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Background & Motivation

❖ Hadronization is the non-

perturbative process where  

partons evolve into hadrons 

❖ Only detected final-state 

hadrons

3

μ ∼ ΛQCD ∼ 200 GeV ↔ αs ∼ 1
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Background & Motivation
QCD Factorization
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Background & Motivation
QCD Factorization

The preparation of polarized 
beams/target is relatively difficult 

Can we study the FFs of spin transfer in 
unpolarized beam collisions?

Yes!

❖ How to study polarized FFs? 

      polarized targets 

      polarized beams

5
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the 1990s [115,116]. As shown in Figure 2, the longitudinal polarization increases monoton-
ically with increasing z, which provides a hint on how to parameterize the longitudinal
spin transfer.
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Figure 2. Reproduction of the longitudinal polarization of Λ0 in e
+

e
→ annihilation at

↑
s = 91.2

GeV measured by the ALEPH [115] and OPAL [116] collaborations at LEP. We have combined the
statistical and systematic errors. Neglecting the mass of Λ hyperons in the high-energy limit, the
definitions of z in these two experiments are the same as those of the momentum fraction in the
light-cone coordinate currently used in the QCD factorizations.

Following the release of these experimental data, many phenomenological
studies [108,117–124] were carried out to understand the longitudinal spin transfer G1L(z).
Among them, the de Florian–Stratmann–Vogelsang (DSV) parameterization [118] offers three
scenarios. The first scenario is based on the naive parton model, which assumes that only
the s quark contributes to the longitudinal spin transfer at the initial scale. The second
scenario assumes that the u and d quarks contribute to negative G1L(z) at the initial scale.
The third scenario assumes that u, d, and s contribute equally. All three can describe
the experimental data reasonably well. A more recent Chen–Yang–Zhou–Liang (CYZL)
analysis [108] also obtained a good description of the experimental data utilizing the LO
formula. The ambiguity again highlights the difficulties in the quantitative study of FFs. It
can only be removed through a global analysis of the experimental data in various high-
energy reactions. Therefore, many works have also made predictions for the longitudinal
polarization of Λ produced in polarized SIDIS [117,125–127] and pp collisions [128–131].

The inclusive DIS process with the polarized lepton beam has been used to probe the
spin structure of the nucleon [132–134]. In this process, only the momentum of the final
state lepton was measured. Therefore, we can gain information on the nucleon structure
but lose those on the hadronization. To restore the access to (spin-dependent) FFs, we
have to rely on the semi-inclusive process and measure (the polarization of) one final state
hadron (There are two fragmentation regimes in SIDIS, namely the current fragmentation
and the target fragmentation. Although the target fragmentation function is also currently
a hot topic, it is beyond the scope of this review. We only focus on the study of the current
fragmentation function). However, it is not a simple task to do so in the real world. Despite
the difficulties, early attempts from the E665 [135] and HERMES [136] collaborations were
still successfully performed. Recent measurements from HERMES [137] and COMPASS
[138] collaborations have also elevated the quality of experimental data to a level that sheds
light on phenomenological studies. These experiments measure the spin transfer coefficient
DLL(z) (it is important to not get confused with the spin-alignment-dependent FF D1LL(z)

𝒫Λ
L = λq

GΛ
1L,q

DΛ
1,q

Buskulic, D.; et al. Measurement of Lambda polarization from Z decays.  
Phys. Lett. B 1996, 374, 319-330. 
Ackerstaff, K.; et al. Polarization and forward-Backward asymmetry of  
Lambda baryons in hadronic ZO decays. Eur. Phys. J. C 1998, 2, 49-59. 
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Background & Motivation
Extracting Polarization information from unpolarized collisions
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Kun Chen, Gary R. Goldstein, R. L. Jaffe, and 
Xiangdong Ji. Nucl.Phys.B 445 (1995) 380-398

e−

e+

❖ Unpolarized beam collisions 

❖ Helicity conservation 

 and  are on the same fermion line. 

They must have opposite helicities 

❖ Helicity correlation 
A novel probe to the spin-dependence 

fragmentation functions

q q̄

ūγμu = ūLγμuL + ūRγμuR Unpolarized

We will focus on the transverse spin transfer H1T

q

q̄
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parton distribution function [62–66]. However, it is important to note that the helicity and transverse spin correlations
are two distinctly di!erent quantities which are only loosely related to each other by the positivity constraint. They
are not di!erent projections of the same quantity, and therefore we cannot derive one from the other. The reasons
are listed in the following.

