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Outline

q Introduction	
v Why	heavy	quarkonium?	

v Theoretical	frameworks	and	puzzle

q Jet	fragmentation	functions
v J/Psi	production	within	a	jet

v J/Psi	polarization	within	a	jet

q Summary
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How	hadrons	are	emerged	from	quarks	and	gluons?

v Clean	in	electron-positron	collision	(CEPC).	

v Take	advantages	of	current	RHIC	and	LHC	runs.

v More	opportunities	in	future	EicC &	EIC.

          … and  
many more! 

New particles, new ideas, and new theories 

!  Proliferation of  new particles – “November Revolution”: 

Quark Model QCD 

EW 

H0 

Completion of  SM? 

November Revolution! 

Electron-positron	collision

Proton-proton	collision

q Time	evolution	of	new	particle	discovery

q Probe	hadron	fragmentation	mechanism
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Heavy	quarkonium production

Why heavy flavor

§ pp: precision tests of our understanding of QCD, e.g., quark mass 
effects (D, B), and hadronization (J/!, …)

§ AA: produced in the early stage of the collisions, provide 
information of the hot and dense medium (quark-gluon plasma)
§ Jet quenching: radiative E-loss in heavy quark < E-loss for light quark

2
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q Proton-proton	collisions

Produced	in	the	early	stage	of	the	collisions,	
provide	information	of	quark-gluon	plasma.

Why heavy flavor

§ pp: precision tests of our understanding of QCD, e.g., quark mass 
effects (D, B), and hadronization (J/!, …)

§ AA: produced in the early stage of the collisions, provide 
information of the hot and dense medium (quark-gluon plasma)
§ Jet quenching: radiative E-loss in heavy quark < E-loss for light quark
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q Polarized	proton-proton	and	electron-proton	collisions

Why heavy flavor

§ Gluon spin contribution
§ J/ ! is sensitive to gluon helicity distribution

§ TMD physics: gluon Sivers function
§ Either heavy quarkonium or open heavy flavor production

3

Δq ΔG 

LG Lq 

1

2
=

1

2
�⌃+�G+ Lq + Lg

�S

kT

Why heavy flavor

§ Gluon spin contribution
§ J/ ! is sensitive to gluon helicity distribution

§ TMD physics: gluon Sivers function
§ Either heavy quarkonium or open heavy flavor production
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Precision	test	of	our	understanding	on QCD	and	hadronization.	

q Heavy	ion	collisions

Discover	proton	spin	origin	
from	gluon	spin	contribution.

Why heavy flavor

§ Gluon spin contribution
§ J/ ! is sensitive to gluon helicity distribution

§ TMD physics: gluon Sivers function
§ Either heavy quarkonium or open heavy flavor production
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QCD	frameworks	for	J/Psi at	collider	energies

q NRQCD	factorization

q pQCD factorization

d�A+B!H+X =
X

n

d�̂A+B![QQ̄(n)]+XhO
H

n
i
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Bodwin,	Braaten,	Lepage,	PRD	51,	1125	(1995)

Nayak,	Qiu,	Sterman,	PRD	72,	114012	(2005)

d�A+B!H+X =
X

i

d�̂A+B!i+X(pT /z, µ)⌦DH/i(z,mc, µ) +O(m2
H
/p2

T
)
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Kang,	Ma,	Qiu,	Sterman,	PRD	90,	034006	(2014)

q QCD	frameworks
§ Color	Singlet	Model,				Einhorn,	Ellis	(1975)	…
§ Color	Evaporation	Model,			Fritsch	(1977),	Halzen (1977)	…
§ Color	Octet	Model,		 Caswell,	Lepage (1986),	Bodwin,	Braaten,	Lepage (1995)	…
§ CGC	+	NRQCD,		 Kang,	Ma,	Venugopalan (2014)	…
§ SCET	+	NRQCD,	 Fleming,	Leibovich,	Mehen (2012)	…

§ Leading	power

§ Next-to-leading	power

Heavy quarkonium production

§ Non-relativistic QCD
§ Double expansion in coupling and velocity

§ NRQCD long-distance matrix elements (LDMEs)

§ Color Evaporation Model

4

�(gg ! J/ + X) =
X

n

�(gg ! cc̄(n) + X)hOJ/ (n)i

n : 2S+1L(1,8)
J

Bodwin, Braaten, Lepage, PRD 51 (1995) 1125

hO
J/ (3S[1]

1 )i ⇠ v3

hO
J/ (3S[8]

1 )i, hOJ/ (1S[8]
0 )i, hOJ/ (3P [8]

J )i ⇠ v7
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FIG. 1 (color online). NLO NRQCD fit compared to RHIC [9], Tevatron [8,12], LHC [10,13– 15], and HERA [6,7,16] data.

WORLD DATA OF J=c PRODUCTION CONSOLIDATE . . . PHYSICAL REVIEW D 84, 051501(R) (2011)

RAPID COMMUNICATIONS

051501-3

NLO	NRQCD	fits

Butenschoen et	al.	PRL	(2011)

NLO theory fits – Gong et al. 

PRL, 2012 

NLO theory fits – Chao et al. 

PRL, 2012 

Gong	et	al.	PRL	(2012)

Chao	et	al.	PRL	(2012)

NRQCD: Global analysis

5

Butenschoen and Kniehl, PRD 84 (2011) 051501

e+e�, ��, �p, pp̄, pp! J/ + X
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Quarkonium Polarization	– ultimate	test	of	NRQCD

q Clear	mismatch	between	theory	prediction	and	data

Polarization of J/!
§ Generally NRQCD do not describe the polarization data

§ See latest development on polarization of CEM model
§ Generalize to pT dependence

6

Cheung, Vogt, 17

[1] 1201.1872
[2] 1205.6682
[3] 1209.4610

LHCb, 1307.6379, PRL
See more @talk by Kniehl on Tuesday

Polarization of J/!
§ Generally NRQCD do not describe the polarization data

§ See latest development on polarization of CEM model
§ Generalize to pT dependence

6

Cheung, Vogt, 17

[1] 1201.1872
[2] 1205.6682
[3] 1209.4610

LHCb, 1307.6379, PRL
See more @talk by Kniehl on Tuesday

Longstanding	puzzle!

d�J/ (!`+`�)

d cos ✓
/ 1 + �✓ cos

2 ✓
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�✓ = +1 fully transverse polarized

