agreement with other

ALICE results [30, 33]].

Finite event plane resolution reduces the event plane dependence of the signal because the measurement
in one bin relative to the event plane will have contributions from other bins as well. Techniques for
correcting for this effect increase the event plane dependence observed in the uncorrected data [[72f], but
if there is no event plane dependence in the uncorrected data, these corrections will not reveal an event
plane dependence. Since no event plane dependence is observed within uncertainties and corrections
would increase the complexity of the measurement and the systematic uncertainties, no correction is
applied for the finite event plane resolution. The impact of the finite event plane resolution is discussed
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Figure 3: The signal plus background region, |An| < 0.6 (green points), the region which is background-dominated
on the near-side, 0.8 < |An| < 1.2 (black points), and the RPF fit to |A¢| < /2 (blue band) to the region which is
background-dominated on the near-side for 20 < p’;l < 40 GeV/c jets correlated with 1.5 < p§#°° < 2.0 GeV/c
hadrons from 30-50% centrality collisions on the top panel. The middle panel shows the quality of the RPF fit to the
region which is background-dominated on the near-side, (data—fit)/fit. On the bottom panel are the RPF corrected

correlation functions, with the uncertainty from the background fit (red band), and the correlated uncertainty (green
band).
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in Sec.

3.5 Associated track yields and peak widths

The yield of tracks associated with jets is calculated by integrating the associated yield:

1 m 19 d(Nyeas — N,
Y — / / ( meas bkgd)dA¢)dAT[. (7)
Ntrig m 1 dA¢
The integration limits of ¢; = —7/3 and ¢, = 7 /3 for the near-side, ¢, = 27/3 and ¢, = 47/3 for the
away-side, and 117 = —0.6 and 1, = 0.6 for both are part of the definition of the measurement. The

systematic uncertainties due to the extraction of the background from the RPF are propagated using the
covariance matrix from the fit. This uncertainty is non-trivially correlated between yields for different
angles of the jet relative to the event plane and for the near- and away-side and uncorrelated for points
at different p3°°°. The shape uncertainty in the acceptance correction at large A1 leads to an additional
scale uncertainty when propagating the background determined in the region 0.8 < |[An| < 1.2 to the
region (JAn| < 0.6). This uncertainty is 100% correlated for all data points. The single track reconstruc-
tion efficiency uncertainty, the uncertainty due to normalization of the acceptance correction, and the
uncertainty due to contamination from secondary particles are 100% correlated for all points and affect

the scale of the correlation functions and the yields.

The ratios and differences of yields are calculated in order to investigate possible event plane dependent
modifications. The systematic uncertainties from the background largely cancel out in the ratio and the
difference. The track reconstruction efficiency, mixed event normalization, and secondary contamination
systematic uncertainties cancel out in the ratio.

The widths are quantified by fitting the correlation functions to a Gaussian, Ae(89-4%0)*/26 \here

A¢p = O on the near-side and A¢y = 7 on the away-side, in the range [A¢| < 7/3 on the near-
side and |A¢ — | < m/3 on the away-side. The near- and away-side are fit separately. The Gaussian
fit is repeated with different values of the background parameters and the covariance matrix is used to
propagate the uncertainties.

The systematic uncertainties are summarized in Tab.[T|and Tab.[2] Table[I]lists the sources of systematic
uncertainties which are independent of the angle relative to the event plane and the momentum, including
the single track reconstruction efficiency (Sec. [2), contamination from secondaries (Sec.[2), uncertainties
in the mixed events due to their normalization and shape in A¢ (Sec.[3.3)), and uncertainties in the event
plane resolution (Sec. [3.2). The uncertainties in the single track reconstruction efficiency, normalization
of the acceptance correction determined from mixed events, and secondary contamination lead to a 5%
uncertainty in the scale of the correlation functions and yields. This uncertainty is uncorrelated for
different associated particle momenta.

Table [2|lists uncertainties which are dependent on the angle of the jet relative to the event plane and the
associated particle’s momentum on the yields due to the scale uncertainty in the mixed events (Sec. [3.3))
and in the background fit (Sec. [3.4) for a few representative associated particle momenta. The uncer-
tainty of the acceptance correction determined from mixed events in An and the uncertainty due to the
background subtraction are different for different p3>°°° bins and therefore shown separately for each
data point. The uncertainty due to the shape uncertainty of the acceptance correction determined from
mixed events in A7 is correlated for different angles relative to the event plane and uncorrelated between
different p*°® bins. The uncertainty due to the background subtraction is non-trivially correlated for

different angles of the jet relative to the event plane but uncorrelated between different p7°°° bins.
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Table 1: Summary of systematic uncertainties which are independent of the angle relative to the event plane and
the momentum for 20 < p];t < 40 GeV/c in 30-50% central Pb—Pb collisions.

