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1. Introduction

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot, dense
matter called the quark-gluon plasma, QGP [1,2]. Hard-scattering processes in these collisions
produce jets that interact with the QGP, and the comparison of the rates and the characteristics of
these jets in heavy-ion and pp collisions provides information on its properties.

These proceedings present three complimentary measurements of the inclusive jet fragmenta-
tion functions [3], the fragmentation functions for photon-tagged jets [4], and the angular distribu-
tion of charged particles in and around inclusive jets [5]. Previous measurements of the transverse
jet profile [6] and the longitudinal fragmentation function [3,7-9] showed an excess of both low and
high momentum particles inside the jet compared to pp collisions, suggesting that the energy lost
by jets through the jet-quenching process is being transferred to soft particles within and around
the jet [10, 11]. Measurements of the yields of these particles as a function of their transverse mo-
mentum, as well as the distance from the jet axis have the potential to constrain the models of jet
energy loss processes in Pb+Pb collisions. The inclusive jet fragmentation function measurement
differs from the photon-tagged jet fragmentation function measurement in that the latter is done
to lower ﬁft, and probes a different ratio of quark to gluon jets. Additionally, the inclusive jet
measurement selects on jets that are already quenched, while the photon-tagged measurement uses
photons unaffected by the quark gluon plasma.

The fragmentation functions are measured as a function of the charged-particle transverse
momentum pr, and the charged-particle longitudinal momentum fraction with respect to the jet,
7= prcosAR/ pjTet, where AR = \/An?2 + A¢? is the distance between the jet axis and the charged-
particle direction!. These observables are sensitive to the properties of the medium, and can be
expressed as
1 dnch

1 dn
— = p(z) =2
]Vjet de

B ]Vjet dz

D(pr) = (1.1)

The angular distribution of charged particles as a function of the distance from the jet cone is
given by
1 1 dne(r)

D = fran)
(pr7) Niet 27tr drdpr

(1.2)

Here Nje is the total number of jets; ngy, is the number of charged particles; 27r is the circum-
ference of the annulus at a given distance r from the jet axis, and dr is the width of the annulus.

The ratios of the distributions measured in Pb+Pb and pp collisions allows quantifying the
modification in yields from the pp to the Pb+Pb system.

R _ D(pT)Pb+Pb R _ D(Z)Pb+Pb _ D(pT7r)Pb+Pb (1.3)
D(pT) D(pT)pp ) D(z) D(Z)pp ) D(pr,r) D(PT,V)pp .

UATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of
the detector, and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r,9) are used the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as ) = —Intan(6/2). AR = \/(AN)% + (A¢)2
gives the angular distance between two objects with relative differences An and A¢ in pseudorapidity and azimuth
respectively.
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2. Datasets

The measurements described in these proceedings use 25 pb~! of /s = 5.02 TeV pp data and
0.49 nb~! of V/Sxw = 5.02 TeV Pb+Pb data collected in 2015. The data were recorded using the
ATLAS calorimeter, inner detector, trigger, and data acquisition systems [12].

The performance of the detector and analysis procedure was evaluated using 1.8 x 107 sim-
ulated 5.02 TeV POWHEG+PYTHIAS [13, 14] pp hard-scattering events, generated using the A14
tune [15] and the NNPDF23LO PDF set [16], for pp and 1.8 X 107 5.02 TeV hard-scattering dijet
events generated with POWHEG+PYTHIAS overlaid on top of events from the enhanced minimum-
bias Pb+Pb data sample for Pb+Pb. In both samples, the detector response is simulated using
GEANT4 [17,18].

In Pb+Pb collisions, the event centrality reflects the overlap area of the two colliding nuclei
and is characterized by ZE%CE‘I, the total transverse energy deposited in the FCal [19]. The six
centrality intervals used in these analyses are defined according to successive percentiles of the
ZE%:CZ‘l distribution obtained in minimum-bias collisions, ordered from the most central (highest
ZE'T:C“]) to the most peripheral (lowest ZE'T:C“]) collisions: 0-10%, 10-20%, 20-30%, 30-40%, 40—
60%, 60-80%. A weight is assigned to each MC event such that the event sample obtained from
the simulation has the same XEEC?! distribution as in data.

