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The ubiquitous Spin Correlation
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-pair Production in e+e- Annihilation ExperimentΛΛ̄

dσ
dPS

= σ0 [DΛ
1q(z1)DΛ̄

1q̄(z2) − λΛλΛ̄GΛ
1Lq(z1)GΛ̄

1Lq̄(z2)]

Belle 
Energy
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 Helicity Conservation

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

 Helicity 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.

 Entangled states

1

2
|A↑B↓ ± A↓B↑⟩

1

2
|A↑B↑ ± A↓B↓⟩



 

Shu-yi Wei Hyperon Polarizations  5

The ubiquitous Spin Correlation

H.C. Zhang, SYW, PLB 839 (2023) 137821

LEP 
Energy

Helicity 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 helicity correlation at the 
Belle has a similar magnitude 
with that at LEP. 

It is indeed possible to study the 
hadronization of polarized quark 
in unpolarized experiments.

Belle 
Energy
Belle 

Energy

LEP 
Energy
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The ubiquitous Spin Correlation

Apply 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)

“Connected channels”: just like e+e- annihilation, maximum correlation

H.C. Zhang, SYW, PLB 839 (2023) 137821

negative
correlation
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The ubiquitous Spin Correlation

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
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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

 “Connected”:          

 “Unconnected”:          

 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

“Unconnected channels”: prefer same-sign correlation

H.C. Zhang, SYW; PLB 839 (2023) 137821

q + g → q + g
qi + qj → qi + qj

g + g → g + g
qi + qi → qi + qi

qi + q̄i → qi + q̄i

positive
correlation
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The ubiquitous Spin Correlation

Polarization Correlation in unpolarized pp collisions

 Smaller, but none-zero

 Distinguish different scenarios

 Avoid contamination of polarized PDF

 Probe gluon spin transfer

DSV
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H.C. Zhang, SYW, PLB 839 (2023) 137821
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Helicity Correlation in central and peripheral AA collisions

A toy model: dσ
dPS

AA

= Energy Loss ⊗
dσ

dPS
pp

 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

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
�2

0.02

0.03

0.04

0.05

0.06

0.07

0.08

C L
L

p
sNN = 5.02 TeV

�� �1 = 0

pT1,2 > 20 GeV

pp

PbPb 0-10%

PbPb 50-60%

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 

RHIC

LHC

X. Li, Z.X. Chen, S. Cao, S.Y. Wei; 
Phys.Rev.D 109, 014035 (2024)
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Emerging Transverse Spin Polarization

Hadron in Jet: TMD factorization

 , Producing Transversely polarized hadron from unpolarized quarkD⊥
1T

Unpolarized L T

Unpolarized

L

T

Baryons

Q
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rk
s D1 D⊥

1T

G1L G⊥
1T

H1 H1L H1T, H⊥
1T

ehadron

ejet
p⊥

p⊥ ≪ Ehadron ∼ Ejet



 

Shu-yi Wei              Spin Polarization  

production plane

leptonic plane
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Emerging Transverse Spin Polarization

Transverse Polarization of Λ
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in analogue to
Sivers function
in TMD PDFs

4

hPN iii+iv =
A(y)FT

UT +B(y)FL
UT � 2

⇡B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL

UU � 2
⇡B(y)F cos 2�

UU

.

(21)

2. sinn� or cosn� Weighted Polarizations

The second method is to measure the polarizations
weighted by a sinn� or cosn� function. For example,
we can measure the following quantity for the longitudi-
nal and transverse polarizations,

hPsinn�
L/T/N i ⌘
R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?
PL/T/N (x, y, z⇤,P⇤?) sinn�

R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?

, (22)

hPcosn�
L/T/N i ⌘
R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?
PL/T/N (x, y, z⇤,P⇤?) cosn�

R
d�

d�SIDIS
UU

dxdydz⇤d2P⇤?

