Measurement of jet fragmentation in Pb+Pb and pp collisions
at sNN=2.76 TeV with the ATLAS detector at the LHC
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Abstract The distributions of transverse momentum andbeen measured previously at the LHC in terms of the nuclear
longitudinal momentum fraction of charged particles in jetsmodibcation factor§bl2]. A suppression of jet production
are measured in Pb+Pb ampg collisions with the ATLAS by about a factor of two in central heavy-ion collisions was
detector at the LHC. The distributions are measured as abserved. The internal structure of jets was also measured
function of jet transverse momentum and rapidity. The analf13B16] and these measurements revealed modibcation of
ysis utilises an integrated luminosity of 0.14%of Pb+Pb  the distributions of the jet fragments. The measurements of
data and 4.0 pb' of pp data collected in 2011 and 2013, the jet structure were supplemented by a measurement of
respectively, at the same centre-of-mass energy of 2.76 Tee correlation of the jet suppression with missing transverse
per colliding nucleon pair. The distributions measuregim  momentum 17], leading to a conclusion that the energy lost
collisions are used as areference for those measured in Pb+Bypartons is transferred predominantly to soft particles being
collisions in order to evaluate the impact on the internal strucradiated at large angles with respect to the direction of the
ture of jets from the jet energy loss of fast partons propagatingriginal parton.
through the hot, dense medium created in heavy-ion colli- This paper presents a new measurement of the internal
sions. Modest but signibcant centrality-dependent modibcatructure of jets by ATLAS in Pb+Pb amgp collisions, both
tions of fragmentation functions in Pb+Pb collisions with at the same centre-of-mass energy per colliding nucleon pair
respect to those ipp collisions are seen. No signibcant of 2.76 TeV. The measurement utilised Pb+Pb data collected
dependence of modiPcations on jgt and rapidity selec- during 2011 corresponding to an integrated luminosity of
tions is observed except for the fragments with the highesd.14 nt¥! as well as data frorpp collisions recorded during
transverse momenta for which some reduction of yields i2013 corresponding to 4.0 pb. In this paper the same quan-
observed for more forward jets. titiesthat were introduced in RefL 8] are used, namely the jet
fragmentation functiond)(z), and distributions of charged-
particle transverse momenta measured inside th®jgir).

1 Introduction The D(z) distributions are debned as
Heavy-ion collisions at ultra-relativistic energies produce a 1 dNeh
medium of strongly interacting nuclear matter composed\% @ dz ' (1)

of deconbned colour charges which is commonly called a

quarkpglgon plasma .(QGIHI]' Hard-;cattermg processes where Njet is the total number of jetd\c, is the number of
occurring inthese collisions produce high transverse momen;

wm artons that propaaate throuah the medium an(?harged particles associated with a jet, and the longitudinal
um, pr. p bropag ug I rgomentum fractiorz is debned as

lose energy. This phenomenon is termed Ojet quenching

More specibcally, jet quenching is a process in which con- -

stituents of the parton shower may be elastically or inelastiz % cos R= % cos () 2+ () =2 (2)

cally scattered by the constituents of the plasma, resulting in pJT

the suppression of jet production and the modibcation of the

internal structure of jets5pr]. Inclusive-jet suppression has gre pJ;?t is the transverse momentum of a jet measured with
respect to the beam directiopy stands for the transverse
momentum of a charged particle, and are the dis-

e-mail:atlas.publications@cern.ch tance between the jet axis and the charged-particle direction

123



379 Page 2 of 29 Eur. Phys. J.C (2017) 77:379

in pseudorapidity and azimuthrespectively The D(pr)  and selection are introduced in SettSection5 discusses
distributions are debned as the analysis procedure. The estimation of systematic uncer-
tainties is given is Sec6. Section7 describes the results
LM (3)  of the measurement. Secti@mprovides a discussion of the
Niet dpr results, and Sec® summarises the analysis.

D(pr)

The fragmentation distributions were measured for jets
reconstructed with the aniti-algorithm [L8] with the radius
parameter set tt(R = 0.4. The charged particles were
matched to a jet by requiring the distance between the |
axis and the charged particle to beR < 0.4. The frag-
mentation distributions were fully corrected to the particle
level.

In the brst measurement of jet fragmentation by ATLAS
in heavy-ion collisions 13], the measurements were per-
formed for jets with the radius parametdRs= 0.2, 0.3,
and 0.4. Jet fragments having a minimyof 2 GeV were
measured within an angular rangeR = 0.4 from the jet
axis. TheD(z) and D(pr) distributions were presented for
seven bins in collision centrality. Ratios of fragmentation

3
functions in the different centrality bins to the 60D80% binI | < 25and 02x 2/ 32for25 < | | < 4.9 The EM

were presented and used to evaluate the modibcations of tﬁélorlmeters are Iongnudmally segr_n_ented in shower depth
into three compartments with an additional pre-sampler layer.

jet fragmentation he medium. Th rati xhih- . . . .
!et agmentatio cau;ed by the gd u ose at'o'se hI'he EM calorimeter has a granularity that varies with layer
ited an enhancementin fragmentyieldin central collisions for,

2z 0.04, areduction in fragment yield for@® z 0.2, and pseudorapidity, but which is generally much bner than

and an enhancement in the fragment yieldzor 0.4. The that of the hadronic calorimeter. The middle sampling layer,

modibcations were found to decrease monotonically witq\q\gcg ;yrglr(ﬁlzit;;z;:)ezlgig%S(ggzgrg\),/edﬂeﬁ)zsnzlgEM showers,

decreasing collision centrality from 0D10 to 50D60%. A sim- . . -
) . : . o The inner detector0] measures charged particles within
ilar set of modibcations was observed in tgpr) distribu- S . .

the pseudorapidity intervdl | < 2.5 using a combina-

tions over correspondingy ranges. . - . - . .
P gr rang tion of silicon pixel detectors, silicon microstrip detectors

This new analysis provides a measurement of the jet struc- o o
ture of R = 0.4 jets using the same observables, but i:ESCT), and a straw-tube transition radiation tracker (TRT),

g . all immersed in a 2 T axial agnetic peld. All three detec-

decreases the minimumy for charged particles to 1 GeV .

