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Results I Will Focus on

Jet Mass measurements in p-Pb and Pb-Pb

Is there a shift of measured jet masses due to 
hot QCD medium effects?

Jet shape measurement in pp and Pb-Pb

How are the cores of jets modified in the 
medium?

!0-hadron correlations pp and Pb-Pb

How is the jet fragmentation modified by 
the medium
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!0-hadron correlations 
pp and PbPb

ALICE Collaboration, J. Adam et al.,  
Phys. Lett., B 763, (2016) 238 
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!0-hadron Correlations

We measure:
pp & Pb-Pb 2.76 TeV

8 < ptrig < 16 GeV/c 
0.5 < passoc < 10 GeV/c 
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Fig. 12: Comparison of �0 peak yield (expressed as a spectrum, left) and peak significance (right)

with different cluster shape cuts.

Min Max

��0 -0.7 0.7
p�0T 5 GeV/c 22 GeV/c
�20 0.1 0.5

A⌘
���E1�E2E1+E2

��� 0.0 1.0

Eclus 1.5 GeV -
��� 17 mRad -

Table 6: Final Pion Identification Cuts

3 � Selection

4 Correlation function

After the selection of �0 and � trigger candidates, and the efficiency correction for the asso-
ciated tracks, the trigger particles were correlated with the associated hadron tracks . The
correlation of the trigger and associated tracks is expressed by their � and � difference,
��tr�gger�h�dron and ��tr�gger�h�dron. The raw associated per-trigger yield is expressed as:

Y(��,��) =
1

Ntr�g.

d2Ntr�g.�h

d��d��
(4)

4.1 Correction of finite pair efficiency with mixed events

5 Things to be checked

– should we do an upper Eg energy cut? -

– what ranges exactly should we cut on shower shape parameter -

– does it make sense to test also v1 clusterizer -

Figure 2.5: The momentum fraction recorered at a certain � angles off the
main jet axis
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p
sNN =2.76TeV

R� = N�
�nc�./N

�
dec�y (2.5)

N�
d�rect = N�

�nc�.(1 � 1/R�) (2.6)

�AA(zT) =
Y(zT)A�+A�

Y(zT)p+p
(2.7)

Y(��,��) =
1

Ntr�g.

d2N��h

d��d��
(2.8)

C(��,��) =
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Ntr�g.

d2N��h
s�me/d��d��

d2N��h
m�� /d��d��

· � (2.9)
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Fig. 2. Charged-particle associated yields relative to π0 trigger particles versus "ϕ in pp collisions at √sNN = 2.76 TeV. The π0 trigger momentum range is 8 < ptrig
T <

16 GeV/c, and associated charged particle ranges are 0.5 < passoc
T < 1, 1 < passoc

T < 2, 2 < passoc
T < 4 and 4 < passoc

T < 6 GeV/c. The bars represent statistical uncertainties, the 
boxes uncorrelated systematic uncertainties. Dashed lines correspond to the estimated background using the ZYAM procedure described in the text. The range of the vertical 
axis is adjusted for each panel, and “zero” is not shown in all cases.

Fig. 3. Charged-particle associated yields relative to π0 trigger particles versus "ϕ in 0–10% most central Pb–Pb collisions at √sNN = 2.76 TeV. See caption of Fig. 2 for more 
information.

volve an interplay of various contributions, such as kT broadening, 
medium-excitation, as well as fragments from radiated gluons [53,
61,74–76]. The enhancement on the near side, first observed and 
discussed in Ref. [40], may also be related to the hot medium, 
inducing a change of the fragmentation function or the quark-to-
gluon jet ratio.

The observation of IAA > 1 at low pT is consistent with the 
measured enhancement of low-pT particles from jet fragmenta-
tion in Pb–Pb relative to pp [48,49]. At RHIC in Au–Au collisions 
at 200 GeV for a similar range of ptrig

T as used in the present 
measurement, IAA on the away side was found to reach at most 
2–3 [35], neglecting v3 and higher orders harmonics in the back-
ground subtraction, while on the near side no significant enhance-
ment was reported.

In Fig. 5 the data are compared to calculations using the 
JEWEL [60] and AMPT [61] event generators, as well as pQCD cal-
culation [62]. JEWEL [60] addresses the parton–medium interaction 
by giving a microscopic description of the transport coefficient, 
q̂, which essentially defines the average energy loss per unit dis-
tance. Hard scatters are generated according to Glauber collision 
geometry, and partons suffer from elastic and radiative energy loss 
in the medium, including a Monte Carlo implementation of LPM 
interference effects. The JEWEL calculation includes the so called 
“recoil hadrons”, which are produced by fragmenting medium par-
tons that interacted with the propagating hard parton. AMPT [77]
uses initial conditions of HIJING, followed by parton and hadron 
cascades with elastic scatterings for final-state interaction. String 
melting with a parton interaction cross section of 1.5 mb and 
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ALICE Collaboration, J. Adam et al.,  
Phys. Lett., B 763, (2016) 238 
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Fig. 4. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data from our previous measurement using di-hadron correlations [40] are slightly displaced for better visibility. The bars represent statistical and the 
boxes systematic uncertainties.

Fig. 5. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data are compared to model calculations [60–62] as explained in the text. The bars represent and the boxes systematic uncertainties.

parton recombination for hadronization is used with parameters 
from Ref. [78]. The pQCD calculation [62] is performed at next-to-
leading order (NLO). It uses nuclear parton distribution functions 
for initial-state cold nuclear matter effects, and a phenomeno-
logical model for medium-modified fragmentation functions. The 
evolution of bulk medium is done with a 3 + 1 dimensional ideal 
hydrodynamic model, and the value q̂ is consistent with that of 
the JET collaboration, which was extracted using experimental 
data [79]. The prediction for IAA is only available for the away side, 
and done following Ref. [80].

All calculations are able to qualitatively describe the suppres-
sion of IAA at high passoc

T on the away side, further corroborating 
the idea that the suppression is caused by parton energy loss in 
hot matter. JEWEL and the pQCD calculation do not exhibit an 
increase at low pT, while AMPT quantitatively describes the en-
hancement at the near (except at lowest passoc

T ) and away side. In 
AMPT the low-passoc

T enhancement is attributed to the increase of 
soft particles as a result of the jet-medium interactions. However, 
in particular on the near side for passoc

T > 5 GeV/c AMPT predicts 
a strong suppression of IAA down to about 0.6, which clearly is 
not seen in the data. Also on the away side AMPT tends to under-
predict the IAA for passoc

T > 5 GeV/c. Both defects, which may be 
related to the fact that AMPT was found to overpredict the single-
particle suppression in central Pb–Pb collisions [81], indicate that 
the description implemented in AMPT is not complete.

5. Summary

Two-particle correlations with neutral pions of transverse mo-
menta 8 < ptrig

T < 16 GeV/c as trigger and charged hadrons of 
0.5 < passoc

T < 10 GeV/c as associated particles versus azimuthal 

angle difference "ϕ at midrapidity in pp (Fig. 2) and central 
Pb–Pb (Fig. 3) collisions at √sNN = 2.76 TeV have been measured. 
The per-trigger yields have been extracted for |"ϕ| < 0.7 on the 
near and for |"ϕ−π | < 1.1 on the away side, after subtracting the 
contributions of the flow harmonics, v2 up to v5 (Fig. 3). The per-
trigger yield modification factor, IAA, quantified as the ratio of per-
trigger yields in Pb–Pb to that in pp collisions, has been measured 
for the near and away side in 0–10% most central Pb–Pb colli-
sions (Fig. 4). On the away side, the per-trigger yields in Pb–Pb are 
strongly suppressed to the level of IAA ≈ 0.6 for passoc

T > 3 GeV/c, 
while with decreasing momenta an enhancement develops reach-
ing about 5.2 at lowest passoc

T . On the near side, an enhancement 
of IAA between 1.2 to 1.8 at lowest passoc

T is observed. The data 
are compared to predictions of the JEWEL and AMPT event gen-
erators, as well as a pQCD calculation at next-to-leading order 
with medium-modified fragmentation functions (Fig. 5). All calcu-
lations are able to qualitatively describe the away-side suppression 
at high passoc

T . Only AMPT is able to capture the enhancement at 
low passoc

T , both on near and away side. However, it also under-
predicts IAA above 5 GeV/c, in particular on the near-side. The 
coincidence of the away-side suppression at high pT and the large 
enhancement at low pT on the near and away side is suggestive 
of a common underlying mechanism, likely related to the energy 
lost by high momentum partons. The data hence provide a good 
testing ground to constrain model calculations which aim to fully 
describe jet–medium interactions.
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definition is largely insensitive to the inefficiency of finding the 
trigger particle. The π0 purity, which in the momentum range 
of the measurement is about 90% in pp and 85% in Pb–Pb colli-
sions, affects the measured correlations by 1%. The pT resolution 
of reconstructed π0 estimated from detector simulations is about 
5% and 10% for pp and Pb–Pb collisions, respectively, slightly in-
creasing with pT. The charged-particle tracking efficiency is about 
75–85% depending on pT and collision system. The contamination 
by secondary particles from particle–material interactions, conver-
sions, and weak-decay products of long-lived particles is between 
4–8%. Both the tracking inefficiency and contamination, are cor-
rected for in the measured correlations in intervals of passoc

T . The 
trigger- and associated-particle pair pT resolutions lead to a cor-
rection of less than 2.5%.