. (23)

It is straightforward to obtain

hPsin�
L i = 1

2

C(y)F sin�
UL

A(y)FT
UU +B(y)FL

UU

, (24)

hPsin 2�
L i = 1

2

B(y)F sin 2�
UL

A(y)FT
UU +B(y)FL

UU

, (25)

hPsin�
T i = 1

2

C(y)F sin�
UT

A(y)FT
UU +B(y)FL

UU

, (26)

hPsin 2�
T i = 1

2

B(y)F sin 2�
UT

A(y)FT
UU +B(y)FL

UU

, (27)

hPcos�
N i = 1

2

C(y)F cos�
UT

A(y)FT
UU +B(y)FL

UU

, (28)

hPcos 2�
N i = 1

2

B(y)F cos 2�
UT

A(y)FT
UU +B(y)FL

UU

. (29)

These sinn� or cosn� weighted polarizations are equiv-
alent to the polarizations in the given quadrants, except
for the di↵erence in the overall normalization. In the fol-
lowing, we will only present the results for these sinn� or
cosn� weighted polarizations. The polarizations in the
given quadrants can be obtained accordingly.

The sinn� or cosn� weighted polarizations can also
be easily measured in experiments. We recall that the
⇤ polarization can be measured from hcos ✓⇤i where ✓

⇤

is the angle between decay product p in ⇤ ! p⇡
� and

the polarization direction in the ⇤ rest frame. These
sinn� or cosn� weighted polarizations can be simply ob-
tained by measuring the corresponding hsinn� cos ✓⇤i or
hcosn� cos ✓⇤i. See appendix A for a detailed discussion.

B. Parton model results

At the LO in pQCD and at the leading twist, the
hadronic tensor is given by [40]

W
µ⌫ = 2z⇤e

2
q

Z
d
2k?d

2pT �
2(z⇤k? + pT � P⇤?)

⇥ Tr
h
2�̂q(x,k?)�

µ2⌅̂⇤
q (z⇤,pT )�

⌫
i
, (30)

where k? is the transverse momentum of the struck quark
with respect to the proton momentum, pT is the trans-
verse momentum of the produced ⇤ hyperon with respect
to the jet direction, �̂q(x,k?) and ⌅̂⇤

q (z⇤,pT ) are quark-
quark correlators which are 4 ⇥ 4 matrices. A sum over
quark and anti-quark flavor q is implicit.
For the unpolarized nucleon and polarized ⇤ hyperon,

we have

4�̂q(x,k?) = /n+f1q(x, k?) +
i[/k?, /n+]

2mp
h
?
1q(x, k?), (31)

4⌅̂⇤
q (z⇤,pT )

= /n�

h
D

⇤
1q(z⇤, pT ) +

(bej ⇥ pT ) · S⇤?
z⇤M⇤

D
?⇤
1Tq(z⇤, pT )

i

+ �5/n�

h
�⇤G

⇤
1Lq(z⇤, pT ) +

pT · S⇤?
z⇤M⇤

G
?⇤
1Tq(z⇤, pT )

i

+
i[/pT , /n�]

2M⇤
H

?⇤
1q (z⇤, pT ) +

1

2
[/S⇤?, /n�]�5H

⇤
1Tq(z⇤, pT )

+
[/pT , /n�]�5

2M⇤

h
�⇤H

?⇤
1Lq(z⇤, pT ) +

pT · S⇤?
M⇤

H
?⇤
1Tq(z⇤, pT )

i
,

(32)

where [/a, /b] ⌘ /a/b � /b/a, bej is the unit vector of the jet
direction, n+ and n� are unit vectors in the light-cone
coordinate, and �⇤ and S⇤? are longitudinal and trans-
verse polarizations of the produced ⇤ hyperon. The defi-
nition of D?⇤

1Tq(z⇤, pT ) follows the Trento convention [41].
Inserting Eqs. (31) and (32) into Eq. (30), carrying

out traces, and making Lorentz contractions with the
leptonic tensor, we obtain expressions of the structure
functions at the leading twist. They are given by

F
T
UU = I

⇥
f1D

⇤
1

⇤
, (33)

F
cos 2�
UU = I

⇥
w2h

?
1 H

?⇤
1

⇤
, (34)

F
sin 2�
UL = I

⇥
w2h

?
1 H

?⇤
1L

⇤
, (35)

F
T
UT = I

⇥
w̄1f1D

?⇤
1T

⇤
/z⇤, (36)

F
cos 2�
UT = I[w1h

?
1 H

⇤
1T ] + I[w3bh

?
1 H

?⇤
1T ], (37)

F
sin 2�
UT = �I[w1h

?
1 H

⇤
1T ] + I[w3ah

?
1 H

?⇤
1T ], (38)