�✓ = 0 unpolarized

�✓ = �1 fully longitudinal polarized
<latexit sha1_base64="WDMVjyl2KKmjyngFjKS3WUZUmEo="></latexit><latexit sha1_base64="WDMVjyl2KKmjyngFjKS3WUZUmEo="></latexit><latexit sha1_base64="WDMVjyl2KKmjyngFjKS3WUZUmEo="></latexit><latexit sha1_base64="WDMVjyl2KKmjyngFjKS3WUZUmEo="></latexit>

Heavy quarkonium polarization 

"  Measure angular distribution of  μ+μ− in J/ψ decay 

"  Normalized distribution – integrate over ϕ: 

2

Also referred as 

�� 

by LHC experiments 

helicity	frame:
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• Significant progress toward precision studies

• QCD factorization theorems

• New observables to probe the QGP

• Challenge and opportunity for model calculations

• Further studies of groomed observables
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New	observable	to	probe	fragmentation	process

q Jet	substructure

h
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Better observables to probe fragmentation process

§ Hadron distribution inside a jet

9

R! { , , }i Ti i iEα η φ=

h

Light charged hadrons

D meson

zh =
Eh

Ejet

p+ p ! jet (h) +X

J/!

Jet	fragmentation	function	– light	hadron

q Hadron	distribution	inside	a	jet	in	proton-proton	collisions

    Inclusive Jets                   Hadron-in-jet                            Jet-in-jet                          Jets in Pb+Pb                         Conclusions             proton-proton                                                   heavy-ion                    Conclusions

Recall Inclusive Hadron Production                l

8

pp ! hX

Factorization

timelike DGLAP for FFs

p

p

hadron, pT , ⌘

d�pp!hX

dpT d⌘
=

2pT
s

X

a,b,c

Z 1

xmin
a

dxa

xa
fa(xa, µ)

Z 1

xmin
b

dxb

xb
fb(xb, µ)

Z 1

zmin
c

dzc
z2c

d�̂c
ab(ŝ, p̂T , ⌘̂, µ)

dvdz
Dh

c (zc, µ)

µ
d

dµ
Dh

i (z, µ) =
↵s(µ)

⇡

X

j

Z 1

z

dz0

z0
Pji

⇣ z

z0
, µ

⌘
Dh

j (z
0, µ)

Aversa, Chiappetta, Greco, Guillet `89, 
Jäger, Schäfer, Stratmann, Vogelsang `04

    Inclusive Jets                   Hadron-in-jet                            Jet-in-jet                          Jets in Pb+Pb                         Conclusions             proton-proton                                                   heavy-ion                    Conclusions

Jet fragmentation function            l

36

p

p

• Jet substructure observable studying the distribution of hadrons inside a jet

• Provides further constraints for fits of fragmentation functions 

• Possible studies include spin correlations and TMDs 

• Differential probe for the modification of jets in AA and eA

jet, pT

hadron, phT

pp ! (jeth)X

q Light	hadrons	work	very	well
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Xing	et.al.,	JHEP	1605,	125	(2016),	Kang	et.al.,	JHEP	(2016)

F (zh, pT ) =
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dpT d⌘dzh

�
d�h

dpT d⌘
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q Disagreement	between	theory	and	data	for	heavy	meson	in	jet

A new global analysis of FFs

§ New fit of D-meson FFs

14

New fit of D-meson FFs: 
Stratmann, et.al., PRD 2017
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Confirms our earlier guess

See talk by Vitev on Monday

puzzle	=	opportunity
New	extraction	of	D-meson	fragmentation	from	experimental	data!

New	fit	by	Stratmann,	et.al.,	PRD	2017

Confirms	our	guess!

Jet fragmentation function for heavy meson

§ Using D meson FFs fitted from e+e- data

13

Kneesch, Kniehl, Kramer, Schienbein, 08

New fit of D-meson FFs needed

Using ZM-VFNS scheme:
Chien, Kang, Ringer, Vitev, Xing, 
1512.06851, JHEP 16
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Jet fragmentation function for heavy meson

§ Using D meson FFs fitted from e+e- data
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Quarkonium production in the jet

§ J/!-in-jet measurement from LHCb

15

Production: Baumgart, Leibovich, Mehen, Rothstein, JHEP 14
Polarization: Kang, Ringer, Xing, et.al., PRL17

PRL 17

d�J/ (!`+`�)

d cos ✓
/ 1 + �F cos2 ✓ �F =

(
+1, transversely polarized

�1, longitudinally polarized

J/Psi	in	jet	measurement	from	LHCb

v Disagreement	between	Pythia	and	data.
v Different	shapes	represent	for	different	J/Psi	production	mechanism.

§ Data	prefers	that	the	jet	was	initiated	by	a	single	parton
fragmentation

§ Pythia	prefers	that	the	jet	was	initiated	by	a	produced	heavy	
quark	pair	
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The jet fragmentation function

• Jet functions can be written in terms of collinear splitting functions

+ + . . .

Kang, FR, Vitev `17

Gc(zh)• Include vacuum and in-medium terms e.g.

d�
AA!(jeth)X

dpT d⌘dzh
=

X

abc

fa ⌦ fb ⌦H
c
ab ⌦ Gmed

c (zh)

13

Jet	fragmentation	function

q Defined	as	the	ratio	of	two	physical	observables

q Factorization	framework

sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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We study the production and polarization of J=ψ mesons within a jet in proton-proton collisions at the
LHC. We define the J=ψ -jet fragmentation function as a ratio of differential jet cross sections with and
without the reconstructed J=ψ in the jet. We demonstrate that this is a very useful observable to help explore
the J=ψ production mechanism, and to differentiate between different nonrelativistic QCD global fits based
on inclusive J=ψ cross sections. Furthermore, we propose to measure the polarization of J=ψ mesons inside
the jet, which can provide even more stringent constraints for the heavy quarkonium production mechanism.

