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Abstract

An overview of the most recent results on jet quenching physics obtained using PbPb collision data
collected with the ATLAS and the CMS experiments at /s =2.76 TeV will be presented. These
measurements make use of many different observables, including momentum imbalance of dijet and
photon-jet events, nuclear modification factors R 44 and Rcp, as well as jet fragmentation functions,
jet shapes, and flavor dependence of jet quenching. The measurements in PbPb collisions will be
compared to those obtained from pp collisions at the same center-of-mass energy. The effects of
the parton energy loss in the hot and dense medium probed with the different observables will be

discussed.
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Abstract. An overview of the most recent results on jet quenching physics olotaisiag
PbPb collision data collected with the ATLAS and the CMS experimentgsgy =2.76
TeV will be presented. These measurements make use of mfiayedi observables,
including momentum imbalance of dijet and photon-jet events, nucleaificaithn fac-
torsRaa andRcp, as well as jet fragmentation functions, jet shapes, and the flavondepe
dence of jet quenching. The measurements in PbPb collisions will beareohfo those
obtained from pp collisions at the same center-of-mass energy. fideseof the parton
energy loss in the hot and dense medium probed with tfierdnt observables will be
discussed.

1 Introduction

Heavy ion collisions at the Large Hadron Collider (LHC) allene to study the phases of nuclear
matter predicted by the theory of the strong interactionrua Chromodynamics (QCD) [1, 2]. Jets
associated with the hard scattering of partons are a polyadbe of the hot, dense matter created
in heavy-ion collisions. This medium is commonly referredas a Quark-Gluon Plasma (QGP). The
partons lose energy while traversing the medium via elgsticesses (collisional parton energy loss)
or inelastic processes (radiative parton energy loss)ABRHIC, indirect measurements of energy
loss in the medium (“jet quenching”) have been made by shgligh momentum jet fragmentation
products [4, 5]. More recently, the ATLAS [6] and the Compisiecton Solenoid (CMS) [7] detectors
have been used to study for parton energy loss in the quadaglasma with leading particle and
jet coincidence measurements. The ATLAS and the CMS deteate general purpose particle ex-
periments operating at the LHC. These detectors are buik teensitive to a wide-variety of physics
processes, and are well suited for the study of heavy-idisimris. We present some selected mea-
surements related to parton energy loss in PbPb collisicenaacleon-nucleon center-of-mass energy
of /S, =2.76 TeV collected in 2010 and 2011 using the ATLAS and CM&dets.

2 Experimental Techniques

The heavy-ion analyses at ATLAS and CMS share some commaariexgntal methods. In these
measurements it is common to first perform a measurementvwhermedium is present, and then
to make the same measurement in pp or pp-like collisionsfiaatly compare to study the medium-
induced modifications. For this comparison, a pp refereate (ht the same center-of-mass energy)
was collected at the LHC.
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The capabilities of the ATLAS and CMS detector allow us toeistigate various hard probes,
using excellent tracking, calorimetric, and muon systerngkvcover a large range in pseudorapidity.
All of these detectors have ficient granularity and resolution to function well even ie thighest
multiplicities encountered in PbPb collisions.

It is also important to note that heavy ions are extendedctdjeso the impact parameter is an
important characterization of the events. The centralithe collisions is defined as a fraction of the
total nucleus-nucleus inelastic cross section, with 0%tirg the most central collisions with impact
parameter 0, and 100% - the most peripheral collisions. dedlanalyses, centrality was determined
from minimum bias events based on the total energy from bmth&rd hadronic calorimeters [8, 9].
The more frequent peripheral events with a large impactperar produce very few particles, while
the central ones with a small impact parameter produce mamg particles because of the increased
number of nucleon-nucleon interactions.

3 Results

In contrast to pp collisions, a large fraction of imbalandgdt transverse momentum has been ob-
served in PbPb collisions a{/s, = 2.76 TeV. This observation was first reported by ATLAS [8]
using a data sample corresponding to an integrated luntynoiil.7 b=, where the dijet momen-

tum balance has been quantified iffelient centrality bins using an asymmetry ratip= :1;:2
whereEr, is the transverse energy of the leading jet and required #rpe 100 GeV, ancEr, is the
transverse energy of the subleading jet in the oppositedmrare withEr, > 25 GeV. In Fig. 1 the
top panel shows that the dijet asymmetry in peripheral Phhts is similar to that in both pp and
simulated events. However, as the events become more lcéhér&@bPb data distributions develop
different characteristics, indicating an increased rate dfifrigsymmetric dijet events. In the bottom
panel, the azimuthal-angle between the dijet events anersfor different centrality classes. It is
clear that the leading and subleading jets are primarilktadack in all centrality bins. However, a
systematic increase is observed in the rate of second jetigatangles relative to the recoil direction
as the events become more central. This is due to the jetehimgndtect which can cause some jets
to become lower irpr than jets from a second hard scattering. This can result asaaciation of a
leading jet to a jet from a dierent hard scattering instead of the proper rebound jetxpsated, this
effect is quite visible in data where the mediuffeet is present.

