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Introduction

QCD factorization

Cross Section = short distance⌦ long distance
<latexit sha1_base64="9c6eSzjNcyhVxZMbBpvFWwChLCk="></latexit>

partonic interaction, perturbative

non-perturbative, universal

TMD PDFs: FT hp| ̄(0) (x�, ~x?)|pi
<latexit sha1_base64="ZVBUOvU96YibojOolNqsq4wBLdo="></latexit>

/n�

h
D1 +

(bej ⇥ pT ) · S?
zM

D
?
1T

i
+ �5/n�

h
�G1L +

pT · S?
zM

G
?
1T

i
+

i[/pT , /n�]

2M
H

?
1 +

1

2
[/S?, /n�]�5H1T +

[/pT , /n�]�5

2M

h
�H

?
1L +

pT · S?
M

H
?
1T

i

<latexit sha1_base64="02Pu61AbFuucocQTEA+o2aTuUkE="></latexit>

/n+

h
f1 �

(bep ⇥ kT ) · S?
M

f?
1T

i
+ �5/n+

h
�g1L +

kT · S?
m

g?1T

i
+

i[/kT , /n+]

2m
h?
1 +

1

2
[/S?, /n+]�5h1T +

[/kT , /n+]�5

2m

h
�h?

1L +
kT · S?

m
h?
1T

i

<latexit sha1_base64="yFeVWv5twJH7qbM+ND+8nMPlj2k="></latexit>

TMD FFs: FT h0| (0)|hXihhX| ̄(x�, ~x?)|0i
<latexit sha1_base64="GwuJb94wwwX4fIvSuAKx2nJKxJ8="></latexit>



 

Shu-yi Wei Fragmentation Functions  4

Introduction

QCD factorization

Unpolarized L T

Unpolarized
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 , aka, the longitudinal spin transfer

Number density of longitudinally polarized hadrons 
produced from longitudinally polarized quarks.

G1L

polarized beams
or

weak interaction
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Introduction

Single Inclusive Λ Production in e+e- Annihilation Experiment

dσ
dPS

= σ0 [DΛ
1q(z) + λqPΛ

L GΛ
1Lq(z)]

γ* Z0

Belle 
Energy

LEP 
Energy

PΛ
L = λq

GΛ
1Lq

DΛ
1q

quark polarization

spin transfer

Final state quarks gain 
polarization through 

weak interaction
e−

e+

γ∗/Z0
q

q̄

Λ
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Introduction

-pair Production in e+e- Annihilation ExperimentΛΛ̄

dσ
dPS

= σ0 [DΛ
1q(z1)DΛ̄

1q̄(z2) − PΛ
L PΛ̄

L GΛ
1Lq(z1)GΛ̄

1Lq̄(z2)]

Belle 
Energy
Belle 

Energy

 Helicity Conservation

 and  are on the same fermi line. They must have opposite helicities. q q̄

 Polarization Correlation

A novel probe to the spin-dependent fragmentation functions
H.C. Zhang, SYW; PLB 839 (2023) 137821
see also Nucl. Phys. B 445 (1995) 380.
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Helicity Amplitude Approach

Helicity Amplitude Approach
 denotes the differential X 

of -pair production
σλqλq̄

qq̄

σ+− = σ−+ = σ0/2
σ++ = σ−− = 0

𝒟(λq, λΛ, z) = D1q(z) + λqPΛ
L G1Lq(z)

 denotes the helicity dependent 
fragmentation function
𝒟

       

dσ
dPS

= σ+− ⊗ 𝒟q( + , λΛ, z1) ⊗ 𝒟q̄( − , λΛ̄, z2) + σ−+ ⊗ 𝒟q( − , λΛ, z1) ⊗ 𝒟q̄( + , λΛ̄, z2)

= σ0 [DΛ
1q(z1)DΛ̄

1q̄(z2) − PΛ
L PΛ̄

L GΛ
1Lq(z1)GΛ̄

1Lq̄(z2)]

 Physical interpretation:

H.C. Zhang, SYW; PLB 839 (2023) 137821
see also Nucl. Phys. B 445 (1995) 380.
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LEP 
Energy
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Helicity Amplitude Approach

Polarization Correlation of -pairΛΛ̄

CLL =
same signs − opposite signs

total cross section
=

∑q σ0GΛ
1Lq(z1)GΛ̄

1Lq̄(z2)

∑q σ0DΛ
1q(z1)DΛ̄

1q̄(z2)
∝ ⟨cos θ*1 cos θ*2 ⟩

H.-C. Zhang and S.-Y. Wei Physics Letters B 839 (2023) 137821

Fig. 1. Predictions of dihadron polarization correlation in e+e− annihilations at Belle and LEP energies.