F
L
UU/UT = F

cos�
UU/UT = F

sin�
UL/UT = 0, (39)

where I[wfD] ⌘
P

q e
2
qx

R
d
2pT d

2k?�
2(z⇤k? + pT �

P⇤?)wfq(x, k?)Dq(z⇤, pT ) and

w1 = � P̂⇤? · k?
mp

, (40)

[Belle], PRL122, 2019

https://doi.org/10.1103/PhysRevLett.122.042001
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Emerging Transverse Spin Polarization

Transverse Polarization of Λ
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[Belle], PRL122, 2019

γ*

q̄ q
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Transverse Polarization of Λ differentiate valance quarks from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
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In Fig. 5, we plot zΛD
⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), as

a function of zΛ for u, d, s and sea quarks, at 68% confidence.
We find that the PFF for the u quark is positive, while those
of the d and s quarks are negative. We also find a sizable
negative sea quark contribution. These signs are consistent
with the qualitative analysis in the BELLE experimental
paper [13]. In terms of the magnitude of the PFFs, we find
that the u and d quarks are comparable, while the PFF for the
s quark is smaller by almost an order of magnitude, and it
plays a more important role in the relatively large zΛ ≳ 0.4.
The PFFs for sea quarks are sizable mostly in the relatively
small zΛ ≲ 0.3 region.
One can understand these findings qualitatively. For

example, the Λþ π− processes are dominated by the
contribution of D⊥

1T;Λ=uDπ−=ū in Eq. (26). As this subset
of BELLE data has large positive Λ polarization (zΛ ≲ 0.4),
we find that the sign of the u-quark PFF is positive.
Likewise, the Λþ πþ processes are dominated by the
contribution of D⊥

1T;Λ=dDπþ=d̄. Due to the large negative

FIG. 3. The fit to the experimental data for π mesons is shown, with the gray uncertainty band displayed is generated by the replicas at
68% confidence. The left plots are for the production of Λþ π$, while the right plots are for the production of Λ̄þ π$.

FIG. 4. Same as Fig. 3 but for the production of Λþ K$ (left) and Λ̄þ K$ (right).

FIG. 5. The polarizing fragmentation functions
zΛD

⊥ð1Þ
1T;Λ=qðzΛ; QÞ, defined in Eq. (23), are plotted as functions

of zΛ for different quark flavors, at 68% confidence.
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Isospin Symmetry
u $ d

ū $ d̄
<latexit sha1_base64="PpBZjpKqWtrlTxlcixvStTTnz04=">AAACI3icbVDLSsNAFJ3UV42vqEs3g8XiqiRVUFwV3bisYB/QhDKZTNqhkwczN0oJ/Rc3/oobF0px48J/MU2z0LYHLhzOuZd773FjwRWY5rdWWlvf2Nwqb+s7u3v7B8bhUVtFiaSsRSMRya5LFBM8ZC3gIFg3lowErmAdd3Q38ztPTCoehY8wjpkTkEHIfU4JZFLfuKniBNuC+SD5YAhEyugZe9i29Sq2XSJXuLnsYb1vVMyamQMvE6sgFVSg2TemthfRJGAhUEGU6llmDE5KJHAq2ES3E8ViQkdkwHoZDUnAlJPmP07wWaZ42I9kViHgXP07kZJAqXHgZp0BgaFa9GbiKq+XgH/tpDyME2AhnS/yE4EhwrPAsMcloyDGGSFU8uxWTIdEEgpZrLMQrMWXl0m7XrMuavWHy0rjtoijjE7QKTpHFrpCDXSPmqiFKHpBb+gDfWqv2rs21b7mrSWtmDlG/6D9/AItaaK/</latexit>

Example: proton (uud) ↔ neutron (udd)

fu
proton(x) = fd

neutron(x)

fd
proton(x) = fu

neutron(x)
<latexit sha1_base64="Q6uIfBD+zSbzF1+blUeS4IIf0Uo=">AAACSXicdZBLSwMxFIUzrc/6qrp0EyyKbsqMCroRRDcuK9gqdGrNZDJtMJMMyR2xDP17bty58z+4caGIK9NpBbV6IXD47j03yQkSwQ247pNTKE5MTk3PzJbm5hcWl8rLKw2jUk1ZnSqh9GVADBNcsjpwEOwy0YzEgWAXwc3JoH9xy7ThSp5DL2GtmHQkjzglYFG7fL2Jo3bm6xgnWoGS/asUb91t48MvLFkKesDDnPt+acwR/uPIN7XLFbfq5oXHhTcSFTSqWrv86IeKpjGTQAUxpum5CbQyooFTwfolPzUsIfSGdFjTSkliZlpZnkQfb1gS4khpeyTgnH53ZCQ2phcHdjIm0DW/ewP4V6+ZQnTQyrhMUmCSDi+KUoFB4UGsOOSaURA9KwjV3L4V0y7RhIINv2RD8H5/eVw0dqrebnXnbK9ydDyKYwatoXW0hTy0j47QKaqhOqLoHj2jV/TmPDgvzrvzMRwtOCPPKvpRheInj4uwYA==</latexit>

