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7.3 Jet profile

Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.
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7.4 Girth

Figure 15. Left: Distribution of the first radial moment (girth g) for R = 0.4 fully reconstructed
jets with pjet

? > 100GeV in central Pb+Pb collisions from Jewel+Pythia. The black histogram
shows the corresponding p+p result, the green Pb+Pb without medium response and the red
Pb+Pb including medium response with GridSub1 subtraction. The yellow shaded region around
unity on the left panel highlights the statistical uncertainty in the p+p reference. Right: ALICE
data [10] for charged jets (R = 0.2 and 40GeV < pjet

? < 60GeV) compared with Jewel+Pythia

for full jets (with adjusted p? range). The yellow shaded region around unity represents the data
systematic uncertainties.

The first radial moment of the jet profile is called girth [48] and is defined as

g =
1

pjet
?

X

k2J
p(k)? �RkJ , (7.2)

where the numerator sums the distance from the jet axis weighted with p(k)? of each con-
stituent k of the jet. It characterises the width of the p? distribution inside the jet.

Jewel+Pythia results for girth using GridSub1 subtraction for fully reconstructed
jets in central Pb+Pb collisions are shown in the left panel of Fig. 15. We find a shift to
smaller values of g due to narrowing of the hard component, which is partly compensated
by a broadening of the jet due to medium response. We also compare our results with
preliminary ALICE data [10] for charged jets in the right panel of Fig. 15. Following the
same argument as above for the jet profile, the girth of full and charged jets should be
the same, provided the p? range is adjusted accordingly. We confirmed this in the Monte
Carlo for p+p collisions. We therefore in Fig. 15 compare Jewel+Pythia results for fully
reconstructed jets at a correspondingly higher p? with the ALICE data. We find reasonable
agreement, but the Jewel+Pythia distribution peaks at slightly higher values than the
data.
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Figure 16. Jewel+Pythia predictions for the groomed shared momentum fraction zg in central
Pb+Pb events and p+p events. Left: zg distribution in p+p (black), central Pb+Pb collisions
without recoiling partons (green) and with medium response and GridSub1 subtraction (red) for
jets with pjet

? > 100GeV and Soft Drop parameters zcut = 0.1 and � = 0. Right: Comparison
of Jewel+Pythia results with different grid sizes to CMS data [11]. Note that the data is not
unfolded, but the resolution is not published so no smearing is applied to the Monte Carlo events.
A comparison to properly smeared Jewel+Pythia results can be found in [11]. The yellow shaded
region around unity in the left panel highlights the statistical uncertainty in the p+p reference and
on the right represents the the data systematic uncertainties.

7.5 Groomed shared momentum fraction zg

The groomed shared momentum fraction zg is a measure for the momentum asymmetry in
the hardest, i.e. largest angle, two-prong structure in the jet. In p+p collisions it is closely
related to the Altarelli-Parisi splitting function [49]. It is defined through the Soft Drop
procedure [50, 51] detailed below and implemented in FastJet [36] contrib. First, jets are
clustered with the anti-k? algorithm and re-clustered with Cambridge/Aachen. Then the
last clustering step is undone, yielding the largest angle two-prong structure in the jet. If
this configuration satisfies the Soft Drop condition

zg =
min(p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R1,2

RJ

◆�

(7.3)

where zcut and � are parameters, it is kept. Otherwise, the softer of the two prongs is
discarded and the procedure of un-doing the last clustering step is repeated for the harder
prong. In this way soft contaminations are systematically removed from the jet and the
hardest two-prong structure is identified. Soft Drop jet grooming thus takes an inclusive
jet collection and turns it into a different collection of jets with two-prong structure of a
minimum momentum symmetry provided by zcut. Varying zcut up or down varies the degree
of asymmetrical splitting allowed in the parton’s fragmentation, while the � controls how
collinear the configuration has to be.

In p+p collisions, this method is has been studied in some detail [49, 51], but in
heavy ion collisions the exact meaning of the grooming procedure is not obvious, due to
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full experimental analysis
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➤ Gives ultimate realism (accuracy 
depends on what’s inside) 

➤ Can in principle include full 
medium embedding & subtraction 
(but that’s often work in progress) 

➤ Risks looking like a black box
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Jetscape: current status: pp baseline (// Kauder)
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JETSCAPE pp preliminary

JETSCAPE pp preliminary
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JEWEL v. data 
➤ arXiv:1707.01539, by 

Milhano, Wiedemann 
and Zapp with 
medium response
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2

The Soft Drop algorithm [10, 11] reconstructs jets with
the anti-k? algorithm [12] and reclusters them with a pre-
scription entirely based on angles (Cambridge/Aachen).
The last step of this reclustering is then undone to give
the two prongs with the largest angular separation. If
the p?-sharing between the two prongs satisfies

zg ⌘ min (p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R12

R

◆�

, (1)

then the prongs are accepted and the algorithm termi-
nates. Otherwise, the softer of the prongs is rejected,
the last reclustering step on the hard prong is undone,
and the algorithm continues till condition (1) is satisfied.
This is one of a variety of grooming techniques that can
be used to systematically reject (or study) soft contribu-
tions associated to jets. In eq. (1), R denotes the jet ra-
dius. In the following, we work for � = 0, and we use the
default zcut = 0.1. We also require that only configura-
tions with�R12 > 0.1 are included in the zg-distribution.
This condition was added by the CMS collaboration to
the original Soft Drop proposal, and we adopt it to facil-
itate comparison to the preliminary data [13].

Here, we investigate the physical mechanisms underly-
ing the softening of the groomed shared momentum frac-
tion zg in Jewel, including the possibility that recoil
e↵ects contribute. In general, the momentum of recoil-
ing partons is composed of a thermal component that
they carry before the jet-medium interaction, as well as
the momentum transferred when interacting with jet con-
stituents. Only the latter contributes to the medium re-
sponse, the former is removed experimentally by back-
ground subtraction techniques. However, these tech-
niques cannot be applied to Jewel as it does not gen-
erate full heavy ion events. Instead, consistent with ex-
perimental procedures, the (thermal) background contri-
bution is subtracted from generated event samples with
a so-called 4-momentum subtraction technique validated
in [6].

We emphasize that for hadronization, Jewel converts
all recoiling partons into gluons that are inserted into
the strings that connect the partons forming the jets. It
is therefore not meaningful to label hadrons in the event
record as belonging to the jet or to the medium response.
However, one can hadronize events in Jewel with or
without the recoiling partons. Fig. 1 shows the corre-
sponding zg-distributions. Since recoiling partons do not
rescatter in Jewel, and since rescattering induces ther-
malization processes, generated events with recoiling par-
tons may overestimate the physically expected medium
response. The truth is therefore expected to lie in be-
tween the green (without recoil) and blue (with recoil)
curves in Fig. 1, and the di↵erence between both curves
should be regarded as an upper bound for the expected
medium-response.

Even without including recoiling partons, the simu-
lated zg-distribution in Fig. 1 shows a mild tilt towards
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FIG. 1. (top) Jewel+Pythia result for the groomed shared

momentum fraction zg in central PbPb events analyzed with

(blue curve) and without (green curve) keeping track of

medium response and compared to simulated pp events (red

curve). (bottom) The ratio of the zg-distributions in PbPb

and pp events, compared to CMS data for jet p? between 140

GeV and 160 GeV. All results are for
p
sNN = 5.02 TeV and

are shown background subtracted (4-momentum subtraction

method) and on hadron level.

smaller zg in comparison to the proton-proton baseline.
Without additional information, the interpretation of
this tilt remains ambiguous. The reason is that the zg-
distribution is a self-normalizing curve. A tilt of the type
shown in Fig. 1 can therefore arise either (i) from an en-
hanced contribution at small zg (that reduces the bin
entries at large zg due to normalization), or (ii) from
a depletion of jets with large zg (that would enhance
bin entries at small zg by normalization). The first of

Figure 11. Jet mass distributions in central Pb+Pb events for anti-k? full jets with radius param-
eter R = 0.4 and pjet

? > 100GeV with medium response and variations of the GridSub1 subtraction.
The red histogram is the default (with cell size 0.05⇥ 0.05), in the blue the cell size is increased to
0.1⇥0.1, and the green is with default cell size but instead of four-momenta the energies of particles
inside the cells are summed and the cell momentum is assumed to be massless.

charged jets

full jets

re-scaled full jets

anti-k? jets with R = 0.4

pch-jet

? > 60 GeV

pfull-jet

? > 80 GeV

0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
JEWEL+PYTHIA p+p

p
s = 2.76 TeV

MJ [GeV]

1
/

N
je

t
d

N
/

d
M

J

ALICE data

w/ Recoils, 4MomSub

w/o Recoils

anti-k? R = 0.4 jets

|hjet| < 0.5

100 < pch-jet

? < 120 GeV

0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

JEWEL+PYTHIA Pb+Pb (0 � 10%) (2.76 TeV)

charged jet mass Mch-jet [GeV]

(
1

/
N

je
ts
)

d
N

/
d

M
c
h

-j
e
t

Figure 12. Left: Jet mass distributions from Jewel+Pythia for p+p. The blue histogram shows
the full jet distribution, the red the one for charged jets, and the green histogram is the re-scaled
blue histogram. Right: Comparison of the re-scaled full jet mass distribution with recent ALICE
data [12] for the charged jet mass.

the jet mass is very sensitive to the details of the grid subtraction. In Fig. 11 we compare
two different cell sizes and two ways of computing the cell momentum. One is the default,
which consists of summing the four-momenta of the particles in the cell (and subtracting
the thermal momenta), and the other sums the particles’ energies and assumes the cell four-
momentum to be massless and to point in the direction defined by the cell centre. Both
variations lead to large differences in the jet mass distribution (which is not observed in any
other observable we studied). We therefore strongly discourage the use of grid subtraction
for the jet mass and from here on show results only for 4MomSub subtraction.

As discussed in section 3.3, in order to be able to compare the Jewel+Pythia results
to the ALICE data, the charged jet mass has to be estimated from the full jet mass. We
do this by re-scaling the full jet mass with a constant factor 2/3 and the jet p? with a
factor 3/4 (this is needed to match the p? cuts in the charged jet sample). The scaling
factors are extracted from the Jewel+Pythia p+p sample. The left panel of Fig. 12
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shows the charged jet, full jet and re-scaled full jet mass distributions in p+p and gives a
lower bound on the related systematic uncertainties. We would like to stress once more that
this is an ad hoc procedure and that there is no guarantee that it yields meaningful results.
The right panel of Fig. 12 shows the comparison of the re-scaled full jet mass distribution
from Jewel+Pythia to a recent ALICE measurement [12]. The Monte Carlo predicts
significantly larger jet masses, but given the uncertainties involved in obtaining the charged
jet distribution it is difficult to interpret this comparison with data.

7.2 Fragmentation functions
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Figure 13. The ratio of jet fragmentation functions (FF) Pb+Pb to p+p compared with CMS [5]
(left) and ATLAS data [7] (right). The data systematic uncertainties are shown in the yellow band
around unity. Medium response is included in Jewel+Pythia results shown as blue histograms,
but the subtraction (in this case 4MomSub) can only be applied to the jet p? and not to the
tracks. The corresponding Jewel+Pythia results without medium response are shown as green
histograms.