To obtain the jet-related contribution from the measured per-
trigger yields, one usually subtracts non-jet related sources of par-
ticle production,

J ("ϕ) = C("ϕ) − B("ϕ) , (3)

where B("ϕ) denotes the background contribution. In pp colli-
sions, typically a uniform background (B0) originating from com-
binatorics is considered, and estimated employing the zero-yield-
at-minimum (ZYAM) method [29], i.e. essentially by estimating 
B within 1 < |"ϕ| < π

2 . In Pb–Pb collisions, in addition to a 
large combinatorial background, two-particle correlations are sig-
nificantly affected by anisotropic flow [71]. The anisotropic az-
imuthal correlations modulate the background according to

B("ϕ) = B0

!

1 + 2
"

n

Vn cos(n"ϕ)

#

, (4)

where Vn ≈ vtrig
n · vassoc

n is approximately given by the product of 
anisotropic flow coefficients for trigger and associated particles at 
their respective momenta. In the subtraction, we take into account 
the most dominant contributions, v2 to v5, ignoring small devia-
tions from factorization [72]. The data of v2 for charged particles 
and for charged pions, which are used instead of the v2 of π0, 
are taken from Ref. [73]. For v3 to v5 the data from Ref. [71] are 
used for both the neutral pions and charged particles. The constant 
B0 is determined by an average of three ways to obtain the ZYAM 
value, namely by i) a fit in 1 < |"ϕ| < π

2 , ii) smallest 8 (out of 
60) values in full "ϕ range, and iii) minima within 1 < |"ϕ| < π

2
plus the two smallest points within 0.2 around the minimum. Fi-
nally, the jet-like correlation yields on the near and away side are 
estimated from Eq. (3) by integrating a region of |"ϕ| < 0.7 and 
|"ϕ −π | < 1.1, respectively. Modification of the jet-like pair yields 
can then be quantified as the ratio of the integrated jet-like yields 
in AA over pp, as

IAA =
$

X

JAA("ϕ)d"ϕ/

$

X

Jpp("ϕ)d"ϕ , (5)

where X denotes either the near-side (NS) or the away-side (AS) 
region.

4. Results

The per-trigger yields for neutral pion trigger particles with 
8 < ptrig

T < 16 GeV/c and associated charged particles with 0.5 <
passoc

T < 1, 1 < passoc
T < 2, 2 < passoc

T < 4 and 4 < passoc
T < 6 GeV/c

are presented in Fig. 2 for pp and in Fig. 3 for 0–10% most cen-
tral Pb–Pb collisions. The estimated background from the ZYAM 
procedure is indicated by the dashed lines. As explained in the 
previous section, a uniform background is considered in the case 

Table 1
Summary of sources and assigned systematic uncertainties for the per-trigger yield 
in pp, and 0–10% Pb–Pb collisions, as well as IAA. For each source of systematic un-
certainty and the total uncertainty listed, the maximum values of all passoc

T intervals 
are given. Uncertainties on tracking efficiency and MC closure are correlated in "ϕ . 
For IAA, pp and Pb–Pb yield uncertainties are assumed to be independent.

Source Y ("ϕ) pp Y ("ϕ) Pb–Pb IAA (NS) IAA (AS)

Tracking efficiency 5.4% 6.5% 8.5% 8.5%
MC closure 1.0% 2.0% 1.2% 1.2%
TPC-only tracks 1.0% 3.5% 4.3% 3.8%
Track contamination 1.0% 0.9% 1.1% 1.1%
Shower shape (σ 2

long) 1.2% 0.7% 3.4% 2.6%
Invariant mass window 1.3% 1.0% 3.5% 3.3%
Neutral pion purity 0.3% 1.1% 0.6% 0.5%
Pair pT resolution 1.0% 1.1% 0.3% 0.3%
Pedestal determination – – 9.4% 11.7%
Uncertainty on vn – – 7.1% 5.1%

Total 6.7% 7.4% 12.6% 15.0%

of pp, while for Pb–Pb data in addition the anisotropic flow contri-
butions are taken into account. Since the vn coefficients are small 
at high-ptrig

T and passoc
T , a nearly flat background is observed for 

the 4 < passoc
T < 6 GeV/c case, even in Pb–Pb collisions.

Several sources of systematic uncertainty have been considered. 
Since there is a pT dependence on the uncertainties, their maxi-
mum contribution to the per-trigger yields in pp and Pb–Pb colli-
sions, as well as on the IAA further discussed below, are given in 
Table 1. The largest effect to the per-trigger yields arises from the 
uncertainty on the charged-particle tracking efficiency estimated 
from variations of the track selection and residual differences of 
MC closure tests. These uncertainties are correlated in "ϕ , and 
their values (added in quadrature) are explicitly reported in Fig. 2
and Fig. 3. Uncertainties related to charged-particle tracking were 
further explored by repeating the full analysis with tracks re-
constructed only by the TPC. Systematic uncertainties related to 
the π0 identification were obtained by varying the criteria for 
σ 2

long selection and the invariant mass window. Uncertainties re-

lated to π0 purity and pT resolution were assessed by varying 
the parameterizations, which were obtained from detector simu-
lations and used for the respective corrections. Total uncertainties 
were computed by adding the individual contributions in quadra-
ture.

The modification of the per-trigger yield can be quantified as 
the ratio, IAA, of the integrated jet-like correlation yields in Pb–Pb
over pp, as explained in the previous section (see Eq. (5)). Fig. 4
presents the IAA on the near side for |"ϕ| < 0.7 and away side 
for |"ϕ − π | < 1.1. The uncertainty on IAA (reported in Table 1) 
is dominated by the uncertainty on the determination of B0 (esti-
mated from the difference of the 3 methods to extract the base-
line) and the measured uncertainties on vn , and hence it is largely 
uncorrelated across passoc

T . On the near side, the IAA is found to 
be significantly larger than unity. The enhancement increases from 
IAA ≈ 1.2 at high passoc

T to 1.8 at low passoc
T . The data are consistent 

with our previous results extracted from di-hadron correlations 
above 3 GeV/c [40]. On the away side, IAA is strongly enhanced 
below 3 GeV/c, reaching values up to IAA ≈ 5 at lowest passoc

T , 
while above 4 GeV/c it is suppressed to about 0.6. As before, 
the data are compared to previous results using di-hadron cor-
relations [40], which were obtained within a smaller integration 
region (|"ϕ| < 0.7) and only taking into account v2 in the ZYAM 
subtraction. For passoc

T > 4 GeV/c, there is good agreement be-
tween the two sets of data, while for smaller passoc

T the away-side 
peaks become wider and details of the ZYAM subtraction as well 
as the size of the integration region matter. On the away side, the 
suppression at high passoc

T is understood to originate from parton 
energy loss [14–19], while the enhancement at low passoc

T may in-
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Fig. 4. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data from our previous measurement using di-hadron correlations [40] are slightly displaced for better visibility. The bars represent statistical and the 
boxes systematic uncertainties.

Fig. 5. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data are compared to model calculations [60–62] as explained in the text. The bars represent and the boxes systematic uncertainties.

parton recombination for hadronization is used with parameters 
from Ref. [78]. The pQCD calculation [62] is performed at next-to-
leading order (NLO). It uses nuclear parton distribution functions 
for initial-state cold nuclear matter effects, and a phenomeno-
logical model for medium-modified fragmentation functions. The 
evolution of bulk medium is done with a 3 + 1 dimensional ideal 
hydrodynamic model, and the value q̂ is consistent with that of 
the JET collaboration, which was extracted using experimental 
data [79]. The prediction for IAA is only available for the away side, 
and done following Ref. [80].

All calculations are able to qualitatively describe the suppres-
sion of IAA at high passoc

T on the away side, further corroborating 
the idea that the suppression is caused by parton energy loss in 
hot matter. JEWEL and the pQCD calculation do not exhibit an 
increase at low pT, while AMPT quantitatively describes the en-
hancement at the near (except at lowest passoc

T ) and away side. In 
AMPT the low-passoc

T enhancement is attributed to the increase of 
soft particles as a result of the jet-medium interactions. However, 
in particular on the near side for passoc

T > 5 GeV/c AMPT predicts 
a strong suppression of IAA down to about 0.6, which clearly is 
not seen in the data. Also on the away side AMPT tends to under-
predict the IAA for passoc

T > 5 GeV/c. Both defects, which may be 
related to the fact that AMPT was found to overpredict the single-
particle suppression in central Pb–Pb collisions [81], indicate that 
the description implemented in AMPT is not complete.