Lambda ↔ Lambdaisospin
singlet

D?,u!⇤
1T (z, pT ) = D?,d!⇤

1T (z, pT )
<latexit sha1_base64="1LW8scRlR81TjPrsqSkmtiPB49A="></latexit>
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Emerging Transverse Spin Polarization

differentiate valance quarks 
from sea quarks

D?
1T (u) 6= D?

1T (d) 6= D?
1T (s) 6= D?

1T (sea)
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paradigm
shift

enforce isospin symmetry

Belle data does not endorse 
isospin symmetry breaking.Chen, Liang, Pan, Song, Wei, PLB816 (2021)

D?
1T (u) = D?

1T (d)

D?
1T (ū) = D?

1T (d̄)
<latexit sha1_base64="2CHPn8Ihg/x+fuN+imYcTGMpalo=">AAACVHicbZDNSsNAFIUnqdVatUZduhksQrspSRV0IxR14bJC/6CJYTKZtkMnP8xMhBL6Yj6I4M5tfQYXTtsgxvbCwOG793LuHC9mVEjT/ND0wk5xd6+0Xz44PKocGyenPRElHJMujljEBx4ShNGQdCWVjAxiTlDgMdL3pg/Lfv+VcEGjsCNnMXECNA7piGIkFXKNzqObWp35ix0THsNaUod3MI/8OrTtcp7ZHuJwy+yK+3XXqJoNc1VwU1iZqIKs2q6xsP0IJwEJJWZIiKFlxtJJEZcUMzIv24kgMcJTNCZDJUMUEOGkq9/P4aUiPhxFXL1QwhX9u5GiQIhZ4KnJAMmJ+N9bwm29YSJHt05KwziRJMRro1HCoIzgMkroU06wZDMlEOZU3QrxBHGEpQo85+IFvwYqG+t/Epui12xYV43m83W1dZ+lVALn4ALUgAVuQAs8gTboAgzewCdYgC/tXfvWC3pxPapr2c4ZyJVe+QE2fLEk</latexit>

https://doi.org/10.1016/j.physletb.2021.136217
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Testing Isospin Symmetry at EIC

Chen, Liang, Song, Wei, 2021
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Hadron in Jet measure the polarization of  along Λ eT = ejet × ehadron

ehadron

ejet

p + p → jet + X

p + p̄ → jet + X

p + A → jet + X

p + p → jet + γ + X

p + p → jet + Z0 + X

p + p → jet + W± + X

gluon
 quarku

g
u /d

u

arXiv:2403.06133
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Emerging Transverse Spin Polarization

Hadron in Jet
: the relative transverse momentum of  momentum

     w.r.t. the jet momentum  
: the transverse polarization

p⊥ Λ
≪ Ehadron ∼ Ejet

𝒫T

2

due to interactions with the QGP medium [116, 126, 127]. The bottom line is that the medium-induced transverse-
momentum-broadening e↵ect introduces additional contribution to the QCD evolution, and therefore modifies the
emerging transverse polarization of ⇤ hyperons.

The QGP is a highly complex system, and numerous theoretical models have been developed to describe both energy
loss and transverse momentum broadening e↵ects experienced by energetic partons. A wide range of observables have
been proposed and measured in order to build a comprehensive understanding of jet–medium interactions, particular
in the context of a realistic QGP medium. The emerging transverse polarization serves as a novel one o↵ering
information from the spin degree-of-freedom.

In this paper, we split the QCD evolution of D?
1T in relativistic heavy-ion collisions into two parts: the in-medium

jet evolution encoding energy loss and transverse momentum broadening e↵ects, and the TMD hadronization in the
vacuum governed by the Collins-Soper equation. We explore the nuclear modification on transverse polarization and
demonstrate that it serves as a sensitive probe to the jet-medium interaction. The rest of the paper is organized
as follows. In Sec. II, we provide a review of the QCD evolution of D?

