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Studies of jet fragmentation in heavy-ion collisions can provide information about the mechanism of jet quenching inside the hot and dense
QCD matter created in these collisions. These proceedings present results from measurements of charged particle yields within and aroun
the jets in dijet, gamma-tjet and Z+jet systems measur&dih TeV Pb+Pb angp collisions using the ATLAS detector at the LHC.
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1. Introduction ena [22-28]. Measuring yields of these particles with respect
to angular distance between the particle and the jet axis and

In the collisions of the ultrarelativistic heavy nuclei at the as a function of transverse momentyra, may give more in-
Large Hadron Collider (LHC), hot and dense matter called &ight into the structure of jets after they have passed through
quark-gluon plasma QGP (see Refs. [1,2] for recent reviewsihe QGP and make a better understanding the the QGP itself.
is produced. Jets from hard-scattering processes traverse and
interact with this medium. During that, they lose energy yia_lzl Inclusive fragmentation functions
a process called jet quenching. The rates and characteristics
of these jets in heavy-ion collisions can be compared with therhis proceeding picks the mostimportant results from several
same quantities ipp collisions, where no production of QGP papers quantifying distributions of charged particles at a
is expected. The comparison betweggrand heavy-ions can distance- around the jet axis. The measured yields which are
give valuable information about the properties of the QGPcorrected for the detector effect are defined as follows [29]:
and its interaction with partons from the hard-scatterings.
This proceeding refers to results measured by the ATLAS de- D(pr,r)
tector [3].

In the most central lead-lead (Pb+Pb) collisions at thevhere Nje; is the number of jets in consideration and
LHC, jets with large transverse momenté,’, are measured ncn(pr. 1) is the number of charged particles with a giyen
to have approximately one half of the ratespimcollisions ~ at a distance: from the jet axis. The ratios of the charged-
when the nuclear overlap function of Pb+Pb collisions isparticle yields measured in Pb+Pb anecollisions
taken iqto account [4-8]. Photon-jet pairs [9,10] and back-to- D(pr,7) b1 Po
back dijet [11-13] are observed to have less-balanced trans- Rpprr) = ﬁ
verse momenta in Pb+Pb collisions comparegtoollisions P pp
as well. In these measurements, it is suggested that part gbiantify the modifications of the yields due to the QGP
the energy from hard-scattered parton is transferred outsid@edium. Furthermore, the differences betweenlitier, )
of the jet via interactions with the strongly-interacting QGP distributions in Pb+Pb angp collisions
medium.

Different, but complementary measurements are studying
the modification of the jets structure in Pb+Pb collisions re-allow the absolute differences in charged-particle yields be-
spectively to those impp. Foregoing results have shown a tween the two collision systems to be measured.
broadening of jets in Pb+Pb [14-17] and an excess of low- Generally, D(pr,r) distributions evaluated ipp and
and high-momentum charged particles as well. Depletion oPb+Pb collisions decrease as a function of distance from the
the intermediate-momentum charged particles associate wiflet axis. The rate of fall-off increases rapidly for higher
these jets is also observed. Particles with a large fraction gbarticles, with most of them being concentrated near the jet
the jet momentum are usually narrowly aligned with the axisaxis. The distributions shows a difference in shape between
of the jet. On the other hand, low-momentum particles ard’b+Pb andpp collisions, with the Pb+Pb distributions be-
observed to have a much broader angular distribution extendag broader at lowpr (pr < 4 GeV) and narrower at high
ing outside the jet [12,18-21]. These results are suggestingr (pr > 4 GeV). This modification depends on the colli-
that a process of soft gluon emission near the jet axis is resion centrality and is smaller for more peripheral Pb+Pb col-
sponsible for the loss of the energy for jet quenching phenomlisions.

1 1 dnw(pr,r)
" Niey 2mrdr dpr

AD<pT7 T) = D(pTa T)|Pb+Pb - D(pTa r)\pzﬂ
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FIGURE 1. Ratio of D(pr,r) distributions in Pb+Pb to those in
pp collisions as a function of angular distancéor 126 < pi* <
158 GeV for seven charged particlps selections. Only the most

central collisions 0 — 10% are shown. The vertical bars on the datal
points indicate statistical uncertainties, while the shaded boxes in-
dicate systematic uncertainties. The widths of the boxes are no

indicative of the bin size, and the points are shifted horizontally for
better visibility. Figure from [29].