Intra-jet fragmentation function [5–7] in p+p and Pb+Pb collisions are also an im-
portant jet sub-structure observable. However, in Jewel there is no way of doing the
subtraction for individual hadrons or, as in this case, tracks. In Fig. 13, which shows
the modification of the fragmentation function in Pb+Pb collisions compared to p+p, we
therefore in the sample with medium response correct the jet p?, but all tracks enter the
fragmentation function. It is thus expected that Jewel+Pythia overshoots the data in
the low z or p?, corresponding to high ⇠, region. The sample without medium response
in this region shows a suppression as opposed to the enhancement seen in the data and
the sample with recoiling partons, confirming the interpretation that the low p? (high ⇠)
enhancement seen in the data is due to medium response. The enhancement at high p? (low
⇠) region is caused by the already mentioned narrowing and hardening of the hard jet core,
and is more pronounced in Jewel+Pythia than in data. It is stronger without medium
response, because the latter does not affect the hard fragments, but slightly increases the
jet p?.
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7.3 Jet profile
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Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.
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7.4 Girth
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Figure 15. Left: Distribution of the first radial moment (girth g) for R = 0.4 fully reconstructed
jets with pjet

? > 100GeV in central Pb+Pb collisions from Jewel+Pythia. The black histogram
shows the corresponding p+p result, the green Pb+Pb without medium response and the red
Pb+Pb including medium response with GridSub1 subtraction. The yellow shaded region around
unity on the left panel highlights the statistical uncertainty in the p+p reference. Right: ALICE
data [10] for charged jets (R = 0.2 and 40GeV < pjet

? < 60GeV) compared with Jewel+Pythia

for full jets (with adjusted p? range). The yellow shaded region around unity represents the data
systematic uncertainties.

The first radial moment of the jet profile is called girth [48] and is defined as

g =
1

pjet
?

X

k2J
p(k)? �RkJ , (7.2)

where the numerator sums the distance from the jet axis weighted with p(k)? of each con-
stituent k of the jet. It characterises the width of the p? distribution inside the jet.

Jewel+Pythia results for girth using GridSub1 subtraction for fully reconstructed
jets in central Pb+Pb collisions are shown in the left panel of Fig. 15. We find a shift to
smaller values of g due to narrowing of the hard component, which is partly compensated
by a broadening of the jet due to medium response. We also compare our results with
preliminary ALICE data [10] for charged jets in the right panel of Fig. 15. Following the
same argument as above for the jet profile, the girth of full and charged jets should be
the same, provided the p? range is adjusted accordingly. We confirmed this in the Monte
Carlo for p+p collisions. We therefore in Fig. 15 compare Jewel+Pythia results for fully
reconstructed jets at a correspondingly higher p? with the ALICE data. We find reasonable
agreement, but the Jewel+Pythia distribution peaks at slightly higher values than the
data.
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‣ Event generator for jet simulation in heavy ion collisions
‣ Compatible with event-by-event 3D hydrodynamic medium

MARTINI1

Radiation : AMY formalism2 (collinear)
➡ Formation time of radiation3,                  
➡ Running coupling in splitting vertex4,  
Elastic Scattering5

➡ 2-2 scattering causing space-like  
momentum transfer,

➡ Momentum broadening
Conversion1

➡ quark-gluon, jet-photon, photon conversion

�4Chanwook Park Quark Matter 2018, Venice

tf � k/k2
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q

1 B. Schenke, C. Gale, and S. Jeon, Phys. Rev. C 80, 054913 (2009)
2 P. Arnold, G. D. Moore, and L. G. Yaffe, JHEP 0206 (2002) 030
3 S. Caron-Huot and C. Gale, Phys. Rev. C 82, 064902 (2010)
4 C. Young, B. Schenke, S. Jeon, and C. Gale, Nucl. Phys. A 910-911, 494 (2013) 
5 B. Schenke, C. Gale, and G-Y. Qin, Phys. Rev. C 79, 054908 (2009)

Soft particles

Hard particles

Jet evolution in MARTINI

The ratio shows flat 
without recoil.
Recoil yields a significant 
contribution to the jet 
shape at large angles.
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Effect of medium response
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medium mach-cones
➤ Tachibana, Chang & Qin,  

1701.07951, 12fm/c
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FIG. 1. (Color online) Energy density distribution of the medium in the transverse plane at midrapidity ⌘s = 0 at di↵erent
proper times ⌧ = 3.0, 7.5, and 12 fm/c. The jet with the initial pjetT = 150 GeV/c is produced at (xjet

0 , yjet
0 ) = (0 fm, 6.54 fm) and

propagates in the direction of �p = 5⇡/8. The upper panels (a-1), (a-2), and (a-3) show the whole medium energy density, and
the lower panels (b-1), (b-2), and (b-3) show the medium energy density subtracted by that in the case without jet propagation.

panels show the energy density after the subtraction of
the energy density in the events without jet propaga-
tion. From these figures, we can see that the V-shaped
wave fronts (shown by higher energy density region) are
induced by the jet propagation, and develop with time
in the medium. This V-shaped wave front is the Mach
cone [65–67], a conical shock wave that appears as an
interference of sound waves caused by an object moving
faster than the medium sound velocity. Here the highly
collimated jet shower deposits its energy and momentum
and induces a Mach cone whose vertex is the center of
the jet [80, 81]. This wave front of the Mach cone carries
the energy and momentum, propagates outward and also
causes the lower energy density region behind the wave
front. During the propagation, the Mach cone and the
radial flow of the medium are pushed and distorted by
each other. One can see that the Mach cone is asymmet-
rically deformed in this example because the jet travels
through the o↵-central path in the medium.

In this work, we neglect the e↵ect of the finite small
shear viscosity of the QGP and model the medium cre-
ated in relativistic heavy-ion collisions as an ideal (non-
viscous) fluid. The finite viscosities are important for
more precise description of the medium evolution and
the collective anisotropic flows observed in the final states
[6, 113–117]. It can also a↵ect the shape of the medium

response to the jet-deposited energy and momentum,
e.g., the Mach cone can be smeared by the finite shear
viscosity [79, 83, 87, 88]. In our study, we assume the
instantaneous thermalization of the energy and momen-
tum deposited by the jet; the finite relaxation time e↵ects
may be included in the source terms [79, 118] (note that
the smearing due to the finite grid size in the hydrody-
namic simulation mimics some relaxation e↵ect). Since
the relaxation times for the deposited energy and mo-
mentum are closely related to the transport coe�cients
of the QGP, and the inclusion of such e↵ects would pro-
vide further information on the QGP’s properties, which
we would like to leave as a future work.

B. Full Jet Energy Loss and Suppression

In our framework, the final full jets are contributed
from two parts: jet shower part and hydrodynamics re-
sponse part. The shower part of the jet loses energy
due to three mechanisms: the collisional energy loss and
the absorption of the soft partons by the medium, the
transverse momentum broadening which kicks the par-
tons out of the jet cone, and the medium-induced radia-
tion outside the jet cone. The hydro part of the jet comes
from the lost energy and momentum from the jet shower
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FIG. 6. (Color online) Jet shape function for (a) leading and (b) subleading jets in dijet events in central Pb+Pb collisions and
in p+p collisions at 2.76A TeV. The leading jet pjetT,1 > 120 GeV/c, the subleading jet with pjetT,2 > 50 GeV/c, and the azimuthal
angle between the leading and subleading jets �'1,2 > 5⇡/6. The solid and dashed lines are results with and without hydro
part contribution in central Pb+Pb collisions, respectively. The dashed dotted line shows the pure hydro part contribution. The
dotted line is result for p+p collisions obtained from Pythia. The black circles are data in central (0-30%) Pb+Pb collisions
from CMS Collaboration [28], with the shaded boxes indicating the systematic uncertainties.

with the leading jet with p
jet

T,1 > 120 GeV/c, the sublead-

ing jet with p
jet

T,2 > 50 GeV/c, and the azimuthal angle
between the leading and subleading jets �'1,2 > 5⇡/6.
In the figure, we do not show the jet shape function for
p+p collisions from CMS [24] since the data contain the
contamination from the underlying event (and therefore
are quite di↵erent at large r region as compared to the
jet shape function obtained from Pythia simulation).
In Pb+Pb collisions, such background e↵ect is supposed
to be small at large r, since the jet shape function is
dominated by the shower part at small r and by the jet-
induced medium flow at large r (see below).

From Figure 6(a), we can see that the jet shape func-
tion for leading jets in central Pb+Pb collisions is quite
similar to that for inclusive jets shown in Figure 5. The
shower part dominates the jet shape function at relatively
small r and is broadened by the medium e↵ect starting
from r = 0.2 � 0.3, while the hydro part starts to dom-
inate the jet shape function at large r region (r > 0.5).
Our full result on jet shape function with the contribu-
tions from both shower and hydro parts reproduces the
experimental result quite well throughout the entire r

range (up to r = 1). For subleading jets as shown in Fig-
ure 6(b), we can see that the jet shape function is much
broader than that of leading jets due to larger jet-medium
interaction for subleading jets. As a result, the shower
part of the jet shape function is wider and the hydro part
contribution is also larger and more widely distributed
than that in leading jets. Our full result also provides a
good description of the jet shape function for subleading
jets except the middle r region. The above results clearly

show that the hydrodynamic medium response to jet-
medium interaction plays an important role in the study
of fully reconstructed jets, especially at large r region.
This means that the jet shape function at large angles
with respect to the jet direction provides a good oppor-
tunity to study the hydrodynamic medium response to
jet quenching.

IV. SUMMARY

In this work, we have studied the nuclear modifica-
tions of full jet structures in relativistic heavy-ion col-
lisions with the inclusion of the contribution from the
medium exitations induced by the propagating hard jets.
We have formulated a model which consists of a set of
transport equations to describe the full jet shower evolu-
tion in medium and relativistic ideal hydrodynamic equa-
tions with source terms to describe the dynamical evo-
lution of the QGP medium. The transport equations
control the evolutions of energy and transverse momen-
tum distributions of the shower partons within the full
jet. The contribution from the momentum exchange with
the medium via scatterings with medium constituents is
taken into account by collisional energy loss and trans-
verse momentum broadening terms. The partonic split-
ting terms account for the contribution of the medium-
induced radiations; the rates for the induced splittings
were taken from higher-twist jet energy loss formalism.
The local temperature and flow velocity of the medium
are embedded in the jet quenching parameter q̂ which

ρ(r)
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Figure 10: The ratio of the mean shape of the jets in our ensemble after they have been quenched
by their passage through the expanding cooling droplet of plasma, as described in Section 3, to their
mean shape before quenching, shown in Fig. 8. As in Figs. 8 and 9, the pink band shows our results
for a = 1.8� 2.5 with a = 2 shown in dark red. The CMS measurement [33] of the modification
of the mean jet shape, namely the ratio of its measured value for jets with energy above 100 GeV
reconstructed with anti-kt R = 0.3 in 0-10% central PbPb collisions with

p
sNN=2.76 TeV to that

in proton-proton collisions, as in Fig. 8, is shown as the blue symbols. The discrepancy between
our calculation and the experimental measurements at large angles r relative to the center of the jet
is expected, since we do not include any analogue of the particles originating from the wake that
the jet leaves behind in the plasma, some of which must necessarily be reconstructed as a part of
the jet in any experimental analysis even after background subtraction [149].

jet in the ensemble gets wider as it propagates through the plasma, because jets that are initially
wider lose more energy and hence are more likely to drop below 100 GeV the mean opening angle
of the jets in the ensemble can decrease [145]. Indeed, when we plot the ratio of the mean jet shape
of the jets in our ensemble after quenching to that in our ensemble before quenching in Fig. 10
we see that quenching makes the mean jet shape get narrower in our calculation. In Fig. 10 we
compare the results of our calculation to the CMS data of Ref. [33], finding qualitative agreement
at small r, namely close to the core of the jet, where we see that the ratio plotted in the figure drops
below one in our calculation and in data. This confirms that even though every jet in the ensemble
gets wider as it propagates through the plasma, the mean jet shape of the jets in the ensemble with
pT > 100 GeV gets narrower. At larger r, our model does not include the soft particles coming
from the wake in the plasma — which carry the momentum lost by the jet and which therefore
must contribute to the reconstructed jet [149]. Including these effects increases the number of soft
particles at all angles in the jet cone, which pushes the ratio plotted in Fig. 10 significantly upwards
at larger r [149].