1T fragmentation function in the vacuum,
and present our prescription for incorporating the medium-induced transverse-momentum-broadening e↵ect. In Sec.
III, we present our numerical results for the transverse polarization of ⇤ hyperons in the vacuum environment and
estimate the nuclear modification e↵ect. A summary is given in Sec. IV.

II. FORMALISM

The transverse polarization of ⇤ hyperons within unpolarized jets arises from the TMD fragmentation function
D?

1T (z,p?) first proposed in [128]. While di↵erent notations of D?
1T exist in the literature, they all refer to the same

transverse polarization–dependent fragmentation function, up to possible sign conventions or normalizations. In this
work, we follow the Trento convention [129]. To be specific, the number density of producing polarized ⇤ hyperons
along the ST -direction from the unpolarized quark q reads

D⇤/q(z,p?,ST ) =
1

2

"
D1,⇤/q(z,p?) +D?

1T,⇤/q(z,p?)
(k̂ ⇥ p?) · ST

zM⇤

#
, (1)

with M⇤ the mass of ⇤, z the longitudinal momentum fraction of the fragmenting quark carried by ⇤, and p? the
transverse momentum of the ⇤ hyperon with respect to the jet axis denoted by k̂.

We usually investigated the polarization of ⇤ hyperons along the transverse direction defined by nT ⌘ (k̂⇥p?)/|p?|.
Therefore, the number densities for spin up and down (i.e., ST is parallel and antiparallel to nT ) are given by

Dq!⇤"(z,p?) =
1

2


D1,⇤/q(z,p?) +

|p?|

zM⇤
D?

1T,⇤/q(z,p?)

�
, (2)

Dq!⇤#(z,p?) =
1

2


D1,⇤/q(z,p?)�

|p?|

zM⇤
D?

1T,⇤/q(z,p?)

�
. (3)

From the above definition, it is straightforward to obtain the transverse polarization of ⇤ hyperons which reads

PT,⇤(z,p?) =
Dq!⇤"(z,p?)�Dq!⇤#(z,p?)

Dq!⇤"(z,p?) +Dq!⇤#(z,p?)
=

|p?|
zM⇤

D?
1T,⇤/q(z,p?)

D1,⇤/q(z,p?)
. (4)

Eq. (4) is fully di↵erential. If we want to study the transverse polarization of ⇤ in a specific phase space, we need
to integrate over the phase space separately in the numerator and denominator. For instance, the p?-integrated
transverse polarization of ⇤ hyperons produced from unpolarized jets with a specific quark flavor is given by

PT,⇤(z) =

R
d2p?

|p?|
zM⇤

D?
1T,⇤/q(z,p?)R

d2p?D1,⇤/q(z,p?)
. (5)

The factorization scale µ in TMD fragmentation functions is usually chosen as the energy/transverse momentum of
the fragmenting parton Q to minimize higher-order corrections. Their QCD evolution is governed by the Collins-Soper
equation [130], which changes in the presence of a QGP medium due to the jet-medium interaction. Since there is
an additional power of |p?| in the numerator, the nuclear modification factor in the numerator does not cancel with
that in the denominator.

The aim of this paper is to demonstrate that the nuclear modification to the transverse polarization is a sensitive
probe to the medium-induced transverse-momentum-broadening e↵ect. Therefore, we adopt a naive model, assuming

pp: 
CSS evolution

3

we have generated a u quark jet with energy Q in pp and AA collisions, and focus on the modification to the QCD
evolution due to the medium-induced transverse momentum broadening e↵ect. The Sudakov logarithms and medium-
induced transverse momentum broadening e↵ect are quark-flavor independent. Both become larger for the gluon case.
Nonetheless, our qualitative conclusion remains the same when summing over all parton flavors.

A. QCD evolution in the vacuum environment

The QCD evolution of TMD fragmentation functions and parton distribution functions is commonly performed
in the impact parameter space by solving the Collins-Soper equation [130–132]. The QCD evolution for the Sivers
function f?