Integrating over y, we obtain

CLL(z1, z2) = −
∑

q(ce
1cq

1χ + e2
q + χq

intc
e
V cq

V )[G"
1L,q(z1)G"̄

1L,q̄(z2) + G"
1L,q̄(z1)G"̄

1L,q(z2)]
∑

q(ce
1cq

1χ + e2
q + χq

intc
e
V cq

V )[D"
1,q(z1)D"̄

1,q̄(z2) + D"̄
1,q(z1)D"

1,q̄(z2)]
, (15)

where the complete formula has been explicitly laid out to avoid possible confusion.
Since the " FFs in the market, such as DSV [3] and AKK08 [9], do not distinguish " from "̄ in the unpolarized FFs, we need to employ 

the following prescription in phenomenology

D"
1,q(z) = D"̄

1,q̄(z) = 1 + z
2

D"+"̄
1,q (z), (16)

D"
1,q̄(z) = D"̄

1,q(z) = 1 − z
2

D"+"̄
1,q (z). (17)

This approximation has also been employed in Refs. [27,70]. We have numerically tested that such a prescription can describe the longi-
tudinal polarization of single inclusive " production measured by the ALEPH [31] and OPAL [32] collaborations at LEP.

Employing the DSV parametrization [3] for polarized and unpolarized FFs, we present our numerical predictions for the dihadron 
polarization correlation in e+e− annihilations at Belle and LEP energies with several typical kinematic values in Fig. 1. It clearly shows 
that the polarization correlation at the Belle energy, roughly speaking, has a similar magnitude with that at the LEP energy. Such a 
significant polarization correlation at different collisional energies makes it possible to extract the longitudinal spin transfer from the Belle 
experiment where the electromagnetic interaction dominates.

3. Dihadron polarization correlation in pp collisions

In principle, the longitudinal spin transfer can also be probed in the polarized SIDIS [33–36] and polarized pp collisions [39,40]. 
RHIC is the only polarized pp collider so far. It has measured the longitudinal spin transfer coefficient D LL in Refs. [39,40]. Such an 
observable probes the combination of the longitudinal spin transfer in PDFs, g1L(x), and that in FFs, G1L(z). Besides, RHIC, Tevatron, 
and LHC experiments have accumulated enormous experimental data in unpolarized pp collisions. It will be interesting to analyze the 
longitudinal spin correlation of two almost back-to-back hadrons, which is sensitive to G1L (z1) ⊗ G1L(z2). It is free from the contamination 
of the longitudinal spin transfer in PDFs. Furthermore, in light of the amount of unpolarized data that have already been collected, this 
analysis can shed new light on the quantitative study of longitudinal spin transfer.

To be more specific, we consider the following two processes

p + p → "(λ1,η1, pT 1) + "̄(λ2,η2, pT 2) + X, (18)

p + p → "(λ1,η1, pT 1) + "(λ2,η2, pT 2) + X, (19)

where these two final state " hyperons are almost back-to-back in the transverse plane (i.e., pT 1/z1 ∼ −pT 2/z2). η1,2 are the rapidities 
of "’s. Notice that in pp collisions, we usually choose the beam direction as the z axis. The transverse momenta here are different from 
those in the TMD factorization.

4

The polarization correlation at 
the Belle energy has a similar 
magnitude with that at the LEP 
energy. 

It is now possible to extract the 
longitudinal spin transfer at 
Belle experiment.

Belle 
Energy
Belle 

Energy

LEP 
Energy
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Helicity Amplitude Approach

Applying to the unpolarized pp collisions

p p

c(λc)

d(λd)

a

b

a + b → c(λc) + d(λd)

 Are  and  correlated?

Yes!

λc λd

g + g → q + q̄

qi + q̄i → qj + q̄j

q + q̄ → g + g

a

b

c(λc)

d(λd)

s-channel diagrams: just like e+e- annihilation, maximum correlation
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Helicity Amplitude Approach

a

b

c(λc)

d(λd)

For the sake of more statistics, we present our predictions for ⌘1 = 0 and |⌘2| < 2. Our
predictions for pp collisions are symmetric between positive and negative ⌘2. Therefore,
we only show the positive half in our predictions for RHIC and LHC experiments.”

• I do not understand why, after Eq. (8), they say that t = u (almost). This should be

true for ⌘1 = ⌘2 = 0. The rest of the discussion is based on this statement. Could they

clarify it better?