First, the helicity correlation of two partons exists as long as they are interacting with each other. On the contrary, as
demonstrated later, the transverse spin correlation of two interacting partons only manifests in a selection of partonic
channels. The unconnected diagrams cannot contribute to transverse spin correlation. In the language of helicity
amplitude approach, the helicity correlation measures the di!erence between the magnitudes of two amplitudes, while
the transverse spin correlation quantifies their interference.

Furthermore, it is also not feasible to establish a naive connection between the transverse spin transfer H1T and
its longitudinal counterpart G1L. For instance, both quark and gluon contribute to the longitudinal spin transfer.
(The partner of the longitudinally polarized quark is the circularly polarized gluon.) However, for the transverse spin
transfer, only the quark sector contributes. The linearly polarized gluon, which is the counterpart of the transversely
polarized quark, cannot contribute to the transverse polarization of produced hadrons [3, 67–69] in the collinear
factorization. As a result, the DGLAP evolution [70] of H1T becomes a diagonal one [71, 72]. The gluon sector
vanishes. This feature grants the H1T fragmentation function a unique advantage in understanding the hadronization
mechanism: the perfect separation between quark and gluon contributions. Therefore, the aim of this paper is
to investigate the transverse spin correlation in unpolarized high energy collisions and to improve our quantitative
understanding of the chiral-odd H1T fragmentation function.

The rest of this paper is organized as follows. In Sec. II, we first study the most simple case: the transverse
spin correlation in unpolarized electron positron annihilation process. In Sec. III, we present the transverse spin
correlation in unpolarized hadronic collisions. In Sec. IV, we present that in photon-nucleus collisions, which can be
directly applied to the ultra-peripheral nucleus-nucleus collision or the electron-ion collisions. We present the relation
between the transverse spin correlation and helicity amplitudes in Sec. V and give a summary in Sec. VI.

II. TRANSVERSE SPIN CORRELATION IN e
+
e
→ ANNIHILATION

We first consider the simple back-to-back ”-”̄ pair production in e
+
e
→ annihilations, which was first calculated in

Ref. [36], to demonstrate the origin of the transverse spin correlation in this section, and then extend this approach
to the unpolarized pp collisions in the next section.

e
�(l1)

e
+(l2)

⌅q

⌅q̄

�
⇤
/Z

0(q)

⇤

⇤̄

FIG. 1. The leading order Feynman diagram for the !-!̄ pair production in e
+
e
→ annihilation.

As illustrated in Fig. 1, the LO contribution comes from e
→(l1) + e

+(l2) → q(→ ”) + q̄(→ ”̄). In principle, we also
need to consider the contribution from q(”̄) + q̄(→ ”) as well, which is rather straightforward. We will evaluate this
part of the contribution when presenting the final result.

In e
+
e
→ annihilation, we can first reconstruct the thrust axis which represents the quark and antiquark direction

at LO. The beam axis ne+e→ and the thrust axis nthrust thus span the production plane. The transverse spin
correlation of the final state dihadron is investigated along the normal direction of this hadron production plane, i.e.,
nT = ne+e→ ↑nthrust. Due to the parton shower, the final state ” hyperons do not move exactly along the thrust axis.
They di!er with each other by a very small angle at high energy limit. Although it is more convenient to measure the
transverse spin correlation along the transverse direction defined by n↑

T = p̂! ↑ p̂!̄ with p̂!/!̄ the unit vector along

the ”/”̄ momentum direction respectively, it might receive contribution from the D
↓
1T fragmentation function which

is responsible for producing transversely polarized hadron from unpolarized parton. Similar to the helicity correlation

Back-to-back Di-hadron Spin Correlations
Electron-position Annihilation
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FIG. 2. Transverse spin correlation of final state qq̄ pair in unpolarized e
+
e
→ collisions as a function of Q.

III. TRANSVERSE SPIN CORRELATION IN UNPOLARIZED pp COLLISIONS

In this section, we extend our research of the transverse spin correlation to unpolarized pp collisions and explore the
opportunity of studying the transverse spin transfer in unpolarized hadron collider experiments such as LHC, RHIC,
and Tevatron. Similar to the case in e

+
e
→ annihilation, the momenta of two final state jets which are almost back-

to-back in the transverse plane in pp collisions also span a production plane. We thus can investigate the transverse
spin correlation of !-!̄ pair along the normal direction of the production plane.