1T , which is the partner of D?
1T in parton distribution, has been established in [75]. Recent papers have also

considered the QCD evolution e↵ect in the D?
1T fragmentation function [58, 68]. In principle, the QCD evolution of

the TMD jet fragmentation function di↵ers with that of the TMD parton fragmentation function, since the logarithms
in terms of ln 1/R2 may also need to be resummed at small-R where R is the jet cone-size. The roadmap for this
resummation has been presented in [54]. In this work, we adopt the wide jet approximation, which assumes that the jet
cone-size is O(1). Therefore, logarithms such as ln 1/R2 becomes very small so that no resummation is required. For
completeness, we lay out the essential ingredients of the QCD evolution in the vacuum environment in this subsection.

Since the TMD evolution is usually performed in the impact parameter space, the TMD fragmentation functions
at factorization scale Q are given by Fourier transforms of their impact parameter space counterpart. We obtain

D1,⇤/q(z,p?, Q) =

Z
bT dbT
2⇡

J0(|p?|bT /z) eD1,⇤/q(z, bT , Q), (6)

D?
1T,⇤/q(z,p?, Q) =

M2
⇤

z|p?|

Z
b2T dbT
2⇡

J1(|p?|bT /z) eD?
1T,⇤/q(z, bT , Q), (7)

with J0,1 the Bessel functions. eD1 and eD?
1T are fragmentation functions in the impact parameter space. The QCD

evolution of TMD fragmentation functions in the impact parameter space are governed by the Collins-Soper equation.
Utilizing the b⇤ prescription to separate perturbative and nonperturbative contributions, we arrive at

eDvac
1,⇤/q(z, bT , Q) =

1

z2
d1,⇤/q(z, µb) exp [�Sp � Snp] , (8)

eD?(1),vac
1T,⇤/q (z, bT , Q) =

1

z2
hM2

Di

2M2
⇤

d?1T,⇤/q(z, µb) exp
⇥
�Sp � S?

np

⇤
, (9)

Here µb = 2e��E/b⇤ and b⇤ = bT /
p

1 + b2T /b
2
max with �E the Euler constant and bmax ⇡ 1 GeV�1 the infrared cuto↵

removing nonperturbative contribution denoted by Snp from the Sudakov logarithms denoted by Sp. d1,⇤/q(z, µb) is
the collinear unpolarized fragmentation function with factorization scale being set as µb. In the numerical evaluation,
we adopt the de Florian-Stratmann-Vogelsang (DSV) parameterization [133]. d?1T,⇤/q(z, µb) is obtained by fitting the

Belle data [46] which is related to the unpolarized fragmentation function d1 by

d?1T,⇤/q(z, µb) = Nq(z)d1,⇤/q(z, µb), (10)

with Nq(z) being parameterized as

Nq(z) = Nqz
↵q (1� z)�q

(↵q + �q � 1)↵q+�q�1

(↵q � 1)↵q�1�
�q
q

. (11)

Nq, ↵q and �q are free parameters taken from the Chen-Liang-Pan-Song-Wei (CLPSW) parametrization [57]. The
fitting procedure has been laid out in Refs. [52, 53, 57]. Preliminary results from STAR collaboration [47] become also
available last year. A comprehensive flavor-separated extraction is not yet feasible due to the lack of su�cient data
across di↵erent processes. To enable a reliable global analysis, more experimental input from pp and ep collisions will
be crucial in the future.

At the next-to-leading logarithmic accuracy, the perturbative Sudakov factor is identical in the evolutions of eD1

and eD?
1T , which reads

Sp =

Z Q2

µ2
b

dµ2

µ2


CF

↵s(µ2)

2⇡
ln

Q2

µ2
�

3

4
CF

↵s(µ2)

⇡

�
, (12)

AA:
energy loss;
-broadeningpT

5

with ⇤ = 0.2 GeV.
By incorporating Eqs. (15-16) into those Fourier transforms in Eqs. (6-7), we obtain the medium-modified TMD

fragmentation functions.
In the toy model, we only focus on the medium-induced transverse-momentum-broadening e↵ect and neglect the

energy loss e↵ect which is another face of jet quenching. As shown in the next section, incorporating the energy loss
e↵ect slightly modifies the overall normalization and has little impact on the transverse momentum distribution.