DOI: 10.1103/PhysRevLett.119.032001

Introduction.—Understanding the J=ψ production
mechanism is one of the most active and challenging
subjects in strong interaction physics [1,2]. The most
common approach to calculating the J=ψ production cross
section in hadronic collisions is the nonrelativistic QCD
(NRQCD) factorization formalism [3]. In this approach,
the heavy quark and antiquark pair, QQ̄ , is produced at
short distance, which can be calculated perturbatively due
to the large heavy quark masses. Such a QQ̄ state will then
hadronize into a physical J=ψ meson. This transition is
nonperturbative, but it can be characterized through a set of
universal NRQCD long-distance matrix elements (LDMEs).
Global analyses of the world’s data on J=ψ production with
next-to-leading order (NLO) calculations in powers of strong
coupling constant αs have been performed by several groups
[4–8]. Even though all these groups can describe the
inclusive J=ψ production cross section, i.e., the pT spec-
trum, they have not been able to fully explain the polari-
zation of high-pT heavy quarkonia produced at the Tevatron
[9–12] and the LHC [13,14]. Despite numerous attempts
made in the past, the J=ψ polarization remains a puzzle.
In this Letter, we explore novel opportunities to further

study the J=ψ production mechanism and the J=ψ polari-
zation by using the longitudinal momentum distri-
bution of J=ψ mesons inside a fully reconstructed jet.
The corresponding observable where a specific hadron is
identified inside a jet is generically called the jet fragmen-
tation function [15,16]. Experimentally, the distributions
of hadrons inside jets have been measured at the LHC
for light hadrons [17,18], heavy mesons [19], and, more
recently, for J=ψ mesons [20]. In particular, measuring the
distribution of J=ψ mesons inside jets is an exciting
opportunity for the following reasons. In comparison with

the inclusive J=ψ cross section, i.e., the pT spectrum, the
distribution inside the jet probes the J=ψ fragmentation
function at a more differential level. Therefore, it should
be possible to reveal detailed information about the non-
perturbative hadronization process, which in turn should
lead to new insights about the J=ψ production mechanism.
The idea to measure J=ψ mesons inside jets was first
proposed in [21] in the context of exclusive n-jet processes.
See, also, [22,23]. In this Letter, we perform the calculation
of J=ψ mesons in jets where the observable is defined to be
inclusive over the entire final state except for the observed
jet [24–27]. These types of (semi-) inclusive observables
are easily accessible by the experiments and a direct
comparison between theory and data is possible. The
framework used in this work was derived within soft
collinear effective theory (SCET) [28–32] and allows for
the resummation of single logarithms in the jet size
parameter R. In addition, we propose, in this Letter, for
the first time, to measure the polarization of J=ψ mesons
inside jets. From our numerical analysis presented below,
we find that this observable has even more discriminative
power than the unpolarized cross section.
Definition and factorization.—The distribution of J=ψ

mesons within a fully reconstructed jet in proton-proton
collisions, pþ p → ðjet J=ψÞ þ X, is described by the so-
called jet fragmentation function, denoted as FJ=ψ ðzh; pTÞ
which is defined as

FJ=ψðzh; pTÞ ¼
dσJ=ψ

dpTdηdzh

!
dσ

dpTdη
; ð1Þ

where we suppressed the η dependence in FJ=ψðzh; pTÞ.
The numerator and denominator are the differential cross
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§ Semi-inclusive	fragmenting	jet	functions

sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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§ J/Psi	fragmentation	functions

sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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where (d − 2) is the number of polarizations for gluons in d space-time dimensions. Note

that we only consider massless quark flavors. The state |(Jh)X⟩ represents the final-state

unobserved particles X and the observed jet J with an identified hadron h inside, denoted

collectively by (Jh). On the other hand, ω is the quark or gluon energy initiating the jet,

while ωJ and ωh are the energy of the jet and that of the identified hadron inside the jet,

respectively. The energy fractions z and zh are defined as follows

z =
ωJ

ω
, zh =

ωh

ωJ
. (2.5)

Note that the variable z also appears in the closely related calculation of the semi-inclusive

jet function presented in [11]. In addition, we would like to point out that the semi-

inclusive fragmenting jet function can also depend on the jet radius R, i.e. we have in

general Gi(z, zh,ωJ , R, µ). However, in the remainder of this paper we leave this dependence

implicit to shorten our notation.

2.2 NLO calculation

Since the semi-inclusive FJFs Gh
i (z, zh,ωJ , µ) describe the distribution of hadrons inside

the jet, and, thus, contain hadronization/non-perturbative information, they are not di-

rectly calculable in perturbation theory. In this respect, they are different from the purely

perturbative semi-inclusive jet functions introduced in [11]. Nevertheless, following the

standard perturbative QCD methodology, one can evaluate the partonic fragmenting jet

functions to obtain their renormalization properties. In other words, we replace the hadron

h by a parton j, and compute Gj
i (z, zh,ωJ , µ) as a perturbative expansion in terms of the

strong coupling constant αs.

We are now going to outline the calculation of the semi-inclusive FJF for quark and

gluon initiated jets Gh
q,g(z, zh,ωJ , µ). Although the results depend on the jet algorithm, to

facilitate our presentation, we mostly focus on the calculation for the anti-kT algorithm. We

only list results for the cone algorithm at the end, see eq. (2.36), and we point out important

differences along the way. At leading order the results only involve two delta functions

Gq,(0)
q (z, zh,ωJ) = Gg,(0)

g (z, zh,ωJ) = δ(1− z)δ(1− zh) . (2.6)

Note that z = 1 corresponds to the case where the total energy of the initiating parton

is transferred to the jet. On the other hand, zh = 1 corresponds to the case, where the

fragmenting parton inside the jet carries the total jet energy. Both quantities are unity at

leading-order but they will have a more complicated functional form at NLO and beyond,

allowing generally z, zh < 1.

At NLO, the SCET Feynman diagrams which contribute to the quark semi-inclusive

FJF are shown in figure 1. See [11] for the corresponding diagrams for the gluon semi-

inclusive FJF. The semi-inclusive FJF is obtained by summing over all possible cuts of the

Feynman diagrams shown in figure 1. We choose to work in pure dimensional regularization

with d = 4 − 2ϵ dimensions. We start by considering only cuts through loops, i.e. we

only calculate the contributions where there are two final-state partons. The remaining

cuts are virtual contributions leading to scaleless integrals which vanish in dimensional

– 4 –

expand	in	

resum large	logs

expand	in	 hadronization

J/ 
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logarithmic, i.e. αn
s ln

2nR, and resummation proceeds through a multiplicative RG equa-

tion [29]. In [11], an analogous new kind of jet function Ji(z,ωJ , µ) was introduced in

order to describe single inclusive jet production in SCET pp → jetX. For related work on

single-inclusive jet production, see also [9, 10, 70]. Understanding the underlying dynamics

of small-R jets is particularly relevant for jet substructure studies in heavy-ion collisions,

where the experiments typically choose a very small jet parameter in order to minimize the

contribution of background radiation. For example, in [53–55], the jet parameter is chosen

as R = 0.2 and R = 0.3.

