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QCD Factorization
• Cross Section = Short Distance (p-QCD calculable) ⊗ Long Distance (non-perturbative)

𝜎̂𝑝𝑝→ℎ𝑋 = PDF ⊗ PDF ⊗ 𝜎̂ ⊗ FF

• Non-perturbative inputs: Parton Distribution Functions and Fragmentation Functions.

Leading Twist Collinear Fragmentation Functions

Quarks
Hadronization−−−−−−−→ Hadrons

𝐷ℎ
𝑞 (𝑧) = 𝐷ℎ

1 (𝑧) + 𝜆𝑞𝜆ℎ𝐺ℎ
1𝐿(𝑧) + 𝑆𝑇 𝑞 ⋅ 𝑆𝑇 ℎ𝐻1𝑇 (𝑧)

Longitudinal Spin Transfer 𝐺1𝐿
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Introduction

DSV ParameterizationWe have numerically tested that above prescription can describe the LEP data as shown in

Fig. 6.
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Figure 6: Numerical results based on the DSV parameterization compared with the LEP data.

We have modified the first paragraph below Fig. 3 in our manuscript to clarify this. The

revised version now reads

“We employ the DSV parameterization [deFlorian:1997zj] to provide the unpolarized and

polarized fragmentation function. For the unpolarized one, the DSV parameterization only

provides the sum of u → Λ and ū → Λ fragmentation functions. To separate these two con-

tributions, we have to employ a phenomenological prescription, e.g., Refs. [DAlesio:2020wjq,

Callos:2020qtu, Chen:2021hdn]. The prescription is laid out as follows

Du→Λ
1 (z) =

1 + z

2
D
u/ū→Λ
1 (z), (15)

Dū→Λ
1 (z) =

1− z
2

D
u/ū→Λ
1 (z). (16)

For the polarized fragmentation function, Ref. [deFlorian:1997zj] does provide the separation

of u and ū. Besides, it also provides three scenarios. The first scenario establishes on the naive

quark model and therefore assumes that only s quark contributes to the Λ polarization at the

initial scale. The second scenario on the other hand assumes that polarized fragmentation

function of u/d is negative. The third scenario is an “extreme” one assuming that u, d and

s contribute equally. Notice that all three scenarios have assumed the isospin symmetry in

the parametrization of G1L. The isospin symmetry of Lambda fragmentation functions has

been discussed in details in Ref. [Chen:2021hdn] and Ref. [Chen:2021zrr] also demonstrated

that EIC experiment has a great potential in testing this symmetry. Their conclusion was

confirmed by Ref. [DAlesio:2022brl, DAlesio:2023ozw]. In this work, we skip the discussion

of isospin symmetry and make predictions with all three isospin symmetric scenarios and

show the potential of dihadron helicity correlation in distinguishing which scenario describes

hadronization process the best.”

8

D. de Florian, M. Stratmann, W. Vogelsang,
Phys. Rev. D 57, (1998)5811–5824
K. B. Chen, W. H. Yang, Y. J. Zhou and Z. T. Liang,
Phys. Rev. D 95 (2017)3, 034009

DSV Scenarios - flavor dependence?
Sce. I: only s quark contributes to Λ polarization.
Sce. II: s quark contributes positively, while u and d
quarks contribute slightly negatively.
Sce. III: u, d, and s quarks contribute equally.

Keywords of Jet Quenching
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Λ polarization in 𝑝 + 𝑝 → 𝑍0/𝑊 ±+ jet (→ Λ) process

Polarized Jets
Unpolarized
collisions

+
Weak interaction

⇓
Polarized jets

⇓
Λ Hyperons

Jet Associated with a Vector Boson Production

𝑝 + 𝑝 → 𝑍0/𝑊 ± + jet(→ Λ) + 𝑋

Partonic Cross Section with
Helicity-amplitude Method

d𝜎̂𝑎𝑏→𝑉 𝑑
+
d ̂𝑡 ∶ probability for |𝑑, ↑⟩

d𝜎̂𝑎𝑏→𝑉 𝑑
−
d ̂𝑡 ∶ probability for |𝑑, ↓⟩

𝑍𝑍0/𝑊𝑊±

𝑝𝑝1 𝑝𝑝2

⋀𝑗𝑗𝑗𝑗𝑗𝑗
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Helicity-dependent Partonic Cross Sections for Quark Jet