A by now classic signature of the modification of jets in heavy ion collisions due to their
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Asymmetry Distribution of an Ensemble of
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ABSTRACT: Some of the most important experimentally accessible probes of the quark-gluon
plasma (QGP) produced in heavy ion collisions come from the analysis of how the shape and energy
of sprays of energetic particles produced within a cone with a specified opening angle (jets) in a
hard scattering are modified by their passage through the strongly coupled, liquid, QGP. We model
an ensemble of back-to-back dijets for the purpose of gaining a qualitative understanding of how
the shapes of the individual jets and the asymmetry in the energy of the pairs of jets in the ensemble
are modified by their passage through an expanding cooling droplet of strongly coupled plasma, in
the model in a holographic gauge theory that is dual to a 4+1-dimensional black-hole spacetime that
is asymptotically anti-de Sitter (AdS). We build our model by constructing an ensemble of strings
in the dual gravitational description of the gauge theory. We model QCD jets in vacuum using
strings whose endpoints are moving “downward” into the gravitational bulk spacetime with some
fixed small angle, an angle that represents the opening angle (ratio of jet mass to jet energy) that
the QCD jet would have in vacuum. Such strings must be moving through the gravitational bulk at
(close to) the speed of light; they must be (close to) null. This condition does not specify the energy
distribution along the string, meaning that it does not specify the shape of the jet being modeled.
We study the dynamics of strings that are initially not null and show that strings with a wide
range of initial conditions rapidly accelerate and become null and, as they do, develop a similar
distribution of their energy density. We use this distribution of the energy density along the string,
choose an ensemble of strings whose opening angles and energies are distributed as in perturbative
QCD, and show that we can then fix one of the two model parameters such that the mean jet shape
for the jets in the ensemble that we have built matches that measured in proton-proton collisions
reasonably well. This is a novel way for hybridizing relevant inputs from perturbative QCD and
a strongly coupled holographic gauge theory in the service of modeling jets in QGP. We send our
ensemble of strings through an expanding cooling droplet of strongly coupled plasma, choosing
the second model parameter so as to get a reasonable value for Rjet

AA , the suppression in the number
of jets, and study how the mean jet shape and the dijet asymmetry are modified, comparing both to
measurements from heavy ion collisions at the LHC.
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Probing the hardest branching of jets in heavy ion collisions

Yang-Ting Chiena,b and Ivan Viteva
a Theoretical Division, T-2, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

b Erwin Schrödinger International Institute for Mathematical Physics, Universität Wien, Wien, Austria

We present the first calculation of the momentum sharing and angular separation distributions
between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet

0 1/2 1
x

k⊥

θ = R

θ = ∆

x = zcut x = 1− zcut

x 1− x

θ x, k⊥

k⊥ = ω tan θ
2 x(1− x)

ω

FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)

3

the anti-kT algorithm with R = 0.4 [28]. They are then
groomed using the soft-drop jet grooming procedure [25].
The parameters chosen in the CMS measurements are
β = 0 and zcut = 0.1. Another cut on ∆R12 > 0.1 is
imposed due to the detector resolution where ∆R12 is the
distance between the two branches in the pseudorapidity-
azimuthal angle plane. The requirement also effectively
selects jets with the branching angle greater than 0.1.
The groomed momentum sharing zg and its normalized
distribution

p(zg) =
1

Njet

dN

dzg
, (11)

are measured. The jets are selected with the following
cuts on the jet transverse momentum (pT ) and pseudora-
pidity (η): pT > 140 GeV and |η| < 1.3. The in-medium
momentum sharing modification is quantified by taking
the ratio of the zg distributions in proton-proton and
lead-lead collisions,

R
p(zg)
AA = p(zg)

PbPb
/

p(zg)
pp . (12)

The modification patterns are examined across a wide
range of pT bins with different collisional centralities.
FIG. 2 shows the result for the ratio of the momentum

sharing distributions of inclusive jets in 0-10% central
Pb+Pb and p+p collisions at

√
sNN = 5.02 TeV. We

consider two pT bins 140 GeV < pT < 160 GeV (up-
per panel) and 250 GeV < pT < 300 GeV (lower panel)
to study the modification pattern as a function of the
jet transverse momentum. The preliminary CMS data
shows a strong modification of the momentum sharing
distribution for jets with lower pT in central collisions,
and the modification decreases quite quickly when the
jet pT becomes higher. The red bands correspond to the
theoretical calculations with the variation of g = 2.0±0.2.
We find that the modification does decrease as the jet pT
increases. However, the pT dependence in our theory
calculation is not as strong as suggested in the prelimi-
nary CMS measurements, with the amount of modifica-
tion around zg = 0.5 underestimated in our calculation
for lower pT jets. For jets with higher pT , our calculation
is consistent with the preliminary CMS data within the
experimental uncertainties.
FIG. 3 shows the modification of the momentum shar-

ing distribution for inclusive jets in mid-peripheral lead-
lead collisions with centrality 30-50% at

√
sNN = 5.02

TeV. Here we only examine jets in the 140 GeV < pT <
160 GeV bin since the modification is larger for lower pT
jets. Both the CMS preliminary data and our calculation
show moderate modifications of the zg distributions, and
we are consistent with each other. The medium modi-
fication of the zg distribution decreases with collisional
centrality.
Predictions for the momentum sharing distribution ra-

tios for inclusive jets in proton-proton and central lead-
lead collisions at

√
sNN = 5.02 TeV are shown in FIG. 4.
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R ! 0.4, ! Η ! # 1.3

140 GeV # pT # 160 GeV
Centrality: 0$10%

Β!0, zcut!0.1, 'R12(0.1

CMS
Preliminary

g ! 2.0 ")0.2#

0.1 0.2 0.3 0.4 0.5
0.4

0.6

0.8

1.0

1.2

1.4

1.6

zg

p(zg)
PbPb

p(zg)pp

sNN ! 5.02 TeV
R ! 0.4, ! Η ! # 1.3

250 GeV # pT # 300 GeV
Centrality: 0$10%

Β!0, zcut!0.1, 'R12(0.1

CMS
Preliminary

g ! 2.0 ")0.2#

0.1 0.2 0.3 0.4 0.5
0.4

0.6

0.8

1.0

1.2

1.4

1.6

zg

p(zg)
PbPb

p(zg)pp

FIG. 2: Comparison of theoretical calculations and prelimi-
nary CMS data for the ratio of momentum sharing distribu-
tions of inclusive anti-kT R = 0.4 jets in central Pb+Pb and
p+p collisions at

√
sNN = 5.02 TeV. Jets are soft-dropped

with β = 0, zcut = 0.1 and ∆R12 > 0.1. Bands correspond
to the theoretical uncertainty estimated by varying the cou-
pling between the jet and the medium (g = 2.0± 0.2). Upper
panel: modification for jets with 140 GeV < pT < 160 GeV
and |η| < 1.3. Lower panel: modification for jets with
250 GeV < pT < 300 GeV and |η| < 1.3.

sNN ! 5.02 TeV
R ! 0.4, ! Η ! # 1.3
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FIG. 3: Comparison of theoretical calculations and prelimi-
nary CMS data for the momentum sharing modification of
inclusive jets in proton-proton and lead-lead collisions at√
sNN = 5.02 TeV. Shown are the same studies as in FIG.

2 for anti-kT R = 0.4 jets with 140 GeV < pT < 160 GeV
and |η| < 1.3 in mid-peripheral collisions. The same soft-drop
parameters are used to groom the jets.
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We present the first calculation of the momentum sharing and angular separation distributions
between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet

0 1/2 1
x

k⊥

θ = R

θ = ∆

x = zcut x = 1− zcut

x 1− x

θ x, k⊥

k⊥ = ω tan θ
2 x(1− x)

ω

FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)

arXiv:1608.07283v1  [hep-ph]  25 Aug 2016

P
ro

b
in
g
th

e
h
a
rd

e
st

b
ra

n
ch

in
g
o
f
je
ts

in
h
e
a
v
y
io
n
c
o
llisio

n
s

Y
an

g-T
in
g

C
h
ien

a
,b

an
d

Ivan
V
itev

a

a
T
h
eo
retica

l
D
ivisio

n
,
T
-2
,
L
o
s
A
la
m
o
s
N
a
tio

n
a
l
L
a
bo
ra
to
ry
,
L
o
s
A
la
m
o
s,

N
M

8
7
5
4
5
,
U
S
A

b
E
rw

in
S
ch
rö
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FIG. 1. Schematic representation of the phase-space available
for VLEs, including an example of a cascade with “1” the last
emission inside the medium and “2” the first emission outside.

(ii) First emission outside the medium The gluons
produced inside the medium are not yet on-shell: their
virtualities are as large as their transverse momenta,
themselves bound by the multiple scattering inside the
medium: k2? �

p
!q̂ � ⇤2, with ⇤ the QCD confine-

ment scale. These partons will thus continue radiating,
but their next VLE must occur outside the medium, with
a large formation time 2/(!✓2) � L, i.e. with an energy
! ⌧ !L(✓) ⌘ 2/(L✓2). This implies the existence of a
gap in the energy of the VLEs, between the lower limit
!0(✓) on the last gluon emitted inside the medium, and
the upper limit !L(✓) on the first gluon emitted outside
the medium. Since !0(✓) = !L(✓) = !c for ✓ = ✓c the
gap exists only for ! < !c, as shown in Fig. 1.

No angular ordering. Besides the gap in the phase-
space, the medium has another important e↵ect: the first
emission outside the medium can violate angular order-
ing. (A similar idea appears in [18].) Indeed, all the in-
medium sources with ✓ � ✓c satisfy tcoh(✓) ⌧ L and thus
lose color coherence after propagating over a distance L
in the medium. These sources can then radiate at any
angle.2 On the contrary, the sources with angles smaller
than ✓c (hence ! & !c; see Fig. 1), are not a↵ected by
the medium. They behave as if they were created outside
the medium and can radiate only at even smaller angles.