We would like to discuss the di”erence between the helicity correlation and the transverse spin correlation in pp

collisions. All partonic channels contribute to the helicity correlation, albeit the sign varies with channels. To be
more specific, the helicities of final state partons take precisely the opposite sign for the qiq̄i → qj q̄j , gg → qiq̄i and
qiq̄i → gg channels. Therefore, they contribute to the negative helicity correlation, while the other channels prefer
the same sign correlations. The partial cancellation among di”erent channels results in a tiny helicity correlation at
the hadronic level. Per contra, the transverse spin correlation arises from the chiral-odd H1T fragmentation function.
Only connected channels (i.e., the final state quark and/or antiquark are connected by the same trace line) contribute,
while the others amount to the total production rate.

Notice that, in principle, the linear polarizations of gluons produced from the qiq̄i → gg channel are also correlated.
Vis-à-vis the transverse spin correlation of the quark-antiquark pair, the linear polarization correlation of gluons
indicates that the probabilities for the parallel and perpendicular polarizations are di”erent. However, the collinear
H1T fragmentation function of gluon does not exist. They can contribute to other observables, such as the tensor
polarization of vector mesons [83–89] etc. In this paper, we only investigate the transverse spin correlation of back-
to-back diquark and leave that of gluons for future work.

After integrating over the relative transverse momenta, we arrive at the cross section in the collinear factorization
framework given by

dωpp↑!!̄+X

dy1d
2pT1dy2d

2pT2
=

∫
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z
2
1

dz2

z
2
2
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2

(
pT1

z1
+

pT2

z2
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ϑ
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D
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T
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H

!
1T,c(z1)H

!̄
1T,d(z2)

]
. (15)

Here, dω̂ab↑cd/dt is the unpolarized cross section of ab → cd scattering which can be found in Refs. [90], and dω̂
T
ab↑cd/dt

is the transversely polarized cross section. The exchange between (c → !, d → !̄) and (c → !̄, d → !) is implicit.
First, it is straight forward to find that the qiq̄i → qj q̄j , gg → qiq̄i, and qiq̄i → qiq̄i channels satisfy the aforemen-

tioned criteria. While the unpolarized cross sections of these channels are well known, the transversely polarized cross
sections read

dω̂
T
qiq̄i↑qj q̄j

dt
= ↓2ϑϖ2

s

9s2
4ut

s2
, (16)

dω̂
T
qiq̄i↑qiq̄i

dt
=

2ϑϖ2
s

9s2
4u(s↓ 3t)

3s2
, (17)

𝒞TT =
𝒫(nT, nT) + 𝒫(−nT, − nT) − 𝒫(nT, − nT) − 𝒫(−nT, nT)
𝒫(nT, nT) + 𝒫(−nT, − nT) + 𝒫(nT, − nT) + 𝒫(−nT, nT)

LEP 
experiment

Belle 
experiment

dσ
dydz1dz2

=
2πNcα2

e

Q2 ∑
q

[ωq(y)D1,q(z1)D1,q̄(z2) + (ST1 ⋅ ST2)ωT
q (y)H1T,q(z1)H1T,q̄(z2)]

研究内容与进展 e+e→ 湮灭中的自旋关联

横向自旋关联的定义

CTT =
P(nT ,nT) + P(→nT ,→nT)→ P(nT ,→nT)→ P(→nT ,nT)
P(nT ,nT) + P(→nT ,→nT) + P(nT ,→nT) + P(→nT ,nT)

这里几率 P(aT , bT) 是强子横向极化沿着 aT 的方向，而 bT 是反强子的。

杨 磊 高能散射中自旋依赖的唯象研究 6 / 17

Hadron plane

γμ ↔ γμ(cV − cAγ5)
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FIG. 3. The partonic transverse spin correlation R as a function of t/s for qq̄ production channels in pp collisions.

All three channels are negative indicating that the final state partons prefer to be be transversely polarized along
opposite directions. We define Rab→cd as the ratio between the polarized cross section and the unpolarized one,
i.e., Rab→cd ↑ dω̂

T
ab→cd/dω̂ab→cd, which quantifies the partonic transverse spin correlation. The numerical results are

shown in in Fig. 3 as a function of t/s. The transverse spin correlation of the qiq̄i ↓ qiq̄i channel is much smaller
than those of qiq̄i/gg ↓ qj q̄j channels which even reach unity at t = →s/2. This is because that the qiq̄i/gg ↓ qj q̄j

channel contains only connected diagrams where final state partons are connected by the same Fermion line. On the
other hand, the qiq̄i ↓ qiq̄i channel contains both s channel and t channel contributions. The unconnected t channel
diagram does not contribute to the transverse spin correlation, and therefore reduces the magnitude of the correlation.
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FIG. 4. Leading order Feynman diagrams for the qq → qq scatting. Left: t-channel diagram; Middle: u-channel diagram;
Right: the interference diagram. The color of the quark line represents a closed trace line. While the left and middle diagrams
do not contribute to the transverse spin correlation, the right one is a connected diagram that contributes.