In a more detailed study of the parton energy loss mechar®mCMS has investigated the
redistribution of the quenched jet energy using the trarsg&venomentum balance of charged tracks
projected onto the direction of the leading jet axis, defimad'r = —piT COS (i — PLeading Je), Where

the sum is evaluated over all tracks wjgh > 0.5 GeVfc and|y| < 2.I4. The results were then averaged
over the event ensemble to obta'pi). No explicit background subtraction is applied in this noeth
as the heavy-ion underlying event is not expected to givet gpeontribution along the leading jet
axis. Fig. 2 (left) show$pi) as a function ofA; for the most central PbPb collisions (0-30% ). Even
for events with a very unbalanced dijet (la§gvalues), the total summed projected momentum of all
the included tracks (solid circles) is close to zero. Thed bands (with vertical bars for statistical
uncertainties) show the summed momentum for tracks réstrto specifigpr ranges. The sum for
tracks withpr > 8 GeVjc is strongly negative, indicating that they carry excessneratum in the
direction of the leading jet. This negative excess is baddray the almost equally strong positive
contribution of tracks in the 0.5 Gé¥/regions. Tracks in the intermediate range; Br < 8 GeVc,
also tend to carry excess momentum in the direction of thieadmg jet, but to a lesser degree. The
main conclusion here is that a large fraction of the momeritalance of the jets in unbalanced events
is carried by lowpt particles at large radial distance to the jet axis [9].
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Figure 1. (top) Dijet asymmetry distributions for data (points) and unquenchedytiea simulation with su-
perimposed PYTHIA pp dijets (solid yellow histograms), as a function distan centrality (left to right from
peripheral to central events). Proton-proton data frq®&,, =7 TeV, analyzed with the same jet selection, is
shown as open circles. (bottom) Distribution/af, the azimuthal angle between the two jets, for data and heavy
ion simulation, also as a function of centrality.
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Figure 2. (Left) Average missing transverse momentL(tpq,), for tracks withpr > 0.5 GeVc, projected onto

the leading jet axis (solid circles). Tkjp% values are shown as a function of dijet asymmetry for the 30% most
central events. (Middle) Th(ep% values as a function d&; inside AR < 0.8) one of the leading or subleading
jet cones. (RightXpﬂ) outside AR > 0.8) the leading and subleading jet cones. For the solid circles, vertical
bars and brackets represent the statistical and systematic uncertagsjiestively. Colored bands, with vertical
bars for statistical uncertainties, show the contributioﬂdﬁc} for five ranges of traclpr .
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While studies using dijets benefit from the large dijet prdalurccross section, the energy loss of
both partons makes the determination of the amount of erllesgjipy each parton morefidicult. Cor-
relations between isolated photons and jets have beeng®dpo the literature as the “golden chan-
nel” to study jet energy loss. This is because the photoingthe kinematic information of the hard
scattering since it is not expected to interact with the mediln addition, the energy resolution for
photons is better, making the photon an ideal object agaimish to compare the jet. In order to quan-
tify any angular broadening, the PbPb data were compareadttodp data and a PYTHIAHYDJET
reference which included théfect of the underlying PbPb event but no parton energy lossilaito
dijet events, no angular broadening was observed beyondeka in the pp data and MC reference
at all centralities. Further details about the first measerg of isolated-photofjet correlations in
VS = 2.76 TeV pp and PbPb collisions with CMS can be found elsesv[il].

Energy loss of the parent partons in the medium may reducsupptress” the production of jets
at a given transverse momentum. Such energy loss is expecisdease with medium temperature
and with increasing path length of the parton in the mediuf}.[As a result, there should be more
suppression in “central” RkPb collisions, which have nearly complete overlap betwheriricident
nuclei, and little or no suppression in “peripheral” catiiss where the nuclei barely overlap. The
jet suppression may be quantified using the central-tgperal ratioRcp, the ratio of the per-event
jet yields divided by the number of nucleon-nucleon caiis in a given centrality bin to the same

1 1 dN

quantity in a peripheral centrality bin formulated Rgp = —llet fPr

i ot O o
Neoll Nent dpr Iso-go%

age number of nucleon-nucleon collisions occurring in ggam (AA) collisions, calculated with
a Glauber model with a detailed description of the nucledlistan geometry. This measurement
was performed by both ATLAS and the CMS experiments. An utifigi procedure is also applied
to account for the féects of detector resolution. The reconstruckgdspectrum in each centrality
bin is unfolded to the particle level, taking into accourg thigration between bins that arises due
to experimental jet energy resolution. Results are showrhi® ATLAS experiment [12] in Fig. 3.
This figure shows the unfolddglp values obtained for R0.2 and R=0.4 jets (reconstructed with the
antikr algorithm) as a function of the jgir in four bins of collision centrality. Th&cp values for
all centralities and for both jet radii are observed to haveest a weak variation witlpy. For the
0-10% centrality bin th&-p values for both jet radii show a factor of about two suppr@asén the
1/Ncoll-scaled jet yield. For more peripheral collisiofgp increases at all jgbr relative to central
collisions, with theRcp values reaching 0.9 for the 50-60% centrality bin.

