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§ Nonperturbative dynamics inside proton at RHIC 
§ Proton spin and nucleon-parton spin-momentum correlations
§ Cross section asymmetries with polarized protons data

§ Proton structure and hadronization in jets at LHCb at LHC 
§ s-quark content, intrinsic charm and quark spin-momentum correlations.
§ Jet fragmentation functions

§ Event shapes at HERA and EIC 
§ Strong coupling constant and hadronization. 
§ 1-jettiness
§ Groomed event shapes
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§ Located at Brookhaven National Laboratory in Long Island, NY.

§ World’s only polarized synchrotron collider.  

§ Spin patterns are predetermined for each bunch. 

PHENIX
was here 
taking data 
until 2016 STAR

polarized p+p
running in 2022 
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Introduction

2N. Lukow RHIC/AGS Annual Users Meeting, 22-23 October 2020

• “What is the nature of the spin of the proton?”

• “How can we describe the multidimensional landscape of 

nucleons and nuclei?”

• “What is the nature of the initial state in nuclear 

collisions?”

arxiv: 1602.03922

The goal of the RHIC Cold QCD program is to address several overarching questions:
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§ Global analyses of  longitudinal double spin 
asymmetry data taken at RHIC since early 
2000 confirmed sizable gluon polarization 
inside proton. 



4
Sookhyun Lee, CFNS workshop 2022

= �"��#

�"+�#
Transverse Single Spin Asymmetry 
(TSSA)

A" ≡ $↑&'$↓&
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↑ or ↓ : proton transverse spin states.  
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• “What is the nature of the initial state in nuclear 
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§ Global analyses of  longitudinal double spin 
asymmetry data taken at RHIC since early 
2000 confirmed sizable gluon polarization 
inside proton. 

§ Spin and transvers momentum degrees of 
freedom gained increasing attention to 
explain large transverse single spin 
asymmetries.
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• “What is the nature of the spin of the proton?”

• “How can we describe the multidimensional landscape of 

nucleons and nuclei?”

• “What is the nature of the initial state in nuclear 

collisions?”

arxiv: 1602.03922

The goal of the RHIC Cold QCD program is to address several overarching questions:

§ Global analyses of  longitudinal double spin 
asymmetry data taken at RHIC since early 
2000 confirmed sizable gluon polarization 
inside proton. 

§ Spin and transvers momentum degrees of 
freedom gained increasing attention to 
explain large transverse single spin 
asymmetries.

§ Probes diversified from mostly single 
inclusive kinds to multi-differential or 
substructure ones.
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TMD
- Requires 2 scales:

- Hard scale Q
- Soft scale p# ≪ Q

- Suitable for
- SIDIS, DY, W/Z 

and hadrons in 
jets 

Collinear Twist-3
- Only require single scale

- Hard scale: p# ~ Q
- Suitable for

- Inclusive &', jet, (
and Λ

*+,-.(0, 2-3)

e.g. Sivers Fn:

Efremov, 
Teryaev;
Sterman, Qiu

5.,6 0, 0 = 1
9:

∫ <32-2-3 =,(0, 2-)

Nucl. Phys. B 667 (2003) 201
Phys. Rev. Lett. 97 (2006) 082002

PRD 41 (1990) 83
PRD 43 (1991) 261

=>= correlator

Similar relation holds for gluon Sivers Fn and ggg correlator.
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TABLE III: AN for ⌘ mesons measured as a function of xF .
Uncertainties listed are those due to the statistics, the xF

uncorrelated uncertainties due to extracting the yields, and
the correlated relative luminosity uncertainty (see text for
details).

xF bin hxF i
hpT i

A

⌘
N

Uncertainty

[GeV/c] stat uncorr corr

-0.7 to -0.6 -0.63 3.41 -0.0503 0.1054 0.0791 0.0024

-0.6 to -0.5 -0.535 3.04 0.0417 0.0319 0.0385 0.0023

-0.5 to -0.4 -0.444 2.68 0.0376 0.0165 0.0161 0.0021

-0.4 to -0.3 -0.358 2.34 0.0094 0.0219 0.0095 0.0023

-0.3 to -0.2 -0.231 1.35 0.0226 0.0339 0.0179 0.0000

0.2 to 0.3 0.231 1.35 0.0212 0.0342 0.0204 0.0000

0.3 to 0.4 0.358 2.34 0.0491 0.0232 0.0127 0.0020

0.4 to 0.5 0.444 2.68 0.0792 0.0177 0.0083 0.0018

0.5 to 0.6 0.535 3.04 0.0372 0.0335 0.0179 0.0020

0.6 to 0.7 0.629 3.41 0.1939 0.1092 0.0392 0.0019

related systematic uncertainty (not shown on Fig. 9, see
Table III) is due to small residual relative luminosity ef-
fects in the square root formula.

Figure 10 shows the measured A
N

for ⌘ mesons com-
pared to other A

N

measurements. The upper panel
shows a comparison between ⌘ meson and ⇡0 meson
asymmetries in overlapping x

F

and similar pseudorapid-
ity ranges at various collision energies. The ⌘ meson
A

N

is similar to the ⇡0 A
N

measurements at a lower
center-of-mass energy made by the PHENIX experiment
using the MPC [15], as well as ⇡0 from the E704 [9]
and STAR [13] experiments. The similarity between the
⌘ and ⇡0 asymmetries suggests that initial-state spin-
momentum correlations could play a role, or a common
spin-momentum correlation is present in the fragmenta-
tion of ⇡0 and ⌘ mesons.

The lower panel of Fig. 10 shows a comparison to
measurements made by E704 [11] (

p
s=19.4GeV) and

STAR [14] at the same collision energy (
p
s=200GeV).

The average pseudorapidity of the PHENIX result is
h⌘i=3.52, while the average pseudorapidity of the STAR
result is h⌘i=3.68. For x

F

> 0.55, the STAR ⌘ meson
A

N

is larger than this PHENIX ⌘ meson A
N

measure-
ment, but these two results are consistent with each other
within type-A uncertainties.