2. Incorporating the energy loss e↵ect

In this section, we present the formula incorporating the energy loss e↵ect. The whole process is factorized into
two stages: (1) The high energy parton undergoes multiple scatterings and parton branchings while traversing the
QGP. The emitted partons carry a small fraction of its total energy and induce the transverse momentum broadening
e↵ect. (2) The energetic parton hadronizes outside the medium. This process is described by the vacuum transverse
momentum dependent fragmentation functions, governed by the standard Collins-Soper equation. We thus obtain

eDmed
1,i (z, bT , Q, ⌧max) =
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Z 1
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d⇠
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Cji(⇠, ⌧max) eBj(bT )D
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⇠
, bT , ⇠Q), (19)

eD?(1),med
1T,i (z, bT , Q, ⌧max) =
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Z 1
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Cji(⇠, ⌧max) eBj(bT )D
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1T,j (

z

⇠
, bT , ⇠Q), (20)

with ⌧max being a dimensionless variable quantifying the per unit “time” [137] of parton-medium interaction. It is also
related to the jet quenching parameter q̂, jet path L and jet energy Q [137]. Here, we have assumed the factorization
between the energy loss e↵ect and the transverse momentum broadening e↵ect. While the transverse momentum
broadening e↵ect is still embedded in the broadening function eB, the energy loss e↵ect is accounted for through the
cascade spectrum function Cji, which denotes the number density of finding parton j carrying the momentum fraction
⇠ inside the cascade initialized by parton i. Notice that hq̂Li for gluon is about 9/4 times of that for quark.

Replacing Cji(⇠, ⌧max) with �ji�(1� ⇠), we recover the expression in the toy model, where the energy loss e↵ect is
neglected. The parton spectrum Cji(⇠, ⌧max) can be obtained by solving the evolution equation developed in [137–139]
established on the Baier-Dokshitzer-Mueller-Peigne-Schi↵ [96, 97] and Zakharov [98] mechanism. For completeness,
we rewrite it in the following compact way

@Cji(⇠, ⌧)

@⌧
=

X

k=g,q,q̄

Z 1

⇠
dzKjk(z)

r
z

⇠
Cki

✓
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z
, ⌧

◆
�

Z 1

0
dz

n
Kqq(z)�qj + z[Kgg(z) + 2nfKqg(z)]�gj

o 1
p
⇠
Cji(⇠, ⌧). (21)

The sum over k runs through all active parton flavors, i.e., k = g, u, ū, d, d̄, s, s̄, c, c̄ and nf = 4 being the active quark
flavor. In the case that the cascade is initialized by parton i, the initial condition for the evolution equation reads

Cji(⇠, ⌧ = 0) = �ji�(1� ⇠). (22)

Notice that there is a pole at z = 1 in the diagonal kernel functions Kgg and Kqq, which has to be cancelled between
the first and the second terms. In the numerical evaluation, we have to combine these two integrands to obtain stable
results. The kernel functions [139] are given by

Kgg(z) =
2Nc

2

(1� z + z2)2

z(1� z)

s
Nc(1� z + z2)

z(1� z)
, (23)

Kqq(z) =
CF

2

1 + z2

1� z

s
Ncz + CF (1� z)2

z(1� z)
, (24)

Kqg(z) =
TF

2

⇥
z2 + (1� z)2

⇤
s

CF �Ncz(1� z)

z(1� z)
, (25)

Kgq(z) =
CF

2

1 + (1� z)2

z

s
Nc(1� z) + CF z2

z(1� z)
, (26)

with Nc = 3, CF = 4/3 and TF = 1/2. Our Kqg function di↵ers with that in Ref. [139] by a factor of 2nf . This is
because we do not regroup those quark/antiquark spectra into singlet and non-singlets and 2nf explicitly appears in
Eq. (21).

energy loss -broadeningpT
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Emerging Transverse Spin Polarization

Hadron in Jet
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FIG. 5. Nuclear modification to the transverse polarization PT,⇤/u(z,p?) of ⇤ hyperons within unpolarized u quark jets as
a function of p?. The upper panel is for the toy model calculation and the lower panel is for that incorporating energy loss
e↵ect. The left is for the Gaussian broadening e↵ect and the right is for the non-Gaussian broadening e↵ect with a power-law
tail at high-p?.
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FIG. 6. Numerical prediction for the nuclear modification to the p? integrated transverse polarization PT,⇤/u(z) of ⇤ hyperons
within unpolarized u as a function of the longitudinal momentum fraction z. The upper panel is for the toy model calculation
and the lower panel is for that incorporating energy loss e↵ect. The left is for the Gaussian broadening e↵ect and the right is
for the non-Gaussian broadening e↵ect with a power-law tail at high-p?.