Energy loss after formation. After being created in-
side the medium via VLEs, the partons cross the plasma
over a distance of order L and hence lose energy via
medium-induced radiation — essentially, as independent
colour sources. Whereas this is the main mechanism for
the energy loss by the jet as a whole, it is less impor-
tant for the jet fragmentation. Indeed, the typical gluons

2 Notice the di↵erence in this respect between in-medium sources
emitting inside or outside the medium.

produced via medium-induced radiation are soft, with
! . ↵̄2

s!c. Via successive democratic branchings [4, 5],
they transfer their energy to many very soft quanta prop-
agating at large angles ✓ > ✓qq̄ [19–21]. Hence, such emis-
sions do not matter for the particle distribution inside
the jet.3 Furthermore, they do not significantly a↵ect
the sources for VLEs: the energy loss is important only
for the sources in a small corner of the phase-space, at
low energies ! . ↵̄2

s!c and large angles, ✓2 & (1/↵̄3
s)✓

2
c ,

cf. Eq. (1). We have checked that the e↵ect of introduc-
ing a lower limit ↵̄2

s!c on the energies of the VLEs is
numerically small. A complete phenomenological picture
of jet evolution in the medium would include medium-
induced emissions but, since they go beyond our current
level of approximation, we leave this for future work.
(iii) Emissions from sources created outside the

medium. After a first emission outside the medium, the
subsequent emissions follow, of course, the usual pattern
of vacuum-like cascades, with angular ordering (and en-
ergy ordering in our DLA approximation). The evolution
stops when the transverse momentum k? ' !✓ becomes
comparable to the hadronisation scale ⇤. This implies a
lower boundary, ! & !⇤(✓) ⌘ ⇤/✓, on the energy of the
produced gluons, shown in Fig. 1 together with the other
boundaries introduced by the medium. The most inter-
esting region for gluon production — the most sensitive
to medium e↵ects highlighted above — is the “outside
medium” region at energies ! < !c.
Gluon distribution. Within the present approxima-

tion, it is straightforward to compute the gluon distri-
bution generated by VLEs. To that aim we compute the
double di↵erential distribution,

T (!, ✓) ⌘ !✓2
d2N

d!d✓2
, (4)

which describes the gluon distribution in both energies
and emission angles. Consider a point with coordinates
(!, ✓) outside the medium. A generic contribution to
T (!, ✓) can be expressed as the product of a vacuum-like
cascade inside the medium, up to an intermediate point
(!1, ✓1), followed by a first emission outside the medium,
from (!1, ✓1) to (!2, ✓2) and, finally, by a genuine vac-
uum cascade, from (!2, ✓2) to the measured point (!, ✓).
This particular contribution yields (at large Nc)

T (!, ✓) = ↵̄s

Z ✓2
qq̄

✓2
c

d✓21
✓21

Z E

!0(✓1)

d!1

!1
Tvac(!1, ✓1|E, ✓qq̄)

Z min( 2
!L ,✓2

qq̄)

✓2

d✓22
✓22

Z min(!1,!L(✓2))

!

d!2

!2
Tvac(!, ✓|!2, ✓2) ,

(5)

3 One can show more rigorously that medium-induced emissions do
not matter at DLA. However, we believe our physical argument,
based on angular separation, to be more insightful.
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FIG. 2. The ratio T (!, ✓2)/Tvac(!, ✓
2) between the two-

dimensional gluon distributions in the medium and respec-
tively the vacuum, both computed to DLA and for the values
of the free parameters E, ✓qq̄, ↵̄s, q̂ and L shown in the figure.

where we have chosen ✓ > ✓c for definiteness. The
medium e↵ects enter only via the boundaries of the inte-
grations and no ordering is assumed between ✓1 and ✓2,
in agreement with our previous discussion. The explicit
factor ↵̄s ⌘ ↵sNc/⇡ refers to the first emission outside
the medium and Tvac(!1, ✓1|E, ✓qq̄) represents the gluon
distribution that would be produced in the vacuum to
DLA accuracy, which is well known [17]:

Tvac(!, ✓|E, ✓qq̄) =
X

n�0

↵̄n+1
s

1

(n!)2


ln

E

!
ln

✓2qq̄
✓2

�n

= ↵̄s I0

0

@2

s

↵̄s ln
E

!
ln

✓2qq̄
✓2

1

A , (6)

with I0(x) the modified Bessel function of rank zero.
The series expansion in (6) makes explicit the double-
logarithmic enhancement associated with successive
emissions simultaneously ordered in energies and angles.

Besides (5), there are also contributions in which ei-
ther the in-medium cascade, or the out-of-medium one,
is missing. For instance, the first emission by the original
antenna can occur directly outside the medium, in which
case there is no cascade inside the medium. Our final
results include all these contributions.

The result is shown in Fig. 2 where we plot the ra-
tio T (!, ✓2)/Tvac(!, ✓2) for physically motivated values
of the various parameters (specified in the figure). In our
DLA approximation, this ratio is 1 for all the points ei-
ther inside the medium or with ! > !c. However, one
sees significant deviations from unity for points outside
the medium with energies ! < !c: for intermediate val-
ues of ! and relatively small angles ✓ . 0.1✓qq̄, one sees a
small but significative suppression compared to the vac-

FIG. 3. The ratio D(!)/Dvac(!) between the fragmentation
functions in the medium and respectively the vacuum, for
di↵erent choices for the medium parameters q̂ and L and the
hadronisation scale ⇤ (and fixed values for E, ✓qq̄, and ↵̄s).

uum (up to 15%). For smaller energies and larger angles,
✓ > 0.2, one rather sees a strong enhancement, owing to
emissions violating angular ordering.
The fragmentation function. Finally, we use our

above results to compute the jet fragmentation function
D(!), one of the quantities which is directly measured
in the experiments. This is obtained by integrating the
double-di↵erential distribution over the angles, above the
lower limit ⇤/! introduced by hadronisation:

D(!) ⌘ !
dN

d!
=

Z ✓2
qq̄

⇤2/!2

d✓2

✓2
T (!, ✓2) . (7)

Our results are shown in Fig. 3 for several sets of values
for the various parameters. One sees again a slight sup-
pression (relative to vacuum) at intermediate energies,
roughly from 2 GeV up to an energy ⇠ !c, and a sub-
stantial enhancement at lower energies ! . 2 GeV. The
amount of suppression at intermediate energies grows
with both q̂ and L. This can be easily understood: the
logarithmic width of the excluded region ln(!0/!L) =
(1/3) ln(✓2/✓2c ) rises with 1/✓2c = q̂L3/4. With increasing
L, the range in ! where one sees a enhancement is slowly
shrinking, as expected from the phase-diagram in Fig. 1.
Remarkably, the above results are in qualitative agree-

ment with the LHC measurements of the fragmentation
functions for the most central PbPb collisions [22, 23].
Our picture is also coherent with jet shape measure-
ments [24]. Of course, this should be taken with care,
in view of our approximations. Yet, it supports the idea
that our simple picture, derived in a well-defined limit
of perturbative QCD, is close to the actual physical sce-
nario. Our picture can be systematically refined to in-
clude e.g. energy conservation and energy loss, and to
compute new observables such as the jet shape. It can
also be implemented as a Monte-Carlo generator.
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in agreement with our previous discussion. The explicit
factor ↵̄s ⌘ ↵sNc/⇡ refers to the first emission outside
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distribution that would be produced in the vacuum to
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Besides (5), there are also contributions in which ei-
ther the in-medium cascade, or the out-of-medium one,
is missing. For instance, the first emission by the original
antenna can occur directly outside the medium, in which
case there is no cascade inside the medium. Our final
results include all these contributions.

The result is shown in Fig. 2 where we plot the ra-
tio T (!, ✓2)/Tvac(!, ✓2) for physically motivated values
of the various parameters (specified in the figure). In our
DLA approximation, this ratio is 1 for all the points ei-
ther inside the medium or with ! > !c. However, one
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uum (up to 15%). For smaller energies and larger angles,
✓ > 0.2, one rather sees a strong enhancement, owing to
emissions violating angular ordering.
The fragmentation function. Finally, we use our

above results to compute the jet fragmentation function
D(!), one of the quantities which is directly measured
in the experiments. This is obtained by integrating the
double-di↵erential distribution over the angles, above the
lower limit ⇤/! introduced by hadronisation:

D(!) ⌘ !
dN

d!
=

Z ✓2
qq̄

⇤2/!2

d✓2

✓2
T (!, ✓2) . (7)

Our results are shown in Fig. 3 for several sets of values
for the various parameters. One sees again a slight sup-
pression (relative to vacuum) at intermediate energies,
roughly from 2 GeV up to an energy ⇠ !c, and a sub-
stantial enhancement at lower energies ! . 2 GeV. The
amount of suppression at intermediate energies grows
with both q̂ and L. This can be easily understood: the
logarithmic width of the excluded region ln(!0/!L) =
(1/3) ln(✓2/✓2c ) rises with 1/✓2c = q̂L3/4. With increasing
L, the range in ! where one sees a enhancement is slowly
shrinking, as expected from the phase-diagram in Fig. 1.
Remarkably, the above results are in qualitative agree-

ment with the LHC measurements of the fragmentation
functions for the most central PbPb collisions [22, 23].
Our picture is also coherent with jet shape measure-
ments [24]. Of course, this should be taken with care,
in view of our approximations. Yet, it supports the idea
that our simple picture, derived in a well-defined limit
of perturbative QCD, is close to the actual physical sce-
nario. Our picture can be systematically refined to in-
clude e.g. energy conservation and energy loss, and to
compute new observables such as the jet shape. It can
also be implemented as a Monte-Carlo generator.

D(z)

http://arxiv.org/abs/1801.09703
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First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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Fig. 4: Detector-level jet mass distributions in Pb–Pb data and PYTHIA (tune A) embedded into Pb–Pb
collisions. Centrality: 0–10%. Anti-kT with R = 0.4. Left: area-based background subtraction. Right:
constituent background subtraction.
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the different effect of background fluctuations for the two subtraction algorithms, see Sec. 4. The lower
panels of Fig. 4 show the ratio between Pb–Pb and PYTHIA embedded jets. The ratio as a function of jet
mass shows that the measured distributions are very similar to the embedded PYTHIA jets, or possibly a
small shift to lower mass, which is however more pronounced for the constituent background subtraction
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are conclusions the same?

…and already eight years of data taking

• LHC Run 2 data analysis is in full swing.
• Significant increase in integrated luminosity in pp, p-Pb, and Pb-Pb collisions 

allows more and more precise investigation of statistics hungry probes.

System Year(s) √sNN (TeV) Lint

Pb-Pb
2010-2011 2.76 ~75 μb-1

2015 5.02 ~250 μb-1

by end of 2018 5.02 ~1 nb-1

Xe-Xe 2017 5.44 ~0.3 μb-1

p-Pb
2013 5.02 ~15 nb-1

2016 5.02, 8.16 ~3 nb-1, ~25 nb-1

pp
2009-2013 0.9, 2.76, 

7, 8
~200 μb-1, ~100 nb-1, 
~1.5 pb-1, ~2.5 pb-1

2015,2017 5.02 ~1.3 pb-1

2015-2017 13 ~25 pb-1
Pb-Pb 5.02 TeV

3
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Fig. 4: Detector-level jet mass distributions in Pb–Pb data and PYTHIA (tune A) embedded into Pb–Pb
collisions. Centrality: 0–10%. Anti-kT with R = 0.4. Left: area-based background subtraction. Right:
constituent background subtraction.
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the different effect of background fluctuations for the two subtraction algorithms, see Sec. 4. The lower
panels of Fig. 4 show the ratio between Pb–Pb and PYTHIA embedded jets. The ratio as a function of jet
mass shows that the measured distributions are very similar to the embedded PYTHIA jets, or possibly a
small shift to lower mass, which is however more pronounced for the constituent background subtraction
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)2c (GeV/ sub
ch jetM

0 2 4 6 8 10 12 14 16 18 20 22 24

/G
eV

)
2 c (

ch
 je

t
Md
Nd

 
je

t
N1

0

0.05

0.1

0.15

0.2

0.25
ALICEArea-based substraction

=2.76 TeV; 0-10%NNsPb-Pb; 
c<80 GeV/ sub

T,ch jet
p60<

PYTHIA embedded
Data Charged jets

=0.4R TkAnti-

)2c (GeV/ sub
ch jetM

0 2 4 6 8 10 12 14 16 18 20 22 24

/G
eV

)
2 c (

ch
 je

t
Md
Nd

 
je

t
N1

0

0.05

0.1

0.15

0.2

0.25
ALICEConstituent substraction

=2.76 TeV; 0-10%NNsPb-Pb; 
c<80 GeV/ sub

T,ch jet
p60<

PYTHIA embedded
Data Charged jets

=0.4R TkAnti-

)2c (GeV/
 sub
ch jetM

0 2 4 6 8 10 12 14 16 18 20 22 24

5
a
tio

 (
P

b
-P

b
/P

Y
T

H
IA

)