The remainder of this paper is organized as follows. In section 2, we provide the

definition of the new semi-inclusive FJF and give details of its evaluation to first order

in the strong coupling for both the cone and anti-kT algorithms. In addition, we derive

the DGLAP type RG equations and we discuss their solution in Mellin moment space. In

section 3, we present numerical calculations using our new framework. We first compare to

the currently available data from the LHC, and, we then present comparisons to the fixed

NLO results for the JFF. We conclude our paper in section 4.

2 The semi-inclusive fragmenting jet function

In this section, we introduce the definition of the semi-inclusive fragmenting jet func-

tion in SCET, perform its calculation to NLO, and, finally, derive and solve its RG

evolution equation.

2.1 Definition

The semi-inclusive fragmenting quark and gluon jet functions can be constructed from the

corresponding gauge invariant quark and gluon fields in SCET, which are given by [35–39]

χn = W †
nξn, Bµ

n⊥ =
1

g

[
W †

niD
µ
n⊥Wn

]
. (2.1)

Here, nµ is a light-cone vector with its spatial component along the jet axis. It is convenient

to introduce another conjugate light-cone vector n̄µ, such that n2 = n̄2 = 0 and n · n̄ = 2.

In eq. (2.1), the covariant derivative is iDµ
n⊥ = Pµ

n⊥+ gAµ
n⊥, with Pµ the label momentum

operator. On the other hand, Wn is the Wilson line of collinear gluons,

Wn(x) =
∑

perms

exp

[
−g

1

n̄ · P n̄ ·An(x)

]
. (2.2)

With these collinear quark and gluon fields at hand, the semi-inclusive FJFs for quark

and gluon jets are defined as

Gh
q (z, zh,ωJ , µ) =

z

2Nc
δ

(
zh−

ωh

ωJ

)
Tr

[
n̄/

2
⟨0|δ (ω−n̄ · P)χn(0)|(Jh)X⟩⟨(Jh)X|χ̄n(0)|0⟩

]
,

(2.3)

Gh
g (z, zh,ωJ , µ) =− z ω

(d−2)(N2
c −1)

δ

(
zh −

ωh

ωJ

)
⟨0|δ (ω − n̄ · P)Bn⊥µ(0)|(Jh)X⟩

× ⟨(Jh)X|Bµ
n⊥(0)|0⟩, (2.4)
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ℓ

q

ℓ− q

(A) (B) (C) (D)

Figure 1. Feynman diagrams that contribute to the semi-inclusive quark fragmenting jet function.
The quark initiating the jet has momentum ℓ = (ℓ+, ℓ− = ω, 0⊥), with ω = ωJ/z = ωh/(zzh) and
ωJ , ωh are the jet and hadron energies respectively. Note that the dashed (curly) lines correspond
to collinear quarks (gluons).

(A) (B) (C)

Figure 2. The three contributions that need to be considered for the semi-inclusive quark frag-
menting jet function: (A) both the quark and the gluon are inside the jet, (B) only the quark is
inside the jet, (C) only the gluon is inside the jet.

regularization. Effectively, virtual contributions only change IR poles to UV poles except

for the IR poles that will eventually be matched onto the standard collinear fragmentation

functions. In the end, we will be left with UV poles only, which will be subtracted by

renormalization.

As displayed in figure 2, for the quark semi-inclusive FJF there are two contributions

that we need to consider (A) and (B)+(C), similar to the semi-inclusive jet function con-

sidered in [11]. To be specific, let us consider Gq
q (z, zh,ωJ). As displayed in figure 1 — the

incoming quark has momentum ℓ− and the final-state quark has momentum ℓ−−q−. From

these momenta we can define the branching fraction x = (ℓ− − q−)/ℓ−. At this order in

perturbation theory there are only the following two possibilities. First, if both quark and

gluon are inside the jet, as in figure 2 (A), we have z = 1 and zh = x. Second, if the gluon

exits the jet, as shown in figure 2 (B), we have z = x and zh = 1. Such considerations can

be generalized to all other partonic splitting channels i → jk, which we will now discuss

in detail.

1. Both partons are inside the jet: this situation is shown in figure 2(A) for a quark

initiated jet. In this case, all the initial quark energy ω is translated to the jet,

hence, we have z = ωJ/ω = 1. On the other hand, the energy of the fragmenting

parton ωh can be less than the jet energy and we will find in general for the ratio

zh = ωh/ωJ < 1. For a splitting process i → jk, where j denotes the fragmenting

parton, the one-loop bare semi-inclusive FJF in the MS scheme can be written as

Gjk,(1)
i,bare (z, zh,ωJ , µ) = δ(1− z)

αs

π

(eγEµ2)ϵ

Γ(1− ϵ)
P̂ji(zh, ϵ)

∫
dq⊥
q1+2ϵ
⊥

Θalg . (2.7)
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where Zik(z/z′, µ) is the renormalization matrix. We would like to emphasize that only

the variable z is involved in this convolution and, hence, in the renormalization, since

the UV poles only involve the variable z as demonstrated in last section. On the other

hand, the variable zh is only a parameter here, but it will be the relevant variable when

matching onto the fragmentation functions. The renormalized FJF satisfies the following

RG evolution equation

µ
d

dµ
Gj
i (z, zh,ωJ , µ) =

∑

k

∫ 1

z

dz′

z′
γGik

(
z

z′
, µ

)
Gj
k(z

′, zh,ωJ , µ) , (2.27)

where the anomalous dimension matrix is given by

γGij = −
∑

k

∫ 1

z

dz′

z′
(Z)−1

ik

(
z

z′
, µ

)
µ

d

dµ
Zkj

(
z′, µ

)
. (2.28)

The inverse of the renormalization matrix is defined via

∑

k

∫ 1

z

dz′

z′
(Z)−1

ik

(
z

z′
, µ

)
Zkj(z

′, µ) = δijδ(1− z). (2.29)

For the renormalization matrix up to O(αs), we find

Zij(z, µ) = δijδ(1− z) +
αs(µ)

2π

(
1

ϵ

)
Pji(z) , (2.30)

and, hence, the anomalous dimension matrix is given by

γGij(z, µ) =
αs(µ)

π
Pji(z) . (2.31)

This implies that the renormalized semi-inclusive FJF follows the usual timelike DGLAP

evolution equation for fragmentation functions [71–74]

µ
d

dµ
Gh
i (z, zh,ωJ , µ) =

αs(µ)

π

∑

k

∫ 1

z

dz′

z′
Pki

( z

z′

)
Gh
k (z

′, zh,ωJ , µ) , (2.32)

where we have switched back from the semi-inclusive partonic FJF to the hadronic FJF.