Another interesting analysis is a measurement of the jedfldependence of the jet quenching,
which is expected to depend on the flavor of the initial par®luon jets are expected to be quenched
more strongly than light quark jets due to the larger colatdafor gluon emission from gluons
than from quarks. On the other hand, jets initiated by heawgrks, particularly bottom quarks, are
expected to radiate less than light ones. To measure thmuflalependence, the CMS collaboration
has applied a b-jet identification algorithm for the firsteiin heavy ion collisions to perform such a
measurement [13]. The purity of b-jet tagging is determifnech template fits to the secondary vertex
invariant mass distribution, and théieiency of the secondary vertex tagging is estimated in a data
driven technique. The fraction of b-jet among inclusives jst measured as a function of transverse
momentum after purity andfféciency corrections. The fraction of b-jets in pp and PbPlisiohs
are comparable, with npr dependence, indicating that b-quark jets are quenchethsitoithe light
quark jets, i.e. th®apa value is~ 0.5. These measurements have significant statistical tanues at
present. The addition of more statistics, along with a moeeipe calibration of taggingiéciencies
and fit template shapes, may lead to significant improvememiecision in the future.

A differential measurement has been performed to testlibet® of the medium using a jet shape
observable at the CMS experiment. The jet shapes are aigensiil for the characterization of the

|cent
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Figure 3. UnfoldedR:p values as a function of jgtr for R = 0.2 (left) and R= 0.4 (right) antiky jets in four bins

of collision centrality. The error bars indicate statistical errors from theldimg, and the shaded boxes indicate
unfolding regularization systematic errors that are partially correlategees points. The solid lines indicate
systematic errors that are fully correlated between all points. The meilzevidth of the systematic error band
is chosen for presentation purposes only. Dotted lines indRate= 0.5, and the dashed lines on the top panels
indicateRcp = 1.

parton-medium interactions by utilizing the energy flowidiesthe jet. Predictions have been made
that the jet shapes will become wider due to quenchiferes [14]. We present the first experimental
test of this prediction. For this measurement, jets arengicocted using the anki-jet clustering
algorithm [15], with a resolution parametereB.3 for both PbPb and pp collisions at 2.76 TeV. Indi-
vidually calibrated particle candidates are used as inpuitge jet clustering algorithm. These particle
candidates are reconstructed using the CMS patrticle flowdBrithm [16]. The jet shape is defined
as the average fraction of the jet transverse momentummiétitione of a given sizearound the jet
axis. The jet shapes can be studied by using an integratedifiegential distribution. The shapes are
defined as the average fraction of the transverse momentatained inside an annulus of an inner
radiusr, = r — 6r/2 and an outer radiug, = r + 6r/2 as specified in the following equation

Pr.i
(r) — ira<ri<rb
P or X Pri

ri<R

: 1)

wheredr is used as the annulus size, which is 0.05. The sums run ogaetonstructed particles,
with the distance; = /(i — nj«)? + (¢i — ¢je)? relative to the jet axis described by, ¢je, andR.




| | I R R R T T I T A R R | | =
[ MS Preliminary ] -@ PbPb {5=2.76 TeV] . jot
ke T" dt=1250up @— -C-ppreference  |@ Ak PF,R=031 o pl'>100 Gevic )
E E E Py >1 GeVies |7]|J”I <2
_— —-— —- 1
=
. . 1 = 1 - I
E —— E —g— E —— 3 ==
i ® 8- == ] e =
i == .= = = o g
10 Ed E3 E3 E
2; } } - - +—H | } i+ } +—H
2 50-100% 30-50% 10-30% 0-10%
g
g
8 450 1 ] 1 ]
s 1.
= 18— cen Y g e L g P— .=
= B = [ P, e s
£
_0.5F . ] ] ]
=
a ]
0 ! I e e e 1T L Ll
0 01 0.2 0.9 01 _ 02 0.2 01 02 0.3 01 _ 02 0.3
radius (r) radius (r) radius (r) radius (r)

Figure 4. Differential jet shapes in PbPb and pp collisions are presentedfferetit centrality bins fop‘Te‘ >
100 GeV with trackpr > 1 GeV are shown in the top panels. Results from data are shown as blatkbile
the open circles show the reference pp. In the bottom row, the ratio otk &nd pp jet shapes is shown. The
blue band shows the total systematic uncertainty while the error bars intliesgtatistical errors.