0

0.5

1

1.5

2

2.5

3

3.5

)2c (GeV/
 sub
ch jetM

0 2 4 6 8 10 12 14 16 18 20 22 24

R
a
tio

 (
P

b
-P

b
/P

Y
T

H
IA

)

0

0.5

1

1.5

2

2.5

3

3.5

Fig. 4: Detector-level jet mass distributions in Pb–Pb data and PYTHIA (tune A) embedded into Pb–Pb
collisions. Centrality: 0–10%. Anti-kT with R = 0.4. Left: area-based background subtraction. Right:
constituent background subtraction.
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the different effect of background fluctuations for the two subtraction algorithms, see Sec. 4. The lower
panels of Fig. 4 show the ratio between Pb–Pb and PYTHIA embedded jets. The ratio as a function of jet
mass shows that the measured distributions are very similar to the embedded PYTHIA jets, or possibly a
small shift to lower mass, which is however more pronounced for the constituent background subtraction
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Soft-Drop normalisation
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ALI-PREL-148225ALI-PREL-148221

vzg distribution	for	inclusive	jet	sample	in	Pb-Pb collisions	in	jet	pT range	80-120	GeV/c	
normalising	to	the	total	number	of	jets	in	the	reconstructed	pTjet bin	

vNo	net	enhancement	of	splittings	passing	Soft	Drop	cuts	observed	at	large	angles

vCutting	on	angular	separation	as	in	other	analysis[1]	leads	to	a	stronger	modification	of	zg
distribution	driven	by	an	increase	of	fraction	unselected	jets	in	data

No	angular	cutoff ∆? > A. B
Inclusive	Results:	Pb-Pb

9Harry	Andrews	|	Quark	Matter	2018,	Venice,	Italy|	13-19	May	2018	|	ALICE

[1] A. M.	Sirunyan et	al.
Phys.	Rev.	Lett. 120,	142302

Unselected	=	Untagged	(SD)	+	cut	by	∆. cut	Normalised to number of jets 
in pt bin: contains full info
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Figure 3: The zg distributions in PbPb collisions for 160 < pT,jet < 180 GeV, in several centrality
ranges, compared to pp data smeared to account for the differences in resolution. The error
bars (shaded area) represent the statistical (systematic) uncertainty.

ment of the medium response), which incorporates medium-induced interactions while the
partons propagate through the QGP [39, 60, 61]. The measurement is also compared with
a soft-collinear effective theory (SCET) with Glauber gluon interactions [38] for two differ-
ent quenching strengths, with a calculation incorporating multiple medium-induced gluon
bremsstrahlung (BDMPS) [2, 62, 63] assuming that the two hard partons radiate gluons as a co-
herent emitter [37], and with a higher twist (HT) approach employing both coherent and inco-
herent energy loss [59]. Each of the three models is presented for two settings of the parameters
reflecting their medium properties, as indicated in the legends, where L is the medium length, q̂

and q̂0 denote medium transport coefficients, and g is the coupling strength between the jet and
the medium. The BDMPS medium effect is too weak to describe the observed pT,jet dependence,
while the other models reproduce the data at low and high pT,jet, using medium properties pre-
viously tuned to match measurements of the nuclear modification factors of charged hadrons
and jets. For the HT calculation, the presence or absence of color coherence makes a signifi-
cant difference. Since the detector resolution effects have a negligible impact on the theoretical
calculations, given that they largely cancel in the PbPb to (smeared) pp ratio, the theoretical
curves are shown without detector smearing.

In summary, the first measurement of the splitting function in pp and PbPb collisions at a
center-of-mass energy of 5.02 TeV per nucleon pair has been presented. This represents the first
application of a grooming technique to PbPb data, removing soft wide-angle radiation from
the jet and thereby isolating the two leading subjets. The momentum sharing between these
subjets is used to obtain information about hard parton splitting processes during the shower
evolution. The PYTHIA and HERWIG++ event generators reproduce the measured splitting

Normalised to number of soft-
dropped jets: some info lost

ΔR12
SD zg



Jet structure observables
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fragmentation  
function

D(z) =

*
X

i2jet

�(z � pti/pt,jet)

+

jets

7.3 Jet profile

Figure 14. Ration of the differential jet shape (or jet profile) in Pb+Pb and p+p measured by
CMS [8] (black points) and compared with Jewel+Pythia results with (blue line) and without
medium response (green line). The data systematic uncertainties are shown in the yellow band
around unity.

The differential jet shape or jet profile ⇢(r) measures what fraction of the jet p? is
found at what distance from the jet axis. It is defined as

⇢(r) =
1

pjet
?

X

k with
�RkJ2[r,r+�r]

p(k)? , (7.1)

where the sum runs over all particles in the jet. The CMS measurement [8] was performed
using the full jet p?, but ⇢(r) was built only from tracks. Therefore, as is the case of the
fragmentation function, we can do the subtraction for the jet p?, but not for the charged
particles. In this case, however, this is not a problem, since the jet profile built from tracks
and the one built form all particles differ only by a constant factor. Assuming this factor
to be the same in p+p and Pb+Pb, it will cancel exactly in the ratio of the jet profiles.
We can therefore compare Jewel+Pythia results for full jets directly to the CMS data
on the jet profile ratio. A more serious problem is that in experimental analysis only tracks
with ptrk

? > 1GeV are included. Since we can only subtract for the inclusive final state,
this leads to a small mismatch, that becomes visible only at large r and reaches up to 10%
in the highest r bin.

Fig. 14 shows the Jewel+Pythia result compared with CMS data [8] for the modifi-
cation of the differential jet shape ⇢PbPb/⇢pp in Pb+Pb collisions compared to p+p. Includ-
ing medium response and after performing the subtraction using the 4MomSub method, we
are able to reproduce the general trend of the data. Jewel+Pythia with recoiling par-
tons describes the enhancement of the jet shape at large radii mostly due to soft particles
(p? < 3GeV), while without medium response the enhancement is entirely absent.

– 16 –

differential  
jet shape

7.4 Girth

Figure 15. Left: Distribution of the first radial moment (girth g) for R = 0.4 fully reconstructed
jets with pjet

? > 100GeV in central Pb+Pb collisions from Jewel+Pythia. The black histogram
shows the corresponding p+p result, the green Pb+Pb without medium response and the red
Pb+Pb including medium response with GridSub1 subtraction. The yellow shaded region around
unity on the left panel highlights the statistical uncertainty in the p+p reference. Right: ALICE
data [10] for charged jets (R = 0.2 and 40GeV < pjet

? < 60GeV) compared with Jewel+Pythia

for full jets (with adjusted p? range). The yellow shaded region around unity represents the data
systematic uncertainties.

The first radial moment of the jet profile is called girth [48] and is defined as

g =
1

pjet
?

X

k2J
p(k)? �RkJ , (7.2)

where the numerator sums the distance from the jet axis weighted with p(k)? of each con-
stituent k of the jet. It characterises the width of the p? distribution inside the jet.

Jewel+Pythia results for girth using GridSub1 subtraction for fully reconstructed
jets in central Pb+Pb collisions are shown in the left panel of Fig. 15. We find a shift to
smaller values of g due to narrowing of the hard component, which is partly compensated
by a broadening of the jet due to medium response. We also compare our results with
preliminary ALICE data [10] for charged jets in the right panel of Fig. 15. Following the
same argument as above for the jet profile, the girth of full and charged jets should be
the same, provided the p? range is adjusted accordingly. We confirmed this in the Monte
Carlo for p+p collisions. We therefore in Fig. 15 compare Jewel+Pythia results for fully
reconstructed jets at a correspondingly higher p? with the ALICE data. We find reasonable
agreement, but the Jewel+Pythia distribution peaks at slightly higher values than the
data.

– 17 –

girth ≡ broadening

jet mass, groomed  
& ungroomed

m2 =

 
X

i2(sub)jet

pµi

!2

Figure 16. Jewel+Pythia predictions for the groomed shared momentum fraction zg in central
Pb+Pb events and p+p events. Left: zg distribution in p+p (black), central Pb+Pb collisions
without recoiling partons (green) and with medium response and GridSub1 subtraction (red) for
jets with pjet

? > 100GeV and Soft Drop parameters zcut = 0.1 and � = 0. Right: Comparison
of Jewel+Pythia results with different grid sizes to CMS data [11]. Note that the data is not
unfolded, but the resolution is not published so no smearing is applied to the Monte Carlo events.
A comparison to properly smeared Jewel+Pythia results can be found in [11]. The yellow shaded
region around unity in the left panel highlights the statistical uncertainty in the p+p reference and
on the right represents the the data systematic uncertainties.

7.5 Groomed shared momentum fraction zg

The groomed shared momentum fraction zg is a measure for the momentum asymmetry in
the hardest, i.e. largest angle, two-prong structure in the jet. In p+p collisions it is closely
related to the Altarelli-Parisi splitting function [49]. It is defined through the Soft Drop
procedure [50, 51] detailed below and implemented in FastJet [36] contrib. First, jets are
clustered with the anti-k? algorithm and re-clustered with Cambridge/Aachen. Then the
last clustering step is undone, yielding the largest angle two-prong structure in the jet. If
this configuration satisfies the Soft Drop condition

zg =
min(p?,1, p?,2)

p?,1 + p?,2
> zcut

✓
�R1,2

RJ

◆�

(7.3)

where zcut and � are parameters, it is kept. Otherwise, the softer of the two prongs is
discarded and the procedure of un-doing the last clustering step is repeated for the harder
prong. In this way soft contaminations are systematically removed from the jet and the
hardest two-prong structure is identified. Soft Drop jet grooming thus takes an inclusive
jet collection and turns it into a different collection of jets with two-prong structure of a
minimum momentum symmetry provided by zcut. Varying zcut up or down varies the degree
of asymmetrical splitting allowed in the parton’s fragmentation, while the � controls how
collinear the configuration has to be.

In p+p collisions, this method is has been studied in some detail [49, 51], but in
heavy ion collisions the exact meaning of the grooming procedure is not obvious, due to

– 18 –
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Is this a sufficiently informative set of observables?



pp jet substructure field is full of activity
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machine learning  
DNN, CNN,  

RNN, LSTM, etc 

Cn, Dn, ven(β), Mn, Nn, 
Un,  EFPs

Degree Connected Multigraphs

d = 0

d = 1

d = 2

d = 3

d = 4

d = 5

Table 3: All non-isomorphic, loopless, connected multigraphs organized by the total number

of edges d, up to d = 5, sorted by their number of vertices N . Note that for a fixed number of

edges d, the total number of multigraphs (connected or not) is finite. These graphs correspond

to the d  5 prime EFPs counted in Table 2a. Image files for all of the prime EFP multigraphs

up to d = 7 are available here.

– 8 –

modified mass drop  
soft drop  

iterated soft drop  
recursive soft drop

classification without labels  
weak supervision

etc.

Quark gluon jet substructure

Image recognition using convolutional neural network

I A convolutional neural
network is trained on GPU
using quark and gluon jet
images

I New jet features are learned
with significantly improved
tagging performance

I In this work we use grey
scale jet images encoding
jet energy distribution

Schwartz et al, Deep learning in color, JHEP01(2017)110

Y.-T. Chien (MIT) Quark and gluon jet substructure 9 / 21



recurrent theme in calculations: 2d phasespace plots
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FIG. 1. Schematic representation of the phase-space available
for VLEs, including an example of a cascade with “1” the last
emission inside the medium and “2” the first emission outside.