Furthermore, the 2 ↓ 2 process with identical quarks, i.e., qiqi ↓ qiqi, also contributes. The correlation arises
from the interference between t-channel and u channel scatterings. As illustrated in Fig. 4, the left and the middle
plots represent the t and u channel diagrams which do not contribute to the transverse spin correlation. The right
plot represents the interference between u and t channel scatterings. We have utilized di!erent colors to represent
di!erent trace lines. The final state identical quarks in the interference diagram are connected by the same Fermion
line. Therefore, it contributes to the transverse spin correlation. We obtain the partonic transverse spin correlation
of this channel as

dω̂
T
qiqi→qiqi

dt
= →2εϑ2

s

9s2
4

3
. (19)

We show the numerical result of Rqiqi→qiqi as a function in Fig. 5. The magnitude becomes much smaller compared
with the other unconnected channels, since it only arises from the interference diagrams. Nonetheless, this channel
can become important at the threshold regime with xa,b ↓ 1.
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The transverse spin correlation of final state hadrons is given by convoluting ω
T with the transverse spin transfers.

We obtain

CTT =

∫
dP.S.

∑
ab→cd xaf1,a(xa)xbf1,b(xb)

1
ω

dε̂T
ab→cd
dt H

!
1T,c(z1)H

!̄
1T,d(z2)∫

dP.S.
∑

ab→cd xaf1,a(xa)xbf1,b(xb)
1
ω

dε̂ab→cd
dt D

!
1,c(z1)D

!̄
1,d(z2)

, (20)

where dP.S. represents the phase space to be integrated over and f1(xa,b) is the collinear parton distribution function
with xa,b the momentum fraction. Since the vast majority of partonic channels do not contribute to the transverse
spin correlation, the experimental signal is expected to be small.

IV. TRANSVERSE SPIN CORRELATION IN PHOTON-NUCLEUS COLLISIONS

The high energy large nucleus is accompanied by enormous coherent quasireal photons. In the ultra-peripheral
relativistic nucleus-nucleus collisions (UPC), we can have photon-nucleus collisions as discussed in Ref. [39]. At the
leading order in QCD, the partonic hard scattering consists of εg → qq̄ and εq → qg channels. As discussed in the
previous section, the final state gluon does not contribute to the transverse spin transfer. Therefore, only the εg

channel contributes to the transverse spin correlation. The εq channel only contributes to the denominator. In the
end, the transverse spin correlation in UPC is given by

CTT =

∫
dP.S.

∑
q xϑfϑ(xϑ)xgf1,g(xg)

1
ω

dε̂T
ωg→qq̄

dt H
!
1T,q(z1)H

!̄
1T,q̄(z2)∫

dP.S.
∑

b,c,d xϑfϑ(xϑ)xbf1,b(xb)
1
ω

dε̂ωb→cd

dt D
!
1,c(z1)D

!̄
1,d(z2)

, (21)

where xϑ is the per-nucleon momentum fraction carried by the quasireal photon and fϑ(xϑ) is the collinear photon
distribution [91] which can be expressed as

xϑfϑ(xϑ) =
2Z2

ϑ

ϖ

[
ϱK0(ϱ)K1(ϱ)↑

ϱ
2

2
[K2

1 (ϱ)↑K
2
0 (ϱ)]

]
, (22)

with ϑ the electromagnetic coupling constant, Z the atomic number, ϱ = 2xϑMpRA, Mp the proton mass, and RA

the nucleus radius. The transversely polarized cross section reads

dω̂
T
ϑg→qq̄

dt
= ↑

2ϖϑϑse
2
q

s2
. (23)

Although both εg and εq contributes to the back-to-back dihadron production in photon-nucleus collisions, the domi-
nant contribution arises from the connected εg channel [39]. This is because that the photon flux drops exponentially
at slight large xϑ , forcing xb to be very small as well. At small-xb, the gluon distribution function is expected to

Partonic transverse spin correlation: ℛ =
dσT /dt
dσU /dt
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How to probe gluon linearly polarization?