𝑞 + 𝑔 → 𝑉 + 𝑞
q(pa)

g(pb)

V (pc)

q(pd)

q(pa)

g(pb) q(pd)

V (pc)

q(pa)

g(pb)

V (pc)

q(pd)

q(pa)

g(pb) q(pd)

V (pc)

𝑞( ̄𝑞) + 𝑔 → 𝑍0 + 𝑞( ̄𝑞)

d𝜎̂𝑞𝑔→𝑍0𝑞
+
d ̂𝑡 = d𝜎̂ ̄𝑞𝑔→𝑍0 ̄𝑞

−
d ̂𝑡 = − 𝜋𝛼𝑠𝛼em

6 ̂𝑠2 sin2 2𝜃𝑊
(𝑐𝑞

1 − 𝑐𝑞
3) [2𝑀2

𝑍𝑢̂
̂𝑡 ̂𝑠 + ̂𝑠

̂𝑡 +
̂𝑡
̂𝑠]

d𝜎̂𝑞𝑔→𝑍0𝑞
−
d ̂𝑡 = d𝜎̂ ̄𝑞𝑔→𝑍0 ̄𝑞

+
d ̂𝑡 = − 𝜋𝛼𝑠𝛼em

6 ̂𝑠2 sin2 2𝜃𝑊
(𝑐𝑞

1 + 𝑐𝑞
3) [2𝑀2

𝑍𝑢̂
̂𝑡 ̂𝑠 + ̂𝑠

̂𝑡 +
̂𝑡
̂𝑠]

where 𝑐𝑞
1 = (𝑐𝑞

𝑉 )2 + (𝑐𝑞
𝐴)2 𝑐𝑞

3 = 2𝑐𝑞
𝑉 𝑐𝑞

𝐴 𝜆𝑞/ ̄𝑞 = ∓𝑐𝑞
3/𝑐𝑞

1

𝑞( ̄𝑞) + 𝑔 → 𝑊 ± + 𝑞( ̄𝑞)
d𝜎̂𝑞𝑖𝑔→𝑊±𝑞𝑗−

d ̂𝑡 = d𝜎̂ ̄𝑞𝑖𝑔→𝑊± ̄𝑞𝑗
+

d ̂𝑡 = − V2
𝑖𝑗

𝜋𝛼𝑠𝛼em

12 ̂𝑠2 sin2 𝜃𝑊
[2𝑀2

𝑊 𝑢̂ + ̂𝑠2 + ̂𝑡2

̂𝑡 ̂𝑠 ]

𝜆𝑞/ ̄𝑞 = ∓1
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Helicity-dependent Partonic Cross Sections for Gluon Jet

𝑞 + ̄𝑞 → 𝑉 + 𝑔

q(pa)

q̄(pb)

V (pc)

g(pd)

q(pa)
V (pc)

q̄(pb) g(pd)