(ii) First emission outside the medium The gluons
produced inside the medium are not yet on-shell: their
virtualities are as large as their transverse momenta,
themselves bound by the multiple scattering inside the
medium: k2? �

p
!q̂ � ⇤2, with ⇤ the QCD confine-

ment scale. These partons will thus continue radiating,
but their next VLE must occur outside the medium, with
a large formation time 2/(!✓2) � L, i.e. with an energy
! ⌧ !L(✓) ⌘ 2/(L✓2). This implies the existence of a
gap in the energy of the VLEs, between the lower limit
!0(✓) on the last gluon emitted inside the medium, and
the upper limit !L(✓) on the first gluon emitted outside
the medium. Since !0(✓) = !L(✓) = !c for ✓ = ✓c the
gap exists only for ! < !c, as shown in Fig. 1.

No angular ordering. Besides the gap in the phase-
space, the medium has another important e↵ect: the first
emission outside the medium can violate angular order-
ing. (A similar idea appears in [18].) Indeed, all the in-
medium sources with ✓ � ✓c satisfy tcoh(✓) ⌧ L and thus
lose color coherence after propagating over a distance L
in the medium. These sources can then radiate at any
angle.2 On the contrary, the sources with angles smaller
than ✓c (hence ! & !c; see Fig. 1), are not a↵ected by
the medium. They behave as if they were created outside
the medium and can radiate only at even smaller angles.

Energy loss after formation. After being created in-
side the medium via VLEs, the partons cross the plasma
over a distance of order L and hence lose energy via
medium-induced radiation — essentially, as independent
colour sources. Whereas this is the main mechanism for
the energy loss by the jet as a whole, it is less impor-
tant for the jet fragmentation. Indeed, the typical gluons

2 Notice the di↵erence in this respect between in-medium sources
emitting inside or outside the medium.

produced via medium-induced radiation are soft, with
! . ↵̄2

s!c. Via successive democratic branchings [4, 5],
they transfer their energy to many very soft quanta prop-
agating at large angles ✓ > ✓qq̄ [19–21]. Hence, such emis-
sions do not matter for the particle distribution inside
the jet.3 Furthermore, they do not significantly a↵ect
the sources for VLEs: the energy loss is important only
for the sources in a small corner of the phase-space, at
low energies ! . ↵̄2

s!c and large angles, ✓2 & (1/↵̄3
s)✓

2
c ,

cf. Eq. (1). We have checked that the e↵ect of introduc-
ing a lower limit ↵̄2

s!c on the energies of the VLEs is
numerically small. A complete phenomenological picture
of jet evolution in the medium would include medium-
induced emissions but, since they go beyond our current
level of approximation, we leave this for future work.
(iii) Emissions from sources created outside the

medium. After a first emission outside the medium, the
subsequent emissions follow, of course, the usual pattern
of vacuum-like cascades, with angular ordering (and en-
ergy ordering in our DLA approximation). The evolution
stops when the transverse momentum k? ' !✓ becomes
comparable to the hadronisation scale ⇤. This implies a
lower boundary, ! & !⇤(✓) ⌘ ⇤/✓, on the energy of the
produced gluons, shown in Fig. 1 together with the other
boundaries introduced by the medium. The most inter-
esting region for gluon production — the most sensitive
to medium e↵ects highlighted above — is the “outside
medium” region at energies ! < !c.
Gluon distribution. Within the present approxima-

tion, it is straightforward to compute the gluon distri-
bution generated by VLEs. To that aim we compute the
double di↵erential distribution,

T (!, ✓) ⌘ !✓2
d2N

d!d✓2
, (4)

which describes the gluon distribution in both energies
and emission angles. Consider a point with coordinates
(!, ✓) outside the medium. A generic contribution to
T (!, ✓) can be expressed as the product of a vacuum-like
cascade inside the medium, up to an intermediate point
(!1, ✓1), followed by a first emission outside the medium,
from (!1, ✓1) to (!2, ✓2) and, finally, by a genuine vac-
uum cascade, from (!2, ✓2) to the measured point (!, ✓).
This particular contribution yields (at large Nc)

T (!, ✓) = ↵̄s

Z ✓2
qq̄

✓2
c

d✓21
✓21

Z E

!0(✓1)

d!1

!1
Tvac(!1, ✓1|E, ✓qq̄)

Z min( 2
!L ,✓2

qq̄)

✓2

d✓22
✓22

Z min(!1,!L(✓2))

!

d!2

!2
Tvac(!, ✓|!2, ✓2) ,

(5)

3 One can show more rigorously that medium-induced emissions do
not matter at DLA. However, we believe our physical argument,
based on angular separation, to be more insightful.
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Consider phase space of collinear particles:

QW paradigm applies only to 
~50% of the full diagram!

Blue region corresponds to 
unresolved splittings.
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At high-pT, many collinear particles 
can be resolved inside the medium.
“new” source of energy-loss fluctuations!
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Probing the hardest branching of jets in heavy ion collisions

Yang-Ting Chiena,b and Ivan Viteva
a Theoretical Division, T-2, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

b Erwin Schrödinger International Institute for Mathematical Physics, Universität Wien, Wien, Austria

We present the first calculation of the momentum sharing and angular separation distributions
between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet
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FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)
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between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet
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FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)
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FIG. 1. Schematic representation of the phase-space available
for VLEs, including an example of a cascade with “1” the last
emission inside the medium and “2” the first emission outside.

(ii) First emission outside the medium The gluons
produced inside the medium are not yet on-shell: their
virtualities are as large as their transverse momenta,
themselves bound by the multiple scattering inside the
medium: k2? �

p
!q̂ � ⇤2, with ⇤ the QCD confine-

ment scale. These partons will thus continue radiating,
but their next VLE must occur outside the medium, with
a large formation time 2/(!✓2) � L, i.e. with an energy
! ⌧ !L(✓) ⌘ 2/(L✓2). This implies the existence of a
gap in the energy of the VLEs, between the lower limit
!0(✓) on the last gluon emitted inside the medium, and
the upper limit !L(✓) on the first gluon emitted outside
the medium. Since !0(✓) = !L(✓) = !c for ✓ = ✓c the
gap exists only for ! < !c, as shown in Fig. 1.

No angular ordering. Besides the gap in the phase-
space, the medium has another important e↵ect: the first
emission outside the medium can violate angular order-
ing. (A similar idea appears in [18].) Indeed, all the in-
medium sources with ✓ � ✓c satisfy tcoh(✓) ⌧ L and thus
lose color coherence after propagating over a distance L
in the medium. These sources can then radiate at any
angle.2 On the contrary, the sources with angles smaller
than ✓c (hence ! & !c; see Fig. 1), are not a↵ected by
the medium. They behave as if they were created outside
the medium and can radiate only at even smaller angles.

Energy loss after formation. After being created in-
side the medium via VLEs, the partons cross the plasma
over a distance of order L and hence lose energy via
medium-induced radiation — essentially, as independent
colour sources. Whereas this is the main mechanism for
the energy loss by the jet as a whole, it is less impor-
tant for the jet fragmentation. Indeed, the typical gluons

2 Notice the di↵erence in this respect between in-medium sources
emitting inside or outside the medium.

produced via medium-induced radiation are soft, with
! . ↵̄2

s!c. Via successive democratic branchings [4, 5],
they transfer their energy to many very soft quanta prop-
agating at large angles ✓ > ✓qq̄ [19–21]. Hence, such emis-
sions do not matter for the particle distribution inside
the jet.3 Furthermore, they do not significantly a↵ect
the sources for VLEs: the energy loss is important only
for the sources in a small corner of the phase-space, at
low energies ! . ↵̄2

s!c and large angles, ✓2 & (1/↵̄3
s)✓

2
c ,

cf. Eq. (1). We have checked that the e↵ect of introduc-
ing a lower limit ↵̄2

s!c on the energies of the VLEs is
numerically small. A complete phenomenological picture
of jet evolution in the medium would include medium-
induced emissions but, since they go beyond our current
level of approximation, we leave this for future work.
(iii) Emissions from sources created outside the

medium. After a first emission outside the medium, the
subsequent emissions follow, of course, the usual pattern
of vacuum-like cascades, with angular ordering (and en-
ergy ordering in our DLA approximation). The evolution
stops when the transverse momentum k? ' !✓ becomes
comparable to the hadronisation scale ⇤. This implies a
lower boundary, ! & !⇤(✓) ⌘ ⇤/✓, on the energy of the
produced gluons, shown in Fig. 1 together with the other
boundaries introduced by the medium. The most inter-
esting region for gluon production — the most sensitive
to medium e↵ects highlighted above — is the “outside
medium” region at energies ! < !c.
Gluon distribution. Within the present approxima-

tion, it is straightforward to compute the gluon distri-
bution generated by VLEs. To that aim we compute the
double di↵erential distribution,

T (!, ✓) ⌘ !✓2
d2N

d!d✓2
, (4)

which describes the gluon distribution in both energies
and emission angles. Consider a point with coordinates
(!, ✓) outside the medium. A generic contribution to
T (!, ✓) can be expressed as the product of a vacuum-like
cascade inside the medium, up to an intermediate point
(!1, ✓1), followed by a first emission outside the medium,
from (!1, ✓1) to (!2, ✓2) and, finally, by a genuine vac-
uum cascade, from (!2, ✓2) to the measured point (!, ✓).
This particular contribution yields (at large Nc)

T (!, ✓) = ↵̄s

Z ✓2
qq̄

✓2
c

d✓21
✓21

Z E

!0(✓1)

d!1

!1
Tvac(!1, ✓1|E, ✓qq̄)

Z min( 2
!L ,✓2

qq̄)

✓2

d✓22
✓22

Z min(!1,!L(✓2))

!

d!2

!2
Tvac(!, ✓|!2, ✓2) ,

(5)

3 One can show more rigorously that medium-induced emissions do
not matter at DLA. However, we believe our physical argument,
based on angular separation, to be more insightful.
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Consider phase space of collinear particles:

QW paradigm applies only to 
~50% of the full diagram!

Blue region corresponds to 
unresolved splittings.
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At high-pT, many collinear particles 
can be resolved inside the medium.
“new” source of energy-loss fluctuations!
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Probing the hardest branching of jets in heavy ion collisions

Yang-Ting Chiena,b and Ivan Viteva
a Theoretical Division, T-2, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

b Erwin Schrödinger International Institute for Mathematical Physics, Universität Wien, Wien, Austria

We present the first calculation of the momentum sharing and angular separation distributions
between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet
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FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)
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We present the first calculation of the momentum sharing and angular separation distributions
between the leading subjets inside a reconstructed jet in heavy ion collisions. These observables
are directly sensitive to the hardest branching in the process of jet formation and are, therefore,
ideal for studying the early stage of the in-medium parton shower evolution. The modification of
the momentum sharing and angular separation distributions in lead-lead relative to proton-proton
collisions is evaluated using the leading-order medium-induced splitting functions obtained in the
framework of soft-collinear effective theory with Glauber gluon interactions. Qualitative and in
most cases quantitative agreement between theory and preliminary CMS measurements suggests
that the parton shower in heavy ion collisions can be dramatically modified early in the branching
history. We propose a new measurement which will illuminate the angular distribution of the hardest
branching within jets in heavy ion collisions.