❖ Quark hadronization:  

❖ Gluon hadronization: 

D(q → Λ) = DΛ
1,q(z) + λqλΛGΛ

1L,q(z) + ST,q ⋅ ST,ΛHΛ
1T,q(z)

D(g → Λ) = DΛ
1,g(z) + λgλΛGΛ

1L,g(z)

10

The gluon linear polarization cannot be inherited 
by  hyperons in the collinear factorizationΛ

Solution: Anisotropic
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Probing Gluon Linearly Polarization with EEC
Why Linearly Polarized Gluon?

❖ Small-x limit: ~100% linear polarization 

❖ Challenge: directly measuring linear polarized  
gluon

11
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(2 − x)2

x
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gq = x

See, e.g., R.K. Ellis, et al, QCD and Collider Physics
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Probing Gluon Linearly Polarization with EEC
Branching Plane

12

Pg→gg(x, ϕ) = 2Nc [ 1 − x
x

+
x

1 − x
+ x(1 − x) + x(1 − x)cos 2ϕ]

Pg→qq̄(x, ϕ) =
1
2 [x2 + (1 − x)2 − 2x(1 − x)cos 2ϕ]

Isotropic term
Anisotropic term

Since the linear polarization of the parent 
gluon specifies a transverse direction, the 

parton branching is no longer isotropic

Anisotropic 
EEC: a novel probe
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Probing Gluon Linearly Polarization with EEC
Energy Correlators

❖ Easy to implement and nature 

❖ Energy weight suppresses the soft contamination 

❖ Governed by DGLAP, not sensitive to soft gluon radiations 

❖ Infrared-collinear safe, perturbatively

13

Energy Correlators

2026/4/8 Probing Gluon Linear Polarization with EECs 3

EEC = 1
23

+,,
4d2 6+6,#) 7 8 − :+,

Energy Flow ℰ <= | ⟩@ = 3
-∈/

!07) Ω' − Ω- | ⟩@ 8

8
Sterman, 1975
Bashman, et.al. 1978

Two-point correlator

q Easy to implement and nature

q Energy weight suppresses the soft contamination

q Governed by DGLAP, not sensitive to soft gluon radiations

q Infrared-collinear safe, perturbatively

Sterman: “Energy flow became the focus of calculability”

EC #$ ∼ 0 ' 0 (ℰ #$ ' 0 0

ENC #$ ∼ 0 ' + (ℰ #$! ⋯ (ℰ #$" ' 0 0Energy Flow        

Two-point correlation       

ℰ( ̂n) |X⟩ = ∑
k∈X

k0δ(2)(Ωn − Ωk) |X⟩

EEC =
1
σ ∑

i,j
∫ dσ

EiEj

Q2
δ(χ − θij)

Sterman, 1975 
Bashman, et.al., 1978

EC( ̂n) ∼ ⟨0 |J(0)ℰ̂( ̂n)J(0) |0⟩

ENC( ̂n) ∼ ⟨0 |J(0)ℰ̂( ̂n1)⋯ℰ̂( ̂nk)J(0) |0⟩



Transverse Spin Correlation and Anisotropic EECLei Yang

Probing Gluon Linearly Polarization with EEC
EEC and Jet Function

❖ -integrated EEC 

❖ Unpolarized jet function  follows the DGLAP 

evolution equation 

❖ Polarized jet function 

θ

Ji

Jg,T

14

⟨EEC⟩ = ∑
i=q,g

∫ dxx2Hi(x, μ)Ji(ln x2κ), κ = (θEg)2/μ2

∂Ji(ln κ)
∂ ln μ2

=
α2

s

2π ∑
j

∫
1

0
dyy2Pij(y)Jj[ln(y2κ)]

∂Jg,T(ln κ)
∂ ln μ2

=
α2

s

2π ∑
j

∫
1

0
dyy2PT

gg(y)Jg,T[ln(y2κ)]
It is not consider the quantum 

coherence effect of large-angle 
soft gluon radiation

L. J. Dixon, I. Moult, and H. X. Zhu,  
Phys. Rev. D 100, 014009 (2019), 1905.01310
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Probing Gluon Linearly Polarization with EEC
Angular Ordering & CCFM

❖ Angular ordering: 

❖ Evolution of jet function: 

❖ CCFM evolution equation:

15

⟨W(i)
ij ⟩ϕ = ∫

2π

0

dϕik

2π
W(i)

ij =
1

E2
k (1 − cos θik)

Θ(θij − θik)

DGLAP CCFM

∂Ji(ln κ)
∂ ln μ2

=
αs

2π ∑
j

∫
1

0
dyy2Pij(y)Jj [ln(y2κ)]

∂
∂ ln μ2

Jg(ln κ)
Δs(μ2)