A small cone size (R0.3) was used for the jet reconstruction in order to supgresanderlying-
event contribution in the high multiplicity PbPb environmieAll charged particles that passa >
1 GeVc threshold are used to reconstruct jet shapes. Corredioribe tracking in€iciency are
applied. The hot-and-dense medium is expected to modifyesured jet shape in two ways. First, the
partons that fragment into jets interact with the mediuraatiy. Secondly, the soft particle production
from the underlying event adds many extra particles to thepedominantly at low momentum.
This latter éfect produces a background that must be subtracted. In avdashtract the heavy-
ion background, an-reflection technique [17] was used. In order to understaedriedium-parton
interactions we compare the PbPb jet shapes results witle thbtained from a pp reference. For
a direct comparison between pp and PbPb collisions, the gatentum resolution deterioration in
PbPb events is taken into account. For this purpose, thas&catedpr of every jet in the pp data is
smeared by the quadratidi@dirence of the jet energy resolution obtained in PbPb andipprdsulting
jet pr spectrum is compared to the spectra in PbPb collisiondk&rdint centrality to determinefz -
dependent weight, which is applied on a jet-by-jet basishi@ia reference jet-shape distributions.
This process is needed to ensure that the comparison isffoegawtor éects and that the kinematic
range of the jets included in the comparison is the same.

The measured fferential jet shapes for PbPb and pp reference data are tedsariig. 4 for
different centrality bins, ranging from most-peripheral (318%) to most central (0-10%). The
bottom panel shows the ratio of the PbPb jet shapes to thbagies for a pp reference obtained for
the respective selections. Deviations from unity indicatadification of jet structure in the nuclear
medium. We note that the jet shape spectra are normalizedity LAs a result, an excess at one
distancer from the jet axis has to be compensated by a depletion in anoggion. In all centrality
classes, the ratios have a concave shape, which is moreysroem in the more central collisions.
In central collisions (10-30% and 0-10%), an excess at laadisr > 0.2 emerges, indicating a
moderate broadening of the jets in the medium. This resatinsistent with previous studies in CMS
which find that the energy that the jets lose in the mediumdistebuted at large distances from the
jet axis outside the jet cone [9].

In another diferential CMS measurement the fragmentation functionsnpefas the distribution
of the fraction of the jet momentum carried by tracks ofefient pr, are determined [17]. The
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Figure 5. The top row shows the jet fragmentation functions in PbPb in bins of incgeaentrality, overlaid
with pp. Jets are required to hape above 100 Ge)¢, and tracks to havpr above 1 GeYe. The PbPb data is
shown in the top row in four increasing centrality bins from left to right. Th&dm row shows the ratio of each
PbPb fragmentation function to its pp reference.

track
fragmentation function is formulated with defined ag = In% 2= pi”)? WherepltlraCk is the momentum

component of the track along the jet axis, an?{ﬁ is the transverse momentum of the reconstructed
jet, respectively. The event selection and analysis pragedre the same as in inclusive jet shapes
analysis. In order to quantify the medium-relatdteets, the results are compared to the references
based on pp data. The upper panel of Fig. 5 shows the recotestifiutagmentation functions in pp and
PbPb data. The bottom panel shows that the modification dfaélgenentation function of jets grows
with the collision centrality. In the 50-100% bin, the ratbPbPbpp is flat at unity which means
no modification. However, an excess in highs observed for more central events. This implies that
for central collisions the spectrum of particles in a jet hasenhanced contribution of soft particles
compared to one from pp collisions.

4 Conclusion

The ATLAS and CMS collaborations have performed many irgiing measurements in PbPb colli-
sions. All these measurements in PbPb collisions are piesdemd compared with observations in
2.76 TeV pp collisions to probe for distortions from energgd in the hot and dense medium. In
summary, the fraction of dijets in which the momentum of thading and subleading jets are sig-
nificantly unbalanced rises dramatically for more centtaPP collisions, consistent with significant
quenching of hard partons. A large fraction of the momentumssing” from the lower energy jet
is carried by lowpr particles at relatively large angles with respect to theajés. The photon-jet
correlation studies support the dijet quenching picturéher. Measurement of b-jets shows that the
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heavy quark jets are quenched similar to light quark jetsh wo strong dependence on jet. A
clear centrality dependent modification of the inclusiieg¢es, shapes and fragmentation function in
PbPb collisions is now revealed. Since many of these obisiexvaave low correlation to one-another
they serve as useful independent confirmations of the qirgehoperties, and indicate a consistent
view of the hot and dense medium.
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