Source Uncertainty %
Single particle reconstruction efficiency 4
Contamination 1
Mixed event (shape A¢) negligible
Mixed event normalization < 0.5
event plane resolution negligible

Table 2: Summary of systematic uncertainties on the yields and widths calculated from the correlation func-
tions due to the shape uncertainty coming from the shape of the acceptance correction in An and the cor-
related background fit uncertainty, both varying with event plane orientation bins. They are displayed for
20 < p]Tet < 40 GeV/c in 30-50% central Pb—Pb collisions for 1.0 < p§°° < 1.5 GeV/c and
3.0 < pP%° < 4.0 GeV/c bins. The values are expressed as a percent of the nominal value.

Uncertainty %
Source Result | Orientation | Near-side: pi*°° (GeV/c) | Away-side: pi***® (GeV/c)
1.0-1.5 3.0-4.0 1.0-1.5 3.0-4.0
in-plane 20 2.8 33 7.9
Yield | mid-plane 13 2.7 25 9.2
Acceptance out-of-plane 10 2.5 22 6.3
shape in-plane 14 1.5 - 5.0
Width | mid-plane 9.8 1.4 - 7.1
out-of-plane 5.9 0.9 - 4.6
in-plane 16 6.3 50 18
Yield | mid-plane 9.3 39 37 13
Background out-of-plane 7.9 6.0 35 15
fit in-plane 23 4.2 - 12
Width | mid-plane 25 2.7 - 23
out-of-plane 10 3.0 - 11
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3.6 Impact of event plane resolution

To understand the impact of a possible event plane dependence in the signal, we consider the Fourier
decomposition approach to correcting for the event plane resolution as in [72]]. We can quantify the true
azimuthal anistropy of the signal by a Fourier decomposition as

S(Ag)(1+2 i ydueneh cos(¢UrE — ), (8)

n=1

where S(A¢) is the correlation function of the signal averaged over all angles relative to the event plane,
the v%“e“Ch are due to jet quenching, and ¢ is the azimuthal angle of the trigger particle. The vﬁ“e“h

could also be a function of A¢. The measured azimuthal anisotropy of the signal is then given by

S(142) Rvdeerhcos(¢™e — y)). )

n=1

Note that the v%“e“h are distinct from both the v, from flow and the jet v,,. The jet v, measured in [33}|34]]

are anisotropies in the number of jets relative to the event plane while the v3*"™" are a measure of the

anisotropies of the constituents of those jets. Precision extraction of the v,%“e“h would require measure-
ments of the signal in several bins of ¢"& — y and is not feasible for this measurement. Equation@ shows
that the impact of the finite event plane resolution is small, since for this analysis R, = 0.73.

If we assume that the v2*"™" do not depend on A, the yields are given by integrating the equation @ over

the same angles of the trigger particle relative to the event plane. The in-plane (¥ip), mid-plane (Yymp),
and out-of-plane (Yop) yields up to n = 3 in terms of the average yield (Y) are then given by

3V3

6
YIP _ Y(l + 79t1vc1]uench + 22
T T

6(v/3—1)
T

3V/3

4
9{2 Vguench + E 9‘{3 vguench) ( 1 O)

4
Yap =Y (1 + R . v(]]uench _ Egt?a vguench)

The differences and ratios of the yields up to n = 3 are then

Y, Yop — Y 6 6V3 4
g ~ OoP 1P ~1— 79{1v<]1uench . fgtzvguench B 79{3V(3]uench (1 1)
Yip Y T b VA
M ~ Yvp — Yip ~1— 6\@_ lzcﬁlvcl;uench _ 3\@9{2v<2]uench _ §9{3v§luench'
Yp Y b T
Since the coefficients of the v,‘;“e“h are on the order of one, the deviations of these ratios from one are on
the order of the v"™". The odd v3"™" will partially cancel out because they will have opposite signs

on different sides of the event plane and in the absence of surface bias, they will cancel out completely.

The n = 2 term is therefore likely the dominant term. We use this expression to evaluate the approximate

effect of the event plane resolution. The allowed range of vﬁ“e“h is —0.5 < vguemh < 0.5, with positive

(negative) values indicating suppression (enhancement) of the constituents. While the v""" is a measure

of the asymmetry of modifications of jets relative to the event plane rather than the distribution of jets,
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we consider the asymmetry in the number of jets [33] [34]], \/]2et = 0.1, as a reasonable value of vquenCh

This would lead to YY?lf ~ YOPY P~ 0.67 and 1;1\14: ~ YMPY e~ 0.83 with perfect event plane resolution
(R, = 1.0) and % ~ % ~ 0.75 and % ~ w ~ 0.88 with the event plane resolution in this
analysis, R, = 0.73.