5. Summary

Two-particle correlations with neutral pions of transverse mo-
menta 8 < ptrig

T < 16 GeV/c as trigger and charged hadrons of 
0.5 < passoc

T < 10 GeV/c as associated particles versus azimuthal 

angle difference "ϕ at midrapidity in pp (Fig. 2) and central 
Pb–Pb (Fig. 3) collisions at √sNN = 2.76 TeV have been measured. 
The per-trigger yields have been extracted for |"ϕ| < 0.7 on the 
near and for |"ϕ−π | < 1.1 on the away side, after subtracting the 
contributions of the flow harmonics, v2 up to v5 (Fig. 3). The per-
trigger yield modification factor, IAA, quantified as the ratio of per-
trigger yields in Pb–Pb to that in pp collisions, has been measured 
for the near and away side in 0–10% most central Pb–Pb colli-
sions (Fig. 4). On the away side, the per-trigger yields in Pb–Pb are 
strongly suppressed to the level of IAA ≈ 0.6 for passoc

T > 3 GeV/c, 
while with decreasing momenta an enhancement develops reach-
ing about 5.2 at lowest passoc

T . On the near side, an enhancement 
of IAA between 1.2 to 1.8 at lowest passoc

T is observed. The data 
are compared to predictions of the JEWEL and AMPT event gen-
erators, as well as a pQCD calculation at next-to-leading order 
with medium-modified fragmentation functions (Fig. 5). All calcu-
lations are able to qualitatively describe the away-side suppression 
at high passoc

T . Only AMPT is able to capture the enhancement at 
low passoc

T , both on near and away side. However, it also under-
predicts IAA above 5 GeV/c, in particular on the near-side. The 
coincidence of the away-side suppression at high pT and the large 
enhancement at low pT on the near and away side is suggestive 
of a common underlying mechanism, likely related to the energy 
lost by high momentum partons. The data hence provide a good 
testing ground to constrain model calculations which aim to fully 
describe jet–medium interactions.
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definition is largely insensitive to the inefficiency of finding the 
trigger particle. The π0 purity, which in the momentum range 
of the measurement is about 90% in pp and 85% in Pb–Pb colli-
sions, affects the measured correlations by 1%. The pT resolution 
of reconstructed π0 estimated from detector simulations is about 
5% and 10% for pp and Pb–Pb collisions, respectively, slightly in-
creasing with pT. The charged-particle tracking efficiency is about 
75–85% depending on pT and collision system. The contamination 
by secondary particles from particle–material interactions, conver-
sions, and weak-decay products of long-lived particles is between 
4–8%. Both the tracking inefficiency and contamination, are cor-
rected for in the measured correlations in intervals of passoc

T . The 
trigger- and associated-particle pair pT resolutions lead to a cor-
rection of less than 2.5%.

To obtain the jet-related contribution from the measured per-
trigger yields, one usually subtracts non-jet related sources of par-
ticle production,

J ("ϕ) = C("ϕ) − B("ϕ) , (3)

where B("ϕ) denotes the background contribution. In pp colli-
sions, typically a uniform background (B0) originating from com-
binatorics is considered, and estimated employing the zero-yield-
at-minimum (ZYAM) method [29], i.e. essentially by estimating 
B within 1 < |"ϕ| < π

2 . In Pb–Pb collisions, in addition to a 
large combinatorial background, two-particle correlations are sig-
nificantly affected by anisotropic flow [71]. The anisotropic az-
imuthal correlations modulate the background according to

B("ϕ) = B0

!

1 + 2
"

n

Vn cos(n"ϕ)

#

, (4)

where Vn ≈ vtrig
n · vassoc

n is approximately given by the product of 
anisotropic flow coefficients for trigger and associated particles at 
their respective momenta. In the subtraction, we take into account 
the most dominant contributions, v2 to v5, ignoring small devia-
tions from factorization [72]. The data of v2 for charged particles 
and for charged pions, which are used instead of the v2 of π0, 
are taken from Ref. [73]. For v3 to v5 the data from Ref. [71] are 
used for both the neutral pions and charged particles. The constant 
B0 is determined by an average of three ways to obtain the ZYAM 
value, namely by i) a fit in 1 < |"ϕ| < π

2 , ii) smallest 8 (out of 
60) values in full "ϕ range, and iii) minima within 1 < |"ϕ| < π

2
plus the two smallest points within 0.2 around the minimum. Fi-
nally, the jet-like correlation yields on the near and away side are 
estimated from Eq. (3) by integrating a region of |"ϕ| < 0.7 and 
|"ϕ −π | < 1.1, respectively. Modification of the jet-like pair yields 
can then be quantified as the ratio of the integrated jet-like yields 
in AA over pp, as

IAA =
$

X

JAA("ϕ)d"ϕ/

$

X

Jpp("ϕ)d"ϕ , (5)

where X denotes either the near-side (NS) or the away-side (AS) 
region.

4. Results

The per-trigger yields for neutral pion trigger particles with 
8 < ptrig

T < 16 GeV/c and associated charged particles with 0.5 <
passoc

T < 1, 1 < passoc
T < 2, 2 < passoc

T < 4 and 4 < passoc
T < 6 GeV/c

are presented in Fig. 2 for pp and in Fig. 3 for 0–10% most cen-
tral Pb–Pb collisions. The estimated background from the ZYAM 
procedure is indicated by the dashed lines. As explained in the 
previous section, a uniform background is considered in the case 

Table 1
Summary of sources and assigned systematic uncertainties for the per-trigger yield 
in pp, and 0–10% Pb–Pb collisions, as well as IAA. For each source of systematic un-
certainty and the total uncertainty listed, the maximum values of all passoc

T intervals 
are given. Uncertainties on tracking efficiency and MC closure are correlated in "ϕ . 
For IAA, pp and Pb–Pb yield uncertainties are assumed to be independent.

Source Y ("ϕ) pp Y ("ϕ) Pb–Pb IAA (NS) IAA (AS)

Tracking efficiency 5.4% 6.5% 8.5% 8.5%
MC closure 1.0% 2.0% 1.2% 1.2%
TPC-only tracks 1.0% 3.5% 4.3% 3.8%
Track contamination 1.0% 0.9% 1.1% 1.1%
Shower shape (σ 2

long) 1.2% 0.7% 3.4% 2.6%
Invariant mass window 1.3% 1.0% 3.5% 3.3%
Neutral pion purity 0.3% 1.1% 0.6% 0.5%
Pair pT resolution 1.0% 1.1% 0.3% 0.3%
Pedestal determination – – 9.4% 11.7%
Uncertainty on vn – – 7.1% 5.1%

Total 6.7% 7.4% 12.6% 15.0%

of pp, while for Pb–Pb data in addition the anisotropic flow contri-
butions are taken into account. Since the vn coefficients are small 
at high-ptrig

T and passoc
T , a nearly flat background is observed for 

the 4 < passoc
T < 6 GeV/c case, even in Pb–Pb collisions.

Several sources of systematic uncertainty have been considered. 
Since there is a pT dependence on the uncertainties, their maxi-
mum contribution to the per-trigger yields in pp and Pb–Pb colli-
sions, as well as on the IAA further discussed below, are given in 
Table 1. The largest effect to the per-trigger yields arises from the 
uncertainty on the charged-particle tracking efficiency estimated 
from variations of the track selection and residual differences of 
MC closure tests. These uncertainties are correlated in "ϕ , and 
their values (added in quadrature) are explicitly reported in Fig. 2
and Fig. 3. Uncertainties related to charged-particle tracking were 
further explored by repeating the full analysis with tracks re-
constructed only by the TPC. Systematic uncertainties related to 
the π0 identification were obtained by varying the criteria for 
σ 2

long selection and the invariant mass window. Uncertainties re-

lated to π0 purity and pT resolution were assessed by varying 
the parameterizations, which were obtained from detector simu-
lations and used for the respective corrections. Total uncertainties 
were computed by adding the individual contributions in quadra-
ture.

The modification of the per-trigger yield can be quantified as 
the ratio, IAA, of the integrated jet-like correlation yields in Pb–Pb
over pp, as explained in the previous section (see Eq. (5)). Fig. 4
presents the IAA on the near side for |"ϕ| < 0.7 and away side 
for |"ϕ − π | < 1.1. The uncertainty on IAA (reported in Table 1) 
is dominated by the uncertainty on the determination of B0 (esti-
mated from the difference of the 3 methods to extract the base-
line) and the measured uncertainties on vn , and hence it is largely 
uncorrelated across passoc

T . On the near side, the IAA is found to 
be significantly larger than unity. The enhancement increases from 
IAA ≈ 1.2 at high passoc

T to 1.8 at low passoc
T . The data are consistent 

with our previous results extracted from di-hadron correlations 
above 3 GeV/c [40]. On the away side, IAA is strongly enhanced 
below 3 GeV/c, reaching values up to IAA ≈ 5 at lowest passoc

T , 
while above 4 GeV/c it is suppressed to about 0.6. As before, 
the data are compared to previous results using di-hadron cor-
relations [40], which were obtained within a smaller integration 
region (|"ϕ| < 0.7) and only taking into account v2 in the ZYAM 
subtraction. For passoc

T > 4 GeV/c, there is good agreement be-
tween the two sets of data, while for smaller passoc

T the away-side 
peaks become wider and details of the ZYAM subtraction as well 
as the size of the integration region matter. On the away side, the 
suppression at high passoc

T is understood to originate from parton 
energy loss [14–19], while the enhancement at low passoc

T may in-

Enhancement at the near side in Pb-Pb
• Medium response to the jet
• Modified fragmentation function?
• Change of q/g jet fraction? 