The asymmetries in Fig. 10 are compared to a twist-3
calculation by Kanazawa and Koike [59] based on [40],
performed for the PHENIX kinematics. It describes the
magnitude of the asymmetry well at the lowest and high-
est points in x

F

, but it is unclear whether the observed
shape for the middle x

F

values is well described. No the-
oretical uncertainty on the calculation is available at this
time; a better understanding of the theoretical uncer-
tainties will be necessary in order to draw a quantitative

conclusion on the agreement with data.
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FIG. 10: (Color online) Comparison between the ⌘ meson
AN and other results. Panel (a) compares with ⇡

0 meson
AN results from PHENIX [15], STAR [13], and E704 [9] in
red/circle, blue/star, and green/square symbols, respectively.
Panel (b) compares to the STAR ⌘ meson AN result [14] (blue
stars), the E704 ⌘ meson AN result [11] (green squares) and
a twist-3 calculation [59] (curve).

The p
T

dependence of the asymmetry is shown
in Fig. 11 and Table IV. For A

N

measured at for-
ward x

F

(x
F

> 0.2), a clear nonzero asymmetry is
seen (hA

N

i=0.061± 0.012), while A
N

for backward x
F

(x
F

< -0.2) is consistent with zero within 1.7�. The un-
correlated and correlated systematic uncertainties are
evaluated the same way as in the x

F

dependence of A
N

.
Figure 11 also shows the measured A

N

as a function
of p

T

compared to the twist-3 calculations. Similar to
the case for the x

F

dependence, the twist-3 calculation
describes the magnitude of the asymmetry well at the
lowest and highest measured points in p

T

, but it is not
clear if it describes the observed shape in the mid-p

T

range. It should be noted that the data points in p
T

are
integrated over a wide range of x

F

, 0.2<x
F

< 0.7.

VI. SUMMARY

By utilizing data taken by the MPC detector installed
at forward rapidity in the PHENIX experiment at RHIC,

• Increasing A" with x$.

• A"% similar in magnitude to A"&
'

: no significant isospin, strangeness 
and/or mass effects seen.

• Theoretical studies show initial-state 
effects are small and final-state effects 
dominate these asymmetries. 
PRD 89 (2014) 111501(R); PRD 96 (2017) 034027

• Detailed studies being done on effects 
of different mechanisms; Diffractive, 
Collins effects using π)and/or EM-jet.

PRD 86 (2012) 051101 (R) 
PRD 90 (2014) 072008

by the π0 energy. In summary, the uncertainties of xF and
pT for π0 TSSA are 4.4% for 500 GeV and 3.0% for
200 GeV data. The jet TSSA is presented versus xF in
Sec. IV C, and the xF uncertainties are 7.8% for 500 GeV
and 8.5% for 200 GeV data.
The Collins asymmetries are measured as a function of

zem, which is the fraction of the π0 energy over the jet
energy, zem ¼ Eπ0=Ejet. The uncertainty of zem can be
estimated using the uncertainty on the ratio of π0 energy
and jet energy. This is found to be less than 8.9% for
500 GeV and 9.0% for 200 GeV data.

B. The π0 TSSA

As discussed earlier, the two fractions fsigsig and fsigsb in
Eq. (5) needed to calculate the TSSA are obtained from fits
to the π0 invariant mass distribution. The uncertainty of the
fractions as obtained from the fit are propagated to the π0

TSSA as a source of systematic uncertainty. It is found that
this uncertainty is up to 5.8% of the magnitude of the
asymmetry. This systematic uncertainty is smaller than the
marker size in the TSSA result plots in the next section.

C. The Jet TSSA

The 200 GeV data set contains a small number of jets
reconstructed with energy far above the beam energy.
These nonphysical events serve as a background under
the jet signal, which may come from the pile up of
noncollision background to normal events. The asymmetry
of these events is consistent with zero. We assume these
events also exist at lower energy, which will decrease the
measured jet TSSA. The asymmetries can be corrected
using a background subtraction, with a correction factor
1=ð1 − rÞ, where r is the background fraction in the
specified energy range. To estimate the background frac-
tion, we choose the jet events in the energy range of
120 GeV to 150 GeV as pure background events. The
energy spectrum of these events is found to be following a
linear trend. A linear fit is done in this energy range and
extrapolated to lower energy to estimate the background
fraction. Results using this method show the highest
background fraction is about 3% for the highest xF bin.

D. The Collins asymmetry

The resolution of the Collins angle, ϕC, used in the
calculation of the Collins asymmetry, is limited by the
resolution of the photon position and jet axis. The reso-
lution can be obtained from Monte Carlo simulations by
comparing the reconstructed ϕC on detector and particle
levels. The smearing of this angle tends to underestimate
the asymmetry and this effect can be corrected by multi-
plying a correction factor to the raw asymmetries. The
resulting correction factor ranges from 1.01 to 1.04 in the
region of 0.3 < zem < 0.9.

IV. RESULTS

The clockwise-circulating RHIC beam (blue) faces the
FMS. Single-spin asymmetries measured with respect to
the blue beam polarization correspond to positive xF. The
asymmetries with respect to the polarization of the counter-
clockwise circulating beam (yellow), which corresponds to
negative xF, are consistent with zero. This has been
observed in multiple experiments [3–5]. Therefore, the
results with negative xF are not shown. Please note that
there is a general scale uncertainty of 3.0=3.4% for
200=500 GeV data from beam polarization for all spin
asymmetries in this section, which is not included in
the plots.

A. The π0 TSSA

Figure 4 shows the results of the π0 TSSA for 200 GeV
(red points) and 500 GeV (blue points) transversely
polarized proton-proton collisions as a function of xF.
The lower panel shows the average π0 pT for each xF bin.
The asymmetry increases with xF. The xF of 200 GeV data
reach up to 0.6, where the largest asymmetry is observed.
The results of both data sets are consistent in the over-
lapping region, 0.2 < xF < 0.35. For both energies, the
background asymmetries, which are not shown in the
figure, are consistent with zero.
Figure 5 shows the TSSA result as a function of π0 pT, in

the overlap xF region, 0.18 < xF < 0.36, for the two data
sets. The three panels represent different regions in xF.
Although the statistics for the 500 GeV data are limited, it

FIG. 4. Transverse single-spin asymmetry (AN) as a function of
xF for π0 production in transversely polarized proton-proton
collisions at

ffiffiffi
s

p
¼ 200 and 500 GeV. The error bars are statistical

uncertainties only. A systematic uncertainty up to 5.8% of AN for
each point is smaller than the size of the markers. The average pT
of the π0 for each xF bin is shown in the lower panel. Theory
curves based on a recent global fit [51] are also shown.
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process generally does not depend on the details of the hard
scattering, and a single set of pion fragmentation functions
explains a wide variety of RHIC data [22,25,35]. While
there are currently no NLO pQCD predictions for the
forward ! production cross section, we note that our
measurement of the "0 cross section is consistent with
the NLO prediction, and the !="0 cross-section ratio is
consistent with the recent NLO pQCD extraction of the !
fragmentation function [36].