. . . .tors are composed of a barrel and two symmetrically placed
and evaluates the fragmentation observables differentially in . . .
) ) end-cap sections. The pixel detector is composed of three
jet pr andy. Furthermore, the new analysis uses the frag- : : .

S . . layers of sensors with nominal feature size>6@00 pum.
ment distributions measured pp collisions as a reference . . ~ . .
The microstrip detectorOs barrel section contains four layers

for the measurement of jet fragmentation in heavy-ion coII|—of modules with 8Qum pitch sensors on both sides, while

sions. Using this information about the jet structure, the Bov¥ . ) :
. . the end-caps consist of nine layers of double-sided modules
of the quenched jet energy and number of charged particles.

was quantibed as a function of the centrality. W'th radial strips ha_vmg amean pitch of §n. The two
. . . ) sides of each layer in both the barrel and the end-caps have
The content of this paper is organised as follows: S&ct.

: ) i i a relative stereo angle of 40 mrad. The transition radiation
describes the experimental set-up. Sec scribes the tracker contains up to 73 (160) layers of staggered straws
event selection and data sets. The jet and track reconstructi P y 99

?rﬂerleaved with Pbres in the barrel (end-cap). Charged par-

—_— ticles with 0.5 GeV and| | < 2.5 typically traverse
1 ATLAS uses a right-handed coordinate system with its origin at the, Pr | | yp y

nominal interaction point (IP) in the centre of the detector ana-tteis three Ia)_/ers Of_ silicon pixel detectors, four layers of double-
along the beam pipe. Theaxis points from the IP to the centre of the Sided microstrip sensors, and 36 straws jf< 2.0.
LHC ring, and they-axis points upward. Cylindrical coordinatgs ) Minimum-bias Pb+Pb collisions were selected using mea-
are used in the transverse plandeing the azimuthal angle around the ¢\,rements from the zero-degree calorimeters (ZDCs) and the
beam pipe. The pseudorapidity is debned in terms of the polar angle . . . . .

5 o _ E+p, minimume-bias trigger scintillator (MBTS) countetkd. The
as =S Intan(/ 2). Rapidity is debPned ag= 0.5In g5 B whereE . o .
and p; are the energy and the component of the momentum along tthCS are located symmetrically at a longitudinal distance
beam direction.

2The R () 2+ () Zused hereis a boost-invariant replace- 3 Except the third sampling layer, which has a segmentation2% 0
ment for the polar angle between the jet and charged particle. / 32upto| | = 1.7.

2 Experimental set-up

eIt'he measurements presented in this paper were performed
using the ATLAS calorimeter, inner detector, trigger, and
data acquisition system&9]. The ATLAS calorimeter sys-