High-pT suppression at the away side 
• parton energy loss in-medium
Low-pT enhancement at the away side 
• Soft gluon radiation/medium response
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definition is largely insensitive to the inefficiency of finding the 
trigger particle. The π0 purity, which in the momentum range 
of the measurement is about 90% in pp and 85% in Pb–Pb colli-
sions, affects the measured correlations by 1%. The pT resolution 
of reconstructed π0 estimated from detector simulations is about 
5% and 10% for pp and Pb–Pb collisions, respectively, slightly in-
creasing with pT. The charged-particle tracking efficiency is about 
75–85% depending on pT and collision system. The contamination 
by secondary particles from particle–material interactions, conver-
sions, and weak-decay products of long-lived particles is between 
4–8%. Both the tracking inefficiency and contamination, are cor-
rected for in the measured correlations in intervals of passoc

T . The 
trigger- and associated-particle pair pT resolutions lead to a cor-
rection of less than 2.5%.

To obtain the jet-related contribution from the measured per-
trigger yields, one usually subtracts non-jet related sources of par-
ticle production,

J ("ϕ) = C("ϕ) − B("ϕ) , (3)

where B("ϕ) denotes the background contribution. In pp colli-
sions, typically a uniform background (B0) originating from com-
binatorics is considered, and estimated employing the zero-yield-
at-minimum (ZYAM) method [29], i.e. essentially by estimating 
B within 1 < |"ϕ| < π

2 . In Pb–Pb collisions, in addition to a 
large combinatorial background, two-particle correlations are sig-
nificantly affected by anisotropic flow [71]. The anisotropic az-
imuthal correlations modulate the background according to

B("ϕ) = B0

!

1 + 2
"

n

Vn cos(n"ϕ)

#

, (4)

where Vn ≈ vtrig
n · vassoc

n is approximately given by the product of 
anisotropic flow coefficients for trigger and associated particles at 
their respective momenta. In the subtraction, we take into account 
the most dominant contributions, v2 to v5, ignoring small devia-
tions from factorization [72]. The data of v2 for charged particles 
and for charged pions, which are used instead of the v2 of π0, 
are taken from Ref. [73]. For v3 to v5 the data from Ref. [71] are 
used for both the neutral pions and charged particles. The constant 
B0 is determined by an average of three ways to obtain the ZYAM 
value, namely by i) a fit in 1 < |"ϕ| < π

2 , ii) smallest 8 (out of 
60) values in full "ϕ range, and iii) minima within 1 < |"ϕ| < π

2
plus the two smallest points within 0.2 around the minimum. Fi-
nally, the jet-like correlation yields on the near and away side are 
estimated from Eq. (3) by integrating a region of |"ϕ| < 0.7 and 
|"ϕ −π | < 1.1, respectively. Modification of the jet-like pair yields 
can then be quantified as the ratio of the integrated jet-like yields 
in AA over pp, as

IAA =
$

X

JAA("ϕ)d"ϕ/

$

X

Jpp("ϕ)d"ϕ , (5)

where X denotes either the near-side (NS) or the away-side (AS) 
region.

4. Results

The per-trigger yields for neutral pion trigger particles with 
8 < ptrig

T < 16 GeV/c and associated charged particles with 0.5 <
passoc

T < 1, 1 < passoc
T < 2, 2 < passoc

T < 4 and 4 < passoc
T < 6 GeV/c

are presented in Fig. 2 for pp and in Fig. 3 for 0–10% most cen-
tral Pb–Pb collisions. The estimated background from the ZYAM 
procedure is indicated by the dashed lines. As explained in the 
previous section, a uniform background is considered in the case 

Table 1
Summary of sources and assigned systematic uncertainties for the per-trigger yield 
in pp, and 0–10% Pb–Pb collisions, as well as IAA. For each source of systematic un-
certainty and the total uncertainty listed, the maximum values of all passoc

T intervals 
are given. Uncertainties on tracking efficiency and MC closure are correlated in "ϕ . 
For IAA, pp and Pb–Pb yield uncertainties are assumed to be independent.

Source Y ("ϕ) pp Y ("ϕ) Pb–Pb IAA (NS) IAA (AS)

Tracking efficiency 5.4% 6.5% 8.5% 8.5%
MC closure 1.0% 2.0% 1.2% 1.2%
TPC-only tracks 1.0% 3.5% 4.3% 3.8%
Track contamination 1.0% 0.9% 1.1% 1.1%
Shower shape (σ 2

long) 1.2% 0.7% 3.4% 2.6%
Invariant mass window 1.3% 1.0% 3.5% 3.3%
Neutral pion purity 0.3% 1.1% 0.6% 0.5%
Pair pT resolution 1.0% 1.1% 0.3% 0.3%
Pedestal determination – – 9.4% 11.7%
Uncertainty on vn – – 7.1% 5.1%

Total 6.7% 7.4% 12.6% 15.0%

of pp, while for Pb–Pb data in addition the anisotropic flow contri-
butions are taken into account. Since the vn coefficients are small 
at high-ptrig

T and passoc
T , a nearly flat background is observed for 

the 4 < passoc
T < 6 GeV/c case, even in Pb–Pb collisions.

Several sources of systematic uncertainty have been considered. 
Since there is a pT dependence on the uncertainties, their maxi-
mum contribution to the per-trigger yields in pp and Pb–Pb colli-
sions, as well as on the IAA further discussed below, are given in 
Table 1. The largest effect to the per-trigger yields arises from the 
uncertainty on the charged-particle tracking efficiency estimated 
from variations of the track selection and residual differences of 
MC closure tests. These uncertainties are correlated in "ϕ , and 
their values (added in quadrature) are explicitly reported in Fig. 2
and Fig. 3. Uncertainties related to charged-particle tracking were 
further explored by repeating the full analysis with tracks re-
constructed only by the TPC. Systematic uncertainties related to 
the π0 identification were obtained by varying the criteria for 
σ 2

long selection and the invariant mass window. Uncertainties re-

lated to π0 purity and pT resolution were assessed by varying 
the parameterizations, which were obtained from detector simu-
lations and used for the respective corrections. Total uncertainties 
were computed by adding the individual contributions in quadra-
ture.

The modification of the per-trigger yield can be quantified as 
the ratio, IAA, of the integrated jet-like correlation yields in Pb–Pb
over pp, as explained in the previous section (see Eq. (5)). Fig. 4
presents the IAA on the near side for |"ϕ| < 0.7 and away side 
for |"ϕ − π | < 1.1. The uncertainty on IAA (reported in Table 1) 
is dominated by the uncertainty on the determination of B0 (esti-
mated from the difference of the 3 methods to extract the base-
line) and the measured uncertainties on vn , and hence it is largely 
uncorrelated across passoc

T . On the near side, the IAA is found to 
be significantly larger than unity. The enhancement increases from 
IAA ≈ 1.2 at high passoc

T to 1.8 at low passoc
T . The data are consistent 

with our previous results extracted from di-hadron correlations 
above 3 GeV/c [40]. On the away side, IAA is strongly enhanced 
below 3 GeV/c, reaching values up to IAA ≈ 5 at lowest passoc

T , 
while above 4 GeV/c it is suppressed to about 0.6. As before, 
the data are compared to previous results using di-hadron cor-
relations [40], which were obtained within a smaller integration 
region (|"ϕ| < 0.7) and only taking into account v2 in the ZYAM 
subtraction. For passoc

T > 4 GeV/c, there is good agreement be-
tween the two sets of data, while for smaller passoc

T the away-side 
peaks become wider and details of the ZYAM subtraction as well 
as the size of the integration region matter. On the away side, the 
suppression at high passoc

T is understood to originate from parton 
energy loss [14–19], while the enhancement at low passoc

T may in-

All models can describe the suppression at high pT for the away side.
The increase at low pT is only described by AMPT.  
For AMPT, however, the suppression at the near and away side is much too strong.
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Fig. 4. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data from our previous measurement using di-hadron correlations [40] are slightly displaced for better visibility. The bars represent statistical and the 
boxes systematic uncertainties.

Fig. 5. Per-trigger yield modification, IAA, on the near side (left) and away side (right) with trigger π0 particle at 8 < ptrig
T < 16 GeV/c for 0–10% Pb–Pb collisions at √

sNN = 2.76 TeV. The data are compared to model calculations [60–62] as explained in the text. The bars represent and the boxes systematic uncertainties.

parton recombination for hadronization is used with parameters 
from Ref. [78]. The pQCD calculation [62] is performed at next-to-
leading order (NLO). It uses nuclear parton distribution functions 
for initial-state cold nuclear matter effects, and a phenomeno-
logical model for medium-modified fragmentation functions. The 
evolution of bulk medium is done with a 3 + 1 dimensional ideal 
hydrodynamic model, and the value q̂ is consistent with that of 
the JET collaboration, which was extracted using experimental 
data [79]. The prediction for IAA is only available for the away side, 
and done following Ref. [80].