Our reply:

s = 400 GeV2

qi + q̄i ! qi + q̄i
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Figure 1: (
d�++/��

dt � d�+�/�+

dt )/(
d�++/��

dt +
d�+�/�+

dt ) as a function of t

We agree with the referee that t = u = �s/2 only holds when ⌘1 = ⌘2 = 0. It is not a
good approximation when |⌘2| becomes large. However, this approximation facilitates a
quick estimate on the the sign of the polarization correlation. This sign does not flip in
the kinematic region of interest. We show the partonic polarization correlation, which
is given by (

d�++/��
dt � d�+�/�+

dt )/(
d�++/��

dt +
d�+�/�+

dt ), as a function of t at s = 400 GeV2

in Fig. 1. Apparently, the polarization correlation is still positive when t is far away
from �s/2. Therefore, our conclusion does not depend on the exact numbers. We find
the same pattern for other partonic scatterings. It holds as long as that s + t + u = 0
and u, t < 0 are satisfied.

We have modified the first sentence below Eq. (38) on page 7 to clarify this point. The
revised version now reads,

“We use ⌘1 ⇠ ⌘2 ⇠ 0 as an example to demonstrate some interesting features. In
this approximation, t ⇠ u ⇠ �s/2. We can then perform a quick evaluation and
figure out the sign of the polarization correlation at the partonic level. Notice that this
approximation is only employed to facilitate a quick estimate. The conclusion does not
change as long as s+ t+ u = 0 and t, u < 0.”

• A comment on the di↵erences, at fixed scenario, when one moves from RHIC to Tevatron

kinematic would be useful.

2

 s-channel:          

 t-channel:          

 Probe polarized FF in unpolarized pp collisions

 Explore the circularly polarized gluon FF

σ+− = σ−+ > σ++ = σ−− = 0

σ++ = σ−− > σ+− = σ−+ > 0

To summarize

t-channel diagrams: prefer same-sign correlation
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Numerical Results

Polarization Correlation in pp collisions
H.-C. Zhang and S.-Y. Wei Physics Letters B 839 (2023) 137821

Fig. 2. Predictions for the dihadron polarization correlation in pp/pp̄ collisions at RHIC, LHC, and Tevatron energies.

determined by that of the ss pair, which can only be produced through the t-channel. Thus, the dihadron polarization correlation is 
then positive for this case. In Scenario III of the DSV parametrization [3], u, d, and s quarks contribute equally to the longitudinal spin 
transfer. For the dihadron polarization correlation of ! + ! production, t-channels still dominate. Therefore, the polarization correlation 
is always positive. However, for that of ! + !̄ production, the dominant contribution varies with the kinematics. Moreover, the discussion 
for the second scenario is more complicated, since the longitudinal spin transfer is no longer positive for u and d quarks. The polarization 
correlation is no longer positive definite even in ! + ! productions where t-channel scatterings always dominate.

4. Summary

In this work, we explore the opportunity of studying the longitudinal spin transfer, G1L , through dihadron polarization correlations in 
e+e− annihilations and unpolarized pp collisions. Working with the LO and LT approximation, this polarization correlation can be related 
to the partonic helicity amplitudes. Thus, the physical picture of this observable is pretty clear.

Employing the DSV parametrization [3] for the polarized and unpolarized FFs of !, we estimate that the dihadron polarization corre-
lation is about 20% ∼ 40% in e+e− annihilations and about a few percent in pp collisions. There are two reasons for the much smaller 
correlation in pp collisions. The first one is that s-channels and t-channels contribute to the dihadron polarization correlation with dif-
ferent signs. The partial cancellation gives birth to a weaker polarization correlation in pp collisions than that in e+e− annihilations. The 
second one lies in the numerical evaluation. In all three scenarios of the DSV parametrization [3], the longitudinal gluon spin transfer is 
always assumed to be negligible at the initial scale. Therefore, the numerical calculation underestimates the dihadron polarization cor-
relation in pp collisions. The ambiguity in the gluon spin transfer can only be removed by the experimental measurements. We expect 
that measuring dihadron polarization correlation in pp collisions can play an important role on this front. It will cast new light on the 
fragmentation of circularly polarized gluons.