𝑞 + ̄𝑞 → 𝑊 ± + 𝑔
d𝜎̂𝑞𝑖 ̄𝑞𝑗→𝑊±𝑔

+
d ̂𝑡 = V2

𝑖𝑗
2𝜋𝛼𝑠𝛼em

9 ̂𝑠2 sin2 𝜃𝑊

(𝑀2
𝑊 − 𝑢̂)2

̂𝑡𝑢̂
d𝜎̂𝑞𝑖 ̄𝑞𝑗→𝑊±𝑔

−
d ̂𝑡 = V2

𝑖𝑗
2𝜋𝛼𝑠𝛼em

9 ̂𝑠2 sin2 𝜃𝑊

(𝑀2
𝑊 − ̂𝑡)2

̂𝑡𝑢̂

𝑞 + ̄𝑞 → 𝑍0 + 𝑔

d𝜎̂𝑞 ̄𝑞→𝑍0𝑔
+
d ̂𝑡 = 4𝜋𝛼𝑠𝛼em

9 ̂𝑠2 sin2 2𝜃𝑊
{𝑐𝑞

1 [2𝑀2
𝑍 ̂𝑠
̂𝑡𝑢̂ +

̂𝑡
𝑢̂ + 𝑢̂

̂𝑡 ] + 𝑐𝑞
3 [2𝑀2

𝑍( ̂𝑡 − 𝑢̂)
̂𝑡𝑢̂ −

̂𝑡
𝑢̂ + 𝑢̂

̂𝑡 ]}

d𝜎̂𝑞 ̄𝑞→𝑍0𝑔
−
d ̂𝑡 = 4𝜋𝛼𝑠𝛼em

9 ̂𝑠2 sin2 2𝜃𝑊
{𝑐𝑞

1 [2𝑀2
𝑍 ̂𝑠
̂𝑡𝑢̂ +

̂𝑡
𝑢̂ + 𝑢̂

̂𝑡 ] − 𝑐𝑞
3 [2𝑀2

𝑍( ̂𝑡 − 𝑢̂)
̂𝑡𝑢̂ −

̂𝑡
𝑢̂ + 𝑢̂

̂𝑡 ]}
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Partonic Helicity of Gluon

The Gluon Helicity

u + ū→ Z0 + g d + d̄→ Z0 + g qi + q̄j →W± + g

−0.9 −0.7 −0.5 −0.3 −0.1
−1

−0.5

0

0.5

1

t̂/(ŝ−M2
Z)

λ
g

√
ŝ = 150 GeV

√
ŝ = 200 GeV

√
ŝ = 500 GeV

−0.9 −0.7 −0.5 −0.3 −0.1
t̂/(ŝ−M2

Z)

√
ŝ = 150 GeV

√
ŝ = 200 GeV

√
ŝ = 500 GeV

−0.9 −0.7 −0.5 −0.3 −0.1
t̂/(ŝ−M2

W )

√
ŝ = 150 GeV

√
ŝ = 200 GeV

√
ŝ = 500 GeV

At high energy limit and ̂𝑡 ∼ 0 or 𝑢̂ ∼ 0 ∶ 𝜆𝑔,𝑍0 = ± 2𝑐𝑞
𝑉 𝑐𝑞

𝐴
(𝑐𝑞

𝑉 )2 + (𝑐𝑞
𝐴)2 and 𝜆𝑔,𝑊 ± = ±1.

At the symmetric point, 𝑢̂ = ̂𝑡 = −( ̂𝑠 − 𝑀2
𝑍/𝑊 )/2, the gluon polarization vanishes.
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Numerical Results

Polarization of Lambda Hyperons

PR
EL

IM
IN

ARY

−4 −2 0 2
−0.6

−0.4

−0.2

0

0.2

0.4

p+ p → Z0 + jet(→ Λ) + X

√
s = 5.02 TeV yV = 0

p⃗T,V > 30 GeV

p⃗T,h > 10 GeV

yh

P
Λ

Sce.1

Sce.2

Sce.3

−2 0 2 4

p+ p → W± + jet(→ Λ) + X

√
s = 5.02 TeV yV = 0

p⃗T,V > 30 GeV

p⃗T,h > 10 GeV

yh

Sce.1

Sce.2

Sce.3

We have numerically tested that above prescription can describe the LEP data as shown in

Fig. 6.
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Figure 6: Numerical results based on the DSV parameterization compared with the LEP data.