All calculations are able to qualitatively describe the suppres-
sion of IAA at high passoc

T on the away side, further corroborating 
the idea that the suppression is caused by parton energy loss in 
hot matter. JEWEL and the pQCD calculation do not exhibit an 
increase at low pT, while AMPT quantitatively describes the en-
hancement at the near (except at lowest passoc

T ) and away side. In 
AMPT the low-passoc

T enhancement is attributed to the increase of 
soft particles as a result of the jet-medium interactions. However, 
in particular on the near side for passoc

T > 5 GeV/c AMPT predicts 
a strong suppression of IAA down to about 0.6, which clearly is 
not seen in the data. Also on the away side AMPT tends to under-
predict the IAA for passoc

T > 5 GeV/c. Both defects, which may be 
related to the fact that AMPT was found to overpredict the single-
particle suppression in central Pb–Pb collisions [81], indicate that 
the description implemented in AMPT is not complete.

5. Summary

Two-particle correlations with neutral pions of transverse mo-
menta 8 < ptrig

T < 16 GeV/c as trigger and charged hadrons of 
0.5 < passoc

T < 10 GeV/c as associated particles versus azimuthal 

angle difference "ϕ at midrapidity in pp (Fig. 2) and central 
Pb–Pb (Fig. 3) collisions at √sNN = 2.76 TeV have been measured. 
The per-trigger yields have been extracted for |"ϕ| < 0.7 on the 
near and for |"ϕ−π | < 1.1 on the away side, after subtracting the 
contributions of the flow harmonics, v2 up to v5 (Fig. 3). The per-
trigger yield modification factor, IAA, quantified as the ratio of per-
trigger yields in Pb–Pb to that in pp collisions, has been measured 
for the near and away side in 0–10% most central Pb–Pb colli-
sions (Fig. 4). On the away side, the per-trigger yields in Pb–Pb are 
strongly suppressed to the level of IAA ≈ 0.6 for passoc

T > 3 GeV/c, 
while with decreasing momenta an enhancement develops reach-
ing about 5.2 at lowest passoc

T . On the near side, an enhancement 
of IAA between 1.2 to 1.8 at lowest passoc

T is observed. The data 
are compared to predictions of the JEWEL and AMPT event gen-
erators, as well as a pQCD calculation at next-to-leading order 
with medium-modified fragmentation functions (Fig. 5). All calcu-
lations are able to qualitatively describe the away-side suppression 
at high passoc

T . Only AMPT is able to capture the enhancement at 
low passoc

T , both on near and away side. However, it also under-
predicts IAA above 5 GeV/c, in particular on the near-side. The 
coincidence of the away-side suppression at high pT and the large 
enhancement at low pT on the near and away side is suggestive 
of a common underlying mechanism, likely related to the energy 
lost by high momentum partons. The data hence provide a good 
testing ground to constrain model calculations which aim to fully 
describe jet–medium interactions.
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Fig. 4. The integrated away-side yield IAA of Au+Au or d+Au to p+p is shown as a function of ⇠ = ln(1/zT ) (left). The d+Au IAA
results are consistent with unity, while the Au+Au results show suppression at small ⇠ and enhancement at larger ⇠. The Au+Au IAA is
shown in several ptrig

T bins (right). The transition from suppression to enhancement occurs at di↵erent ⇠ with increasing ptrig
T .

The measured yields di↵erential in ⇠ and the resulting ratio IAA for both d+Au and Au+Au collisions
are shown in the left panel of Fig. 4. Within uncertainties, the d+Au IAA values are consistent with unity,
indicating that there is little to no fragmentation function modification in d+Au. The Au+Au IAA values
show a clear di↵erence from unity; there is suppression at small ⇠ and an enhancement in yield at large ⇠.
Due to the increased statistical precision of the new Au+Au data set from Ref. [5], the dependence of the
suppression and enhancement of IAA with ptrig

T could be investigated. This dependence is shown in three ptrig
T

ranges in the right panel of Fig. 4, with theory curves from Refs. [6, 7]. The data show that the transition
from suppression to enhancement is not at a fixed fragmentation function variable [8].

5. Summary

In conclusion, new direct photon-hadron and ⇡0-hadron results from the PHENIX experiment were pre-
sented. Measurements from p+p, p+A, d+Au, and Au+Au collisions were made to study various e↵ects in
QCD systems. In p+p, possible e↵ects from factorization breaking due to the non-Abelian nature of QCD
were analyzed. In p+A collisions, these e↵ects were investigated in a nuclear environment. A significant
centrality dependence to the away-side jet widths was observed in p+Au collisions, indicating that e↵ects
from kT broadening or multiple scattering could be present. No fragmentation function modification was
found in d+Au collisions, while significant modification was observed as a function of p�T in Au+Au colli-
sions. Upcoming results from PHENIX with the higher statistics p+p, Cu+Au, and Au+Au data sets will
improve the precision of the transition region of ⇠ and will additionally allow system size dependent studies.
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parton recombination for hadronization is used with parameters 
from Ref. [78]. The pQCD calculation [62] is performed at next-to-
leading order (NLO). It uses nuclear parton distribution functions 
for initial-state cold nuclear matter effects, and a phenomeno-
logical model for medium-modified fragmentation functions. The 
evolution of bulk medium is done with a 3 + 1 dimensional ideal 
hydrodynamic model, and the value q̂ is consistent with that of 
the JET collaboration, which was extracted using experimental 
data [79]. The prediction for IAA is only available for the away side, 
and done following Ref. [80].

All calculations are able to qualitatively describe the suppres-
sion of IAA at high passoc

T on the away side, further corroborating 
the idea that the suppression is caused by parton energy loss in 
hot matter. JEWEL and the pQCD calculation do not exhibit an 
increase at low pT, while AMPT quantitatively describes the en-
hancement at the near (except at lowest passoc

T ) and away side. In 
AMPT the low-passoc

T enhancement is attributed to the increase of 
soft particles as a result of the jet-medium interactions. However, 
in particular on the near side for passoc

T > 5 GeV/c AMPT predicts 
a strong suppression of IAA down to about 0.6, which clearly is 
not seen in the data. Also on the away side AMPT tends to under-
predict the IAA for passoc

T > 5 GeV/c. Both defects, which may be 
related to the fact that AMPT was found to overpredict the single-
particle suppression in central Pb–Pb collisions [81], indicate that 
the description implemented in AMPT is not complete.

5. Summary
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menta 8 < ptrig

T < 16 GeV/c as trigger and charged hadrons of 
0.5 < passoc

T < 10 GeV/c as associated particles versus azimuthal 

angle difference "ϕ at midrapidity in pp (Fig. 2) and central 
Pb–Pb (Fig. 3) collisions at √sNN = 2.76 TeV have been measured. 
The per-trigger yields have been extracted for |"ϕ| < 0.7 on the 
near and for |"ϕ−π | < 1.1 on the away side, after subtracting the 
contributions of the flow harmonics, v2 up to v5 (Fig. 3). The per-
trigger yield modification factor, IAA, quantified as the ratio of per-
trigger yields in Pb–Pb to that in pp collisions, has been measured 
for the near and away side in 0–10% most central Pb–Pb colli-
sions (Fig. 4). On the away side, the per-trigger yields in Pb–Pb are 
strongly suppressed to the level of IAA ≈ 0.6 for passoc

T > 3 GeV/c, 
while with decreasing momenta an enhancement develops reach-
ing about 5.2 at lowest passoc

T . On the near side, an enhancement 
of IAA between 1.2 to 1.8 at lowest passoc

T is observed. The data 
are compared to predictions of the JEWEL and AMPT event gen-
erators, as well as a pQCD calculation at next-to-leading order 
with medium-modified fragmentation functions (Fig. 5). All calcu-
lations are able to qualitatively describe the away-side suppression 
at high passoc

T . Only AMPT is able to capture the enhancement at 
low passoc

T , both on near and away side. However, it also under-
predicts IAA above 5 GeV/c, in particular on the near-side. The 
coincidence of the away-side suppression at high pT and the large 
enhancement at low pT on the near and away side is suggestive 
of a common underlying mechanism, likely related to the energy 
lost by high momentum partons. The data hence provide a good 
testing ground to constrain model calculations which aim to fully 
describe jet–medium interactions.
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Table 7: Settings for the mixed event pool

Property Value Comment

MaxEvents -1 No limit on events in pool
TrackDepth 50,000
NCentBins 8 0.0,10.0,20.0,30.0,40.0,50.0,60.0,80.0,100.0
nZvtxBins 20 -10,-9,-8,...,8,9,10

Start Fraction 0.1 Either pool ready when 0.1 * 50,000 = 5,000 tracks stored
MinEvents 5 or pool ready when 5 events stored

zT =
phT

pTr�ggerT

(5)

~3.6 GeV

~3.2 GeV

~3.3 GeV
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Jet mass is a measure of the spread of the jet and is
linked to the virtuality of the initial parton

Collected knowledge about JETs and hard processes

January 12, 2018

1 ALICE publications on Jets

1.1 First measurement of jet mass in Pb–Pb and p–Pb collisions at the
LHC

Ref. [1]

First measurement of jet mass in Pb–Pb and p–Pb collisions at
p
sNN = 2.76 TeV and

p
sNN =

5.02 TeV.
Jet energy and the jet mass are expected to be sensitive to jet quenching in the hot QCD matter.
The jet mass is sensitive to the initial virtuality of the parton at the origin of the shower [?].
Energy-momentum exchange with the hot QCD medium may temporarily increase the virtuality
of the propagating partons, leading to a larger gluon radiation probability [22–25]. This would
result in a broadening of the jet profile and an increase of the jet mass, if a significant amount of
the radiated gluons are captured within the jet cone used for reconstruction.