The dramatic suppression of hadron and jet cross sec-
tions observed at the Relativistic Heavy Ion Collider
(RHIC) [1–6] and the Large Hadron Collider (LHC) [7–
14] signals the strong modification of parton showers
within strongly-interacting matter. This jet quenching
phenomenon has been an essential tool to study the prop-
erties of the quark-gluon plasma (QGP) produced in
ultrarelativistic nucleus-nucleus (A+A) collisions. The
emergence of the in-medium parton branching, qualita-
tively different from the one which governs the jet forma-
tion in e+ + e−, e+ + p, p + p collisions, is at the heart
of all jet modification studies. Although the traditional
energy loss picture has been very successful in describing
the suppression of cross section, to disentangle the de-
tailed jet formation mechanisms in the medium requires
comprehensive studies of jet substructure observables.

In the past few years there has been a proliferation of
jet substructure measurements in A+A collisions [15–18],
which gave differential and correlated information about
how quark and gluon radiation is redistributed due to
medium interactions. It is now definitively established
that the jet shape [19] and the jet fragmentation func-
tion [20], which describe the transverse and longitudi-
nal momentum distributions inside jets, are modified in
heavy ion collisions. Both of these observables depend
strongly on the partonic origin of jets, and their nontriv-
ial modification patterns are partly due to the increase of
the quark jet fraction in heavy ion collisions [21–24]. To
better understand the jet-by-jet modifications for these
observables, one can devise strategies to isolate purer
quark or gluon jet samples.

Another collinear type of jet substructure observable,
called the groomed momentum sharing, has been stud-
ied in the context of the soft drop jet grooming pro-
cedure [25] and Sudakov safety [26]. This observable
probes the hard branching in the jet formation and is
dominated by the leading-order Altarelli-Parisi splitting
functions [27]. Given a jet reconstructed using the anti-
kT algorithm [28] with radius R, one reclusters the jet

0 1/2 1
x

k⊥

θ = R

θ = ∆

x = zcut x = 1− zcut

x 1− x

θ x, k⊥

k⊥ = ω tan θ
2 x(1− x)

ω

FIG. 1: Illustration of the phase space regions for the zg
distribution calculation constrained by R, ∆ and zcut. At
leading order a collinear parton splits into partons with mo-
menta k = (xω, k2

⊥/xω, k⊥) and p − k. Depending on the
kinematics of the splitting, the soft branch can be either of
the partons.

using the Cambridge-Aachen algorithm [29, 30] and goes
through the clustering history, grooming away the soft
branch at each step until the following condition is satis-
fied,

zcut <
min(pT1

, pT2
)

pT1
+ pT2

≡ zg , (1)

i.e., the soft branch is not carrying less than a zcut frac-
tion of the sum of the transverse momenta therefore is
not dropped. Note that by definition zcut < zg < 1

2 . Due
to detector granularity one also demands that the angu-
lar separation between the two branches be greater than
the angular resolution ∆,

∆ < ∆R12 ≡ rg . (2)

More generally, by selecting the angular separation
∆R12, defined as the groomed jet radius rg, one could
also examine the momentum sharing distribution p(zg)

Can we design observables to 
directly probe the 2d phasespace?
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A sequence of jet substructure tools taggers

➤ 1993: kt declustering for boosted W’s: [Seymour] 

➤ 2002: Y-Splitter (kt declustering with a cut) [Butterworth. 
Cox, Forshaw] 

➤ 2008: Mass-Drop Tagger (C/A declustering with a kt/m cut) 
[Butterworth, Davison, Rubin, GPS] 

➤ 2013: Soft Drop, β=0 [Dasgupta, Fregoso, Marzani, GPS] 

➤ 2014: Soft Drop, β≠0 [Larkoski, Marzani, Soyez, Thaler] 

�25

1. Undo last clustering of C/A jet into subjets 1, 2 

2. Stop if   

3. Else discard softer branch, repeat step 1 with harder branch

z =
min(pt1, pt2)

pt1 + pt2

✓
�R12

R

◆�

> zcut
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A sequence of jet substructure tools taggers

➤ 1993: kt declustering for boosted W’s: [Seymour] 

➤ 2002: Y-Splitter (kt declustering with a cut) [Butterworth. 
Cox, Forshaw] 

➤ 2008: Mass-Drop Tagger (C/A declustering with a kt/m cut) 
[Butterworth, Davison, Rubin, GPS] 

➤ 2013: Soft Drop, β=0 [Dasgupta, Fregoso, Marzani, GPS] 

➤ 2014: Soft Drop, β≠0 [Larkoski, Marzani, Soyez, Thaler] 

➤ 2017: Iterated Soft Drop [Frye, Larkoski, Thaler, Zhou]  
          count number of iterations until you reach 1 particle 

➤ 2018: ?
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Introduced for understanding Parton Shower Monte Carlos by  
B. Andersson,G. Gustafson L. Lonnblad and Pettersson  1989
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Figure 5: Lund diagram reconstructed from jets generated by QPYTHIA (left column), JEWEL without
recoils (middle column) and JEWEL with recoils (right column). The lower panels correspond to the
di↵erence of the radiation pattern with and without jet quenching e↵ects. Note that the scale of the
z-axes varies between the panels.

by QPYTHIA, JEWEL without recoils and JEWEL with recoils, respectively. In this particular study,
we focus on the C/A reclustering. The lower plots show the di↵erences to the corresponding vacuum
diagrams. The results from QPYTHIA exhibit an modest excess ⇠ 10% of hard quanta relative to
vacuum, see Figure 5 (lower, left). In the model, the number of splittings is increased relative to vacuum
leading to a significant intra-jet momentum broadening. In the case of JEWEL, the di↵erence plot does
not show an increase of splittings but rather a small suppression ⇠ 6% of hard quanta, see Figure 5
(lower, center). This suppression is consistent with a lack of intra-jet broadening and a more collimated
fragmentation. This shows that the realistic modifications to the Lund diagram are highly non-trivial
and calls for a better theoretical understanding, see Section2.1 for a discussion. When the medium recoils
are included, an excess of semi-hard and large angle quanta appears, see Figure5 (lower, right). We note
that in our declustering approach the angles are always measured relative to the hardest parent or subjet,
in which case the angular distribution can be broader than the angular distribution measured relative to
the jet axis that is used to compute jet profiles , see for instance [36].

It is worth pointing out that the medium-induced signal populates di↵erent regions of phase space in
the two jet quenching models. While these features ultimately will be reflected in the relevant observables,
the mapping onto the Lund kinematical plane seem to be a powerful tool to identify the impact of various
medium modifications. Performing additional grooming, that is picking out branchings with specific
properties, allows to enhance the sensitivity to the signal depending on the grooming parameters, see
Section 3. Furthermore, changing the reclustering algorithm could also boost the signal, cf. Figure 3.
We have seen that, in the case of JEWEL, the suppression of hard splittings is enhanced to ⇠ 14% with
kT reclustering. In the case of QPYTHIA, the excess of hard splittings is enhanced to ⇠ 20% with kT
reclustering.

The impact of the recoils as modeled by JEWEL has been extensively documented [36, 25]. Its
contribution is needed to describe most of the jet shapes measured so far at the LHC. In particular, if the
medium response can smear the subleading subjet momentum above the given grooming cut, the subjet
momentum balance or zg can become more asymmetric relative to vacuum. As a correlated background,
the medium response cannot be experimentally subtracted to isolate purely radiative modifications to

8

see also 

+ Harry Andrews  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OUTLOOK
➤ jet substructure → many handles for investigating physics of passage of fragmenting 

partons through a jet 

➤ Many substructure observables naturally derive from a single “Lund plane” density, 
which gives direct access to the kinematic regions being discussed in theory 
calculations 

What did I not have time for? 

➤ Machine learning — in pp “searches” world this is becoming a workhorse for 
substructure; what can be done in heavy-ions? 

➤ Beyond R=0.4 — cf. CMS high-pt results  

➤ Heavy-flavour within jets
�50
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Jet algorithms
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JetDefinition jet_def(antikt_algorithm, R);

and then extract inclusive jets from the cluster sequence. We advise against the use of exclusive jets
in the context of the anti-kt algorithm, because of the lack of physically meaningful hierarchy in the
clustering sequence.

4.4 Generalised kt jet algorithm

The “generalised kt” algorithm again follows the same procedure, but depends on an additional
continuous parameter p, and has the following distance measure:

dij = min(p2pti , p
2p
tj )�R2

ij/R
2 , (8a)

diB = p2pti . (8b)

For specific values of p, it reduces to one or other of the algorithms list above, kt (p = 1), Cam-
bridge/Aachen (p = 0) and anti-kt (p = �1). To use this algorithm, define

JetDefinition jet_def(genkt_algorithm, R, p);

and then extract inclusive jets from the cluster sequence (or, for p � 0, also the exclusive jets).

4.5 Generalised kt algorithm for e+e� collisions

FastJet also provides native implementations of clustering algorithms in spherical coordinates (specif-
ically for e+e� collisions) along the lines of the original kt algorithms [25], but extended following the
generalised pp algorithm of [14] and section 4.4. We define the two following distances:

dij = min(E2p
i , E2p

j )
(1� cos ✓ij)

(1� cosR)
, (9a)

diB = E2p
i , (9b)

for a general value of p and R. At a given stage of the clustering sequence, if a dij is smallest then i
and j are recombined, while if a diB is smallest then i is called an “inclusive jet”.

For values of R  ⇡ in eq. (9), the generalised e+e� kt algorithm behaves in analogy with the pp
algorithms: when an object is at an angle ✓iX > R from all other objects X then it forms an inclusive
jet. With the choice p = �1 this provides a simple, infrared and collinear safe way of obtaining a
cone-like algorithm for e+e� collisions, since hard well-separated jets have a circular profile on the 3D
sphere, with opening half-angle R. To use this form of the algorithm, define

JetDefinition jet_def(ee_genkt_algorithm, R, p);

and then extract inclusive jets from the cluster sequence.

For values of R > ⇡, FastJet replaces the factor (1 � cosR) in the denominator of eq. (9a) with
(3 + cosR). With this choice (as long as R < 3⇡), the only time a diB will be relevant is when there
is just a single particle in the event. The inclusive jets(...) will then always return a single jet
consisting of all the particles in the event. In such a context it is only the exclusive jets(...) call
that provides non-trivial information.

22

algorithm p

kt 1

Cambridge 
–Aachen 0

anti-kt -1

1. Identify pair of particles i,j with smallest dij 

2. If their dij < smallest diB, recombine them into 
a new (pseudo)particle 

3. Else particle with smallest diB becomes a jet 
and is removed from the list of particles 

4. Repeat until no particles left



�53

anti-kt algorithm
pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

kt algorithm
pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

Cambridge/Aachen

pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

Jets lecture 3 (Gavin Salam) CERN Academic Training March/April 2011 19 / 29

Je
t a

lg
or

ith
m

s



�53

anti-kt algorithm
pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

kt algorithm
pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

Cambridge/Aachen

pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

Jets lecture 3 (Gavin Salam) CERN Academic Training March/April 2011 19 / 29

Je
t a

lg
or

ith
m

s

preferred for jet 
substructure



Tywoniuk (// talk) w. Mehtar-Tani

�54
K. Tywoniuk (CERN) Quark Matter 2018

PHASE SPACE ARGUMENTS
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Consider phase space of collinear particles:

QW paradigm applies only to 
~50% of the full diagram!

Blue region corresponds to 
unresolved splittings.

Casalderrey,	Milhano,	Quiroga-Arias	PLB	710	(2010)	175

At high-pT, many collinear particles 
can be resolved inside the medium.
“new” source of energy-loss fluctuations!