Figure 5 shows the AN , calculated using the ‘‘cross
ratio’’ formula [12,37], as a function of xF for "0 and !
after correcting for the underlying background. Also
shown is the previous STAR result [12] for ANð"0Þ at lower
xF, which utilized the same data set as the current analysis
but without the center cut. The two "0 results are consis-
tent within their correlated errors. The background correc-
tion, which only significantly affects the ! asymmetry at
medium energy, is obtained from a simulation sample
corrected for the ! yield and mass resolution, and the
assumed background AN of 0:005# 0:016 extracted from
Fig. 2(c). The error bars indicate statistical uncertainties
only, while the error boxes indicate the systematic uncer-
tainties. The main source of the systematic uncertainty is
the background correction; the polarization uncertainty is
negligible in comparison. The AN for negative xF is con-
sistent with zero for both mesons.

For the data points between xF of 0.55 and 0.75, a four-
point Z test results in 2.8% confidence level for the

hypothesis that ANð!Þ $ ANð"0Þ is consistent with zero.
Alternatively, the Kolmogorov-Smirnov test returns 3.3%
confidence level for the same hypothesis. The comparison
of AN for "0 and ! mesons is of particular interest given
their similar up and down quark content, with wave func-
tions of both mesons containing u !u and d !d pairs. The !
differs from the "0 mainly in that it is in an isospin singlet
state, and that it contains s!s in the wave function. The latter
results in ! being significantly more massive than the "0.
In conclusion, STAR has measured the xF dependences

of the cross section and transverse single-spin asymmetries
for "0 and ! mesons produced at an average pseudorapid-
ity of 3.68 in

ffiffiffi
s

p ¼ 200 GeV polarized proton collisions.
In this kinematic region, both the "0 cross section and the
!="0 cross-section ratio are consistent with NLO pQCD
expectations. This suggests that the measured ! asymme-
try can be understood within the framework of pQCD.
While several calculations exist for pion and kaon asym-
metries [10,38–41], the first pQCD calculation of AN for
the !meson was performed only recently [42]. This model
generates an ! asymmetry that is substantially larger than
that for the "0 via a sizable initial-state twist-3 effect for
strange quarks. The calculated ! asymmetry rises to about
12% at xF of 0.4, well above our measured asymmetry, but
then agrees quantitatively with the data for xF > 0:5. It is
yet unknown if a similar difference can arise from the
fragmentation process via the Collins effect. A higher
statistics measurement of the AN for the ! meson in this
kinematic region is necessary to make a precise compari-
son to that for the "0. Understanding the exact nature of
these asymmetries can be further aided by complementary
measurements of AN for final states that lack Collins con-
tributions, such as jets and prompt photons.
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the NERSC Center at LBNL, and the Open Science Grid
consortium for providing resources and support. This work
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Foundation, a sponsored research grant from Renaissance
Technologies Corporation, the DFG cluster of excellence
‘‘Origin and Structure of the Universe’’ of Germany,
CNRS/IN2P3, FAPESP CNPq of Brazil, Ministry of
Education and Science of the Russian Federation,
NNSFC, CAS, MoST, and MoE of China, GA and
MSMT of the Czech Republic, FOM and NWO of the
Netherlands, DAE, DST, and CSIR of India, Polish
Ministry of Science and Higher Education, Korea
Research Foundation, Ministry of Science, Education and
Sports of the Republic of Croatia, and RosAtom of Russia.
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FIG. 5 (color online). AN vs xF at average pseudorapidity of
3.68 for"0 and !. Also shown are the previously published results
for "0 at lower xF, derived from the same data set but without the
center cut [12]. The error bars are statistical uncertainties only.
The error boxes indicate the systematic uncertainties.

L. ADAMCZYK et al. PHYSICAL REVIEW D 86, 051101(R) (2012)
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Phys. Rev. D 103 (2021) 052009
§ Measured asymmetries 

consistent with zero and with 
previous measurements.

§ !" ($%) vs. !" ('): no 
evidence of differences due 
to strangeness, isospin or 
mass.

§ !" ($±) vs. !) ($%): charged 
pions provide different 
flavor sensitivities than 
neutral particles via 
fragmentation functions 

§ Moderately sensitive to 
trigluon correlator and gluon 
Sivers fn.

§ Difference between *+ and *, at 
2- deviation level. 

§ Increasing ./. contribution 
predicted with hard scale and 
opposite sign for oppositely 
charged *01 (which is seen 
cancelled in *2 34).
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§ Measured asymmetry consistent with zero.

§ Sensitive to transverse gluon structure 
inside proton
§ Direct photon production predominantly from 

QCD Compton scattering.

§ Small contribution from !"! correlation 
function predicted at midrapidity. 

§ Clean probe for extraction of trigluon 
correlator and sensitive to gluon Sivers fn. 

Phys. Rev. Lett. 127 (2021) 162001

dead areas of the EMCal and use the previously measured
π0 [29] and η [30] cross sections. The background fractions
for photons from π0 (η) decays are plotted in Fig. 1 and are
systematically larger in the east arm versus the west due to
the PbGl sectors having slightly more dead area compared
to the PbSc sectors. The contribution of decay photons
from sources heavier than η mesons is estimated to be less
than 3% with respect to the measured background and so an
even smaller percentage of the total direct photon sample.
The uncertainty on the background fraction is propagated
through Eq. (2) to assign an additional systematic uncer-
tainty to the direct-photon asymmetry.
A similar method to Eq. (3) is used to find the

contribution of merged π0 decay photons. The equivalent
Rh is calculated using simulated h → γγ decays, taking the
ratio of the number of reconstructed EMCal clusters
produced by merged decay photons divided by the number
of reconstructed clusters associated with a single decay
photon. The contribution from merged photon clusters was
found to be less than 0.2%, small compared to the up to
50% background fraction due to the one-miss effects, and
the contribution from merged η decays was confirmed to be
negligible.
An additional systematic study is performed by calcu-

lating the asymmetry with the square root formula:

AN ¼ 1

PhcosðϕÞi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q ; ð4Þ

where the L and R subscripts refer to yields to the left and
to the right of the polarized-beam-going direction, respec-
tively. This result is verified to be consistent with the
relative luminosity formula results from Eq. (1) and the
differences between these results are assigned as an addi-
tional systematic uncertainty due to possible variations in
detector performance and beam conditions. The systematic

uncertainty due to setting the background asymmetries to
zero dominates the total systematic uncertainty by an order
of magnitude for all pT bins except for the highest pT bin,
where it is only slightly larger than the difference between
the square root formula and relative luminosity formula.
Another study using bunch shuffling found no additional
systematic effects. Bunch shuffling is a technique that
randomizes the bunch-by-bunch beam polarization direc-
tions to confirm that the variations present in the data are
consistent with what is expected by statistical variation.
The results for the AN of isolated direct photons, Adir

N , at
midrapidity in p↑ þ p collisions at

ffiffiffi
s

p
¼ 200 GeV are

shown in Table I and in Fig. 2, where the shaded (gray)
bands represent the systematic uncertainty and the vertical
bars represent the statistical uncertainty. The measurement
is consistent with zero to within 1% across the entire pT
range. Figure 2 also shows predictions from collinear twist-
3 correlation functions. The solid (green) curve shows the
contribution of qgq correlation functions to the direct-
photon asymmetry which is calculated using functions
that were published in Ref. [18] that are integrated over
the jηj < 0.35 pseudorapidity range of the PHENIX
central arms. This calculation includes contributions from
the qgq correlation functions present in both the polarized
and unpolarized proton, including the ETQS function

 [GeV/c]
T

 p
5 6 7 8 9 10 11 12

0 ! r

0.1

0.2

0.3

0.4 West Arm

East Arm

(a)

 [GeV/c]
T

 p
5 6 7 8 9 10 11 12

" r

0.02

0.04

0.06

0.08 PHENIX

(b)

FIG. 1. The fractional contribution of photons from (a) π0 and
(b) η decays to the isolated direct photon candidate sample.

TABLE I. The measured AN of isolated direct photons in p↑ þ
p collisions at

ffiffiffi
s

p
¼ 200 GeV as a function of pT . An additional

scale uncertainty of 3.4% due to the polarization uncertainty is
not included.

hpTi½GeV=c& Adir
N σstat σsyst

5.39 −0.00 049 2 0.00 299 0.00 341
6.69 0.00 247 0.00 404 0.00 252
8.77 0.00 777 0.00 814 0.00 159
11.88 0.00 278 0.0105 0.00 106

 [GeV/c]
T

 p
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Ndi
r
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qgq Contribution
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PHENIX

FIG. 2. Transverse single-spin asymmetry of isolated direct
photons measured at midrapidity jηj < 0.35 in p↑ þ p collisions
at

ffiffiffi
s

p
¼ 200 GeV. An additional scale uncertainty of 3.4% due to

the polarization uncertainty is not shown.
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§ Charge separated e" and e# $%.

§ Measured asymmetries consistent with zero.

§ Most sensitive probe of trigluon correlator; && → ( )( dominance 
relative to *)* → ( )(.

§ Model calculations provided by two groups rely on normalizing 
symmetric and antisymmetric trigluon correlators +,-,/ to 
unpolarized gluon PDF. 

§ First quantitative extraction of trigluon correlators.

arXiv:2204.12899 
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FIG. 1. AN (OHF ! e±) (red) circles and (blue) squares for
positrons and electrons, respectively. Also plotted are predic-
tions of AN (D0/D̄0 ! e±) from Ref. [23], and AN ((D0/D̄0+
D+/�) ! e±) from Ref. [24] for best-fit trigluon-correlator-
normalization parameters [(red/blue) solid, dashed, and dot-
ted lines]

FIG. 2. Results of the statistical analysis performed to ex-
tract best-fit parameters �f and �d by comparing data to
theory [23]. �2(�f ,�d) � �2

min is shown for (a) e+ and (b)
e�. Panel (c) shows the 1, 2, and 3� confidence level regions,
�2(�f ,�d)� �2

min < n2 (n = 1, 2, 3).

charges simultaneously. The measurements are consis-
tent with zero, and are statistically more precise than
previous measurements. The total systematic uncertain-
ties come from combining those associated with the back-
ground fractions, background asymmetries, and the dif-
ference in calculating A

N

with Eqs. (7) and (8); there
is no dominant source of systematic uncertainty across

charges and p
T

bins. The systematic uncertainty reaches
at most 37% of the corresponding statistical uncertainty,
while it is typically suppressed by an order of magnitude
or more [34]. The placement of the theoretical curves
in Fig. 1 di↵ers for e+ vs e� due to the contribution of
the symmetric trigluon correlator having opposing signs
in charm vs. anticharm production, leading to construc-
tive vs destructive interference with the antisymmetric
trigluon correlator contribution for the separate charges.
This allows for significant constraining power of all pa-
rameters.
To determine theoretical parameters that fit the data

best, �2(�
f

,�
d

), �2(K
G

), and �2(K 0
G

) were calculated
for the separate charges and summed to extract minimum
values. The results along with 1� confidence intervals
are �

f

= �0.01±0.03 GeV and �
d

= 0.11±0.09 GeV for
those introduced Ref. [23], and K

G

= 0.0006+0.0014
�0.0017, and

K 0
G

= 0.00025±0.00022 for those introduced in Ref. [24].
This corresponds to the first constraints on (�

f

,�
d

), and
is in agreement with previous constraints on K

G

and K 0
G

derived in Ref. [24]. Figure 2 summarizes the results of
the statistical analysis performed to extract best-fit pa-
rameters �

f

and �
d

, in which case the theoretical asym-
metries depend on both parameters. Nicely illustrated
are the constraining power of the individual charges and
the necessity of combining the charges in the statistical
analysis. Each individual charge predicts that contri-
butions from trigluon correlations are small, indicating
that the best fit prefers �

f

and �
d

values that result in
cancellation of their contributions to the asymmetry cal-
culation.

In summary, the PHENIX experiment has measured
the transverse single-spin asymmetry of midrapidity
open-heavy-flavor decay electrons and positrons as a
function of p

T

in p" + p collisions at
p
s = 200 GeV.