=
αs

2π
1

Δs(μ2) ∫
1−Λ/μ

Λ/μ
dyy2 [P̃gg(y)Jg(ln κ) + P̃gq(y)Jq(ln κ)]

𝒜(x, k, p) = ᾱs ∫
1

x

dz
z ∫

d2q
πq2

θ(p − zq)Δns(k, z, q)𝒜 ( x
z

, k′￼, q)

See, e.g., R.K. Ellis, et al, QCD and Collider Physics

Ciafaloni, NPB 1988; Catani, Fiorani, Marchesini, NPB 1990.
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Probing Gluon Linearly Polarization with EEC
EEC Phenomenology analysis

❖ Scaling behavior

16

2

𝜇−1 Λ𝑄𝐶𝐷−1UV

(a) (b)

FIG. 1: (a) A schematic illustration of quark and gluon hadronizing into color-neutral hadrons; (b) Illustration for
di!erent scaling behavior of EEC. Fig. 1(b) is adapted from [6].

(OPE) [28, 29]. Originally formulated in conformal field
theory, the light-ray OPE has recently also found appli-
cations in QCD [18, 30, 31]. It expands a product of
energy operators in a series of light-ray operators, whose
scaling dimensions and Lorentz spins govern the depen-
dence of the EEC on Q2 and the angle, respectively. We
focus here on the Q2-scaling in the post-confinement and
dynamical transition regimes.

Our second, complementary, perspective provides a de-
scription in terms of fragmentation functions. We demon-
strate how the Q2-scaling in the post-confinement regime
can be described by the dihadron fragmentation function
(DFF) formalism, a framework widely applied in hadron
physics [32–41]. By bridging these two views, we estab-
lish a novel connection between the light-ray OPE and
the phenomenological DFF formalism, a link that merits
further exploration. To conclude, we show that the pre-
dictions from our OPE framework are in agreement with
Pythia simulations, validating our approach.

LIGHT-RAY OPE ANALYSIS

A light-ray operator D(n) associated to a position n
on the celestial sphere is characterized by a Lorentz spin
JL → C, which is its weight under a boost in the n direc-
tion. We also assign D(n) a dimension”L equal to minus
its mass dimension — the minus sign is conventional be-
cause in CFT, D(n) transforms like a primary operator
at infinity [23, 24]. In a non-conformal theory, ”L can
depend on a renormalization scale via the running cou-
pling, ”L(JL,ωs(µ2)) [42, 43]. The energy operator E
has JL = ↑3 and ”L = ↑1 (independent of scale).

The work [43] argues that pQCD possesses an intrinsic
set of renormalized light-ray operators DJL,i(n, µ2), la-
beled by JL, a Regge trajectory index i, and depending

!→ 2 = →1→ JL

J = →!L + 1

1 2 3 4 5 6 7 8 9

1
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3

4
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6

7

8

9

0

E O
H

→6,k

DDGLAP
JL=→6

O
H

→8,k

DDGLAP
JL=→8

O
H

→10,k

DDGLAP
JL=→10

DDGLAP
JL=→7

DDGLAP
JL=→9

FIG. 2: Chew-Frautschi plot illustrating the light-ray
OPE for the EEC in the free hadron region and detector
matching. Blue points are the locations of double twist
detectors in the free hadron theory and purple arrows
represent detector matching to leading-twist detectors
in QCD. The detector positions in the free theory (open
green circles) shift to their QCD-corrected locations at
the scale µ (solid green points). Interaction between
hadrons may induce odd JL (orange) contributions.

on a renormalization scale µ. These light-ray operators
can be visualized on a Chew-Frautschi plot, which dis-
plays 1↑”L vs. ↑1↑ JL for each Regge trajectory, see
Fig. 2. The scaling dimension ↑”L,i(JL,ωs(Q2)) char-
acterizes the growth of matrix elements ↓DJL,i(n, µ2)↔Q
with Q.

Furthermore, [43] argues that any measurement of
hadrons at infinity can be matched in the regime Q ↗

C.H. Chang, H. Chen, X. Liu, D. Simmons-
Duffin, F. Yuan, H.X. Zhu, PRL 136, 
081903 (2026)

⟨ℰ(n1)ℰ(n2)⟩ ∼
1

θ1−γ(N=2)

Anomolous diamention

γ(N) = ∫
1

0
zNPij(z)dz

Chen et.al., 2020
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Probing Gluon Linearly Polarization with EEC
CCFM Evolution
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FIG. S3: Comparison of theoretical calculations for EEC in electron-positron annihilation, calculated within the DGLAP and
CCFM formalisms, with experimental data from the TASSO [37], TOPAZ [38], OPAL [40] and ALEPH [41] collaborations.
The data points have been rescaled to be comparable with each other at ω0 = 0.3. Notice that the ALEPH data are provided
by Electron-Positron Alliance [41] utilizing the Archival ALEPH data.

the perturbative regime. These works highlight that the transition is marked by a clear turning point where the
perturbative power-law behavior gives way to a flat plateau.