Measuring the dihadron polarization correlation in the experiment does not require polarized beams or colliding at the Z 0-pole. 
Therefore, it can be easily performed at Belle, RHIC, Tevatron, and the LHC. As a matter of fact, since most of the experimental data can 
be used in this analysis, we expect small statistical errors. We believe this experiment can significantly boost the quantitative study of 

7

 Smaller, but none-zero

 Distinguish different scenarios

 Probe gluon spin transfer

RHIC

LHC

Tevatron
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Numerical Results

Polarization Correlation in central and peripheral AA collisions

 Much larger luminosity

 Jet Quenching + Polarization

7
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FIG. 4. (Color online) Correlation function of ⇤-⇤ polarization at RHIC (left) and LHC (right) energies, compared between
pp, peripheral AA and central AA collisions.

FIG. 5. (Color online) Correlation function of ⇤-⇤ polarization in central Au+Au collisions at RHIC (left) and central Pb+Pb
collisions at LHC (right), compared between di↵erent parameterizations of the DSV fragmentation functions.

FIG. 6. (Color online) Correlation function of ⇤-⇤̄ polarization in central Au+Au collisions at RHIC (left) and central Pb+Pb
collisions at LHC (right), compared between di↵erent parameterizations of the DSV fragmentation functions.

vary with the beam energy of nuclear collisions. The orders of the correlation functions from these three scenarios
in AA collisions here are qualitatively consistent with those in pp collisions shown in Ref. [37], although quantitative
di↵erence is present due to parton energy loss in AA collisions.

7
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FIG. 4. (Color online) Correlation function of ⇤-⇤ polarization at RHIC (left) and LHC (right) energies, compared between
pp, peripheral AA and central AA collisions.

FIG. 5. (Color online) Correlation function of ⇤-⇤ polarization in central Au+Au collisions at RHIC (left) and central Pb+Pb
collisions at LHC (right), compared between di↵erent parameterizations of the DSV fragmentation functions.

FIG. 6. (Color online) Correlation function of ⇤-⇤̄ polarization in central Au+Au collisions at RHIC (left) and central Pb+Pb
collisions at LHC (right), compared between di↵erent parameterizations of the DSV fragmentation functions.

vary with the beam energy of nuclear collisions. The orders of the correlation functions from these three scenarios
in AA collisions here are qualitatively consistent with those in pp collisions shown in Ref. [37], although quantitative
di↵erence is present due to parton energy loss in AA collisions.

Clear Enhancement in 
central AA collisions 
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Numerical Results

Polarization Correlation in ultra-peripheral AA collisions

 Much larger luminosity

 Pomeron + Polarization

9
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FIG. 8. (Color online) Correlation function of ⇤-⇤̄ polarization from the �� ! ⇤⇤̄ production in ultraperipheral Pb+Pb
collisions at

p
sNN = 5.02 TeV, compared between di↵erent parameterizations of the DSV fragmentation functions.

Here, ⇣ = 2xMpRA with x the momentum fraction carried by the quasi-real photon, Mp the proton mass and RA the
nucleus radius.

We consider the back-to-back dijet production in the UPC process. One of the jets produces a ⇤ hyperon while the
other produces a ⇤̄. The kinematics are illustrated as follows

AA ! AA+ ⇤(⌘1,�1) + ⇤̄(⌘2,�2) +X (14)

where ⌘1(2) and �1(2) represent rapidity and helicity of the final state hadron. Back-to-back dijets in the UPC process
are mainly produced through �� and �P interactions. We present our formulae respectively.

For the �� channel, the di↵erential cross section reads

d���

d⌘1d⌘2
=

Z
dz1dz2

Z
d2~pT1

z21
x1f�(x1)x2f�(x2)

X

q

1

⇡

d�̂��!qq̄

dt

h
D⇤

1,q(z1)D
⇤̄
1,q̄(z2) � �1�2G

⇤
1L,q(z1)G

⇤̄
1L,q̄(z2)

i
, (15)

where the exchange between q and q̄ is implicit here and the partonic cross section is

d�̂��!qq̄

dt
=

6⇡↵2e4q
s2

t2 + u2

tu
. (16)

With the cross section above, one may evaluate the correlation function of dihadron polarization as defined in the
first line of Eq. (6). Shown in Fig. 8 is this correlation function from the �� ! ⇤⇤̄ process in ultraperipheral
Pb+Pb collisions at

p
sNN = 5.02 TeV, compared between di↵erent parameterizations of the DSV FFs. Here, both

hyperons are required to possess transverse momentum greater than 3 GeV. Although this process resembles the
e+e� annihilation, the hard factor now reads e4q instead of e2q. As a consequence, the production of ss̄-pairs, relative
to uū, is strongly suppressed comparing to that in e+e� annihilation. Recall that the three scenarios in the DSV
parameterizations of G1L,q assume di↵erent flavor dependences. As shown in Fig. 8, the correlation from Scenario 3 is
almost an order of magnitude larger than that from Scenario 1. This feature of the �� channel may have a potential
to further constrain which scenario neighbors reality.