tem consists of a liquid argon (LAr) electromagnetic (EM)
calorimeter covering | < 3.2, a steelbscintillator sampling
hadronic calorimeter covering| < 1.7, a LAr hadronic
calorimeter covering.b < | | < 3.2, and a LAr forward
calorimeter (FCal) covering.3< | | < 4.9. The hadronic
calorimeter has three sampling layers, longitudinal in shower
depth, and has a x granularity of 01 x / 32 for
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of + 140 m from the detector centre and cojgr> 8.3. In The performance of the ATLAS detector and of3ine anal-
Pb+Pb collisions, the ZDCs primarily measure Ospectatos@is in measuring jets and charged particleppreollisions
neutrons, which originate from the incident nuclei and dowas evaluated using a sample of 15 million Monte Carlo
not interact hadronically. The MBTS detects charged par(MC) events obtained from PYTHIA2B] hard-scattering
ticles over 21 < | | < 3.9 using two counters placed events (using PYTHIA version 6.425, with parameter values
at a distance of 3.6 m from the interaction point. Each set to the AUET2B tuneZf], and CTEQ6L1 parton dis-
counter is divided into 16 modules with 8 different posi- tribution functions 27]). The generator-level spectrum of
tions in  and . Each counter provides measurement ofR = 0.4 jets covers the transverse momentum interval of
both the pulse heights and arrival times of ionisation energ0< pt < 500 GeV, which is sufpbcient to cover the jet
deposits. range in the data. The detector effects were fully simulated
[28] using GEANT4 R9]. The reconstruction performance
in Pb+Pb collisions was evaluated using a sample of 18 mil-
3 Event selection and data sets lion events obtained by overlaying simulated PYTHIA hard-
5 scattering events onto minimum-bias Pb+Pb events recorded
The analysis utilised an integrated luminosity of 0.12hb in 2011. In this overlay procedure, the simulated hits were
of Pb+Pb data and 4.0 pb of ppdata collected in 2011 and combined with the data from minimum-bias events to pro-
2013, respectively. The Pb+Pb events used in the analysikice the bnal sample. The generator-level spectrum of jets
were required to have a reconstructed primary vertex and ia the overlay sample covers the transverse momentum inter-
time difference between hits from the two sides of the MBTSval of 35< pr < 560 GeV. In all samples, the generator-
detector of less than 3 ns. The primary vertices were recorievel charged particles are debned as all bnal-state charged
structed from charged-particle tracks with > 0.5 GeV. PYTHIA particles with lifetimes longer than.®x 10°19s
The tracks were reconstructed from hits in the inner detecsriginating from the primary interaction or from the subse-
tor using the standard track-reconstruction algoritt#t] [ quent decay of particles with shorter lifetinfes.
with settings optimised for the high hit density in heavy-ion
collisions P2]. The Pb+Pb events were selected for record-
ing by a combination of Level-1 minimum-bias and high 4 Jet and track selection
level trigger (HLT) jettriggers. The Level-1 trigger required a
total transverse energy measured in the calorimeter of greatgéts were reconstructed using the techniques described in
than 10 GeV. The HLT jet trigger ran the of3ine Pb+Pb jet-Ref. [8], which are brieRy summarised here. The dqtR =
reconstruction algorithm, described below, = 0.2 jets 0.4 algorithm was brst run in four-momentum recombination
except for the application of the Pnal hadronic energy-scalghode on calorimeter cells grouped into x = 0.1x 0.1
correction. The HLT selected events containingRar 0.2 calorimeter towers. The tower kinematics were obtained by
jet with transverse energlit > 20 GeVinthe| | < 3.2  summing electromagnetic-scale energid6] [of massless
range. A total of 14.2 million events satisPed these evengalorimeter cells within the tower boundaries. In the case
selection criteria. The performance of the jet triggering isof the reconstruction of jets in Pb+Pb collisions, an underly-
summarised in Ref2). ing event (UE) subtraction was performed in the following
The centrality of Pb+Pb collisions was characterised byvay. An iterative procedure was used to estimate a layer-
EFC, the total transverse energy measured in the FCalependent and pseudorapidity-dependent UE energy density
[22]. The results in this paper were obtained using seveihile excluding jets from that estimate. The UE energy was
centrality bins dePned according to successive percentiles gbrrected for the presence of the elliptic Ro84], which
the EfC@ distribution ordered from the most central, high- was subtracted from each calorimeter cell within the tow-
est EFC@ to the most peripheral collisions: 0D10, 10D20ers included in the reconstructed jet. The bnal jet kinematics
20D30, 30D40, 40D50, 50D60, and 60D80%. The percentilese calculated via a four-momentum sum of all cell energy
were dePned after correcting theEF@ distribution for the  deposits (assumed massless) contained within the jet. The
2% minimum-bias trigger inefpciency which only affects theyE contribution was subtracted at the cell level. A correc-
most peripheral collisions (80D100%), that were notincludegdlon was applied to the reconstructed jet to account for jets
in this analysis. notexcluded or only partially excluded from the UE estimate.
Theppevents used in the analysis were selected using theinally, the jety- and Et-dependent hadronic energy-scale

ATLAS jet trigger [24] with a requirement of a minimum  calibration factor was applied in both tpe and Pb+Pb col-
jet pt of 75 GeV. Thepp events were required to contain |isions.

at least one primary vertex, reconstructed from at least two

tracks WithpT > 05 G?V- Jets originating from all selected 4 \ypjle generator-level charged particles are massive, the tracks recon-
events were included in the measurement. structed in the inner detector are massless.
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Inthe trigger the HLT reconstruction algorithms describedparameterised in the region of 4 pt < 90 GeV using
in Ref. [23] were used. The HLT jet trigger selection is fully a fourth-order polynomial in the logarithm of the trapk.
efbcient at apt of approximately 90 GeV. This, together This functional form gives a good description of the onset
with the intention to provide the results in the jet selec-  of the efbciency at lowpr as well as the behaviour in the
tions that are the same as bins used in REJ], [limits the  intermediatepr region. At the same time it is not suscepti-
results to jets withpt > 100 GeV. The jet reconstruction ble to statistical Buctuations in these regions. However, in
performance is described in ReB][In order to evaluate the region ofpr > 90 GeV the polynomial in the log-
the rapidity dependence of the jet structure, jets were caterithm does not provide a good parameterisation of efp-
gorised in four rapidity intervals, namely| < 0.3,0.3 < ciencies. The study of the higbr behaviour in both the
lyl < 0.8,1.2 < |y| < 21, and|y| < 2.1. The rapidity pp and Pb+Pb simulations showed that the tracking efp-
interval of 08 < |y| < 1.2 was not considered in the anal- ciency generally continues to follow the linear trend present
ysis since the jet shape measurements are degraded in thispr < 90 GeV. Thus, the result of the bt using a poly-
region due to the transition in the detector between the SCiiomial in the logarithm for tracks witlhpr > 90 GeV
barrel and end-caps. was replaced by a linear function with the slope deter-
The tracks frompp collisions were required to have at mined from the difference between the btted efpciencies at
least one hit in the pixel detector and six hits in the siliconpt = 70 GeV andpt = 90 GeV. The value of the slope does
microstrip detector. In order to reject secondary particles, thaot exceed 0.001. The efbciency for reconstructing tracks
transversedp) and longitudinal Zp sin ) impact parameters along with its parameterisation is shown in FigThe fake-
of the tracks measured with respect to the primary vertexrack contribution was evaluated by matching reconstructed
were required to be smaller than 1.5 mm (0.2 mmdgif  tracks to truth MC particles and found to be smaller than
pr > 10 GeV). 2% for tracks satisfying the selection requirements debned
In Pb+Pb collisions, the occupancies of the three trackabove.
ing subsystems reached different levels. The pixel detector
occupancy was below 1% even in the most central collisions.
The corrt_asponding number for the SCT detector was beIO\g Analysis procedure
10%, while the occupancy in the TRT reached 9&4.[To