An analogous result was found for the semi-inclusive jet function in [11]. The leading-order

evolution kernels Pji(z) were defined in (2.24). We would like to again contrast this finding

to the exclusive limit of the FJF as considered in [17, 29]. The exclusive FJF satisfies a

multiplicative RG equation and its anomalous dimension has a logarithmic dependence.

Solving this RG equation leads to the exponentiation of double logarithms αn
s ln

2nR. In

our case, we have the DGLAP convolution structure and its solution, as discussed below,

will lead to the resummation of single logarithms αn
s ln

nR.
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For completeness, we list all four renormalized semi-inclusive partonic FJFs here for

the anti-kT algorithm

Gq
q (z, zh,ωJ , µ) = δ(1− z)δ(1− zh)+

αs

2π

(
−1

ϵ
− L

)
Pqq(zh)δ(1−z)+

αs

2π
LPqq(z)δ(1−zh)

+ δ(1− z)
αs

2π

[
2CF (1+z2h)

(
ln(1−zh)

1−zh

)

+

+CF (1− zh)+2Pqq(zh) ln zh

]

− δ(1− zh)
αs

2π

[
2CF (1 + z2)

(
ln(1− z)

1− z

)

+

+ CF (1− z)

]
, (2.33a)

Gg
g (z, zh,ωJ , µ) = δ(1−z)δ(1−zh)+

αs

2π

(
−1

ϵ
− L

)
Pgg(zh)δ(1− z) +

αs

2π
LPgg(z)δ(1− zh)

+ δ(1− z)
αs

2π

[
4CA

(1− zh + z2h)
2

zh

(
ln(1− zh)

1− zh

)

+

+ 2Pgg(zh) ln zh

]

− δ(1− zh)
αs

2π

[
4CA

(1− z + z2)2

z

(
ln(1− z)

1− z

)

+

]
, (2.33b)

Gg
q (z, zh,ωJ , µ) =

αs

2π

(
−1

ϵ
− L

)
Pgq(zh)δ(1− z) +

αs

2π
LPgq(z)δ(1− zh)

+ δ(1− z)
αs

2π
[2Pgq(zh) ln(zh(1− zh)) + CF zh]

− δ(1− zh)
αs

2π
[2Pgq(z) ln(1− z) + z] , (2.33c)

Gq
g(z, zh,ωJ , µ) =

αs

2π

(
−1

ϵ
− L

)
Pqg(zh)δ(1− z) +

αs

2π
LPqg(z)δ(1− zh)

+ δ(1− z)
αs

2π
[2Pqg(zh) ln(zh(1− zh)) + 2TF zh(1− zh)]

− δ(1− zh)
αs

2π
[2Pqg(z) ln(1− z) + 2TF z(1− z)] . (2.33d)

The remaining poles here are IR poles which we are going to match onto the collinear

fragmentation functions in the next section.

2.4 Matching onto standard collinear fragmentation functions

At a scale µ ≫ ΛQCD, we can match the semi-inclusive FJF Gj
i (z, zh,ωJ , µ) onto the

fragmentation functions Dh
i (z, µ) as follows:

Gh
i (z, zh,ωJ , µ) =

∑

j

∫ 1

zh

dz′h
z′h

Jij
(
z, z′h,ωJ , µ

)
Dh

j

(
zh
z′h

, µ

)
, (2.34)

a relation valid up to the power correction of O(Λ2
QCD/ω

2 tan2(R/2)) [17, 29]. Note that

the convolution variable here is zh, whereas z is a mere parameter. Other than that, this

procedure is completely analogous to the case of exclusive FJF [17, 29]. To obtain the

matching coefficients Jij , we replace the hadron h by a parton state, using the perturba-

tive results for the renormalized Gj
i (z, zh,ωJ , µ) and Dj

i (zh, µ). While the Gj
i (z, zh,ωJ , µ)

are given in eq. (2.33), the perturbative renormalized standard collinear fragmentation

functions Dj
i (zh, µ) up to O(αs) using pure dimensional regularization in the MS scheme

– 11 –
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J/Psi	production	within	a	jet	at	the	LHC

Phenomenology at the LHC.—We now present calcu-
lations for the J=ψ production and polarization within a
fully reconstructed jet in proton-proton collisions at the
LHC. We choose a center-of-mass energy of

ffiffiffi
s

p
¼ 7 TeV,

and assume that the jets are reconstructed through the anti-
kT algorithm with a jet radius of R ¼ 0.6. For J=ψ
production, we include all the relevant states: 3S½1#1 , 1S½8#0 ,
2S½8#1 , 3P½8#

J . Thus, the results will depend on four NRQCD
LDMEs: hOJ=ψð3S½1#1 Þi, hOJ=ψ ð1S½8#0 Þi, hOJ=ψð3S½8#1 Þi, and
hOJ=ψ ð3P½8#

0 Þi. These LDMEs have been fitted to J=ψpT
spectra by different groups which obtained very different
values. Specifically, we adopt the results from four groups:
Bodwin et al. in [7], Butenschoen et al. in [4], Chao et al.
in [5], and Gong et al. in [6]. See Table I for the relevant
numerical values. Below, the different fits will be referred
to as Bodwin, Butenschoen, Chao, and Gong.
In Fig. 1, we plot the jet fragmentation function

FJ=ψðzh; pTÞ as a function of zh for three different jet
transverse momentum pT bins: [50, 100], [100, 150],
[150, 200] GeV. One finds that the LDMEs from different
groups lead to very different results for FJ=ψðzh; pTÞ. For
example, the parametrizations of Butenschoen and Gong
can lead to a difference of almost an order of magnitude for
the jet fragmentation function in the small zh region. This is
caused mainly by the difference in signs of the LDMEs.
The drastic difference between the J=ψ-jet fragmentation
function in Fig. 1, evaluated with the LDMEs from
different groups, precisely demonstrates that the J=ψ
inclusive pT-spectrum, as an inclusive observable, does
not have the discriminative power to fully constrain the four
relevant NRQCD LDMEs. However, as a more differential
observable (in zh), the J=ψ-jet fragmentation function is a
much more sensitive probe of these NRQCD LDMEs. The
fact that the experimental measurements on the J=ψ-jet
fragmentation function at the LHC have already begun [20]
is very encouraging.
To further explore the discriminative power of the J=ψ

distribution in the jet, we study the polarization of J=ψ
mesons in the jet, i.e., the observable λF as defined in
Eq. (6). In Fig. 2, we show the result for λF as a function of
zh, where the jet pT is integrated over the interval of
[50, 100] GeV. Again the parametrizations of different

groups lead to distinctive predictions for the J=ψ polari-
zation in the jet. For example, the Gong parametrization
gives a transverse polarization λF > 0 at small zh ≲ 0.4,
which then becomes a longitudinal polarization λF < 0 at
large zh. On the other hand, all three other parametrizations
lead to a transverse polarization λF > 0 at large zh, while
the polarizations differ at small zh with very different
magnitudes from that of the Gong parametrization.
This vast difference shows, once again, the great dis-

criminative power of J=ψ-jet fragmentation functions,
which is extremely good in terms of verifying NRQCD
factorization formalism and constraining NRQCD LDMEs.
It is instructive to emphasize that all the LDMEs were
obtained, so far, by fitting only the data from the inclusive