The standard DGLAP formalism results in an unphysical power-law divergence at small angles, and fails to describe
the observed plateau in the transition region. In contrast, this unphysical increase is e!ectively tamed in the CCFM
formalism by incorporating coherence e!ects through angular ordering, alongside an infrared cuto! parameter ” that
can be fixed by fitting to experimental data.

In conclusion, the plateau behavior is naturally captured within the CCFM framework, leading to a finite and
stable distribution as ω → 0. It thus provides a reliable description of the intermediate transition region and o!ers a
theoretically consistent bridge between the high-energy partonic shower and the low-energy hadronic state, a feature
that remains a challenge for traditional collinear factorization.

S-III. FIXED ORDER CALCULATION FOR EEC BETWEEN c AND c̄ IN pp̄ COLLISIONS

In this section, we present a fixed-order perturbative calculation of the azimuthal-angle-dependent EEC for cc̄ pairs
within gluon-initiated jets in pp̄ collisions at

↑
S = 1.96 TeV, corresponding to Tevatron kinematics. The primary

objective is to demonstrate the e#cacy of heavy-flavor tagging in enhancing the gluon polarization signal. To this
end, we further compare the azimuthal modulation observed in Z

0-tagged jet events with that in single inclusive jet
production, thereby isolating and quantifying the cos 2ε asymmetry induced by linearly polarized gluons.

c

c̄
c

c̄

Z0

FIG. S4: Representative leading-order Feynman diagrams for the production of a cc̄ pair within a jet in hadronic collisions.
The left panel is for the inclusive jet production, while the right panel is for the Z0-tagged jet production.

We emphasize that the current resummation formalism is formulated in the massless limit and has not yet been
extended to incorporate heavy-quark tagging or mass e!ects. Consequently, we employ a fixed-order perturbative
approach for the analysis of the tagged charm-pair observable. The generalization of the resummation framework to
include heavy-quark mass corrections and flavor tagging represents a significant theoretical undertaking left for future
work. Given that the cc̄ pair is collinear within a single jet, the dominant contribution arises from tree-level 2 → 3

Confinement Transition K. Lee, A. Pathak, I.W. Stewart, Z. Sun, 2405.19396;  
K. Lee, I. Stewart, 2507.11495;  
C.H. Chang, H. Chen, X. Liu, D. Simmons-Duffin,  
F. Yuan, H.X. Zhu, 2507.15923;  
E. Herrmann, Z.B. Kang, J. Penttala, C. Zhang, 2507.17704; 
Z.B. Kang, A. Metz, D. Pitonyak, C. Zhang, 2507.17444;  
Y. Guo, W. Vogelsang, F. Yuan, W. Zhao, 2512.15896.
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Probing Gluon Linearly Polarization with EEC
Analyzing Power A(θ)
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EC

EEC
A(θ) ≡

∫ dyy(1 − y)[P2ϕ
gg + 2nf P2ϕ

qg ]Jg,T

∫ dyy(1 − y){[P̃gg + 2nf P̃qg]Jg + [P̃qq + P̃gq]Jq}

Partial cancellation between 
 and  branchingg → gg g → qq̄

μ = P⊥ = 30 GeVP2ϕ
gg (y) = 2Ncy(1 − y)

P2ϕ
qg (y) = − y(1 − y)
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Probing Gluon Linearly Polarization with EEC
Anisotropic EEC — heavy flavor tagging
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9

We emphasize that the factorized expression serves primarily to elucidate the physical origin of the linear polarization.
It reveals that the polarization arises directly from the helicity structure of the collinear splitting functions, establishing
it as a fundamental property of the radiation process itself. In a sophisticated phenomenological study, one can always
replace the asymptotic expression with the exact one.

q + q̄ ! g + Z
0
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FIG. S1: Gluon linear polarization of the q + q̄ → g + Z0 channel as a function of ω at di!erent P→.