Casalderrey	et	al.	JHEP	1703	(2017)	135
Milhano,	Zapp	EPJC	76	(2016)	288
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JET SUPPRESSION: NUMERICS
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High-pT  News (2018.05.03)
• Upcoming deadlines + tasks 

• QM APPROVAL: SUBMIT TOMORROW LATEST 
• Saturday/Sunday may require iteration with conveners 

• BOOST/ICHEP Approval freeze: June 22 
• Hard Probes Approval freeze: September 7 

• Rehearsals Next Week: 
• Full Agenda here (all times GVA) 
• Monday: Gluon splitting 14:00, D+jets 14:40 
• Tuesday: Dijet-eta 16:00 
• Wednesday: Jet RAA 10:00, Jet Substructure 10:40, Gamma+jet 

shapes 14:00 

• Next In-Person High-pT: 2018.05.22 (Tuesday after QM) 
• Meaning: next two weeks will be virtual

Christopher McGinn  25

• An alternative view of how to handle UE subtraction in jets is presented 
• Instead of exploring tight cone R at low-pT, consider large R at high-pT 

• Jet reconstruction is updated for forward-η and to account for flow modulations 
• Perform Jet Nuclear Modification Factor Radius Scan up to R=1 for pT > 200 
• Extend CMS jet substructure measurements to large cone size
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Conclusions

The MIT group’s work was  

supported by US DOE-NP

18% at 200
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Subjet Splitting+Results

• Wide9angle+gluon9splitting+jets+(ΔR1,2 ~+0.2)+have+a+balanced+subjet
splitting+distribution
– Important+to+note+that+this(is(a(small(subset(of+total+GSP+jet+contribution
– B9tagging+++reconstruction+methodology+confirmed+by+Pythia8+simulation
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FIG. 11. (Color online) The nuclear modification factor
Rp(zg) of the groomed jet momentum sharing zg distributions
at the LHC after the inclusion of the effects from medium-
induced splitting and the independent energy loss (IEL) for
subjets.

used here is deeper than the vacuum zg distribution.

In Fig. 11, we show the nuclear modification factor
Rp(zg) of the groomed jet zg distribution with the in-
clusion of independent subjet energy loss as well as the
medium-induced splitting. We see that the medium-
modified normalized zg distribution as compared to the
vacuum one is suppressed at large zg; such effect is larger
for smaller jet pT. Compared to the previous section
where the coherent energy loss of the two subjets is ap-
plied, the most interesting feature is that for a wide range
of jet pT explored here, the non-monotonic jet pT depen-
dence of the nuclear modification factor Rp(zg) disappears
when the independent energy loss of the two subjets is ap-
plied together with the inclusion of the medium-induced
splitting contribution. This seems to suggest that the in-
dependent (incoherent) subjet energy loss cannot explain
the experimental data on the nuclear modification factor
of the normalized zg distribution obtained by CMS and
STAR Collaborations. Considering that the two subjets
would tend to decouple from each other for sufficiently
large angular separation, it would be interesting to vary
the angular separation between the two subjets in future
measurements in order to explore coherent and indepen-
dent subjet energy loss scenarios and in-between.

Finally, to illustrate the effects of different jet-medium
interaction mechanisms on the modification of the zg dis-
tribution, we show in Fig. 12 the modification patterns
of the groomed jet momentum sharing zg distributions
for three different scenarios. For Case (1), we apply co-
herent energy loss of subjets on the medium-modified zg
distribution, which has been described in details in Sec-
tions II, III and IV. For Case (2), independent energy
loss of subjets is applied on the medium-modified zg dis-
tribution; this describes the situation that the two sub-
jets produced from medium-modified splitting lose en-
ergy independently in the QGP medium. For Case (3),
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FIG. 12. (Color online) Modification of the groomed jet zg
distributions at the LHC for three different scenarios: solid for
medium-modified splitting with coherent energy loss (CEL) of
subjets, dashed for medium-modified splitting with indepen-
dent energy loss (IEL) of subjets, and dash-dotted for vacuum
splitting with IEL of subjets.

we put independent subjet energy loss effect on the vac-
uum splitting function, which mimics the picture that
the vacuum-splitted subjets lose energy independently
via the medium-induced radiative process. Case (2) and
Case (3) have been elaborated above in this section. One
can see the clear difference among different jet-medium
interaction scenarios, and only Case (1) can describe the
CMS (and STAR) groomed jet measurements, especially
the jet pT dependence for the nuclear modification of the
momentum sharing zg distribution.

VI. SUMMARY

We have studied the nuclear modification of jet split-
ting in relativistic heavy-ion collisions at RHIC and the
LHC energies based on the higher twist formalism. It is
interesting to find that different subjet energy loss sce-
narios produce different nuclear modification patterns of
jet splitting function. Our result shows that the ob-
served nuclear modification pattern of the zg distribu-
tion of groomed jets cannot be explained solely by the
independent (incoherent) energy loss of the two splitted
subjets. In contrast, with the assumption of coherent en-
ergy loss of the two subjets in the QGP medium, we have
found a non-monotonic jet energy dependence of the nu-
clear modification of jet splitting function: the maximal
modification at intermediate jet energies and diminish-
ing modification at larger and smaller jet energies. Com-
bined with the smaller size and lower density of the QGP
medium at RHIC than at the LHC, our result can explain
the current puzzle between CMS and STAR groomed jet
measurements: strong nuclear modification has been ob-
served for the momentum sharing zg distribution at the
LHC while no obvious modification of the zg distribution
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Probing medium-induced jet splitting and energy loss in heavy-ion collisions

Ning-Bo Chang,1, 2 Shanshan Cao,3 and Guang-You Qin2

1Institute of Theoretical Physics, Xinyang Normal University, Xinyang, Henan 464000, China
2Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE),

Central China Normal University, Wuhan, 430079, China
3Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

(Dated: April 11, 2018)

The nuclear modification of jet splitting in relativistic heavy-ion collisions at RHIC and the LHC
energies is studied based on the higher twist formalism. Assuming coherent energy loss for the two
splitted subjets, a non-monotonic jet energy dependence is found for the nuclear modification of jet
splitting function: strongest modification at intermediate jet energies whereas weaker modification
for larger or smaller jet energies. Combined with the smaller size and lower density of the QGP
medium at RHIC than at the LHC, this explains the CMS-STAR groomed jet puzzle – strong nuclear
modification of the momentum sharing zg distribution at the LHC whereas no obvious modification
of the zg distribution at RHIC. In contrast, the observed nuclear modification pattern of the groomed
jet zg distribution cannot be explained solely by independent energy loss of the two subjets. Our
result may be tested in future measurements of groomed jets with lower jet energies at the LHC
and larger jet energies at RHIC, for different angular separations between the two subjets.

I. INTRODUCTION

Jet quenching has been regarded as one of the most im-
portant tools to study the novel properties of the quark-
gluon plasma (QGP) created in relativistic heavy-ion
collisions at the Relativistic Heavy-Ion Collider (RHIC)
and the Large Hadron Collider (LHC) [1–3]. When high
transverse momentum jet partons produced at the early
stage of heavy-ion collisions propagate through the hot
and dense QGP, they interact with the medium con-
stituents [4–10]. This not only modifies the total energy
of the jet partons, but also changes the distribution of
the energy inside and outside the jet cone.
Earlier studies on jet-medium interaction and jet

quenching in heavy-ion collisions have mainly concen-
trated on the nuclear suppression of high transverse mo-
mentum hadron production [11–14], which tends to be
more sensitive to the energy loss effect on the leading
parton of jet [15–17]. The studies of jet-related cor-
relation measurements, such as dihadron and γ-hadron
correlations, have provided additional information on
jet-medium interaction: the nuclear modification of the
away-side jet or hadron yields may be sensitive to jet
energy loss [18–20], while the back-to-back angular dis-
tributions may be utilized to probe the medium-induced
transverse momentum broadening [21–24].
After the launch of the LHC, much attention has been

paid to the production and nuclear modification of full
jets in relativistic heavy-ion collisions [25–35]. Various
full jet observables have been explored and have provided
much more detailed information about the interaction
between jets and the QGP medium [36–59]. The nuclear
modification of single inclusive jet rates, dijet and γ-jet
transverse momentum imbalance distribution, etc., have
clearly shown that full jets may experience a significant
amount of energy loss during their propagation through
the hot and dense QGP medium. The nuclear modifi-
cation of jet substructure observables, such as jet shape

function and jet fragmentation function, have indicated
that the inner hard cone of the full jets is difficult to
be modified while the outer soft part of the jets may be
easily affected by the traversed QGP.
Recently, a new jet substructure observable, namely,

the momentum sharing (zg) distribution of the groomed
jets, has been studied in relativistic heavy-ion collisions
[60, 61]. It utilizes the jet grooming algorithms [60–65]
to investigate the internal structure of the full jets by
removing the soft components of the jets. In the soft
drop de-clustering procedure [60, 61] as adopted by CMS
and STAR Collaborations, a reconstructed full jet (with
radius R using the anti-kT algorithm) is first re-clustered
using the Cambridge-Aachen (C/A) algorithm and then
de-clustered by dropping the softer branch until finding
two hard branches with the following condition satisfied:

min(pT1, pT2)

pT1 + pT2
≡ zg > zcut

(

∆R

R

)β

, (1)

where pT1 and pT2 are transverse momenta of the two
hard sub-jets, ∆R is their angular separation, zcut is the
lower limit of the momentum sharing zg [61]. CMS and
STAR have measured the normalized zg distribution with
zcut = 0.1, β = 0 and ∆R ≥ ∆ = 0.1 [66, 67]. The
momentum sharing zg distribution provides a unique op-
portunity to study the hard splitting of the partonic jet,
and can be directly used to probe the medium-induced
jet splitting function in the presence of the hot and dense
QGP.
The experimental measurements from CMS Collabo-

ration [66] have indeed seen strong nuclear modification
of the groomed jet zg distribution at the LHC. Interest-
ingly, the strength of the nuclear modification diminishes
with increasing jet energies, which is consistent with some
theoretical studies [68–70]. However, the measurements
from STAR Collaboration [67] have observed no obvious
modification (at lower jet energies) at RHIC; this seems
to contradict with the expectation from the CMS result

arXiv:1707.03767v2  [hep-ph]  18 Jul 2017
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h
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Origin of Non-monotonic jet energy dependence
Weight x behavior

pT decreases, 
more pmed(x) vs. pvac(x).
Explain pT dep. of CMS

pT decreases, 
pmed(x) closer to pvac(x).
Explain pT dep. of STAR 
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Figure 1: Top: pT distribution for jets passing the fiducial selection in generator events, comparing the distribution
for all jets in the fiducial selection and for only the leading jet. Bottom: Fraction of jets initiated by a quark, for jets
which pass the fiducial selection in generator events.

fraction as a function of jet pT for the inclusive selection, demonstrating that the kinematic range of the
measurement is dominated by a highly quark-enhanced sample.

In the measurement, jets and charged particles are initially reconstructed in a larger kinematic range than
the selection indicated above, to allow for the correction of bin migration in jet and particle pT across the
fiducial region boundaries.

4 Data analysis and corrections

The measurement of the per-jet FF has two principal components which are constructed and corrected
separately and then combined: the measurement of the total associated jet yield in photon-containing
events, and the measurement of the total charged particle yield in this set of associated jets. This approach
has been used in previous measurements of the jet FF [8, 14] and is needed to account for the simultaneous
bin migration in the jet and charged particle kinematic variables, as well as accounting for correlations
in the calorimeter response and fragmentation patterns of jets. The jet and charged particle yields are
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