TABLE I. J=ψ NRQCD LDMEs from four different groups.

hOð3S½1#1 Þi
GeV3

hOð1S½8#0 Þi
10−2 GeV3

hOð3S½8#1 Þi
10−2 GeV3

hOð3P½8#
0 Þi

10−2 GeV5

Bodwin 0a 9.9 1.1 1.1
Butenschoen 1.32 3.04 0.16 −0.91
Chao 1.16 8.9 0.30 1.26
Gong 1.16 9.7 −0.46 −2.14
aNote: in [7], the contribution from the 3S½1#1 state is assumed to be
small and excluded from the fit.

FIG. 1. The jet fragmentation function FJ=ψ ðzh; pTÞ as a
function of zh at

ffiffiffi
s

p
¼ 7 TeV. Jets are reconstructed using the

anti-kT algorithm with R ¼ 0.6 and jηj< 1.2. The numbers in the
square brackets correspond to different jet transverse momentum
pT bins.

FIG. 2. The polarization of J=ψ mesons in the jet (λF) plotted as
a function of zh. The jet pT is integrated from 50 to 100 GeV.
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relevant NRQCD LDMEs. However, as a more differential
observable (in zh), the J=ψ-jet fragmentation function is a
much more sensitive probe of these NRQCD LDMEs. The
fact that the experimental measurements on the J=ψ-jet
fragmentation function at the LHC have already begun [20]
is very encouraging.
To further explore the discriminative power of the J=ψ

distribution in the jet, we study the polarization of J=ψ
mesons in the jet, i.e., the observable λF as defined in
Eq. (6). In Fig. 2, we show the result for λF as a function of
zh, where the jet pT is integrated over the interval of
[50, 100] GeV. Again the parametrizations of different

groups lead to distinctive predictions for the J=ψ polari-
zation in the jet. For example, the Gong parametrization
gives a transverse polarization λF > 0 at small zh ≲ 0.4,
which then becomes a longitudinal polarization λF < 0 at
large zh. On the other hand, all three other parametrizations
lead to a transverse polarization λF > 0 at large zh, while
the polarizations differ at small zh with very different
magnitudes from that of the Gong parametrization.
This vast difference shows, once again, the great dis-

criminative power of J=ψ-jet fragmentation functions,
which is extremely good in terms of verifying NRQCD
factorization formalism and constraining NRQCD LDMEs.
It is instructive to emphasize that all the LDMEs were
obtained, so far, by fitting only the data from the inclusive

TABLE I. J=ψ NRQCD LDMEs from four different groups.

hOð3S½1#1 Þi
GeV3

hOð1S½8#0 Þi
10−2 GeV3

hOð3S½8#1 Þi
10−2 GeV3

hOð3P½8#
0 Þi

10−2 GeV5

Bodwin 0a 9.9 1.1 1.1
Butenschoen 1.32 3.04 0.16 −0.91
Chao 1.16 8.9 0.30 1.26
Gong 1.16 9.7 −0.46 −2.14
aNote: in [7], the contribution from the 3S½1#1 state is assumed to be
small and excluded from the fit.

FIG. 1. The jet fragmentation function FJ=ψ ðzh; pTÞ as a
function of zh at

ffiffiffi
s

p
¼ 7 TeV. Jets are reconstructed using the

anti-kT algorithm with R ¼ 0.6 and jηj< 1.2. The numbers in the
square brackets correspond to different jet transverse momentum
pT bins.

FIG. 2. The polarization of J=ψ mesons in the jet (λF) plotted as
a function of zh. The jet pT is integrated from 50 to 100 GeV.
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More	differential	than	inclusive
J/Psi	pT spectrum.

sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously
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i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
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The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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sections of jets with and without the reconstruction of the
J=ψ in the jet, while η and pT are the jet rapidity and
transverse momentum, respectively. Furthermore, zh ¼
pþ
J=ψ=p

þ
jet denotes the momentum fraction of the jet carried

by the J=ψ . The plus momentum is defined for any four
vector vμ as vþ ¼ v0 þ vz in a frame where the “z” axis is
along the jet direction. The factorized form of the differ-
ential cross section for J=ψ production within a jet is given
by [24,26]

dσJ=ψ

dpTdηdzh
¼

X

a;b;c

fa ⊗ fb ⊗ Hc
ab ⊗ GJ=ψ

c : ð2Þ

Here, ⊗ denotes convolution products over the partonic
momentum fractions,

P
a;b;c represents the sum over all

relevant partonic channels, and we have suppressed the
arguments of the various functions for simplicity. See [26]
for more details. The fa;b represent the parton distribution
functions and Hc

ab are the hard functions [33]. The
GJ=ψ
c ðz; zh; pþ

jetR; μÞ are the semi-inclusive fragmenting jet
functions (siFJFs), which describe the fragmentation of a
J=ψ meson inside a jet with radiusR. The jet is initiated by a
parton c and carries amomentum fraction z ¼ pþ

jet=p
þ
c of the

outgoing parton. Note that we consider a cross section that is
inclusive about everything else in the final state besides the
identified jet and its substructure [24,25].
The siFJFs follow timelike DGLAP evolution equations,

the same as those for the usual fragmentation functions
which describe the transition of a final state parton into a
specific observed hadron [26]. By evolving the siFJFs
through the DGLAP equations from their characteristic
scale to the hard scale μ ∼ pT , one can perform lnR
resummation for narrow jets. At the same time, the
siFJFs describe the distribution of hadrons inside the jet
and, thus, contain important information about the hadro-
nization of J=ψ mesons. In particular, GJ=ψ

i can be
expanded in terms of J=ψ fragmentation functions (FFs)
as follows:

GJ=ψ
i ðz; zh; pþ

jetR; μÞ ¼
X

j

Z
1

zh

dz0h
z0h

J ijðz; zh=z0h; pþ
jetR; μÞ

× D J=ψ
j ðz0h; μÞ þOðm 2

J=ψ=ðp
þ
jetRÞ2Þ:

ð3Þ

The coefficients J ij were derived in [26], where it was also
shown that the natural matching scale should be μG ∼ pTR.
Within the NRQCD formalism, the J=ψ FFs can be further
factorized at an initial scale μ0 ∼ m J=ψ with the following
form:

D i→J=ψðz0h; μ0Þ ¼
X

n

d̂i→½QQ̄ðnÞ&ðz0h; μ0Þ
D
OJ=ψ

½QQ̄ðnÞ&

E
; ð4Þ

where the summation runs over all intermediate nonrela-
tivistic QQ̄ states, labeled as n ¼ 2Sþ1L½1;8&

J , with super-
script [1] (or [8]) denoting color singlet (or octet) state. The
functions d̂i→½QQ̄ðnÞ& are the short-distance coefficients and
are perturbatively calculable within NRQCD and have been
derived in the past, see, e.g., Refs. [34,35]. On the other
hand, hOJ=ψ

½QQ̄ðnÞ&i are the nonperturbative NRQCD LDMEs.
We use the calculated J=ψ FFs at an initial scale μ ¼ 3m c,
and evolve them to the scale μG ¼ pTR to be used
in Eq. (3).
J=ψ polarization in the jet.—Besides measuring the J=ψ

distribution in the jet, one can study the polarization of
the produced J=ψ . The polarization can be determined
analogously to single inclusive J=ψ production, e.g., by
measuring the angular distribution of the decay lepton pair
lþl− in the so-called helicity frame [36]

dσJ=ψð→lþl−Þ

d cos θ
∝ 1þ λF cos2 θ: ð5Þ

Here, λF denotes the J=ψ polarization measured in a jet,
and λF ¼ 1ð−1Þ corresponds to a purely transversely
(longitudinally) polarized J=ψ . Based on the factorization
formalism in Eq. (2), λF can be computed as follows:

λFðzh; pTÞ ¼
FJ=ψ
T − FJ=ψ

L

FJ=ψ
T þ FJ=ψ

L

; ð6Þ

where FJ=ψ
T;L are the jet fragmentation functions for produc-

ing a J=ψ with transverse (or longitudinal) polarization.
The total unpolarized jet fragmentation function is given
by: FJ=ψ ¼ 2FJ=ψ

T þ FJ=ψ
L . Since the J=ψ polarization is

taken into account by the corresponding fragmentation
functions, the FJ=ψ

T;L can be calculated using the same
factorization formalism in Eq. (2). One only has to replace
the unpolarized FFs D i→J=ψ in Eq. (4) by the polarized ones
D T;L

i→J=ψ . Note that the polarized FFs D T;L
i→J=ψ can be

calculated within NRQCD analogously

D T;L
i→J=ψðz0h; μ0Þ ¼

X

n

d̂T;Li→½QQ̄ðnÞ&ðz
0
h; μ0Þ

D
OJ=ψ

½QQ̄ðnÞ&

E
: ð7Þ

The polarized short-distance coefficients for the states 3S½1&1 ,
1S½8&0 , 3S½8&1 , 3P½8&

J up to the order of α2s are given in [37] (For

the state 1S½8&0 , the order α3s contribution was calculated

recently [38] and the heavy quark to 3S½1&1 FF to next-to-
leading order was computed in [39].), while the polarized
short-distance coefficients for g → 3S½1&1 were calculated in
[40] which first appear at order α3s.
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J/Psi	polarization	within	a	jet	at	the	LHC

Phenomenology at the LHC.—We now present calcu-
lations for the J=ψ production and polarization within a
fully reconstructed jet in proton-proton collisions at the
LHC. We choose a center-of-mass energy of

ffiffiffi
s

p
¼ 7 TeV,

and assume that the jets are reconstructed through the anti-
kT algorithm with a jet radius of R ¼ 0.6. For J=ψ
production, we include all the relevant states: 3S½1#1 , 1S½8#0 ,
2S½8#1 , 3P½8#

J . Thus, the results will depend on four NRQCD
LDMEs: hOJ=ψð3S½1#1 Þi, hOJ=ψ ð1S½8#0 Þi, hOJ=ψð3S½8#1 Þi, and
hOJ=ψ ð3P½8#

0 Þi. These LDMEs have been fitted to J=ψpT
spectra by different groups which obtained very different
values. Specifically, we adopt the results from four groups:
Bodwin et al. in [7], Butenschoen et al. in [4], Chao et al.
in [5], and Gong et al. in [6]. See Table I for the relevant
numerical values. Below, the different fits will be referred
to as Bodwin, Butenschoen, Chao, and Gong.
In Fig. 1, we plot the jet fragmentation function

FJ=ψðzh; pTÞ as a function of zh for three different jet
transverse momentum pT bins: [50, 100], [100, 150],
[150, 200] GeV. One finds that the LDMEs from different
groups lead to very different results for FJ=ψðzh; pTÞ. For
example, the parametrizations of Butenschoen and Gong
can lead to a difference of almost an order of magnitude for
the jet fragmentation function in the small zh region. This is
caused mainly by the difference in signs of the LDMEs.
The drastic difference between the J=ψ-jet fragmentation
function in Fig. 1, evaluated with the LDMEs from
different groups, precisely demonstrates that the J=ψ
inclusive pT-spectrum, as an inclusive observable, does
not have the discriminative power to fully constrain the four
relevant NRQCD LDMEs. However, as a more differential
observable (in zh), the J=ψ-jet fragmentation function is a
much more sensitive probe of these NRQCD LDMEs. The
fact that the experimental measurements on the J=ψ-jet
fragmentation function at the LHC have already begun [20]
is very encouraging.
To further explore the discriminative power of the J=ψ

distribution in the jet, we study the polarization of J=ψ
mesons in the jet, i.e., the observable λF as defined in
Eq. (6). In Fig. 2, we show the result for λF as a function of
zh, where the jet pT is integrated over the interval of
[50, 100] GeV. Again the parametrizations of different

groups lead to distinctive predictions for the J=ψ polari-
zation in the jet. For example, the Gong parametrization
gives a transverse polarization λF > 0 at small zh ≲ 0.4,
which then becomes a longitudinal polarization λF < 0 at
large zh. On the other hand, all three other parametrizations
lead to a transverse polarization λF > 0 at large zh, while
the polarizations differ at small zh with very different
magnitudes from that of the Gong parametrization.
This vast difference shows, once again, the great dis-

criminative power of J=ψ-jet fragmentation functions,
which is extremely good in terms of verifying NRQCD
factorization formalism and constraining NRQCD LDMEs.
It is instructive to emphasize that all the LDMEs were
obtained, so far, by fitting only the data from the inclusive

TABLE I. J=ψ NRQCD LDMEs from four different groups.

hOð3S½1#1 Þi
GeV3

hOð1S½8#0 Þi
10−2 GeV3

hOð3S½8#1 Þi
10−2 GeV3

hOð3P½8#
0 Þi

10−2 GeV5

Bodwin 0a 9.9 1.1 1.1
Butenschoen 1.32 3.04 0.16 −0.91
Chao 1.16 8.9 0.30 1.26
Gong 1.16 9.7 −0.46 −2.14
aNote: in [7], the contribution from the 3S½1#1 state is assumed to be
small and excluded from the fit.