4 Results

The near-side and away-side jet yields as a function of p7*°° for 20 < p'Tet < 40 GeV/c full jets in 30-
50% central Pb—Pb collisions are shown in Fig. ] for jets reconstructed in-plane, mid-plane, and out-of
plane for 1.0 < pP° < 1.5 GeV/e, 1.5 < pP*° < 2.0 GeV/e, 2.0 < pi° < 3.0 GeVle,
3.0 < pP**° < 4.0 GeV/e, 40 < pP** < 5.0 GeV/e, 5.0 < pP** < 6.0 GeV/e, and
6.0 < pF°° < 10.0 GeV/c. The dominant feature is the decrease in the yield with increasing p3>>°c.
Note that yields with pT*° > 3 GeV/c include jet constituents, complicating the interpretation of these
data points. We therefore focus on lower momentum on the near-side and on the away-side.
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Figure 4: The (a) near-side and (b) away-side yield vs p§*°¢ for 20 < p’{ft < 40 GeV/c full jets of 30-50%
centrality in Pb—Pb collisions. The wider band corresponds to the background uncertainty, which is non-trivially
correlated point-to-point [27, 137]. The narrower bands are the systematic uncertainties coming from the shape
uncertainty of the acceptance correction. There is an additional 5% global scale uncertainty. Points are displaced
for visibility.

Jet-hadron correlations can be used to measure changes in the momentum balance within the jet, as
in [24]. Partonic energy loss will shift energy in the jet from higher momentum constituents to lower
momentum constituents, so if jets in-plane interact less with the medium, the differences Yyp — Yip and
Yop — Y1p will be negative at high momenta and positive at low momenta. For these differences, the
systematic uncertainties partially cancel out. FigureE] shows the yield differences Yyp — Yip and Yop — Yip
for the near- and away-side. There is no event plane dependence within uncertainties, consistent with
expectations if vg“mh ~ 0.1 as observed for inclusive jet production. Comparisons between yields in
jet-hadron correlations in Au—Au and pp collisions demonstrated suppression at high momenta and an

enhancement at low momenta in Au—Au collisions at /sy = 200 GeV [24]]. The lack of an event plane
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dependence therefore indicates that any dependence of these modifications on the average path length is
less than our experimental uncertainties.
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Figure 5: The (a) near-side and (b) away-side yield differences vs pi#°° for 20 < pJTet < 40 GeV/c full jets
of 30-50% centrality in Pb—Pb collisions. The narrower band corresponds to the background uncertainty, which
is non-trivially correlated point-to-point [27, 137]]. The wider bands are the systematic uncertainties coming from
the shape uncertainty of the acceptance correction. There is an additional 5% global scale uncertainty. Points are
displaced for visibility. Data are compared to calculations from JEWEL [73] with and without recoil particles.

To better quantify and examine the event plane dependence of the yields, ratios of mid-plane yields
relative to in-plane yields Yyp/Yip and out-of-plane yields relative to in-plane yields Yop/Yip as a function
of p{**°¢ are shown in Fig. [6|for both the near- and away-sides. As for the yield differences, a substantial
fraction of the systematic uncertainties cancel out for the ratios. If medium modifications increase with
increasing path length traversed by the parton, these ratios will be less than one at high momenta and
greater than one at low momenta. These ratios are consistent with one for all p§**°°. In contrast, Ry can
be as low as 0.1 [[7], indicating partonic energy loss.

The modification of the correlated yield ratios Yop/Yip and Yvp/Yip due to jet quenching can be estimated
from equation |11{as approximately 1 — 3.3 x Rv3"™" for out-of-plane to in-plane ratios and 1 — 1.7 x

R, vquemh for mid-plane to in-plane ratios following the logic in Sec. Since R, = 0.73, the ratios

in Fig. @ can be used to constrain a hypothetical v3**"". While vi"*" is a measure of the azimuthal
asymmetry in jet modifications rather than the number of jets, we use the asymmetry in the number of
jets, Vi = 0.1 [33] [34], as a reasonable value for v3**™", If v3""" — 0.1, the out-of-plane to in-plane
ratios would be 0.75 and the mid-plane to in-plane ratios would be 0.88. The data in Fig. [6]are therefore
consistent both with v¥*"" comparable to the inclusive jet asymmetry and with no asymmetry.