account for. the high occupancy in Pb+Pb events,. the tradfhe analysis procedure is described brieRy as follows. First,
r.ef:onstrucnon was conbgured Q|ﬂerently from th.ajpmol- the measured distributions were corrected for the presence
lisions. Tracks from Pb+Pb collisions were required to havec , e contribution (in the case of Pb+Pb collisions only)
atleasttwo hits in the pixel detector, including ahitinthe brst, 4 ¢, fake tracks. The corrected distributions were then
pixel layer if the hit was expected from the track trajectory, ¢o|qed using a two-dimensional Bayesian unfolding to cor-
and seven hits_in the silicon microstrip detect_or. In addition,rect for bnite jet energy resolution and smearing due to bnite
the do_ andzpsin of the tragks measgred with reSpect 05k momentum resolution. The unfolded distributions were
the primary vertex were required to satipfly/ df?l < 3and then normalised by the respective number of jets, which was
|Zo5in /, 2 <3, Where do an.d z @re uncertainties oty _ obtained using one-dimensional Bayesian unfolding gfjet
andzo sin X respeciively, obtglneq from th.e track-pt Cc_’va”'spectra. Details of each step in this procedure are discussed
ance matrix. All tracks used in this analysis were required 9 the next paragraphs.

havepr > 1 GeV. The brst step in the analysis was to obtain measured

~ The efbciency for reconstructing charged particles withiny, ,_jimensional uncorrected fragmentation functions,
jets was evaluated separately fgp and Pb+Pb collisions Dmeayz pJ;?t) and the two-dimensional distribution of char-

using MC events, described in Se8t.The efbciency was . L .
ed-particle transverse momenta measured inside the jet,

evaluated for charged particles that satisfy the selectioll caq ch et ) . .
criteria described above and were matched to generator- it_pT ’ pér ), which are debned using the following for-

level (OtruthO) jets witht > 100 GeV in each of the mulae
four jet rapidity intervals. In the case of Pb+Pb collisions, , 1 Nern(pSh ol
. . h(PY Pt )
the efbciency was evaluated separately for each centrali®™*{pS", ) ) © F:%h Pr , (4)
bin. ) -
) . . . 1 Nen(z, P/t
The tracking efbciency correctiord 1was evaluated as pmeagy, péret) ch( pJT )_ )

a function of charged-particler andy. The tracking efp-
ciency was obtained as a ratio of tracks that have an asso-
ciated truth charged particle to all the truth charged partiHere Ncp( p%h) and Ncn(2) represent the number of mea-
cles. To guarantee smooth behaviour of the correction facsured charged particles withinR = 0.4 of the jet axis
tors as a function of traclpr, the tracking efpciency was obtained from the ant; clustering in given bins of charged-

(pSh, y) z
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> 1.2r - - > 1.2 - -

e [ATLAS Simulation & [ATLAS Simulation

[ [ (s =276 TeV [ [ (s =276 TeV

S 1™ Pb + Pb MC 0-10% o 1.1™ Pb + Pb MC 0-10%
= [ PYTHIA = [ PYTHIA

1] —e— Pb + Pb MC 60-80% L —e— Pb + Pb MC 60-80%

Clyl<0.3 F12<ly|<21
1 1

—a— pp MC

—a— pp MC

0.5 1 Ll 1 Ll 0.5 1 Lol 1 Lol
1 2 5 10 20 50 100 1 2 5 10 20 50 100

pﬁarticle [G eV] piarticle [GeV]

Fig. 1 The tracking efpciency evaluated in simulation for particles1.2 < |y| < 2.1 (right). Efbciency is shown for central and peripheral

in jets with pi?t > 100 GeV as a function of truth charged-particle Pb+Pb collisions as well as fqp collisions. Thefull line represents

transverse momentunpﬁj_article’ for jets with |y| < 0.3 (eft) and the parameterisation (for more details see the body of the text)

particle transverse momentum§”, andzrespectively. The  dniF 1 1 Nz, pift, jet)
variable is the MC-evaluated track reconstruction efP- qz = Nggne z % s R ™
ciency. The superscript OmeasO in Byjangd 6) indicates T

that the measured distributions were corrected only for the
tracking efbciency. The corrections for the UE and detectoHereNconerepresents the number of background cones asso-
effects were applied in the subsequent steps of the analystéated with agivenjetwitrp)iret and ®t,  N&"®isthe number
as discussed in the next paragraphs. of charged particles summed over all cones associated with
Charged particles from the UE constitute a backgroundhe jet in question, and R represents the distance between
that needs to be subtracted from the measured distributioniie centre of a cone and the direction of a given charged
This background dependsp@hand chofthe charged parti- particle. Not shown in Eqs6f and (7) are correction fac-
cle, and the centrality of the collision. The contribution of thetors that were applied to each background cone to correct
UE background was evaluated for each measured jet usingfer the difference in the average UE particle yield at a given
gridof R = 0.4 cones that spanned the full coverage of thep$” between the position of the cone and®! and separate
inner detector. The cones had a bxed distance between thefrrection factors to account for the difference in the elliptic
centres chosen such that the coverage of the inner detect®@w modulation at the position of the UE cone and'®".
was maximised while the cones did not overlap each otheilhe former correction was based on a parameterisation of
To avoid biasing the UE estimate, cones associated with retfie p$" and centrality dependence of charged-particle yields
jets have to be removed. This was done by removing condgs minimum-bias collisions. The latter correction was based
having a charged particle wiqtfrh > 6 GeV or having adis- on a parameterisation of thﬁh and centrality dependence
tance R < 0.4 between its centre and the nearest jet withof elliptic Bow coefbcientsy,, measured by ATLASZ2].
pr > 90 GeV. Since the measurement was not performed with respect to
The resulting UE charged-particle yieldsngf/dp%h or the reaction plane, the impact of the Row correction was at
dnng/ dz, were evaluated over4 pS" < 6 GeV as a func- the level of a few percent of the UE yields. By evaluating
tion of charged-particlgSh, pj'?t’ and ¢t and averaged over the UE yields only from events containing jets included in
all cones according to: the analysis, the background automatically had the correct
distribution of centralities within a given centrality bin.
The UE yields need to be further corrected for the cor-
relation between the actual UE yield in the jet and a Pnite,
centrality-dependent jet energy resolution. Due to the steeply