FIG. 1. The jet fragmentation function FJ=ψ ðzh; pTÞ as a
function of zh at

ffiffiffi
s

p
¼ 7 TeV. Jets are reconstructed using the

anti-kT algorithm with R ¼ 0.6 and jηj< 1.2. The numbers in the
square brackets correspond to different jet transverse momentum
pT bins.

FIG. 2. The polarization of J=ψ mesons in the jet (λF) plotted as
a function of zh. The jet pT is integrated from 50 to 100 GeV.
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J=ψ cross sections, and some of the fits need major
cancellations between the production channels with differ-
ent LDMEs. It is, then, entirely possible that the J=ψ
fragmentation functions which are expressed in terms of the
same LDMEs, but with a very different combination of
perturbative coefficients, can be negative or unphysical.
The major cancellation obtained when fitting the pT
distribution may not be satisfied when evaluating the
J=ψ fragmentation functions. This explains why we find
jλFj> 1 when using the LDMEs of one particular fit at
certain values of zh in Fig. 2. In this sense, the J=ψ-jet
fragmentation functions can clearly lead to more stringent
constraints on the LDMEs. In fact, one can even combine
the usual J=ψpT-spectrum data with the J=ψ-jet fragmen-
tation function data to perform a joint global fit to extract
NRQCD LDMEs. Such a global fit is expected to give much
better constrained LDMEs, which would lead to more
accurate information on heavy quarkonium formation.
To end this part, we discuss how our theoretical

calculations with the existing LDMEs have resulted in
the λF as shown in Fig. 2. The polarization λF of a physical
J=ψ is determined by the relative size of LDMEs, as well as
the polarization properties for producing the four corre-
sponding partonic ½QQ̄ ðnÞ$states, which are determined by
the perturbative coefficients d̂T;Li→½QQ̄ðnÞ$ in Eq. (7). For these

four relevant partonic ½QQ̄ ðnÞ$ states, we have: (1) 1S½8$0

with J ¼ 0 has no polarization preference. (2) the 3S½1$1

channel has a small preference toward a transverse polari-
zation from our calculation. (3) 3S½8$1 has a strong preference
toward a transverse polarization in the large zh region due
to the contribution ∼δð1 − zhÞ from the g → cc̄ fragmen-
tation process. However, it leads to a longitudinal polari-
zation in the small zh region due to DGLAP evolution.
(4) The 3P½8$

J contribution tends to have a longitudinal
polarization.
With the knowledge of the polarization properties for

producing the four partonic ½QQ̄ðnÞ$ states, given above,
and the numerical values of the LDMEs summarized in
Table I, we are able to achieve a qualitative understanding
of λF for the production of the hadronic J=ψ state in
Fig. 2. Taking the Butenschoen LDMEs as an example, in
Fig. 3, we plot the individual contributions to λF from
different channels: 3S½1$1 , 1S½8$0 , 3S½8$1 , 3P½8$

J . Since the para-
metrization by Butenschoen has a positive value for the
hOð3S½8$1 ÞiLDME, we obtain a transverse polarization
(λF > 0) for almost all values of zh, while it turns into a
longitudinal polarization (λF < 0) at small zh, consistent
with the polarization properties of producing the partonic
QQ̄ ð3S½8$1 Þ state. On the other hand, a negative hOð3P½8$

0 Þi,
leads to a transverse polarization for the physical J=ψ
production (λF > 0), which is opposite to the polarization
contribution of producing the partonic QQ̄ð3P½8$

J Þ state.

Therefore, one observes the additive and competing effects
between the 3S½8$1 and 3P½8$

J contributions at large and small
zh, respectively. The results for the other parametrizations
in Fig. 2 can be understood in a similar way.
This detailed analysis shows that the behavior and size

of λF in different zh regions is very sensitive to the short-
distance coefficients as well as the different values of the
LDMEs. Future measurements of the production and
polarization of J=ψ mesons inside the jet will be very
valuable to constrain the NRQCD formalism and LDMEs
and, in turn, provide unique information on the heavy
quarkonium production mechanism.
Conclusions.—In this Letter, we studied the distribution

and polarization of J=ψ mesons within a jet in proton-
proton collisions at the LHC. Using a recently developed
factorized formalism within SCET, we performed the
resummation of single logarithms of the jet radius param-
eter R up to next-to-leading logarithmic accuracy for the
J=ψ distribution inside jets at LHC energies. We found that
the NRQCD long-distance matrix elements extracted from
a global analysis by four different groups lead to very
different predictions for the J=ψ distribution inside the jet.
Even though the parametrization of these four groups all
describe the inclusive J=ψ cross section, the predicted J=ψ
distribution inside the jet can differ by an order of
magnitude for certain zh regions. We further defined an
observable λF which gives the polarization of J=ψ mesons
in the jet. We found that this observable leads to even more
discriminative power, and thus, it can provide better
constraints for the LDMEs in global fits and more accurate
information on the nonperturbative formation of heavy
quarkonia. A complimentary study in [41] provided similar
conclusions. We encourage the experimentalists to perform
such measurements at the LHC and RHIC. We expect that

FIG. 3. The contributions to λF from different channels: 3S½1$1 ,
1S½8$0 , 3S½8$1 , 3P½8$

J are plotted as a function of zh. The NRQCD
LDMEs are taken from Butenschoen et al. [4].
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J/Psi	polarization	within	a	jet	is	a	very	sensitive	observable	to	constrain	
NRQCD	LDMEs!	

Xing	et	al,	PRL	(2017)
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q NRQCD has been successful in interpreting and predicting
inclusive J/Psi pT spectrum, but failed to predict J/Psi
polarization.

q J/Psi production and polarization within a jet could be a
very good observable to pin down the production
mechanism.