Open-heavy-flavor production at RHIC is an ideal chan-
nel for probing trigluon correlations in polarized pro-
tons because initial-state qgq correlations in the proton
and final-state twist-3 correlations in hadronization con-
tribute negligibly. This measurement provides signifi-
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trigluon correlation functions in transversely polarized
protons, including the first constraints on �

f

and �
d

as
�
f

= �0.01±0.03 GeV and �
d

= 0.11±0.09 GeV — a
necessary step forward in our understanding of proton
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§ Hadron distributions in jets produced from 
single-transversely polarized proton 
collisions, a novel approach to final state 
effects to transverse spin asymmetries.  

§ Sin(%& − %() modulation sensitive to 
Collins effects, i.e. access transversity TMD 
PDF × Collins FF.

§ Recent measurements include z, jT, jet pT
and xF dependence.
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§ Nonperturbative dynamics inside proton at RHIC 
§ Proton spin and nucleon-parton spin-momentum correlations
§ Cross section asymmetries with polarized protons data

§ Proton structure and hadronization in jets at LHCb at LHC 
§ s-quark content, intrinsic charm and quark spin-momentum correlations.
§ Jet fragmentation functions

§ Event shapes at HERA and EIC 
§ Strong coupling constant and hadronization. 
§ 1-jettiness
§ Groomed event shapes
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§ W+b/c jet – s quark PDF 

§ Z+charm jet – intrinsic charm in proton 

§ Drell Yan production and angular 
coefficients – TMD PDF, Lam-Tung 
relation 

13
Sookhyun Lee, CFNS workshop 2022

q What constitutes proton?
q How do partonic momentum 

and spin degrees of freedom
interplay? 

q How does a parton evolve through 
shower process?

q What governs characteristics of 
hadron formation? Mass and flavor 
contents of hadron, partons
initiating shower?  

§ Qurakonia in jets – quarkonia
production mechanisms 

§ Z+light quark jet – TMD fragmentation 
functions

§ c/b-tagged jets , exotic states in jets



§ Forward spectrometer 

§ PID up to p~100 GeV/c

§ Ecal+Hcal and tracking detectors
à Full jet reconstruction

§ Muon reconstruction

§ ~40% of all produced ! ̅! and #$# pairs are 
in LHCb acceptance.  

Astrophys. Space Sci. 367, 27 (2022)
14
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§ Excellent b-/c-tagging capabilities at 
LHCb using BDT technique.  

§ c-tagged jets in association with W boson
sensitive to s-quark PDF via gsàWc. 

§ W+b jets predominatly from gluon 
splitting.

§ Results consistent with SM predictions

15
Sookhyun Lee, CFNS workshop 2022

Phys. Rev. D 92, 052001 (2015)



§ ‘Fraction of charm jet in jets in 
association with Z’ proposed to be 
measured at LHCb.

§ Large momentum transfer ! above EW 
scale, hence small nuclear and 
hadronic effects.

§ " + $ to " + % ratio to reduce 
sensitivities to experimental and 
theoretical uncertainties. 

Phys. Rev. D 93 (2016) 074008

Phys. Lett. B 93 (1980) 451
Phys. Rev. D 23 (1981) 2745

p p
̅$
$

Extrinsic Intrinsic
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• Three scenarios, assuming no IC, IC allowed and valence-like IC (BHPS).

• A sizable enhancement at forward ! rapidities, consistent with the effect 
expected if the proton wave function contains the |##$% ̅% > component. 

• LHCb results rule out no IC prediction from global analysis performed by NNPDF 
group at 3( deviation level, supporting existence of IC.

• Consistency between prediction and the measurements indicates success of 
DGLAP evolution from low ) in DIS to EW scale at LHC. 

Phys. R
ev. Lett.128

(2022) 082001

Nature | Vol 608 | 18 August 2022 | 485

Our determination of intrinsic charm can be compared to theoreti-
cal expectations. Subsequent to the original intrinsic charm model of 
ref. 1 (BHPS model), a variety of other models were proposed5,35–38 (see  
ref. 2 for a review). Irrespective of their specific details, most models 

predict a valence-like structure at large x with a maximum located 
between x ≃ 0.2 and x ≃ 0.5, and a vanishing intrinsic component for 
x ≲ 0.1. In Fig. 1 (right), we compare our result to the original BHPS 
model and to the more recent meson/baryon cloud model of ref. 5.

2.0 2.5 3.0 3.5 4.0 4.5

y(Z)

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

R
c (
yZ

) =
 V

(Z
c)

/V
(Z
j)

LHCb data Default charm Perturbative charm

0.2 0.4 0.6 0.8
x

0

0.2

0.4

0.6

0.8

1.0

U[
R

c ,
 c

+ (
x,
Q

)]

Q = 100 GeV

2.0 ≤ yZ ≤ 2.75

2.75 ≤ yZ ≤ 3.5

3.5 ≤ yZ ≤ 4.5

0.2 0.4 0.6 0.8
x

–0.02

–0.01

0

0.01

0.02

0.03

xc
+ (
x)

Intrinsic charm

Baseline dataset
+ LHCb Z+c (uncorrelated system)
+ LHCb Z+c (correlated system)

0.2 0.4 0.6 0.8
x

–0.02

–0.01

0

0.01

0.02

0.03

xc
+ (
x,
Q

)

4FNS, Q = 1.51 GeV

Baseline dataset
+ LHCb Z+c (uncorrelated system)
+ LHCb Z+c (correlated system)

0.2 0.4 0.6 0.8
x

–0.03

–0.02

–0.01

0

0.01

0.02

0.03

0.04

xc
+ (
x)

Baseline dataset (PDF + MHOU)
+ EMC Fc (PDF + MHOU)

0.2 0.4 0.6 0.8
x

0

1

2

3

4

|c
+ (
x)

/G
c+

(x
)|

Intrinsic charm

Baseline dataset
+ EMC Fc

+ LHCb Z+c
+ EMC Fc

2 + LHCb Z+c

j

j

2

2

Fig. 2 | Intrinsic charm and Z + charm production at LHCb. Top left, the 
LHCb measurements of Z-boson production in association with charm-tagged 
jets, j

cR , at s = 13 TeV, compared with our default prediction, which includes 
an intrinsic charm component, as well as with a variant in which we impose  
the vanishing of the intrinsic charm component. The thicker (thinner) bands  
in the LHCb data indicate the statistical (total) uncertainty, while the theory 
predictions include both PDFU and MHOU. Top right, the correlation 
coefficient between the charm PDF at Q = 100 GeV in NNPDF4.0 and the LHCb 
measurements of R j

c for the three yZ bins. The dotted horizonal line indicates 

the maximum possible correlation. Centre, the charm PDF in the 4FNS (right) 
and the intrinsic (3FNS) charm PDF (left) before and after inclusion of the LHCb 
Z + charm (c) data. Results are shown for both experimental correlation models 
discussed in the text. Bottom left, the intrinsic charm PDF before and after 
inclusion of the EMC charm structure function data. Bottom right, the 
statistical significance of the intrinsic charm PDF in our baseline analysis, 
compared to the results obtained also including the LHCb Z + charm (with 
uncorrelated systematics) or the EMC structure function data, or both. The 
dotted horizontal line indicates the 3σ threshold.