However, it is not plausible to isolate dijets produced though the �� channel from the others. It has also been
shown in Refs. [80, 91, 112, 113] that the �P channel accounts for almost 90% of the dijet production. Moreover, it
has been demonstrated that exclusive dijet production of �P ! qq̄ is power suppressed [91, 112, 114]. The dominant
contribution actually arises from the (2+1)-di↵ractive process with an additional soft gluon emission. For simplicity,
we always call the photon-going direction the positive rapidity direction. The exchange between � and P is implicit
as well. Taking the soft gluon limit and integrating over the redundant phase space, the di↵erential cross section now
reads

d��P

d⌘1d⌘2
=

Z
dx

x

Z
dz1dz2

Z
d2~pT1

z21
x1f�(x1)xgP(x,Q

2)
X

q

1

⇡

d�̂�P!qq̄

dt

⇥
h
D⇤

1,q(z1)D
⇤̄
1,q̄(z2) � �1�2G

⇤
1L,q(z1)G

⇤̄
1L,q̄(z2)

i
,

(17)
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FIG. 9. (Color online) Correlation function of ⇤-⇤̄ polarization from the �P ! ⇤⇤̄ production in ultraperipheral Pb+Pb
collisions at

p
sNN = 5.02 TeV, compared between di↵erent parameterizations of the DSV fragmentation functions.

where the phase space for the x-integral is constrained by the following requirement

|⌘g| =

�����ln
pT1

z1K
typical
?

+ ln(e�⌘1 + e�⌘2) + ln
1 � x

x

����� < 4.5, (18)

with Ktypical
? = 2 GeV. The integrated gluon distribution function of the pomeron xgP(x,Q2) is

xgP(x,Q
2) =

S?(N2
c � 1)

4⇡3

1

2⇡(1 � x)

Z Q2

0
dK2

?


M2

Z 1

0
dRRJ2(K?R)K2(MR)Tg(R)

�2
, (19)

with Q playing the role of the factorization scale, M2 = xK2
?/(1�x), S? is of constant with dimension of GeV�2 and

Tg(R) the dipole scattering amplitude in the adjoint representation. In the McLerran-Venugopalan (MV) model [115,
116], Tg(R) is given by

Tg(R) = 1 � exp


�1

2
Q2

AR
2 ln

✓
e+

2

⇤R

◆�
, (20)

with QA = 0.303 GeV2 and ⇤ = 0.2 GeV. Taking the soft gluon limit, it is straightforward to obtain the partonic
cross section from Ref. [91] as

d�̂�P!qq̄

dt
=

⇡↵↵se2q
s2

t2 + u2

tu
. (21)

Apparently, the flavor dependent part of the hard factor becomes e2q again. Since this is the dominant channel, we
expect that the correlation of dihadron polarization in UPC exhibits similar features to those in the e+e� annihilation
process. Indeed, as shown in Fig. 9, for the �P ! ⇤⇤̄ process, the correlation functions obtained from di↵erent
scenarios of the DSV FFs are on the same order of magnitude, similar to the e+e� process [37].

IV. SUMMARY

We investigate the correlation of dihadron polarization in high-energy nuclear collisions. By convoluting the spin-
dependent cross section of hard parton production, the parton energy loss inside the QGP, and the spin-dependent
fragmentation function, we evaluate the correlation function of helicity (CLL) between a pair of ⇤ (⇤̄) hyperons at the
leading order and the leading twist, and explore its variation from pp collisions to peripheral and central heavy-ion
collisions. Within the third scenario of the DSV FFs, where u, d and s quarks contribute equally to ⇤, we find a
sizable enhancement of CLL between ⇤-⇤ pairs from pp collisions to central AA collisions. This is mainly due to the
parton energy loss that allows the final ⇤ within a given pT range to probe a larger z regime of the FFs, where the
longitudinal spin transfer G1L/D1 is stronger. The value of CLL at the RHIC energy is larger than that at the LHC

γ + γ

γ + ℙ
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Summary

Polarization correlation servers as a novel probe to the 
polarized fragmentation functions.

Polarized fragmentation functions can also be studied in 
unpolarized pp and AA collisions.

Thanks
 for 

your 
atten

tion!

Besides this talk, we also studied the fragmentation of 
transversely polarized partons in unpolarized collisions.
Phys.Rev.D105, 034027. (2022)



The End