5 The labels Och® and OjetO are used here to better distinguish the a%lgﬁ-g pr distribution of jets, the smearing due to jet energy

tities connected with charged particles from quantities connected with€solution leads to a net migration of jets from lower to
jets. higher pt values (hereafter referred to as OupfeedingO) such

dngr _ 1 1 NGO peh, plet, Jet)

dpSh ~ Neone pch

: (6)
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thatajetreconstructed with a giveff©corresponds, onaver- dimensional response matrices were created using the truth
age, to a truth jet with lower transverse moment".  and reconstructeqi)’Tet and the truth and reconstructgg”

The upfeeding was observed in the MC simulation to inducéor reconstructed charged particles satisfying the track selec-
a difference between the determined UE yields, as describaibn criteria debned in Seat. The response matrices were
above, and the actual UE contribution to reconstructed jetgreated separately fgp and Pb+Pb data for each centrality
This difference was found to be centrality dependent, and iand rapidity range. The entries in the response matrix were
also exhibited a Weak)J-F"t dependence. That difference was weighted by the tracking efbciency correction. Five iterations
found to result from intrinsic correlations between the UEin the Bayesian unfolding procedure were found sufbcient to
contribution to the yield of particles measured inside the jetleliver a stable result that does not change with increasing
and the Mcpll?t shift, plTet = p_rreCé ptTfuth_ In particular, numbers of iterations for all centrality bins except for the 0B

jets with positive (negative) P!?t were found to have an UE 10% centrality bin where, eight iterations were used. Once
contribution larger (smaller) than jets witkpift 0. Dueto the two-dimensional distributions were unfolded, a projec-

. . et . . . .
the net upfeeding in the falling jet spectrum, the selection of'°" t0 & g“l’_eanT m:]erval was made, and t?? distribution
jets above a given»’Tet threshold causes the UE contribution wa_?hnofrma |sedt bg.“ zirfslgeftlve number o Jetsaf liet
to be larger than that estimated from the procedure described € lragmentation distributions were measured or allets
above. The average fractional mismatch in the estimated U constructeql in the calonmeter,'lncluqllng those jets that
background was found to have a minor dependencp$8n 0 not contain any charged particle wi§" > 1 Gev.

d o and t ith trality by fact ¢ 0D20% The proper normalisation of the measured distributions by
an pJT and 1o vary with centrality by factors o ° the number of jets requires a separate unfolding of the

with respect to the original UE estimates. To correct forthls]et pr spectrum. This was performed by applying a one-

effe_‘ct, rEtuItlgltmatlvihcorrectmn facto_rs, dependint Orclhcen'dimensional Bayesian unfolding, separately in each central-
trallty,u)é P andpy’ (orz) were applied to t-herut’h /dPt" ity and rapidity interval. One or two iterations were found
(ordng./ dz) distributions. These multiplicative factors were

) X ) At to be sufbcient for unfolding jet spectra in various central-
estimated in MC samples as a ratio of UE distributions Ca'ity and rapidity intervals. The unfolded jt spectra were

culated from trgcks within the' area of a jet Whi(,:h 9'0 r‘Otintegrated over a given jgir interval. The result of this inte-
have an associated truth particle and the UE dlstrlbutlonah,mon represents the total number of jets spanning a given

estimated by the cone method. The measured distributiorﬁT interval and was used to normalise the unfolded frag-
were also corrected for the presence of fake tracks by sub . iation distributionspUnolded nr) and Dunfoldeqz) | a5

tracting the fake-track contribution estimated in MC simula-¢,|ows

tions. The corrected UE distributionspigf* 3¢/ d ph and 1

dniE*18k¢/ gz, were then subtracted from measured distribu-D(pr) = N punfoldeq(pr), (10)
tions as follows: et

1
. _ dnUE* fake D(2) = N__tDunfOIded(Z). (11)
Dsub( ch, Et) — Dmea? ch, et)é ch , (8) e
Pr pir T pJT dp%h whereD(pr) andD(2) are the bnal, particle-level corrected
ubr et nea ot dnUEt+fake distributions that are presented in Sétt.
Dz, pf) = D™z pf) S —a 9) The performance of the reconstruction procedure was

tested in MC samples by comparing unfolded distributions to

While the correction for the UE can be large B in the mostruth distributions. Statistically independent MC samples for
central collisions the UE exceeds the signal by more than the response and reconstructed distributions were used. The
factor of ten B the correction for the presence of fake trackiatio of unfolded to truth distributions was found to be con-
is small, typically below 2%. sistent with unity for all the bins used in the measurement.