To investigate whether or not there is a systematic change in the ratio of yields with the angle of the
jet relative to the event plane, we fit the data in Fig. [f] to a constant. The systematic uncertainties are
treated as uncorrelated point-to-point and added in quadrature to the statistical uncertainties. The results
are given in Tab. [3]and are consistent with yield ratios of one. We note that medium modifications could
result in a p3>*°° dependence and this could be exacerbated by kinematic biases on the near side because
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Table 3: Results of fits to Fig. |§|to a constant c, the ¥ over the number of degrees of freedom (NDF), the number
of standard deviations ¢ of ¢ from one, and the range of ¢ within a 90% confidence limit (CL).

Near-side Away-side
parameter Yop/Yip Ymp/Yip Yop/Yip Yme/Yip
c 0.972 £0.037 0.960 + 0.036 | 0.885 +0.079 0.835 £ 0.078
x>/NDF 2.5 2.4 2.4 0.8
o] -0.8 -1.1 -1.5 2.1
90% CL 0.91-1.03 0.90 - 1.02 0.75-1.02 0.71 - 0.96

associated particles with momenta above 3 GeV/c are included in jet reconstruction. The y? per degree
of freedom may be large either because this procedure averages over different physical effects which
change with momentum or because of point-to-point correlations in the uncertainties.
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Figure 6: The (a) near-side and (b) away-side yield ratios vs p3>*°° for 20 < p’{ft < 40 GeV/c full jets of 30-50%
centrality in Pb—Pb collisions. The bands correspond to the background uncertainty, which is non-trivially corre-
lated point-to-point [27, [37]]. The systematic uncertainties coming from the shape uncertainty of the acceptance
correction cancel out for the ratios. Points are displaced for visibility. Data are compared to calculations from
JEWEL [73]] with and without recoil particles.

Figure [/| shows the widths from a fit to the Gaussian for the near- and away-side. Broadening would be
expected from either collisional energy loss or gluon bremsstrahlung and path length dependent energy
loss would lead to a greater width for jets out-of-plane than in-plane. No event plane dependence is
observed within uncertainties, indicating that any effect is smaller than the precision of the data.

The data in Fig.[5]and Fig. [6]are compared to calculations from JEWEL, a jet energy loss model based on
radiative and collisional energy loss in connection with partons sampled from a longitudinally expanding
medium [73]]. An important setting in the model is the choice of whether or not to keep the recoiled
partons sampled from the medium in the simulation. With no recoils, the lost jet momentum vanishes
from the entire system, while including the recoils conserves the jet’s overall momentum, but adds energy
and background particles (from the medium) to the simulated dijet. We compare to JEWEL with both
recoils off and recoils on. Results with recoils off are useful for modeling energy loss in the hard part
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of the jet. Results with recoils on show where the jet’s lost momentum goes. Any experimental analysis
would likely include some but not all of the recoil particles in JEWEL, as some proportion of the recoil
particles are indistinguishable from background.

JEWEL only predicts a slight event plane dependence, despite the path length dependence of partonic
energy loss, due to the dominant impact of jet-by-jet fluctuations in partonic energy loss over path length
dependence [38 [74]. The slight event plane dependence predicted by JEWEL is well below the sys-
tematic uncertainty in the measurement. The agreement of JEWEL with the data is therefore consistent
with path length dependence having an insignificant impact compared to jet-by-jet fluctuations in energy
loss, although fluctuations in the density of the medium (not included in the JEWEL model) may also
suppress observable path length dependence.
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Figure 7: The (a) near-side and (b) away-side widths vs p3%°° for 20 < p’ft < 40 GeV/c full jets of 30-50%
centrality in Pb—Pb collisions. The wider band corresponds the background uncertainty, which is non-trivially
correlated point-to-point [27} 137]. The narrower bands are the systematic uncertainties coming from the shape
uncertainty of the acceptance correction. Points are displaced for visibility.

5 Conclusions

Partonic interactions depend on the length traversed in the medium, so any medium modifications of the
jet are expected to be path length dependent. The path length traversed by a jet is correlated on average
with the angle of the jet with respect to the event plane. The use of the RPF method for background
subtraction reduces the assumptions required for background subtraction and since the determination
of the background is currently limited by statistics, it is likely that future studies could reduce these
systematic uncertainties. Measurements of jet-hadron correlations relative to the event plane in Pb—Pb
collisions at /snn = 2.76 TeV are presented. Results are consistent with no dependence in the yields or
the widths on the angle of the jet relative to the event plane within uncertainties. This may indicate that
jet-by-jet fluctuations in partonic energy loss are important for a full description of medium modifications
of jets.
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