The peak position
is altered due to 

 broadening p⊥
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Z/W-associated Jet Production
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Parity is violated in weak interaction

Polarized!Polarized!

See Wen-Hao Yao’s poster (A1)
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Z/W-associated Jet Production

Different Energy Loss Mechanisms

Single Hard Branching:

5

unpolarized fragmentation function in pp collisions by

Dmed
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kT + �ET

◆
Dvac

1,d

✓
zd
⇠

◆
, (14)

with kT = pT,h/zd the final transverse momentum of the gluon and �ET the average transverse energy loss. The
normalization is determined according to the momentum conservation, which reads

X

h

Z
dzdzdD

med

1,d (zd) ⇡ kT
kT + �ET

X

h

Z
dzdzdD

vac

1,d (zd). (15)

For quarks, helicity conservation ensures that they do not experience spin quenching while radiating gluons. For
gluons, however, helicity is quenched. The suppression factor is given by the ratio of polarized to unpolarized splitting
functions, �LPgg(⇠)/Pgg(⇠). At the leading order accuracy, we obtain

Gmed
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2. Scheme 2: Energy loss due to multiple soft branchings

In this scenario, the energy loss is computed with in the cascade picture [...]. In this model, the in-medium parton
undergoes multiple soft branchings (referred to as MSB in equations and figures) to loss a proportion of its energy.
Akin to the first scenario, it is su�cient to replace the fragmentation functions with the nuclear modified one given
by

Dmed
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MSB

=
X

k

Z
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Ckd(⇠, ⌧max)D

vac

1,k (
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), (18)

where Ckd is the momentum fraction density of parton d carrying the momentum fraction ⇠ inside the cascade
initialized by parton d and ⌧max is a dimensionless time quantifying the magnitude of jet quenching. It can be
obtained by solving the in-medium parton evolution equation derived in Refs. .....

Soft gluon emission does not modify the helicity of the hard gluon. Therefore, for the spin dependent fragmentation
function, we take the following approximation

Gmed
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Here we only keep the diagnol terms to be consistent with our approximation.

III. NUMERICAL RESULTS

In this section, we present several numerical results for the ⇤ polarizations in pp and PbPb collisions, where the
proton parton distribution function is provided by the CTEQ group [143, 144], nuclear modified parton distribution
function is provided by the EPPS parameterization [145, 146], and the fragmentation functions are provided by the
DSV parameterizations [47].

A. ⇤ polarization in pp and pp̄ collisions

spin loss of the circularly polarized gluon
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unpolarized fragmentation function in pp collisions by
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with kT = pT,h/zd the final transverse momentum of the gluon and �ET the average transverse energy loss. The
normalization is determined according to the momentum conservation, which reads
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For quarks, helicity conservation ensures that they do not experience spin quenching while radiating gluons. For
gluons, however, helicity is quenched. The suppression factor is given by the ratio of polarized to unpolarized splitting
functions, �LPgg(⇠)/Pgg(⇠). At the leading order accuracy, we obtain
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2. Scheme 2: Energy loss due to multiple soft branchings

In this scenario, the energy loss is computed with in the cascade picture [...]. In this model, the in-medium parton
undergoes multiple soft branchings (referred to as MSB in equations and figures) to loss a proportion of its energy.
Akin to the first scenario, it is su�cient to replace the fragmentation functions with the nuclear modified one given
by
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where Ckd is the momentum fraction density of parton d carrying the momentum fraction ⇠ inside the cascade
initialized by parton d and ⌧max is a dimensionless time quantifying the magnitude of jet quenching. It can be
obtained by solving the in-medium parton evolution equation derived in Refs. .....

Soft gluon emission does not modify the helicity of the hard gluon. Therefore, for the spin dependent fragmentation
function, we take the following approximation
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Here we only keep the diagnol terms to be consistent with our approximation.

III. NUMERICAL RESULTS

In this section, we present several numerical results for the ⇤ polarizations in pp and PbPb collisions, where the
proton parton distribution function is provided by the CTEQ group [143, 144], nuclear modified parton distribution
function is provided by the EPPS parameterization [145, 146], and the fragmentation functions are provided by the
DSV parameterizations [47].

A. ⇤ polarization in pp and pp̄ collisions
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Z/W-associated Jet Production

Numerical Results

Preliminary
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Summary

Thank
s for

 you
r at

tenti
on!

Spin polarization can be studied in unpolarized collisions

It is a novel probe of jet quenching.



The End