Nature 608 (2022) 483
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§ Rich physics encoded in angular 
distribution of muons from !∗/$ →
&'&( decay in the forward region.

§ $-boson cross-section measurements 
at low $ )* (< 0.2 +,) already used for 
global analyses of unpolarized TMD 
PDFs. 

JHEP 06 (2020) 137 Scimemi, Vladimirov JHEP 07 (2020) 117 Bacchetta et al.
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§ Production mechanisms for spin 1 
particles decaying into dileptons 
can be expressed using 8 angular 
coefficients A" ($ =0,… 7).

§ Lam-Tung relation A&= A' at LO; 
can be violated by NP effects, e.g. 
Boer-Mulders TMD PDF, or even 
perturbatively at higher order in 
FO as well as resummation pQCD
calculation. 

§ A(, A* : V-A structure.

Lepton angular distribution

Phys. Rev. D 16 (1977) 2219 
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§ Overall agreement in trends between data and 
predictions with an exception of Pythia.

§ Significant violation of Lam-Tung relation observed.

A0 − A2 measurement, the LHCb results are compatible
with zero only in the highest pT interval, but there the
uncertainty is relatively large. Also, most predictions are
not compatible with zero in the high-pT intervals. This
violation of the Lam-Tung relations measured by the LHCb
collaboration is consistent with previous results from the
CMS [24] and ATLAS collaborations [25]. The measured
A0 − A2 results are significantly smaller than the predic-
tions at low pT (<20 GeV=c) and slightly smaller at high
pT (>80 GeV=c), while larger than the predictions in other
pT regions. A summary of the full results, including
measurements in bins of yZ, is provided in the
Supplemental Material [59]. With the exception of A0,
the measured angular coefficients do not vary significantly
as a function of yZ, when the measurement is performed for
the full pT range. There is reasonable agreement between
the measurements and RESBOS calculations for A1−3 and
ΔA4, while for A0 there is tension between the measure-
ments and predictions, especially in the highest yZ region.
The p value between measurements and theoretical pre-
dictions is calculated to be 0.06. The differences between
A0 and the RESBOS predictions in the yZ distribution
indicate that there is a yZ dependence in the QCD
resummation or additional higher-order effects. More
detailed studies on the predictions as a function of yZ

are necessary.

The nonperturbative Boer-Mulders TMD PDF can be
probed with the measurement of A2 in the lower pT region.
Measurements of A2 in the low, middle, and high Mμμ

regions are shown in Fig. 2, where the dimuon pT region is
divided into four intervals from 0 to 20 GeV=c. Despite the
limited sample size with the finer pT intervals, several
observations can be made. In the lowMμμ, the measured A2

value in the lowest dimuon pT region (pT < 3 GeV=c)
deviates significantly from all predictions. It is unclear if
nonperturbative spin-momentum correlations in the proton,
described by the Boer-Mulders distribution, could lead to
such variations as no phenomenological calculations are
available. None of the calculations used in the comparison
include this type of nonperturbative effect. In other pT
regions, reasonable agreement between measurements and
predictions is seen.
In summary, the first measurements of the angular

coefficients of Drell-Yan μþμ− pairs in the forward rapidity
region of p-p collisions are presented. These quantities
provide more information on the Z-boson production
compared with other traditional observables. The measure-
ments, which are given as a function of the Z boson pT and
yZ, in both the Z peak and lower and higher Mμμ regions,
are compared with various predictions. Some tension
between the measurements and the theoretical predictions
appears in the lower Mμμ and low-pT region, and in the yZ

dependence (See the Supplemental Material [59] for further
details). More studies of the theoretical models are needed
to shed light on the apparent discrepancies. This analysis
provides important and unique inputs for future phenom-
enological extractions of spin-momentum correlations in
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FIG. 1. Comparison of the measured angular coefficients with
different predictions, as a function of the Z boson pT , in the
rapidity region of Z boson yZ > 2 and 75 < Mμμ < 105 GeV=c2.
The total uncertainty (shown in the figure) is dominated by the
statistical component. The theoretical predictions correspond to
the same Z-boson pT bins as data and the pT shifts of the
theoretical markers in all plots are for visualization purposes only.
DYTurbo and RESBOS predictions include the theoretical uncer-
tainties.
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A0 − A2 measurement, the LHCb results are compatible
with zero only in the highest pT interval, but there the
uncertainty is relatively large. Also, most predictions are
not compatible with zero in the high-pT intervals. This
violation of the Lam-Tung relations measured by the LHCb
collaboration is consistent with previous results from the
CMS [24] and ATLAS collaborations [25]. The measured
A0 − A2 results are significantly smaller than the predic-
tions at low pT (<20 GeV=c) and slightly smaller at high
pT (>80 GeV=c), while larger than the predictions in other
pT regions. A summary of the full results, including
measurements in bins of yZ, is provided in the
Supplemental Material [59]. With the exception of A0,
the measured angular coefficients do not vary significantly
as a function of yZ, when the measurement is performed for
the full pT range. There is reasonable agreement between
the measurements and RESBOS calculations for A1−3 and
ΔA4, while for A0 there is tension between the measure-
ments and predictions, especially in the highest yZ region.
The p value between measurements and theoretical pre-
dictions is calculated to be 0.06. The differences between
A0 and the RESBOS predictions in the yZ distribution
indicate that there is a yZ dependence in the QCD
resummation or additional higher-order effects. More
detailed studies on the predictions as a function of yZ

are necessary.