We have modified the first paragraph below Fig. 3 in our manuscript to clarify this. The

revised version now reads

“We employ the DSV parameterization [deFlorian:1997zj] to provide the unpolarized and

polarized fragmentation function. For the unpolarized one, the DSV parameterization only

provides the sum of u → Λ and ū → Λ fragmentation functions. To separate these two con-

tributions, we have to employ a phenomenological prescription, e.g., Refs. [DAlesio:2020wjq,

Callos:2020qtu, Chen:2021hdn]. The prescription is laid out as follows

Du→Λ
1 (z) =

1 + z

2
D
u/ū→Λ
1 (z), (15)

Dū→Λ
1 (z) =

1− z
2

D
u/ū→Λ
1 (z). (16)

For the polarized fragmentation function, Ref. [deFlorian:1997zj] does provide the separation

of u and ū. Besides, it also provides three scenarios. The first scenario establishes on the naive

quark model and therefore assumes that only s quark contributes to the Λ polarization at the

initial scale. The second scenario on the other hand assumes that polarized fragmentation

function of u/d is negative. The third scenario is an “extreme” one assuming that u, d and

s contribute equally. Notice that all three scenarios have assumed the isospin symmetry in

the parametrization of G1L. The isospin symmetry of Lambda fragmentation functions has

been discussed in details in Ref. [Chen:2021hdn] and Ref. [Chen:2021zrr] also demonstrated

that EIC experiment has a great potential in testing this symmetry. Their conclusion was

confirmed by Ref. [DAlesio:2022brl, DAlesio:2023ozw]. In this work, we skip the discussion

of isospin symmetry and make predictions with all three isospin symmetric scenarios and

show the potential of dihadron helicity correlation in distinguishing which scenario describes

hadronization process the best.”

8

LEP data and DSV global fit results

• Λ polarization is highly sensitive to the flavor dependence of the polarized fragmentation function.
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Λ polarization in A + A → 𝑍0/𝑊 ± + jet(→ Λ) process

Spin Quenching
• Quark jet ⟶ helicity is conserved in gluon radiation ⟶ no spin quenching
• Gluon jet ⟶ spin quenching

kT

kT

∆E

∆E

kT

kT

∆E

∆E

• A single splitting for gluon:

Δ𝑃𝑔𝑔(𝜉)
𝑃𝑔𝑔(𝜉) = 𝜉[1 − 𝜉(1 − 𝜉) + (1 − 𝜉)2]

[1 − 𝜉(1 − 𝜉)]2

Δ𝐸 ∶ total energy loss
𝜉: final gluon carried momentum fraction
Δ𝑃𝑔𝑔(𝜉): polarized gluon splitting functions
𝑃𝑔𝑔(𝜉): unpolarized gluon splitting functions
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Λ polarization in A + A → 𝑍0/𝑊 ± + jet(→ Λ) process

Spin Quenching

• Gluon jet ⟶ spin quenching

• After n successive splittings:

kT

kT

∆E

∆E

𝜆𝑎𝑓𝑡𝑒𝑟
𝑔

𝜆𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑔
= (Δ𝐿𝑃𝑔𝑔(𝜉)

𝑃𝑔𝑔(𝜉) )
𝑛

• The larger the Δ𝐸 , the stronger the quenching.
• The overall polarization loss is small and approaches
zero under multiple splittings.

1 2 3 4
0.9

0.92

0.94

0.96

0.98

1

number of parton branchings

su
rv
iv
in
g
gl
u
on

p
ol
ar
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n

∆E = 0.3E

∆E = 0.4E

∆E = 0.5E
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Energy Loss: Single Hard Branching and Multiple Soft Branching

Medium-induced Modification of Fragmentation Functions (Single Hard Branching)

𝐺med
1𝐿,𝑞(𝑧𝑑) = ∫ d𝜉

𝜉2 𝜉𝛿(𝜉 − 𝑘𝑇
𝑘𝑇 + Δ𝐸𝑇

)𝐺1𝐿,𝑞( 𝑧𝑑
𝜉 )