The UE and fake-track-subtracted measured distributiongi\n independent check of the subtraction of the UE contribu-
Dsuly p%h, piﬁt) and DSUz, pjft), need to be corrected for tion from measured distributions was performed by estimat-
resolution effects. There are two main resolution effectsing the UE charged-particlpt spectra from the minimum-
smearing due to Pnite jet energy resolution and smearingias data sample. After applying centrality reweighting, these
due to Pnite track momentum resolution. The former involvedJE charged-particlgr spectra were found to be consistent
unfolding in p!ret; the latter involves unfolding i<, Since  within statistical uncertainties with UE distributions obtained
the tracks were measured in jets, a two-dimensional unfoldsy the cone method. The performance of the unfolding pro-
ing needs to be used to correct for both of these resoluzedure was further tested in the data by a procedure in which
tion effects simultaneously. The two-dimensional Bayesiamunfolded distributions were folded back using the response
unfolding algorithm B3] from the RooUnfold package8#] ~ matrix. These OrefoldedO distributions were then compared
was used for this purpose. Using the MC samples, fourto original raw distributions. Only differences at sub-percent

123



Eur. Phys. J.C (2017) 77:379 Page 7 0f 29 379

level between the raw distributions and the refolded distribuquality leading to a 5910% enhancement of tracking efp-
tions were found. ciency. The differences in the selection criteria bring signip-

cant differences both in the magnitude andpthdependence

of the tracking efbciency. The track reconstruction uncer-
6 Systematic uncertainties tainty is usually largest systematic uncertainty at low and

intermediatept or z. This uncertainty is typically less than
The following sources of systematic uncertainty were identi4%. Also related to tracking are the uncertainty in the esti-
bed for this measurement: the uncertainties in the jet energyate of fake tracks and the uncertainty due to the parame-
scale (JES) and jet energy resolution (JER), the track recoterisation of tracking efpciencies. Both of these uncertainties
struction efbciency, and the unfolding. The systematic unceiare less than 2%.
tainties were evaluated separately for distributions and their The unfolding procedure is sensitive to the MC model
ratios for each rapidity and centrality selection. and the number of iterations used;. Two variations were

The systematic uncertainty due to the JES has two corimplemented to account for this systematic uncertainty. First,

tributions: thepp JES uncertainty and the heavy-ion JESthe Nix was varied byt 1. Second, the MC response matrix
uncertainty. The impact of the JES uncertainty on the meawas reweighted such that its projection onto the reconstructed
sured distributions was determined by shifting the transversaxis matches the data. The data were then unfolded using

momentum of reconstructed jets as follows: the modiPed response matrix. The differences with respect
to the original unfolded data were taken as the systematic
pr= pr-(1+ U pr, y)), (12) uncertainty. The uncertainty due to unfolding was usually

negligible and typically does not exceed 1%. To determine

whereUEY pr, y) is either thepp JES uncertaintyd0] or  the total systematic uncertainty, the systematic uncertainties
centrality-dependent heavy-ion JES uncertair8g].[ The  from all different sources were added in quadrature.
distributions with shiftedpt were unfolded and compared
to the original distributions. The fractional difference was
used as an estimate of the systematic uncertainty. The size of
the JES uncertainty fob(pr) and D(2) distributions inpp 7 Results
collisions is typically below 2% but can reach 4 and 6% at
high pr andz, respectively. In Pb+Pb collisions, the typical The measurements of the internal structure of jets were per-
size of this uncertainty is the same aspip collisions, but formed differentially in jetpr andy and for two collision
the maximal uncertainty can reach 15% at the larggsor ~ SyStemspp and Pb+Pb. In the case of Pb+Pb collisions, the
z. The JES uncertainty partially cancels in ratios of Pb+PBneasurement was performed in seven bins of centrality, 0B
andppdistributions where a typical JES uncertainty is below10, 10020, 20D30, 30040, 40D50, 50D60, and 60D80%.
1% and the maximal uncertainty is below 10% at hjgh To The measured distributions were evaluated in four dif-
account for systematic uncertainties due to any disagreemef@ent rapidity intervals of the jefy| < 2.1, |y| < 0.3,
between the JER in data and MC simulation, the unfoldind-3 < |yl < 0.8, and 12 < |y| < 2.1. The rapidity inter-
procedure was repeated with a modibed response matrix. TN8! 0f 0.8 < |y| < 1.2 was not considered in the analysis
new matrix was generated by repeating the MC study witfsince the jet shape measurements are degraded in this region
the pr of reconstructed jets smeared by a relative uncertaint§ue to the transition in the detector between the SCT bar-
estimated as a function gfand pr of the jet B0]. The size rel and end-caps. This rapidity interval was also excluded
of the JER uncertainty is usually at the level of 1% but growsTom the measurement in the full rapidity rangg, < 2.1.
at high pr or z, where the maximum is 6%. The distributions were also evaluated in four differentget