The nonperturbative Boer-Mulders TMD PDF can be
probed with the measurement of A2 in the lower pT region.
Measurements of A2 in the low, middle, and high Mμμ

regions are shown in Fig. 2, where the dimuon pT region is
divided into four intervals from 0 to 20 GeV=c. Despite the
limited sample size with the finer pT intervals, several
observations can be made. In the lowMμμ, the measured A2

value in the lowest dimuon pT region (pT < 3 GeV=c)
deviates significantly from all predictions. It is unclear if
nonperturbative spin-momentum correlations in the proton,
described by the Boer-Mulders distribution, could lead to
such variations as no phenomenological calculations are
available. None of the calculations used in the comparison
include this type of nonperturbative effect. In other pT
regions, reasonable agreement between measurements and
predictions is seen.
In summary, the first measurements of the angular

coefficients of Drell-Yan μþμ− pairs in the forward rapidity
region of p-p collisions are presented. These quantities
provide more information on the Z-boson production
compared with other traditional observables. The measure-
ments, which are given as a function of the Z boson pT and
yZ, in both the Z peak and lower and higher Mμμ regions,
are compared with various predictions. Some tension
between the measurements and the theoretical predictions
appears in the lower Mμμ and low-pT region, and in the yZ

dependence (See the Supplemental Material [59] for further
details). More studies of the theoretical models are needed
to shed light on the apparent discrepancies. This analysis
provides important and unique inputs for future phenom-
enological extractions of spin-momentum correlations in
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• A" in the low #$ region sensitive to the Boer-
Mulders TMD PDF.

• At #$(&) < 3 GeV/c, A" measured to be ~ 5 
times all predictions.

• No phenomenological calculations available.
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§ Jet substructure !
- Jet mass

- Jet angularity

- fragmenting jet function (FJF)

- TMD FJF

- …
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Phys. Rev D 81 (2010) 074009
Phys. Rev. D 92 (2015) 054015
JHEP 11 (2016) 155
JHEP 1804 (2018) 110
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§ Hadronization mechanisms of energetic heavy quark into ! "!
bound states not  well understood with limited success from 
NRQCD.

§ Charmonium fragmentation-in-jet measurements confirmed 
predominant production mechanism by gluon fragmentation.  

NRQCD

Phys. Rev. Lett. 118 (2017) 192001

Phys. Rev. Lett. 119 (2017) 032002 



§ Z boson + jet production is predominantly 
sensitive to quark initiated jets with further 
enhancement of up and down flavor due to 
forward kinematics. 

§ Jet production in association with Z 
measured with high precision at LHCb.

§ LHCb does not have jet trigger; events
triggered by high pT muons.
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JHEP 05 (2016) 131
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1D measurements of nonidentified ℎ± in #+jets  

functions to those obtained when hadron-to-lepton (and
vice versa) misidentification probabilities are considered.
These uncertainties are less than 5%, except at large z
where the charged pion-to-electron misidentification prob-
ability becomes larger [32].
Figure 1 shows the distributions of z in three jet pT bins.

These illustrate that the longitudinal momentum fraction
is approximately constant as a function of jet pT at high z.
At low z the fragmentation functions differ, which is a
kinematic effect due to the requirement that the track
momentum be greater than 4 GeV; therefore, higher pT
jets can probe smaller z. This also reflects that the charged
hadron multiplicity increases with jet pT . Comparing these
forward measurements to inclusive jet measurements at
central rapidity from ATLAS [24] indicates that the
fragmentation functions are not as steeply falling at high
z [47]. This may reflect differences between light-quark
and gluon fragmentation.
Figures 2 and 3 show the jT and r distributions of

charged hadrons within jets. The jT profiles show a
rounded peak at small jT which transitions to a perturbative
tail at larger jT as also seen in Ref. [48]. This is indicative of
an observable that can be treated in the so-called transverse-
momentum-dependent framework [1–3,49], where sensi-
tivity to both a large and small transverse momentum scale
is necessary. The radial profiles show that the number of
charged hadrons at small r is highly dependent on jet pT ;
however, the values are relatively constant as a function of
jet pT at nearly all other values of r. Interestingly, the jT
fragmentation distributions are similar to the central pseu-
dorapidity inclusive jet results; however, these measure-
ments are more collimated in r than the inclusive jet
measurements [47]. This behavior in r is correlated to
the flatter fragmentation in z and may be a reflection of the
different pseudorapidity region or differences in light-quark
and gluon fragmentation. We note that the comparisons
to the measurements by ATLAS should be qualitative in
nature, rather than quantitative, due to the slightly different

kinematic criteria placed on each of the measurements. The
distributions in jT and r offer the opportunity to study the
interplay between perturbative parton shower and non-
perturbative hadronization dynamics. For example, the
steeply falling tail of the jT distributions results from a
combination of perturbative radiation and nonperturbative
hadronization processes.
The fragmentation functions are compared to predictions

from PYTHIA8 Z þ jet events, where the details of the
PYTHIA8 configuration can be found in Ref. [47]. These
comparisons are made since the specific LHCb tune
contains realistic experimental conditions [33] and also
shows that the unfolding procedure is not simply correcting
the measured distributions to the predictions from PYTHIA8.
An example of the comparison as a function of z is shown
in Fig. 4; all of the comparisons described in this text can
be found in Ref. [47]. In general, PYTHIA8 underestimates
the number of charged hadrons at high z; PYTHIA8 also
underestimates the number of charged hadrons at small r.
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functions to those obtained when hadron-to-lepton (and
vice versa) misidentification probabilities are considered.
These uncertainties are less than 5%, except at large z
where the charged pion-to-electron misidentification prob-
ability becomes larger [32].
Figure 1 shows the distributions of z in three jet pT bins.