Further details on the datasets used for the inclusive jet fragmentation functions, photon-tagged
fragmentation functions, and the angular charged-particle distribution can be found in [3], [4],
and [5] respectively.

3. Data Analysis

The jets used in all three analyses are reconstructed using the anti-k; algorithm, run on calori-
metric towers of size An x A¢ = 0.1 x 0.1, with the radius parameter set to R = 0.4 [20]. Photon
reconstruction uses a procedure described in [21], and is based on energy clusters in the electro-
magnetic calorimeter. Photon identification is done based on shapes of the electromagnetic shower
in the calorimeter [22], selecting those clusters that are compatible with single photon shower pat-
terns.

Reconstructed tracks are associated with a reconstructed jet and are corrected for a variety of
effects including tracking efficiency, underlying event (UE), fakes, bin migration due to jet energy
and track momentum resolution, as well as effects from the finite jet and track angular resolutions.
Full details on the analyses procedure for these measurements can be seen in [3-5].

All three measurements incorporate a two-dimensional Bayesian unfolding procedure [23]
as implemented in the RooUnfold package [24], to remove the effects of the bin migration due
to the jet energy and track-momentum resolution. This is done because the calorimetric jet en-
ergy response depends on the fragmentation pattern of the jet [25]. Using the MC samples, four-
dimensional response matrices are created using the generator-level and reconstructed ﬂ;t, and
the generator-level and reconstructed charged-particle p%h. Separate unfolding matrices are con-
structed for pp data and each centrality in Pb+Pb collisions. A separate one-dimensional Bayesian
unfolding is applied to correct the measured p'Tet spectra that are used in the normalization of the



Jet fragmentation and charged-particle angular distributions within and around jets Akshat Puri

fragmentation functions and the angular distributions. The entire procedure allows for direct com-
parison not only between the three measurements, but also to theory predictions.

The performance of the full analysis procedure is validated in MC events where the entire cor-
rection procedure is performed using reconstructed jets and tracks, and the results are compared to
the generator-level distributions. These deviations in this comparison are included in the systematic
uncertainties.

4. Results

This section presents the fragmentation function measurements for both inclusive and photon-
tagged jets, as well as the charged-particle angular distributions in and around inclusive jets. The
modifications between the Pb+Pb and pp systems are also shown.

Figure 1 shows the D(pr), Rp(pr)> and Rp;distributions for inclusive jets, as well as their
dependence on the collision energy and the p]Tet [3]. It can be seen from Fig. 1b that there is an
enhancement of particle yields at low and hight pr, with a reduction of intermediate pr particles.
Furthermore, this modification is quantitatively consistent with that at /s = 2.76 TeV [7-9]. Fig-
ure lc suggests that the soft particle excess in central Pb+Pb collisions exhibits a much smaller p‘; ‘
dependence for the D(pr) ratios than for the D(z) ratios. No p’Tet dependence is observed at high
z for jets with p’{ft < 400 GeV, as seen in Fig. 1d. The p’{ft dependence shows scaling with z for
hard fragments and scaling with pt for soft fragments; this could suggest that the excess of high z
particles is related to the fragmentation mechanism, and the excess of soft particles is governed by
effects from the QGP [3].

Figure 2 shows the D(pt) and Rp(pr) distributions for photon-tagged jets [4]. It can be seen
from Fig. 2a that photon-tagged jets in pp collisions have more high pt particles in the final state
than inclusive jets. This is consistent with observations in [26-28], that quark jets fragment harder
than gluon jets, since the photon-tagged jets have a higher quark fraction than inclusive jets. Fig. 2b
shows that the minimum in the Rp(py) ratio for photon-tagged jets in central Pb+Pb is shifted to
larger pr as the centrality increases, with the high pr region giving a ratio consistent with unity.
These modifications (in central Pb+Pb) are larger than those in inclusive jets, with an additional
relative suppression at high pr, and a counter-balancing enhancement at low pr. For 30-80%
Pb+Pb, the Rppr) distribution for both inclusive and photon-tagged jets is qualitatively similar.