In Fig. S1, we compare the linear polarization calculated using the exact result in Eq. (S3) with the asymptotic
expression in Eq. (S7). At low transverse momentum (e.g., P→ = 10 GeV), the exact result almost overlaps with
the asymptotic curve. As P→ increases, deviations arising from finite-P→ power corrections (scaling as P

2
→/M

2
Z)

become visible. However, even at P→ → 30 GeV, the deviation remains small. The asymptotic expression is
still a good approximation. Although the modification becomes significant at very large P→ (e.g., 80 GeV), the
fundamental mechanism generating polarization via parton splitting remains robust, and the magnitude of the gluon
linear polarization remains substantial.
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FIG. S2: Linear polarization of gluons produced in pp̄ collisions at
↑

S = 1.96 TeV as a function of transverse momentum P→.

Furthermore, to validate this in a realistic experimental setup, we computed the gluon linear polarization utilizing
the exact expression in Eq. (S3) for pp̄ collisions at the Tevatron energy (

↑
S = 1.96 TeV). These results are shown

in Fig. S2 as a function of P→. We required the gluon jet to be in the forward rapidity bins ygluon ↓ [1, 2] and [2, 3],
integrating the Z0 rapidity over yZ0 ↓ [↔4, 4]. The numerical results confirm that for the relevant kinematics (P→ ↗ 30

4

In the revised manuscript, we have clarified our discussion and removed any language that might
suggest the DGLAP formalism is “incorrect”.

2. Comment: Another point of criticism concerns the actual feasibility of the study. By imposing

a maximally polarized model (with 100% linearly polarized gluons, if I correctly interpret eq.

(16)), the authors find a 2-3% e↵ect at 30 GeV. Although this could in principle be accessible

experimentally, it remains a very small signal. Considering that, in practice, one must also

account for quark contributions and that the actual polarization is smaller, this e↵ect is most

likely negligible. This observation significantly undermines the importance of the proposed method.

Response:

We appreciate the referee’s concern regarding experimental feasibility. While a 2-3% asymmetry
might seem small, it is comparable to many well-established spin asymmetries in high-energy
physics (e.g., Sivers or Collins asymmetries) which are routinely measured with high precision at
facilities like RHIC [2], JLab and COMPASS [3], and will be a focus at the EIC. Furthermore,
at the LHC, the enormous statistics available for jet events make even percent-level modulations
accessible.

More importantly, the potential cancellation between g ! qq̄ and g ! gg splittings, which feature
analyzing powers of opposite signs, can be e↵ectively bypassed through flavor-tagging techniques,
such as c/b-tagging. By isolating the g ! cc̄ or g ! bb̄ channel, the analyzing power is significantly
enhanced. Furthermore, the CMS collaboration (CMS-PAS-SMP-25-006 [4]) recently developed a
new technique to select g ! qq̄ branching events, and reported the first direct observation of spin
correlations [5] induced by gluon polarization within jets. By measuring the azimuthal correlation
�� between successive splitting planes, CMS found that the data strongly disfavor parton shower
models lacking spin-correlation e↵ects. This measurement, which relies on complex jet declustering
and multi-particle plane correlations, is arguably more challenging than the two-point weighted
correlations we propose. Similarly, the ATLAS collaboration has demonstrated high proficiency in
measuring azimuthal anisotropies and correlations in jet substructure [6], further confirming that
these precision observables are well within the reach of current LHC analyses.

p+ p̄ @1.96 TeV
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FIG. 2: The predicted cos 2� azimuthal asymmetry for a cc̄ pair produced within a
gluon-initiated jet in Z + jet production at the Tevatron (

p
s = 1.96TeV). The asymmetry is

calculated at leading order using the polarized g ! cc̄ splitting function.

To illustrate the e↵ectiveness of heavy-flavor tagging, we perform a fixed-order calculation of
the cos 2� azimuthal asymmetry for a cc̄ pair produced within a gluon-initiated jet in Z + jet
production at the Tevatron (

p
s = 1.96TeV). The calculation employs the following kinematic

selections: jet transverse momentum P? > 30 GeV and jet rapidity range of 1 < yjet < 2. The

Fix order

In -tagged process, gluon can be consider as collinear radiated by the 

quark when , generating a sizable linear polarization.

Z0

P⊥ ≪ MZ

The  modulation 

reaching approximately 

cos 2ϕ
40 %

Z0 + g( → cc̄)
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Conclusion

❖ The transverse polarized FFs can be probed by means of transverse spin 
correlations 

❖ The anisotropic EEC is a novel probe 

❖ Coherent effect is naturally encoded in the CCFM equation, providing a 
smooth transition into the non-perturbative regime
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Thank you!