The systematic uncertainty due to track reconstruction wakitervals: 100< pr' < 398 GeV, 100< pr' < 126 GeV,
estimated by performing the analysis with three different set§26 < p’Tet < 158 GeV, and 15& p’ft < 398 GeV. These
of selection criteria imposed on tracks, called OlooseO, Ostantervals were chosen to correspond to intervals selected in
dardO, and OtightO. The standard selection criteria were utelmeasurement of the jet nuclear modibcation fadt@r [
as a default in this analysis. The differences in the resulThis should allow the size of the energy lost by a jet, as quan-
obtained using loose and tight criteria with respect to thdibed by the nuclear modibcation factor, to be connected to
result obtained using the standard criteria were used as tlilee respective modibcation of the jet fragmentation.
estimate of the systematic uncertainty. The tight selection cri- The D(pr) andD(z) distributions corrected to the hadron
teriaimposed more stringent requirements on the track qualevel by the unfolding procedure described in Séctare
ity, leading to a 15920% reduction of the tracking efbciencyghown in Figs2 and3, respectively. Different panels show
depending on the tragly, , and centrality. The loose selec- distributions evaluated for different rapidity intervals for jets
tion criteria imposed more relaxed requirements on trackvith 100< pt < 398 GeV. The shaded band represents the
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Fig. 2 Unfolded charged-particle transverse momentum distributionswith different selections in jet rapidity for jets witpr in the interval
D(pr), measured impp collisions and for seven centrality bins mea- of 1000398 GeV. Therror barson the data points indicate statistical
sured in Pb+Pb collisions. THeur panelsshow D(pr) distributions  uncertainties while thehaded bandmdicate systematic uncertainties

total systematic uncertainty, while the error bars represent GeV, areduction in fragmentyields ford pS" < 25GeV,
statistical uncertainties. The distributions exhibit a differenceand an enhancement in the fragment yieldﬁ@?> 25GeV.
in shape between central heavy-ion collisions and periphergihe magnitude of these modibcations decreases for more
heavy-ion collisions or thppreference. To quantify this dif-  peripheral collisions. A similar observation is also made for
ference, the ratios dd(pr) andD(2) distributions measured  the Rp() distributions shown in Fig5. The characteristic
in heavy-ion collisions to those measuredpp collisions  shape of these ratios was also seen in the previous st@fy |
were calculated and terméRb(p) andRp(z), respectively,  where the 60D80% bin was used as a reference. Figures
following the nomenclature introduced in RetJ, and5 show that the difference in the modibcations between
_ different rapidity selections is marginal for fragments with

Roen = D(Pr)lcent D(PT)lpp, h < 25 GeV andz < 0.25, respectively. Only at high¢"

Ro(z) = D(2)|cen! D(2)]pp, (13)  or highz, a small difference is observed B the enhancement
where OcentO represents one of the seven centrality bins. 1S Systematically lower for more forward jets than for jets

The Rp(pr) and Rp(y distributions are shown in Figé, measured in the central rapidity region. o

5, 6 and7. Figure4 shows theRp ) distributions for four ~ Figuresé and7 show theRp pr) andRp(y) distributions,
selections in collision centrality, namely 0D10, 20930, 30gBspectively, both for foup) intervals of jets withy| < 2.1.
40 and 60D80%, and for four rapidity intervals of jets withNO signiPcant differences can be observed among the four
P in the interval of 1000398 GeV. These ratios show arP™" selections.
enhancementin fragmentyield in central coIIisionspi@“r <
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8 Discussion ferences between integrals of the Prst moment ofxfipr)
distributions,PS", were also evaluated,

To quantify the trends seen in the ratios, the differences
between integrals db( pr) distributions measured in heavy- _ ., PT,max .
ion collisions and the integrals @ (pr) distributions mea- Prlcent o (D(P1)lcentS D(pT)lpp) Pr dpr. (15)
sured inpp collisions,N°", were evaluated, '

o These differences represent the total transverse momentum

ch mex & of particles carrying the excess or the depletion observed in
N™|cent or (D(P1)lcentS D(pr)lpp) dpr- (14) Ro(py) distributions.
The result of performing this calculation is shown in F8g.

Three ranges debned by valuesmfmin and pt max were  where the differences between the two integrals are displayed
chosen to match the observationdppr), namely 1D4, 4D as a function of the number of participantéar, calculated
25, and 259100 GeV. Thus three valuelBfwere obtained  using the Glauber model analysis of th£$ca'[22,36,37].
for each centrality bin which represent the number of partiA clear, almost logarithmic, increase of yields of particles
cles carrying: (1) the excess seen in heavy-ion collisions fowith low transverse momenta with increasing centrality is
particles with 1< pt < 4 GeV, (2) a depletion seen for seen. In contrast, the intermediqn%h— region exhibits less
particles with 4< pt < 25 GeV, and (3) the enhancement signibcant modibcations with varying centrality. The yield
seen for particles with 28 pt < 100 GeV. Further, the dif- at high p%h shows a mild increase with increasing central-
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Fig. 4 The ratioRp(p;) of unfoldedD( pr) distributions measured in  (columng with 100 < pr < 398 GeV. Theerror bars on the data

heavy-ion collisions to unfolde®(pr) distributions measured ipp

collisions. TheRp(p;) distributions were evaluated in four different systematic uncertainties
centrality bins fows) and four different selections in jet rapidity of jets

points indicate statistical uncertainties while #teded bandmdicate

ity, however with smaller signipcance. The changes in thd < pS" < 100 GeV. It may be expected that subii"

total transverse momentum follow the trends seeRipy)
distributions. However, for the higpt region, the signib-
cance of the increase in yields is more pronounceRgpr)
distributions than in thé@<" distribution.
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should be identical to zero since the same range opﬁﬁte
was used in Pb+Pb anb collisions. The result of this eval-
uation is presented in the second row of Tablindeed, the
P%h evaluated over the full range of charged-particle trans-
The difference dePned in EdL) can also be evaluated verse momenta is consistent with zero within one standard
over the full range of charged-particle transverse momentajeviation of combined statistical and systematic uncertain-
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Fig. 5 The ratio Rp(z of unfolded D(z) distributions measured in  (column$ with 100 < pr < 398 GeV. Theerror bars on the data

heavy-ion collisions to unfoldeB(z) distributions measured ppcol-
lisions. TheRp(y distributions were evaluated in four different cen- systematic uncertainties

trality bins (ows) and four different selections in jet rapidity of jets

ties. The small residual deviations from zero are likely dueparticles in Pb+Pb anpp collisions since this quantity may
change as a result of the jet quenching. The resulifyis

to the difference in the shape pft spectra betweepp and
Pb+Pb collisions10], which leads to a difference in the mean summarised in the bottom row of Talle
The enhancement of fragmentyields at Ipywor zalready