M =
r
E2 � p2T � p2zM =

q
E2 � p2 (1)

2 General notes

First Pb+Pb collisions in late 2010,
p
sNN = 2.76TeV. Not only did the LHC programme confirm

the formation of a hot and dense medium with a ratio of shear viscosity to entropy density close
to the predicted lower bound for quantum fluids

Brjorken suggested to use hard-scattered partons (created in the early stage of the collision) to
probe the medium created around them.

jet data from Fermilab and pQCD predictions agree on the 1% level. Good test of pQCD.

Statistical mechanical models are successful in describing relative yields of a wide variety of par-
ticle species but most of them rely on the rather strong assumption that one creates equilibrated
quark-gluon matter in RHIC collisions. Thats is questionable given the short range and time scale
of the lifetime of this state (⇡ 5fm3 and ⇡ 10 fm/c)

"Another theory of absolute hot is based on the Hagedorn temperature,[2] where the thermal
energies of the particles exceed the mass-energy of a hadron particle-antiparticle pair. Instead
of temperature rising, at the Hagedorn temperature more and heavier particles are produced by
pair production, thus preventing effective further heating, given that only hadrons are produced.
However, further heating is possible (with pressure) if the matter undergoes a phase change into
a quark–gluon plasma.[citation needed] For hadrons, the Hagedorn temperature is 2 × 1012 K,
which has been reached and exceeded in LHC and RHIC experiments." Wikipedia.

For different momentum transfers different structures in the nucleon can be resolved Fig. 1. For
the higher momentum transfer (Q=200GeV) in Fig. 2 the yield of small momentum fractioned
partons is generally higher than for the Q=2GeV case.

1

Measure jet mass in 
a given cone R

In Medium
If the profile broadens due 
to soft gluon radiation 
measured mass will increase

In Medium
If the profile broadens so much 
that large fraction of radiation 
is outside the cone, mass as 
well as pT will decrease
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We measure:
p-Pb 5.02, Pb-Pb 2.76 TeV
Anti-kT jet algorithm, 
resolution parameter R = 0.4, 
|ηjet| < 0.5, 
pT = 60 - 120 GeV/c 
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Fig. 6: Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in p–Pb collisions, compared
to PYTHIA and HERWIG simulations for three ranges of pT,ch jet. Statistical uncertainties in data are
smaller than the markers and in the models are smaller than the line width.
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more

13

p-Pb, 5.02 TeV
ALICE Collaboration, S. Acharya et al.,  
Phys. Lett., B 776, (2018) 249
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to PYTHIA and HERWIG simulations for three ranges of pT,ch jet. Statistical uncertainties in data are
smaller than the markers and in the models are smaller than the line width.
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.

)2c (GeV/ch jetM  
0 5 10 15

s
R

at
io

0

1

2

3

4

 = 2.76 TeVNNsPb −0-10% Pb

 = 5.02 TeVNNsPb −p

PYTHIA Perugia 2011

ALICE 

c < 80 GeV/T, ch jetp60 < 

)2c (GeV/ch jetM  
0 5 10 15 200

1

2

3

4

TkCharged jets, anti-

| < 0.5
jet

η = 0.4, |R

c < 100 GeV/T, ch jetp80 < 

)2c (GeV/ch jetM  
0 5 10 15 200

1

2

3

4
c < 120 GeV/T, ch jetp100 < 

Pb−Pb / p−Data Pb

PYTHIA 2.76 TeV / 5.02 TeV

Fig. 8: Ratio between fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in central Pb–Pb
collisions and minimum bias p–Pb collisions. The ratio is compared to the ratio of mass distributions of
PYTHIA (tune Perugia 2011) at

√
s = 2.76 TeV and

√
s = 5.02 TeV (width of the band represents the

statistical uncertainties).

energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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collisions. By constraining both energy and virtuality experimentally, differential jet mass measurements
could provide further non-trivial tests for models of in-medium shower evolution.

The ratio of the jet mass distribution in central Pb–Pb collisions and minimum-bias p–Pb collisions is
compared to that in PYTHIA Perugia 2011 simulations at the two center-of-mass energies. The data ratio
is compatible with the PYTHIA expectation at the two center-of-mass energies within systematic uncer-
tainties. A hint of a difference within statistical uncertainties only in the ratio and in the mean jet mass in
the lowest pT,ch jet range is of interest to motivate further work on reducing the systematic uncertainties
in order to increase the precision in jet mass measurements as well as pursuing more differential studies,
for example with respect to hard fragmenting jets.

The fully-corrected results are consistent with the observation based on detector level comparison with
PYTHIA embedded jets. The measured jet mass in Pb–Pb collisions is not reproduced by the quenching
models considered in this letter and is found to be consistent with PYTHIA vacuum expectations within
systematic uncertainties. These results are qualitatively consistent with previous measurements of jet
shapes at the LHC [20, 62], which show only relatively small changes of the particle distributions in jets
in Pb–Pb collisions compared to pp collisions. The JEWEL model with “recoil on”, which describes

15

Pb-Pb results compared to models 
How well do they describe the in medium shower shape evolution?

PYTHIA result without jet quenching
Q-PYTHIA modifies the splitting functions of PYTHIA resulting in medium-induced 

gluon radiation following the multiple soft scattering approximation 
JEWEL computation of scattering of leading parton with medium constituents. 

Gives a microscopic description of the transport coefficient   .
“Recoil on” keeps additional track of momenta of recoiling scattering centers

low x values and is dependent of the number of surrounding nucleons.

Virtuality: Virtual particles do not necessarily carry the same mass as the corresponding real
particle, although they always conserve energy and momentum. A virtual particle does not
precisely obey the energy–momentum relation m2c4 = E2 - p2c2. Its kinetic energy may not
have the usual relationship to velocity – indeed, it can be negative. This is expressed by the
phrase off mass shell.

3 Tables equations

q̂

Table 1: Detector coverage
Detector �-range �-range

ITS/TPC 0-360° -0.9<�<0.9
EMC 80-187° -0.7<�<0.7
ZNA 0° off Beam axis
V0A 2.8<�<5.1
V0C -3.7<�<-1.7
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the splittings phase space where medium-induced effects are expected. One example is the 2-subjetiness68

[13]. This observable quantifies the degree of 2-prongness of the jets and was measured to explore the69

possibility that a hard medium-induced radiation is detected as a reduction of the 2-prongness in favour70

of a 3-prong or more homogeneous fragmentation. Another example is the soft drop subjet momentum71

balance, [14, 15], which was designed to explore the difference in the momentum balance of semi-hard72

subjets in Pb–Pb relative to pp. This third category of jet observables is showing a recent development73

and it is building an interesting dialog between high energy physics tools and jet quenching in heavy ions74

studies [?].75

The set of shapes analyzed in this paper belongs to the second category. The paper is organized as76

follows: section 2 introduces the set of jet shapes, section 3 the data sets used for the analysis, sections 477

and 5 describe the jet finding and underlying event subtraction, while section 6 presents the response of78

the shapes to detector effects and background fluctuations and the 2-dimensional unfolding procedure79

that corrects simultaneously the shape and jet pT. Section 7 describes the different contributions to the80

systematic uncertainty, and finally 8 presents the final results and their interpretation with comparisons81

to theoretical models.82

2 The set of jet shapes83

In this analysis we focus on three jet shape observables that probe complementary aspects of the jet84

fragmentation, namely the first radial moment or angularity, g, the momentum dispersion, pTD, and the85

difference between the leading and sub-leading track momentum, LeSub.86

The angularity is defined as87

g = Â
i2 jet

p
i
T

pT,jet
|DRi,jet| (1)

where p
i
T stands for the transverse momentum of constituent i and DRi,jet is the distance in (h , f ) space88

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.89

The momentum dispersion pTD is defined as90

pT D =

q
Âi2 jet p

2
T,i

Âi2 jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and reveals how91

hard/soft the fragmentation is. For example, in the extreme case of few constituents carrying a large92

fraction of the jet momentum, pTD is close to 1, while in the case of large number of constituents with93

softer momentum, pTD is close to 0. The distribution of pTD is dominated by the distribution of the94

number of constituents and it exhibits distinct peaks, in particular for small jet resolution parameters.95

This becomes evident when replacing the sums in the definition by the mean transverse momentum hpTi96

and variance s of the jet constituents as97
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where N is the number of constituents. pT D is a combination of a continuous distribution combined with100

a discrete distribution P(N) which gives peaks at 1/
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The two previous shapes can be described as moments of the so-called generalized angularities: l k
b =102