3. Radial dependency of fragmentation func-
tions

To quantify modifications seen iR (pr, ) distributions, ra-
tios of theD(pr, ) distributions in Pb+Pb collisions to those
measured ipp are evaluated in charged partigie for seven
bins in jetpr and three bins in Pb+Pb centralitRp ;..
measured fop!S" = 126 — 158 GeV are show in Fig. 1.

In 0 — 10% central collisionsRp ;.. is greater than

unity for approximatelyr < 0.8 for charged particles with

pr less thant.0 GeV. For these particles, the enhancement of

yields in Pb+Pb collisions compared to thoseincollisions
grows with increasing up to approximately: = 0.3, with
Rp(py,r reaching values up to two far0 < pr < 2.5 GeV.
The values of? ;... ) is approximately constant ferin the
interval 0.3 — 0.6 and for > 0.6 is decreasing. For charged
particles withpr > 4.0 GeV, Rp,.. ) is showing a deple-
tion outside the jet core for > 0.05. With increasingr

up tor = 0.3 the magnitude of this depletion is increasing

and is approximately constant thereafter. For more periph-
eral collisions, the enhancement in the yield of particles with

pr < 4.0 GeV is similar to those in the most central col-

FIGURE 2. AD(pr,r) as a function of- in central collisions for

all pr ranges for126 < p)S* < 158 GeV. The vertical bars on the
data points indicate statlstlcal uncertainties, while the shaded boxes
indicate systematic uncertainties. The widths of the boxes are not
indicative of the bin size, and the points are shifted horizontally for
petter visibility. Figure from [29].

yields are also evaluated &Xpr,r). Figure 2 shows these
as a function orr for seven different charged particle-
selections for 0 — 10% centrality interval. Compared to
pp collisions, the Pb+Pb distribution shows an excess in
the charged-particle yield density for charged particles with
pr < 4.0 GeV, where the largest excess is being observed
within the jet cone. Outside the jet cone, the difference de-
creases but remains positive.

3.2. Integrals of fragmentation functions

The unfolded D(pt,r) distributions are integrated for
charged particlegr in the interval ofl — 4 GeV to construct

the quantity®(r):
4GeV

/ D(pr,r)dpr.

1GeV

o(r) =

The new distribution provides a concise look at fhere-
gion of the enhancement discussed above and are compared
between Pb+Pb angp in term of:

Ag(ry = O(r)pbpb — O(7)pp,
O(r)pb+pp
RQ(T') @(T)pp

lisions, but the depletion is not as strong for particles withDefined quantities are intended to provide aggregate infor-

pr > 4.0 GeV. There is no significant dependence for
Rp(py,r In the most peripheral collisions (60 — 80%) and
the values off? ;) are within approximately 50% of the
unity. For more details see [29].

3.1. AD(pr,r) distributions

To further quantify the modification in terms of the patrticle

mation about the variation with angular distance from the jet
axis, pJ dependence of the logr charged-particle excess
and magnitude. The usefulness of the ratio quantities is also
in the good possibility to compare with other Pb+Pb mea-
surements.

In the Fig. 3 is shown th&©(r) distributions for differ-
entpl’ selections for the centrality interval 0 — 10%. In these,
a significantp)s’ dependence on©(r) is observed; for the

density, differences between the unfolded charged-particlparticles withing the jet cone: (< 0.4) A©(r) is increasing
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4. Gamma-jet systems