𝐺med
1𝐿,𝑔(𝑧𝑑) = ∫ d𝜉

𝜉2 𝜉𝛿(𝜉 − 𝑘𝑇
𝑘𝑇 + Δ𝐸𝑇

) 𝜉[1−𝜉(1−𝜉)+(1−𝜉)2 ]
[1−𝜉(1−𝜉)]2 𝐺1𝐿,𝑔( 𝑧𝑑

𝜉 )

The average transverse energy loss Δ𝐸𝑇 is calculated by the Linear Boltzmann Transport (LBT) model.
S. Cao, T. Luo, G. Y. Qin, X. N. Wang, Phys. Rev. C, 94, 014909 (2016)
X. Y. Wu, L. G. Pang, G. Y. Qin, and X. N. Wang, Phys. Rev. C 98, 024913 (2018)

Medium-induced Modification of Fragmentation Functions (Multiple Soft Branching)

𝐺med
1𝐿 (𝑧𝑑) = ∫ d𝜉

𝜉2 𝐶𝑑𝑑(𝜉, 𝜏max)𝐺1𝐿( 𝑧𝑑
𝜉 )

𝐶𝑗𝑖(𝜉, 𝜏) is the momentum fraction density of parton 𝑖 carrying the momentum fraction 𝜉 inside the
cascade initialized by parton 𝑗, and 𝜏 is a dimensionless time quantifying the magnitude of jet quenching.

Y. Mehtar-Tani and S. Schlichting, JHEP 09 (2018) 144
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Numerical Results

Polarization of Lambda Hyperons
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yh

pp
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• Clear enhancement in AA collisions.
⇒ A sensitive probe to the interaction between polarized-jet and QGP.
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Summary

• Jets produced with a vector boson in hadronic collisions are polarized
due to the weak interaction, making this process ideal for extracting
information about the longitudinal spin transfer 𝐺1𝐿, and for studying
the quenching effects of polarized jets.

• Λ polarization is sensitive to the flavor dependence of polarized FFs.
• Λ polarization is strongly enhanced in relativistic heavy-ion
collisions due to jet-quenching energy loss.

THANKS!
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Extra Details Spin quenching

Gluon Splitting Functions

𝑃𝑔𝑔(𝜉) = 2𝑁𝑐 (1 − 𝜉
𝜉 + 𝜉(1 − 𝜉) + 𝜉

(1 − 𝜉)+
) + 11𝑁𝑐 − 2𝑛𝑓

6 𝛿(1 − 𝜉),

Δ𝐿𝑃𝑔𝑔(𝜉) = 𝑁𝑐 (1 + 𝜉4 − (1 − 𝜉)3

𝜉 + 1 + 𝜉4

(1 − 𝜉)+
) + 11𝑁𝑐 − 2𝑛𝑓

6 𝛿(1 − 𝜉).

The ratio Δ𝐿𝑃𝑔𝑔(𝜉)/𝑃𝑔𝑔(𝜉) characterizes the survival probability of the gluon’s
polarization after one splitting that losses energy fraction 1 − 𝜉.
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Extra Details on Evolution Equations

Medium-induced Parton Evolution Equation

𝜕𝐶𝑗𝑖(𝜉, 𝜏)
𝜕𝜏 = ∑

𝑘=𝑔,𝑞, ̄𝑞
∫

1

𝜉
𝑑𝑧𝐾𝑗𝑘(𝑧)√𝑧

𝜉 𝐶𝑘𝑖 (𝜉
𝑧 , 𝜏)

− ∫
1

0
𝑑𝑧{𝐾𝑞𝑞(𝑧)𝛿𝑞𝑗 + 𝑧[𝐾𝑔𝑔(𝑧) + 2𝑛𝑓𝐾𝑞𝑔(𝑧)]𝛿𝑔𝑗}

1√𝜉 𝐶𝑗𝑖(𝜉, 𝜏)

𝜏max = ̄𝛼√ ̂𝑞𝐿2

𝑄 ̄𝛼 = 0.2 𝐿 = 4 fm
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Extra Details on Evolution Equations