Âi z
k
i
(Ri

R
)b [16]. The number of jet constituents corresponds to (k ,b )=(0,0), pTD corresponds to (0,1),103

the angularity g corresponds to (1,1) and the mass to (2,0). Only for k = 1, the shapes are infrared and104

collinear (IRC) safe.105

LeSub is not an IRC-safe observable but shows robustness against background smearing as it will be106

discussed in next section 5. LeSub is defined as107

LeSub = p
lead

T,track � p
sublead

T,track . (6)

As an illustrative example, Fig.1 compares the behaviour of the shapes for quark and gluon jets. Relative108

to quark jets of the same energy, gluon jets are broader and produce more fragments with a softer mo-109

mentum spectrum. Consequently on average their first radial moment is higher whereas the momentum110

dispersion and LeSub are lower.111
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Fig. 1: pT D, g and LeSub for quark and gluon jets as obtained from PYTHIA Perugia0 simulations.
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the splittings phase space where medium-induced effects are expected. One example is the 2-subjetiness68

[13]. This observable quantifies the degree of 2-prongness of the jets and was measured to explore the69

possibility that a hard medium-induced radiation is detected as a reduction of the 2-prongness in favour70

of a 3-prong or more homogeneous fragmentation. Another example is the soft drop subjet momentum71

balance, [14, 15], which was designed to explore the difference in the momentum balance of semi-hard72

subjets in Pb–Pb relative to pp. This third category of jet observables is showing a recent development73

and it is building an interesting dialog between high energy physics tools and jet quenching in heavy ions74

studies [?].75

The set of shapes analyzed in this paper belongs to the second category. The paper is organized as76

follows: section 2 introduces the set of jet shapes, section 3 the data sets used for the analysis, sections 477

and 5 describe the jet finding and underlying event subtraction, while section 6 presents the response of78

the shapes to detector effects and background fluctuations and the 2-dimensional unfolding procedure79

that corrects simultaneously the shape and jet pT. Section 7 describes the different contributions to the80

systematic uncertainty, and finally 8 presents the final results and their interpretation with comparisons81

to theoretical models.82

2 The set of jet shapes83

In this analysis we focus on three jet shape observables that probe complementary aspects of the jet84

fragmentation, namely the first radial moment or angularity, g, the momentum dispersion, pTD, and the85

difference between the leading and sub-leading track momentum, LeSub.86

The angularity is defined as87
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where p
i
T stands for the transverse momentum of constituent i and DRi,jet is the distance in (h , f ) space88

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.89

The momentum dispersion pTD is defined as90

pT D =

q
Âi2 jet p
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Âi2 jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and reveals how91

hard/soft the fragmentation is. For example, in the extreme case of few constituents carrying a large92

fraction of the jet momentum, pTD is close to 1, while in the case of large number of constituents with93

softer momentum, pTD is close to 0. The distribution of pTD is dominated by the distribution of the94

number of constituents and it exhibits distinct peaks, in particular for small jet resolution parameters.95

This becomes evident when replacing the sums in the definition by the mean transverse momentum hpTi96

and variance s of the jet constituents as97
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[13]. This observable quantifies the degree of 2-prongness of the jets and was measured to explore the69

possibility that a hard medium-induced radiation is detected as a reduction of the 2-prongness in favour70

of a 3-prong or more homogeneous fragmentation. Another example is the soft drop subjet momentum71

balance, [14, 15], which was designed to explore the difference in the momentum balance of semi-hard72

subjets in Pb–Pb relative to pp. This third category of jet observables is showing a recent development73

and it is building an interesting dialog between high energy physics tools and jet quenching in heavy ions74

studies [?].75

The set of shapes analyzed in this paper belongs to the second category. The paper is organized as76

follows: section 2 introduces the set of jet shapes, section 3 the data sets used for the analysis, sections 477

and 5 describe the jet finding and underlying event subtraction, while section 6 presents the response of78

the shapes to detector effects and background fluctuations and the 2-dimensional unfolding procedure79

that corrects simultaneously the shape and jet pT. Section 7 describes the different contributions to the80

systematic uncertainty, and finally 8 presents the final results and their interpretation with comparisons81

to theoretical models.82

2 The set of jet shapes83

In this analysis we focus on three jet shape observables that probe complementary aspects of the jet84

fragmentation, namely the first radial moment or angularity, g, the momentum dispersion, pTD, and the85
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The momentum dispersion pTD is defined as90

pT D =

q
Âi2 jet p

2
T,i

Âi2 jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and reveals how91

hard/soft the fragmentation is. For example, in the extreme case of few constituents carrying a large92

fraction of the jet momentum, pTD is close to 1, while in the case of large number of constituents with93

softer momentum, pTD is close to 0. The distribution of pTD is dominated by the distribution of the94

number of constituents and it exhibits distinct peaks, in particular for small jet resolution parameters.95

This becomes evident when replacing the sums in the definition by the mean transverse momentum hpTi96
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)b [16]. The number of jet constituents corresponds to (k ,b )=(0,0), pTD corresponds to (0,1),103

the angularity g corresponds to (1,1) and the mass to (2,0). Only for k = 1, the shapes are infrared and104

collinear (IRC) safe.105

LeSub is not an IRC-safe observable but shows robustness against background smearing as it will be106

discussed in next section 5. LeSub is defined as107

LeSub = p
lead

T,track � p
sublead

T,track . (6)

As an illustrative example, Fig.1 compares the behaviour of the shapes for quark and gluon jets. Relative108

to quark jets of the same energy, gluon jets are broader and produce more fragments with a softer mo-109

mentum spectrum. Consequently on average their first radial moment is higher whereas the momentum110

dispersion and LeSub are lower.111
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Fig. 1: pT D, g and LeSub for quark and gluon jets as obtained from PYTHIA Perugia0 simulations.

5

first radial moment or angularity 

g

Jet shapes in pp and Pb–Pb collisions at ALICE ALICE Collaboration

the splittings phase space where medium-induced effects are expected. One example is the 2-subjetiness68

[13]. This observable quantifies the degree of 2-prongness of the jets and was measured to explore the69

possibility that a hard medium-induced radiation is detected as a reduction of the 2-prongness in favour70

of a 3-prong or more homogeneous fragmentation. Another example is the soft drop subjet momentum71

balance, [14, 15], which was designed to explore the difference in the momentum balance of semi-hard72

subjets in Pb–Pb relative to pp. This third category of jet observables is showing a recent development73

and it is building an interesting dialog between high energy physics tools and jet quenching in heavy ions74

studies [?].75

The set of shapes analyzed in this paper belongs to the second category. The paper is organized as76

follows: section 2 introduces the set of jet shapes, section 3 the data sets used for the analysis, sections 477

and 5 describe the jet finding and underlying event subtraction, while section 6 presents the response of78

the shapes to detector effects and background fluctuations and the 2-dimensional unfolding procedure79

that corrects simultaneously the shape and jet pT. Section 7 describes the different contributions to the80

systematic uncertainty, and finally 8 presents the final results and their interpretation with comparisons81

to theoretical models.82

2 The set of jet shapes83

In this analysis we focus on three jet shape observables that probe complementary aspects of the jet84

fragmentation, namely the first radial moment or angularity, g, the momentum dispersion, pTD, and the85

difference between the leading and sub-leading track momentum, LeSub.86

The angularity is defined as87

g = Â
i2 jet

p
i
T

pT,jet
|DRi,jet| (1)

where p
i
T stands for the transverse momentum of constituent i and DRi,jet is the distance in (h , f ) space88

between constituent i and the jet axis. This shape is sensitive to the radial energy profile of the jet.89

The momentum dispersion pTD is defined as90

pT D =

q
Âi2 jet p

2
T,i

Âi2 jet pT,i
. (2)

This shape measures the second moment of the constituent pT distribution in the jet and reveals how91

hard/soft the fragmentation is. For example, in the extreme case of few constituents carrying a large92

fraction of the jet momentum, pTD is close to 1, while in the case of large number of constituents with93

softer momentum, pTD is close to 0. The distribution of pTD is dominated by the distribution of the94

number of constituents and it exhibits distinct peaks, in particular for small jet resolution parameters.95

This becomes evident when replacing the sums in the definition by the mean transverse momentum hpTi96

and variance s of the jet constituents as97

pTD =

q
Â p

i2
T

Â p
i

T
= (3)

98

p
N

p
(s2(pT)+ hpTi2)

NhpTi
= (4)