In the above measurement, jets are selected by their final
pr, i.e., after the effects of quenching, which may result in
a bias towards jets that have suffered only modest modifica-
tions and complicates interpretation of the data [27,30]. Al-
ternatively, the initiating partopr can be tagged with a par-
ticle unaffected by the QGP medium, such as a photon [31-
33]. The photorpt approximately balances the partpn
before quenching and, thus, selects populations of jet in
and Pb+Pb collisions with identical initial conditions. A jet
recoiling against a prompt photon is more likely to be initi-
ated by the showering of a light quark, compared to inclusive
jets where gluons are the initiators more frequently. Because
of that,~-tagged jets can provide information about how en-

ergy loss depends on the color charge of the initiating par-
pr < 4 GeV in four pis* selections: 126 — 158 GeV, 158 — ton. While the inclusive selection may be biased towards jets
200 GeV, 200 — 251 GeV, and251 — 316 GeV for centrality 0 —  which have lost less energy or were produced near the sur-
10%. The vertical bars on the data points indicate statistical un-face of the medium, the photon selection equally samples all

FIGURE 3. AO(r) as a function ofr for charged particles with

certainties, while the shaded boxes indicate systematic uncertaingeometric production points [34-36].

ties. The widths of the boxes are not indicative of the bin size, and
the points are shifted horizontally for better visibility. Figure from

Figure 5 summarizes ratios of thetagged fragmentation
functions in Pb+Pb events to thosejzp events, and com-

1291 pares them with those inclusively selected jetgfpinterval
Pt =100 — 126 GeV measured i8.76 TeV Pb+Pb angp
collisions [37]. Although the collision energy am@t range
g [a 126 < b,;;ﬁ(' 158 Gav | ‘ o|—10/ are not equal th_an tha_lt fo_r thetagged jgt data, it_ was ob-_
oc Ce 158 < o <200 GeV ] seryed that the |n(_:lu3|ve jet fragmenta_tlon fun(_:tlons in this
35 200 < p,; <951 GeV _ region are c_ompatlble_ a.t the two energies and in .ne@h‘.’f)y _
L 251 < p,; - 316 GV ] ranges.wnhln uncgrtamngs [38]. B_ecause of the difference in
- T . centrality ranges in the inclusive-jet measurement, the cen-
oL by W j + l ‘ ] trality range co'rrespon.ding to the top of that in Fhmgged
i + & -+ i " ] measurement is choseire(, 0 — 10% for 0 — 30% in the case
- . g 1 ot of y-tagged, and 30 — 40% for 30 — 80%). In the peripheral
Rttt wl collisions, the modification shape is quantitatively similar for
T ATLAS ‘ ‘ both sets of jets, observing a depletion at moderateal-
L Pb+Pb |5, =5.02 TeV, 0.49 nb” . ues and an enhancement at very low and very highlues.
ol GeogeTev2oph”  entmfs0s 0] Nonetheless, in central collisionstagged jets show an +ad-
0 01 02 03 04 05 06 07 038
r Nief T amas " 0.49 nb" Pb+PD 1
9_ [ Pl =80-126 GeV 25 pb™ pp
FIGURE 4. Re(, for charged particles witpr < 4 GeV § 14;_':_ Pr = 63144 GoV _+'H-
ranges in foup’s* selections:126 — 158 GeV, 158 — 200 GeV, e + = _D_* 1
200 — 251 GeV, and251 — 316 GeV and centrality 0 — 10%. :g: ........ *+ ..... _D_-*- ..... N T—
The vertical bars on the data points indicate statistical uncertain- b :$:—n—:$: —n—:;:¥+—+-
ties, while the shaded boxes indicate systematic uncertainties. The 08 == ]
widths of the boxes are not indicative of the bin size, and the points o gf , 30:80% Po+Pb/ oo Dr80% Pas B/ pp
are shifted horizontally for better visibility. Figure from [29]. 0.01 0.1 , 1001 0.1 , 1

) FIGURE 5. Ratio of the fragmentation function in jets azimuthally
with pt*. The value ofA©(r) decreases in more-peripheral balanced by a higip photon: 30 — 80% Pb+Pb collisions fp
collisions (not shown here), where ﬁt dependence is no collisions (left); 0 — 30% Pb+Pb collisions g collisions (cen-
longer significant. tral); and 0 — 30 to 30 — 80% Pb+Pb collisions (right) as a function

