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The ATLAS Detector
• This detector is well-

suited for jet  
measurements. 

• Th is measurement 
uses the calorimeter 
and tracking system. 

• The Pb+Pb data was 
recorded in 2015 and 
had an integrated 
luminosity of 0.49 nb-1. 

• The pp data was also 
recorded in 2015 and 
had an integrated 
luminosity of  25 pb-1.
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Results
• Centrality dependent modifications to the D(pT, r) distributions for Pb+Pb 

collisions are observed. 
‣ Particles with pT < 4 GeV (pT > 4 GeV) in Pb+Pb collisions exhibit 

broadened (narrowed) D(pT, r) distributions compared to pp collisions. 
‣ The D(pT, r) distributions for  

peripheral Pb+Pb collisions 
are similar in shape to the 
pp collisions. 

• The RD(pT, r) distributions increase 
(decrease) for low (high) pT 
particles up to r < 0.3,  
and are constant for 0.3 < r < 0.6. 

• The modifications decrease for  
more peripheral collisions 
and RD(pT, r)  goes towards unity 
for decreasing centrality across  
the r < 0.6 range. 

• In the 0.1 < r < 0.3 range, 
RD(pT, r) increases with increasing 
pTjet for low pT  particles, with no  
significant pTjet dependence seen  
for high pT particles. 

• These results are consistent with fragmentation function measurements  
from Ref. [10]. 
‣ The RD(pT) distributions (for particles within the jet cone) for tracks with 

pT > 4 GeV are shown at the bottom right
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Observables
• The charged particle transverse momentum distribution in and around a jet at 

a distance r, normalized by the number jets and area of the annulus under 
investigation is measured as [9]: 

‣ This quantity can be integrated over the jet cone to give D(pT), as defined in 
[10]. 

• Comparison between Pb+Pb and pp collisions is given as:

r = R
(jet cone)

r < R
(In cone)

r > R
(Outside cone)

D(pT, r) = 1
Njet

1
2⇡r

d2nch(r)

drdpT

D(pT) = 1
Njet

dnch(r)

dpT

RD(pT,r) = D(pT,r)Pb+Pb

D(pT,r)pp
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Systematic Uncertainties
• Systematic uncertainties: 

‣ jet energy scale (2-4%) 
‣ jet energy resolution (3-5%) 
‣ underlying event (0-15%) 
‣ tracking (2-4%) 
‣ unfolding (5-7%) 
‣ MC non-closure (1-2%) 

• UE uncertainty dominates at large r 
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Summary of the systematic uncertainties for the  
 RD(pT, r) distributions for tracks with 1.6 < pT < 2.5 GeV, 

in jets with 126 < pTjet < 158 GeV.
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Figure 8: Centrality dependence of the ratios of D(pT) in Pb+Pb collisions to those in pp collisions for pjet
T of 126

to 158 GeV. The statistical uncertainties are shown as bars and the systematic uncertainties are shown as shaded
areas.

in pp collisions is observed. In the most central collisions, this modification has no significant jet trans-
verse momentum dependence over the kinematic range accessible in the measurement. The RD(z) values
are found to be consistent with those previously measured at psNN = 2.76 TeV in the pjet

T and z intervals
common between the two measurements. The ratios of fragmentation functions evaluated in Pb+Pb col-
lisions to those in pp collisions exhibit a suppression of fragments with z less than 0.2 and enhancement
for charged particles with z > 0.3. The size of the suppression at intermediate z is approximately 15%
and the enhancement at the high z reaches up to 20% in the most central collisions. These measurements
are important for constraining models of jet quenching in heavy ion collisions at the LHC.
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for 126 < pTjet < 158 GeV as measured in Ref. [9].

RD(pT, r) distributions as a function of r for 0-10%  
central collisions, for 200 < pTjet < 251 GeV as 

measured in Ref. [9]

Analysis cuts and corrections
• Analysis cuts: 

‣ jets: R = 0.4, |y| < 1.3,  100 < pTjet < 400 GeV 
‣ charged particles: |η| < 2.5, 1.6 < pT < 63 GeV, within r < 0.6 of jet axis 

• Corrections: 
‣ efficiency corrections (η, pT) 
‣ underlying event subtraction 
‣ two dimensional Bayesian Unfolding (in jet and track pT) 
‣ jet position resolution correction - Bin by bin unfolding
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Left: RD(pT, r) for low pT (closed points) and high  
 pT (open points) particles, for different 

 pTjet selections as measured in Ref. [9].

Measurement of angular and momentum 
distributions of charged particles within 

and around jets in Pb+Pb and pp collisions 
at 5.02 TeV with ATLAS at the LHC

Motivation
• The Quark Gluon Plasma (QGP) created in Pb+Pb collisions can be probed 

with jets. 
• Inclusive jet production rates are modified in central Pb+Pb collisions 

compared to pp collisions [2-4]. 
• Di-jet and photon-jet pairs have unbalanced transverse momentum [5-8]. 

‣ Energy of the parton showering process migrates out of the jet cone. 
• This measurement determines the radial distribution of transverse momentum 

inside and around the jet cone.

D(pT, r) = 1
Njet

1
2⇡r

d2nch(r)

drdpT

D(pT) = 1
Njet

dnch(r)

dpT

RD(pT,r) = D(pT,r)Pb+Pb

D(pT,r)pp
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RD(pT, r) distributions as a function of r for low and high 
pT tracks, for different centrality selections, for 
200 < pTjet < 251 GeV, as measured in Ref. [9].

Comparing the charged particle distributions before and after UE subtraction as a function  
of r for 126 < pTjet < 158 GeV, in central (left) and peripheral (right) collisions [9].