Figure 3 shows the angular distribution of charged particles as a function of r in pp and Pb+Pb
collisions, as well as the modification from the pp to the Pb+Pb system [5]. A broadening (nar-
rowing) of the D(pr, r) distribution for py < 4 GeV (pt > 4 GeV) particles inside the jet in central
Pb+Pb collisions compared to pp collisions is observed. Figure 3b shows that the modification
to the angular distribution in Pb+Pb is above (below) unity at all r for charged particles with
pr <4 GeV (pr >4 GeV), and increases (decreases) for r < 0.3, being approximately constant

thereafter. The Tet dependence to the Ry distributions can be seen in Fig. 3c, where low

prir)
pr (1.6 - 2.5 GeV) particles show a p’Tet dependent enhancement between 0.1 < r < 0.25. No
significant ﬂTet dependence is observed for high pr (6.3 - 10.0 GeV) particles. The size of the mod-
ifications in Pb+Pb compared to pp monotonically depends on the collision centrality, and can be

seen in Fig. 3d.
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(2) The inclusive jet fragmentation functions D(pt), (b) Rp( Pr) for inclusive jets for /s = 5.02 TeV
in Pb+Pb collisions measured in six centrality and ,/s., =2.76 TeV.
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Figure 1: Inclusive jet fragmentation function measurements. The vertical bars (shaded bands)
indicate statistical (systematic) uncertainties. Figures are from [3].

5. Conclusions

These proceedings present a measurement of the fragmentation functions for inclusive and
photon-tagged jets, as well as the angular distribution of charged particles around the jet axis.

Centrality dependence modifications to the inclusive jet fragmentation functions are observed
in Pb+Pb collisions when compared to those in pp collisions, with the magnitude of the modifi-
cation increasing with increasing collisions centrality. A comparison of the modifications of the



Jet fragmentation and charged-particle angular distributions within and around jets Akshat Puri

; F = 103§ T T T
[) > E =
o 1E [0) E— ]
T S 10°¢ —+ E
S0 -+ -+ E
S F Q e, —— ]
= F ATLAS Preliminary Q 10¢ —— + E
3102 E —— —— 3
2 E pp, 26 pb”, 5.02 TeV F e ]
= F 5 . + 1
- 100 L Data, y-tagged jets 1 3 = . —¢— E
E — PYTHIA 8 A14 NNPDF23LO F P _’__’_—i'— 3
10 L Data, inclusive jet (;f:' =80-110 GeV) 7 10! = ATLAS Preliminary —— -
© r ‘ F 5.02 TeV, y-tagged jets - .
S 1022 0-30% Pb+Pb (x10%) 3
E o + X 3
o 5 E —a
¥ F N E
S 10°% 4+ 30-80% Pb+Pb (x10') .
2 i (x1 00 .
e s
2

1 10 p, [GeV] 10 1 10 102

p, [GeV]

(a) The photon-tagged jet fragmentation functions D(pr) in pp data (black) and PYTHIA 8 MC (green) and
Pb+Pb collisions. The D(pr) distributions for inclusive jets in data (red) are also shown.
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(b) The Rp( 1) distributions for inclusive and photon-tagged jets for central and peripheral collisions.

Figure 2: Photon-tagged jet fragmentation function measurements. The vertical bars (shaded
bands) indicate statistical (systematic) uncertainties. Figures are from [4].

inclusive jet fragmentation functions as a function of pjft shows whether the size of modifications
scales with charged-particle z (indicating fragmentation effects) or with pr (indicating a medium
effect). The photon tagging of jets explores the dependence of the fragmentation on the flavor com-
position, with these jets having a higher quark to gluon fraction than inclusive jets. Photon-tagged
jets in central collisions also show greater modifications than compared to inclusive jets. Since the
pr dependence of the fragmentation function modification [3] suggest that the flavor-dependence
is small, the differences may arise from a bias in the initial selection of the jets based on p]Tet [4].
The modifications in the angular distribution of charged particles within and around jets suggest
that the energy lost by jets, through the jet quenching process, is being transferred to particles with
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Figure 3: Measurements of the angular distribution of charged particles. The vertical bars (shaded
bands) indicate statistical (systematic) uncertainties. Figures are from [5].

pr < 4.0 GeV at larger radial distances. This is qualitatively consistent with theoretical calculations
[10,11,29-33]. These ATLAS measurements, along with other measurements of the jet Raa [34]
and dijet asymmetry [35], are essential to constraining the physics of jet quenching.
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