P between Pb+Pb amp collisions.

points indicate statistical uncertainties while #teded bandmdicate

The total difference in the yield of charged particles canreported in previous analysek3 15| is conbrmed, and it is
also be evaluated by integrating tb¢ pr) distributions over

consistent with a jet quenching interpretation in which the
the full range of charged-particle transverse momenta. In thignergy lost by partons is transferred predominantly to soft
case, one does not expect to see the same yields of chargearticles [L7]. While the enhancement of soft fragments may
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in heavy-ion collisions to unfolde®(pr) distributions measured in

ent centrality binsrows) and four different selections in jgtr of jets

be understood as a direct consequence of the parton enery ) in |y| < 2.1is evaluated and plotted in Fig. At high

loss, the enhancement of fragment yields at hghor z

tistical uncertainties while thehaded bandmdicate systematic uncer-
pp collisions. TheRp(py) distributions were evaluated in four differ- tainties

Z(z
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0.4) the result shows a trend of enhancements in the
is unexpecteddg]. A discussion of this feature in terms of ratio of Rp(;) measured ily| < 0.3to Rp(y in |y| < 2.1

different quenching of quark and gluon jets was recently proand a trend of depletions in the ratio Bb; measured in
vided in Ref. BY]. In order to further study this enhancement1.2 < |y| < 2.1to Rp(y in |y| < 2.1.
the ratio ofRp () distributions in a given rapidity interval to
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Fig. 7 The ratio Rp(z of unfolded D(z) distributions measured in ity bins (fows) and four different selections in jgtr of jets column$
heavy-ion collisions to unfoldeD(z) distributions measured ppcol- with |y] < 2.1. Theerror bars on the data points indicate statistical
lisions. TheRp () distributions were evaluated in four different central- uncertainties while thehaded bandidicate systematic uncertainties

9 Summary ity, and in Pb+Pb as well g collisions at a centre-of-mass
energy of 2.76 TeV per colliding nucleon pair. The Pb+Pb and
This paper presents a measurement of internal structure pp data correspond to integrated luminosities of 0.13™b
jets performed with the ATLAS detector at the LHC. The and 4.0 pB?, respectively. In the case of Pb+Pb collisions,
distributions of charged-particle transverse momentum anthe measurements are performed in bins of collision central-
longitudinal momentum fraction are measured in jets reconity. The distributions measured pp collisions are used as a
structed using the ankir algorithm with R = 0.4. These reference for the distributions measured in Pb+Pb collisions
distributions are measured differentially in jet, jet rapid-  to evaluate the impact of the jet energy loss on the internal
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Fig. 8 (Upper panely The differenceN® between the total yield of ~ suredin Pb+Pb collisions and the total transverse momentum of particles
particles in a giverps” interval (indicated in the legend) measured in measured ipp collisions. The differences were evaluated as a function
Pb+Pb collisions and the total yield of particles in the spfiinterval  of number of participating nucleonblpar. Theerror barson the data
measured ipp collisions. Lower panely The differencePg" between points indicate statistical uncertainties while #eaded bandmdicate

the total transverse momentum of particles in a gigéhinterval mea- ~ SyStematic uncertainties

Table 1 The difference betweepp and Pb+Pb collisions in the total range of charged-particle transverse moments, ]J-(f—h < 100 GeV,
momentum,PTCh, and the total difference in the yield of charged par- and for different values of centrality
ticles betweerpp and Pb+Pb collisionsN¢h, evaluated over the full

Centrality 0D10% 10D20% 20D30% 30D40% 40D50% 50D60% 60D80%
P{" (GeV) 09599 10593 $0.0571 $0.6505 $0.5519 $1.4519 S0.851%
Neh 0.7503 0.9501 0.7501 0.50% 0.4501 02503 0.0501

structure of jets. The measurements cover thejeange of  tudinal momentum fraction measured with respect to the jet
100D398 GeV and use charged particles with> 1 GeV.  axis.
The results are corrected to the hadron level. The centrality dependence of the magnitude of modib-
The ratios of charged-particle transverse momentum diszations was further quantibed by evaluating the differences
tributions measured in Pb+Pb collisions to those measuregetween integrals of charged-particle transverse momentum
in pp exhibit an enhancement in fragment yield in centraldistributions measured in Pb+Pb goglcollisions for these
collisions for 1< p%h < 4 GeV, a reduction in fragment three characteristip%h intervals. Further, the jgbt- andy-
yields for 4< pS" < 25 GeV, and an enhancement in the dependence of the modibcations in the internal structure of
fragment yield forp%h > 25 GeV. The magnitude of these jets was measured. In addition, no signibcant differences in
modiPcations decreases in more peripheral collisions. A sinmodiPcations of the jet structure are observed among differ-
ilar observation is also made for the distributions of longi-ent p!ft selections spanning the interval of 1000398 GeV. No
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