. o of longitudinal momentum fraction, for y-tagged jets (full mark-
Figure 4 shows?y,,) for the 0 — 10% centrality interval  grg) and for inclusive jets in 2.76 TeV Pb+Pb collisions [37,39]
for different jetpr. A maximum forr ~ 0.4 is observed and  (open markers). Hatched bands and vertical bars show for each
a flattening or a decrease for largevalues, but never goes measurement the total systematic and statistical uncertainties, re-
below the unity. spectively. Figure from [40].
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5. Z-tagged systems

Similarly to v-tagged jets, Z boson can be used to mark the
opposite jetpr. At leading order, the Z boson and the jet
are produced back to back in the azimuthal plane, with equal | P W, S —— 2
pr. Because Z bosons and leptons (to which they decay), L

or similarly, photons, do not participate in the strong inter- 0.77
action, they are not modified by the QGP [41,42]. Because 0.5f
of that, they can provide an estimate of flhgand azimuthal 0.4
direction of the opposite hard-scattered parton before the de- (.3} 1
veloping jet shower is modified through interactions with the

QGP [43,44]. 0.2+ i N
To better reveal the modification, quantify s is intro- 1 2 3 4567 10 20 3040 60
duced, as the ratios of yields in Pb+Pb events to thoge in p?rh [GeV]
events:
Ian = YPbJFPb’ FIGURE 6. The I ratio as a function opS? in data compared
Yip with theoretical simulations, for the selectidy > 3/4w. The

where yields are defined as all charged particles opposite theertical bars and boxes correspond to the statistical and systematic
Z boson in the choser\¢ > 3/4m window. Ixa iS sup-  uncertainties, while the shaded bands represent the theoretical un-
pressed at IarngTh, with a bigger suppression in more cen- certginty (statistical for JEW.EL, Hybrid, and COLBT-hydro, para-
tral events and for selection of lowgf.. Forp% > 60 Gey, ~ Metric for SCETG). Thes is shown for 0 — 10% Pb+Pb events
the I, 4 values apst lower thar2—3 GeV, are different com- 0" P > 60 GeV. Figure from [45].

L oh . . N
pared to higipy', and is greater than unity. A similar increase derprediction of the data. Several of these models also cap-

at low p$ is compatible with lowep# selections, although o . 7
the uncertainties limit the significance of this enhancement?ure the relative difference in the s between the thregr

o - T - Selections.

A qualitatively similar suppression is observed over a wide

range ofp< values, and the general enhancement offthe

above unity at loweps", to those seen in the ratios of jet 6. Summary

fragmentation functions in photon-tagged events [40]. ) ] ) .
Figure 5 compares théy in 0 — 10% Pb+Pb events These propeedlngs. summarize measurements of mcluswe

with the following four theoretical calculations, which use fragmentation functions measured as a function ofpjet

the same kinematic selections as the data: (1) the Hybrigharged particles?, distance from the jet axis, rapidity of

Strong/Weak Coupling model [34], which is combining ini- the jet, anq collision- Cent.rality. Resglts for measurements of

tial production using PYTHIA8 with a parameterization of fragmentation functions in gamma-jet system and measure-

energy loss derived from holographic methods, includingMent of normalized charged particle yields in Z-jet system

back reaction effects; (2) a perturbative calculation within@re also presented. Significant modifications of fragmenta-

the framework of soft-collinear effective field theory with tion pattern in Pb+Pb collisions with respectocollisions

Glauber g|uons (SCETG) inthe Sof‘[-g|uon_emission (energyj.s quantified in details. Universal aCf:OSS meaSUr“ement.S iS-the

loss) limit, with jet-medium coupling = 2.0 + 0.2 [46,47];  observed (_anhancem_ent qf soft particle prqductl_on.wmch in-

(3) a coupled linearized Boltzmann transport (COLBT) and¢r€ases with increasing dlsta_mce from the jet axis, increasing

hydrodynamics model [48,49], which includes jet-inducedi®t momentum, and decreasing charged particle momentum.

medium excitations; and (4) JEWEL, an MC event generResults pr_esented h_ere should provi_de stringent constraints

ator which simulates QCD jet evolution in heavy-ion colli- for theoretical modeling of jet quenching.

sions, including radiative and elastic energy loss processes,

and configured to include medium recoils [36]. All metioned Acknowledgements
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