These illustrate that the longitudinal momentum fraction
is approximately constant as a function of jet pT at high z.
At low z the fragmentation functions differ, which is a
kinematic effect due to the requirement that the track
momentum be greater than 4 GeV; therefore, higher pT
jets can probe smaller z. This also reflects that the charged
hadron multiplicity increases with jet pT . Comparing these
forward measurements to inclusive jet measurements at
central rapidity from ATLAS [24] indicates that the
fragmentation functions are not as steeply falling at high
z [47]. This may reflect differences between light-quark
and gluon fragmentation.
Figures 2 and 3 show the jT and r distributions of

charged hadrons within jets. The jT profiles show a
rounded peak at small jT which transitions to a perturbative
tail at larger jT as also seen in Ref. [48]. This is indicative of
an observable that can be treated in the so-called transverse-
momentum-dependent framework [1–3,49], where sensi-
tivity to both a large and small transverse momentum scale
is necessary. The radial profiles show that the number of
charged hadrons at small r is highly dependent on jet pT ;
however, the values are relatively constant as a function of
jet pT at nearly all other values of r. Interestingly, the jT
fragmentation distributions are similar to the central pseu-
dorapidity inclusive jet results; however, these measure-
ments are more collimated in r than the inclusive jet
measurements [47]. This behavior in r is correlated to
the flatter fragmentation in z and may be a reflection of the
different pseudorapidity region or differences in light-quark
and gluon fragmentation. We note that the comparisons
to the measurements by ATLAS should be qualitative in
nature, rather than quantitative, due to the slightly different

kinematic criteria placed on each of the measurements. The
distributions in jT and r offer the opportunity to study the
interplay between perturbative parton shower and non-
perturbative hadronization dynamics. For example, the
steeply falling tail of the jT distributions results from a
combination of perturbative radiation and nonperturbative
hadronization processes.
The fragmentation functions are compared to predictions

from PYTHIA8 Z þ jet events, where the details of the
PYTHIA8 configuration can be found in Ref. [47]. These
comparisons are made since the specific LHCb tune
contains realistic experimental conditions [33] and also
shows that the unfolding procedure is not simply correcting
the measured distributions to the predictions from PYTHIA8.
An example of the comparison as a function of z is shown
in Fig. 4; all of the comparisons described in this text can
be found in Ref. [47]. In general, PYTHIA8 underestimates
the number of charged hadrons at high z; PYTHIA8 also
underestimates the number of charged hadrons at small r.
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§ Charged hadrons in !–tagged jets.

§ At small " < 0.02, effects of color 
coherence as well as kinematic cuts 
manifest as a humped-back 
structure. 

§ Harder jets, higher #$ or higher √&, 

produce an excess of soft particles 
per jet; access smaller " .

§ Scaling behavior at large " > 0.04. 

§ Similar pattern in '$ between √& = 8 
TeV vs 13 TeV.
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§ Charged hadron 
formation within jets 
predominantly by !±
due to its low mass 
and flavor content of 
initial-state proton. 

§ Hadrons with higher 
mass require a 
larger z threshold for 
their formation. 
Delayed scaling 
behavior shown in 
heavier charged 
particles.
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• In lowest jet #$ interval: 
• Proton production relative to kaons clearly suppressed at lower z.
• Pythia 8 overestimates %±, #± production relative to !±.

arxiv:2208.11691
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§ Hadrons carrying large momentum fraction along jet axis tend to have large transverse momentum 
w.r.t. jet axis.

§ Centroid of harder jets shifted towards smaller ! (soft particle production) and larger "# (wider jet).

§ Larger "# for given ! in jets with higher $#; consistent with Markov chain fragmentation models, e.g. 
string or cluster models.

arxiv:2208.11691
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§ Multidifferential distributions for pions, kaons and protons at 20 < jet !" < 30 GeV/c

§ Heavier hadrons produced from harder partons, i.e. larger #" as well as larger $ .

arxiv:2208.11691



§ Nonperturbative dynamics inside proton at RHIC 
§ Proton spin and nucleon-parton spin-momentum correlations
§ Cross section asymmetries with polarized protons data

§ Proton structure and hadronization in jets at LHCb at LHC 
§ s-quark content, intrinsic charm and quark spin-momentum correlations.
§ Jet fragmentation functions

§ Event shapes at HERA and EIC 
§ Strong coupling constant and hadronization. 
§ 1-jettiness
§ Groomed event shapes
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Event 
Shapes : 
relatively large 
deviations from 
lattice results 

Recently updated
with NNLO fit:
reduced theory
uncertainty, still 
dominant
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§1-jettiness 
§ !"# = %

&' Σ)∈+ min{01 ⋅ 3), 05 ⋅ 3)},
where 01 = 78 + 0, 05 = 78

§ Global, Lorentz invariant and infrared-safe 
observable

§ Sensitive to strong coupling constant :; and PDFs
Phys. Rev. D 88 (2013) 054004 D. Kang, C. Lee, I. Stewart. 

N2LL published, N3LL WIP

Proposed to pursue at EIC

D. Kang, C. Lee, I. Stewart +
L. Cunqueiro, P. Jacobs, 
H. Klest, SL



§ Soft hadronic activities
§ Hadronization
§ Perturbative soft radiation
§ Multiple parton interaction

§ Nonperturbative shift in event shapes; 
universality established across various 
shapes in e+e-.

§ Test universality of hadronization in 
DIS as well as across collision systems.
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G. Korchemsky, G. Sterman;
C. Bauer, C. Lee, A. Manohar, M. Wise  

C. Lee, Y. Makris + L. Cunqueiro,  P. Jacobs, 
H. Klest, SL, B. Nachman (In preparation)
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Well preserved data and analysis tools available at H1 allow 
us to explore possibilities. Special thanks to D. Britzger!



§ Groomed invariant mass and 
groomed 1-jettiness.

§ New observables insensitive to 
ISR and beam remnants. 

§ Nonperturbative effects can be 
controlled by grooming 
parameters zcut. 

§ In back-to-back limit, no x & Q2

dependence in groomed 
invariant mass shape –
experimentally favorable. 
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See H. Klest’s talk later today !



§ Spin degrees of freedom plays a crucial role in NP QCD.
§ Both initial state and final state effects studied at RHIC.

§ Electroweak boson productions and jets in association with them at LHCb access 
partonic momentum structure and its interplay with spin. 

§ Jet fragmentation function 
§ Heavy flavor and exotic states in jets under study. 

§ Event shape measurements promising to shed light on hadronization. 
§ Higher theoretical precision in groomed observables can provide much stronger 

handle on studying NP effects. 
§ Revisiting e+e- and making conserted efforts will be beneficial.
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§ Significant violation of Lam-
Tung relation observed. 

§ Consistent with measurements 
by CMS and ATLAS.  

JHEP 08 (2016) 159

Phys. Lett. B  750 (2015) 
154

! < 1
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§ LHCb !+jets (quark jet) vs. ATLAS inclusive jets (gluon jet) 

§ Quark-initiated jets are more collimated and takes a larger partonic 
momentum fraction than gluon jets.
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