99

1/
p

N

p
(1+s2(pT)/hpTi2) (5)

where N is the number of constituents. pT D is a combination of a continuous distribution combined with100

a discrete distribution P(N) which gives peaks at 1/
p

2, 1/
p

3, 1/
p

4, ...101

4

use momentum and distance 
to jet axis of each constituent

A measure for the radial 
energy profile of the jet 

A measure for the hardness 
of the fragmentation.
Small value for many 
constituents. Large value for 
fewer constituents

pTD~0 pTD~1 
small g large g

We measure:
pp 7 TeV, Pb-Pb 2.76 TeV
Anti-kT jet algorithm, 
resolution param. R = 0.2
|ηjet| < 0.7, 
pT = 40 - 60 GeV/c 
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Jet Shapes of Small Jets
pp collisions
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Jet Shapes of Small Jets
Pb-Pb collisions

radial moment is shifted
to lower values

momentum dispersion is 
shifted to higher values

no significant modification
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Jet Shapes of Small Jets
Pb-Pb collisions

radial moment is shifted
to lower values

momentum dispersion is 
shifted to higher values

no significant modification
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Jet Shapes of Small Jets
Pb-Pb collisions

radial moment is shifted
to lower values

momentum dispersion is 
shifted to higher values

no significant modification

g
0 0.02 0.04 0.06 0.08 0.1 0.12

g
 d

N
/d

je
ts

1
/N

0

5

10

15

20

25

30

ALICE Data

Shape uncertainty

Correlated uncertainty

PYTHIA Perugia 11

 = 2.76 TeVNNsPb-Pb 

 = 0.2R  charged jets, TkAnti-

c < 60 GeV/jet,ch

T
p40 < 

ALICE Preliminary

ALI−PREL−101580

)c (GeV/LeSub
0 5 10 15 20 25 30

/G
e
V

)
c

 (
L
e
S
u
b

 d
N

/d
je

ts
1
/N

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

ALICE Data

Shape uncertainty

Correlated uncertainty

PYTHIA Perugia 11

 = 2.76 TeVNNsPb-Pb 

 = 0.2R  charged jets, TkAnti-

ALICE Preliminary

c < 60 GeV/jet,ch

T
p40 < 

ALI−PREL−101588

D
T

p
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
T

p
 d

N
/d

je
ts

1
/N

0

1

2

3

4

5

6

ALICE Data

Shape uncertainty

Correlated uncertainty

PYTHIA Perugia 11

 = 2.76 TeVNNsPb-Pb 

 = 0.2R  charged jets, TkAnti-

ALICE Preliminary

c  <60 GeV/jet,ch

T
p40 < 

ALI−PREL−101584

collimated



34� E. Epple

Jet Shapes of Small Jets
Pb-Pb collisions

radial moment is shifted
to lower values

momentum dispersion is 
shifted to higher values

no significant modification
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The results of R=0.2 jet shapes indicate that jet cores in Pb–Pb are more 
collimated and harder than those in PYTHIA at the same energy.

Soft particles emitted outside R=0.2
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Summary

o Enhancement of low-pT associated hadrons
at the near and away side in Pb-Pb.

o The yield of high-pT ass. hadrons (>3.5 GeV)
is suppressed at the away side.

!0-hadron correlations pp and Pb-Pb

How is the jet fragmentation modified 
in the medium?

Jet Mass measurement in p-Pb and Pb-Pb

Is there a shift of measured jet masses due 
to hot QCD medium effects?

Jet shape measurement in pp and Pb-Pb

How are the cores of jets modified in the 
medium?

o No significant mass shift observed
due to medium.

o It seem the soft radiation outside
the cone doesn’t alter the relation
between pT and mass of the parton.

o Quenching models can not describe
measured jet mass.

The results of R=0.2 jet shapes indicate that
jet cores in Pb–Pb are more collimated and
harder than those in PYTHIA at the same
energy.
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Outlook - Results to Come
Jet substructure 
using Soft Drop (removal of soft subjets) 
to determine momentum distribution of 
hard subjets

2 ALICE Analysis Note 2017

LHC13d and LHC13e. In the TRIG sample, only the high-threshold (J1) subsample is used. As dis-
cussed in [JetMassinPbPb], it is fully safe (in terms of a possible trigger bias) to use the J1 sample for
pch

T, jet > 80 GeV/c. This statement is based on a detailed study of the triggered data sample performed
in [DijetpPb].

Runs used in the analysis are listed below. AOD files set 154 were used for all periods.

2.1.1 LHC13b runs

195344 195346 195351 195389 195390 195391 195478 195479 195480 195481 195482 195483

2.1.2 LHC13c runs

195529 195531 195566 195567 195568 195592 195593 195596 195633 195635 195644 195673 195675
195677

2.1.3 LHC13d runs

195681 195682 195721 195724 195725 195726 195727 195760 195761 195765 195767 195783 195787
195829 195830 195831 195867 195869 195871 195872 195873

2.1.4 LHC13e runs

195935 195949 195950 195954 195955 195958 195989 195994 196000 196006 196085 196089 196090
196091 196099 196105 196107 196185 196187 196194 196197 196199 196200 196201 196203 196208
196214 196308 196309 196310

2.2 Event selection

Event selections used are AliVEvent::kINT7 and AliVEvent::kEMCEJE for the MINB and TRIG data
samples, respectively.

A cut on the reconstructed vertex |zvtx|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton pT bins)
anchored to LHC13bcde is used for the analysis.

3 Jet reconstruction

So far, only charged jets were considered in the analysis. Jets are reconstructed with the anti-kT algo-
rithm implemented in the FastJet package [REF] clustering charged tracks with the momentum above
150 MeV/c via the E-scheme. The jet cone radius of R = 0.4 is used. Acceptance cut |h jet | < 0.5 is
applied. A jet area cut A > 0.6pR2 is applied, and the jet area is calculated used ghosts with the cell area
of 0.005.

The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and zcut = 0.1 were used.

Main observable of interest is zg defined as

zg =
min(pT,1, pT,2)

pT,1 + pT,2
, (1)

where pT,1 and pT,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
zcut = 0.1 and by construction, zg is defined in the range (0.1, 0.5). In case the hard splitting was not

2 ALICE Analysis Note 2017

LHC13d and LHC13e. In the TRIG sample, only the high-threshold (J1) subsample is used. As dis-
cussed in [JetMassinPbPb], it is fully safe (in terms of a possible trigger bias) to use the J1 sample for
pch

T, jet > 80 GeV/c. This statement is based on a detailed study of the triggered data sample performed
in [DijetpPb].

Runs used in the analysis are listed below. AOD files set 154 were used for all periods.

2.1.1 LHC13b runs

195344 195346 195351 195389 195390 195391 195478 195479 195480 195481 195482 195483

2.1.2 LHC13c runs

195529 195531 195566 195567 195568 195592 195593 195596 195633 195635 195644 195673 195675
195677

2.1.3 LHC13d runs
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195829 195830 195831 195867 195869 195871 195872 195873

2.1.4 LHC13e runs

195935 195949 195950 195954 195955 195958 195989 195994 196000 196006 196085 196089 196090
196091 196099 196105 196107 196185 196187 196194 196197 196199 196200 196201 196203 196208
196214 196308 196309 196310

2.2 Event selection

Event selections used are AliVEvent::kINT7 and AliVEvent::kEMCEJE for the MINB and TRIG data
samples, respectively.

A cut on the reconstructed vertex |zvtx|< 10 cm is applied.

2.3 Monte Carlo data sample

The Monte Carlo production LHC13b4 plus (PYTHIA6 Perugia 2011 tune, 10 hard parton pT bins)
anchored to LHC13bcde is used for the analysis.

3 Jet reconstruction

So far, only charged jets were considered in the analysis. Jets are reconstructed with the anti-kT algo-
rithm implemented in the FastJet package [REF] clustering charged tracks with the momentum above
150 MeV/c via the E-scheme. The jet cone radius of R = 0.4 is used. Acceptance cut |h jet | < 0.5 is
applied. A jet area cut A > 0.6pR2 is applied, and the jet area is calculated used ghosts with the cell area
of 0.005.

The Soft Drop [REF] jet substructure algorithm, implemented in the FastJet Contributions package
[REF], is applied to identified jets. Parameters b = 0 and zcut = 0.1 were used.

Main observable of interest is zg defined as

zg =
min(pT,1, pT,2)

pT,1 + pT,2
, (1)

where pT,1 and pT,2 are two hard subjets identified by the Soft Drop algorithm. Given the cut-off value
zcut = 0.1 and by construction, zg is defined in the range (0.1, 0.5). In case the hard splitting was not

Measured zg in p-Pb consistent with PYTHIA.
Previously observed modifications in zg not 
due to cold nuclear matter effects.

We measure:
p-Pb 5.02 TeV
Anti-kT jet algorithm, 
resolution parameter R = 0.4, 
|ηjet| < 0.5, 
pT = 60 - 120 GeV/c 

shared momentum fraction
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Outlook - Results to Come

We measure:
Pb-Pb 2.76 TeV
Anti-kT jet algorithm, 
resolution parameter R = 0.4, 
|ηjet| < 0.5, 
pT = 40 - 60 GeV/c 

Nsubjetiness of jets in Pb-Pb collisions 
Ratio of 2-Subjettiness to 1-Subjettiness (!2/!1) 
measures two-prongness of the jet

Interpretation
!N  ~0, N or fewer cores
!N  ~1, N+1 or more cores
Thus:
!2/!1 tells us about 2-cores 

If (!2/!1 ~0) parton has split 
into two resolvable subjets

4 / Nuclear Physics A 00 (2017) 1–4
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Fig. 2. Fully corrected jet shapes in pp
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Fig. 3. Comparison of Pb-Pb inclusive vs PYTHIA embedded jets for �R (left) and Fully corrected results for ⌧2/⌧1 in Pb-Pb (right)
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