The RD(pT) distribution as a function of pT, as measured 
in Ref. [10] for jets in the  

 126 - 158 GeV pTjet range
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Figure 8: Centrality dependence of the ratios of D(pT) in Pb+Pb collisions to those in pp collisions for pjet
T of 126

to 158 GeV. The statistical uncertainties are shown as bars and the systematic uncertainties are shown as shaded
areas.

in pp collisions is observed. In the most central collisions, this modification has no significant jet trans-
verse momentum dependence over the kinematic range accessible in the measurement. The RD(z) values
are found to be consistent with those previously measured at psNN = 2.76 TeV in the pjet

T and z intervals
common between the two measurements. The ratios of fragmentation functions evaluated in Pb+Pb col-
lisions to those in pp collisions exhibit a suppression of fragments with z less than 0.2 and enhancement
for charged particles with z > 0.3. The size of the suppression at intermediate z is approximately 15%
and the enhancement at the high z reaches up to 20% in the most central collisions. These measurements
are important for constraining models of jet quenching in heavy ion collisions at the LHC.
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Observables
• Density of charged particles in an annulus at a distance r from the jet 

axis, per unit area per jet


• Reported as a function of track pT, centrality, and r

!2

ATLAS DRAFT

1 Introduction16

Ultra-relativistic nuclear collisions at the Large Hadron Collider (LHC) produce hot, dense matter called17

the quark-gluon plasma, QGP (see Refs. [1, 2] for recent reviews). Hard-scattering processes occurring in18

these collisions produce jets which traverse and interact with the QGP. The comparison between the rates19

and the characteristics of these jets when produced in heavy-ion or pp collisions provides information on20

the properties of the QGP.21

Jets with large transverse momenta are observed to be producted in central lead-lead (Pb+Pb) collisions22

at the LHC at a rate that is reduced by a factor of two with respect to the expectation from these cross23

sections measured in pp interactions, re-scaled by the nuclear overlap function of Pb+Pb collisions [3–5].24

Similarly, back-to-back dijet [6–8] and photon-jet pairs [9] are observed to have unbalanced transverse25

momenta in Pb+Pb collisions compared to pp collisions. These observations suggest that some of the26

energy from the hard-scattered parton is transferred outside of the jet through its interaction with the27

QGP.28

Also of interest are measurements sensitive to the distributions of particles within the jet. Measurements29

of the jet shape [10] and the longitudinal fragmentation functions [11–13] were performed in 2.76 TeV30

Pb+Pb collisions. These measurements show an excess of both low and high momentum particles inside31

the jet compared to pp collisions. Particles carrying a large fraction of the jet momentum are generally32

closely aligned with the jet axis, whereas low momentum particles can have a much broader angular33

distribution extending outside the jet [14, 15]. Fragmentation function measurements have shown that34

particles with transverse momentum, pT, less than 4 GeV are enhanced in Pb+Pb collisions compared35

to pp collisions [13]. These observations suggest that the energy lost by jets through the jet-quenching36

process is being transferred to soft particles within and around the jet [16, 17]. Measurements of yields37

of these particles as a function of transverse momentum and distance between the particle and the jet axis38

have a potential to constrain the models of jet energy loss processes in Pb+Pb collisions.39

This note presents a measurement of charged particle pT distributions inside and around jets. The measured40

yields are defined as1:41

D(pT, r) =
1

Njet

1
2⇡r

d2nch(r)
drdpT

, (1)

where Njet is the total number of jets; 2⇡rdr is the area of the annulus at a given distance r from the jet42

axis, where r =
p
�⌘2 + ��2 (�⌘ and �� are the relative di�erences between the charged particle and43

the jet axis, in pseudorapidity and azimuth respectively) and dr is the width of the annulus; nch(r) is the44

number of charged particles within a given annulus. The ratios of the charged-particle yields measured in45

Pb+Pb and pp collisions,46

RD(pT,r ) =
D(pT, r)Pb+Pb

D(pT, r)pp
(2)

allow evaluating the di�erences between the two yields.47

1 ATLAS 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, �) are used the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2). Transverse momentum and transverse energy are defined as
pT = p sin ✓ and ET = E sin ✓, respectively. �R =

q
(�⌘)2 + (��)2 gives the angular distance between two objects with

relative di�erences �⌘ and �� in pseudorapidity and azimuth respectively.
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Underlying Event
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• Estimated using data driven 
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• Strongly dependent on pT and 
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Results: D(pT, r) and RD(pT, r) 
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Results: pTjet dependence
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Figure 23: Di�erence between Pb+Pb collisions and pp collisions in the total yield of charged particles, Nch |cent,
(left) and di�erence in the total transverse momentum carried by charged particles, Pch

T |cent, (right) for particles with
pT from 1 < pT < 4.2 GeV evaluated as a function of pjet

T for six centrality intervals. The vertical bars on the data
points indicate statistical uncertainties while the boxes indicate systematic uncertainties.
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High pT (6.3 - 10.0 GeV): No pTjet dependence
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Figure 23: Di�erence between Pb+Pb collisions and pp collisions in the total yield of charged particles, Nch |cent,
(left) and di�erence in the total transverse momentum carried by charged particles, Pch

T |cent, (right) for particles with
pT from 1 < pT < 4.2 GeV evaluated as a function of pjet

T for six centrality intervals. The vertical bars on the data
points indicate statistical uncertainties while the boxes indicate systematic uncertainties.
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Figure 23: Di�erence between Pb+Pb collisions and pp collisions in the total yield of charged particles, Nch |cent,
(left) and di�erence in the total transverse momentum carried by charged particles, Pch

T |cent, (right) for particles with
pT from 1 < pT < 4.2 GeV evaluated as a function of pjet

T for six centrality intervals. The vertical bars on the data
points indicate statistical uncertainties while the boxes indicate systematic uncertainties.
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More information on the differential distributions of charged particles in jets