Kernels in the Coupled Evolution Equations

𝐾𝑔𝑔(𝑧) = 2𝑁𝑐
2

(1 − 𝑧 + 𝑧2)2

𝑧(1 − 𝑧) √𝑁𝑐(1 − 𝑧 + 𝑧2)
𝑧(1 − 𝑧)

𝐾𝑞𝑞(𝑧) = 𝐶𝐹
2

1 + 𝑧2

1 − 𝑧 √𝑁𝑐𝑧 + 𝐶𝐹 (1 − 𝑧)2

𝑧(1 − 𝑧)

𝐾𝑞𝑔(𝑧) = 𝑇𝐹
2 [𝑧2 + (1 − 𝑧)2] √𝐶𝐹 − 𝑁𝑐𝑧(1 − 𝑧)

𝑧(1 − 𝑧)

𝐾𝑔𝑞(𝑧) = 𝐶𝐹
2

1 + (1 − 𝑧)2

𝑧 √𝑁𝑐(1 − 𝑧) + 𝐶𝐹 𝑧2

𝑧(1 − 𝑧)

with 𝑁𝑐 = 3, 𝐶𝐹 = 4/3 and 𝑇𝐹 = 1/2.
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Λ Polarization in 𝑝𝑝 Collisions

The Polarization of Λ Hyperon

𝑃Λ(𝑦𝑉 , 𝑦ℎ) =
∫ d𝑧𝑑

𝑧2
𝑑

∫ d2 ⃗𝑝𝑇 ,ℎ ∑𝑎𝑏→𝑉 𝑑 𝑥𝑎𝑓𝑎(𝑥𝑎) 𝑥𝑏𝑓𝑏(𝑥𝑏) 𝜆𝑑
1
𝜋
d𝜎̂𝑎𝑏→𝑉 𝑑

𝑈
d ̂𝑡 𝐺Λ

1𝐿,𝑑(𝑧𝑑)
∫ d𝑧𝑑

𝑧2
𝑑

∫ d2 ⃗𝑝𝑇 ,ℎ ∑𝑎𝑏→𝑉 𝑑 𝑥𝑎𝑓𝑎(𝑥𝑎) 𝑥𝑏𝑓𝑏(𝑥𝑏) 1
𝜋
d𝜎̂𝑎𝑏→𝑉 𝑑

𝑈
d ̂𝑡 𝐷Λ

1,𝑑(𝑧𝑑)

where
d𝜎̂𝑎𝑏→𝑉 𝑑

𝑈
d ̂𝑡 = d𝜎̂𝑎𝑏→𝑉 𝑑

+
d ̂𝑡 + d𝜎̂𝑎𝑏→𝑉 𝑑

−
d ̂𝑡

The Helicity of Parton 𝑑

𝜆𝑑 = (d𝜎̂𝑎𝑏→𝑉 𝑑
+
d ̂𝑡 − d𝜎̂𝑎𝑏→𝑉 𝑑

−
d ̂𝑡 )/ (d𝜎̂𝑎𝑏→𝑉 𝑑

+
d ̂𝑡 + d𝜎̂𝑎𝑏→𝑉 𝑑

−
d ̂𝑡 )
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Extra Details on Energy Loss

Energy Loss and the Enhancement of Λ Polarization
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Extra Details on Energy Loss

Energy Loss and the Enhancement of Λ Polarization

Parton

Average-
pt=30 GeV

Energy 
loss
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Average-
pt=15 GeV
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Average-
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Parton

Average-
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pt=10 GeV

Average-
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Extra Details on Fragmentation Functions

DSV Unpolarized Part

𝐷𝑢→Λ+Λ̄
1 (𝑧) = 𝐷𝑢→Λ

1 (𝑧) + 𝐷𝑢→Λ̄
1 (𝑧)

Decomposition

𝐷𝑢→Λ
1 (𝑧) = 1

1 + (1 − 𝑧)2 𝐷𝑢→Λ+Λ̄
1 (𝑧)

𝐷𝑢→Λ̄
1 (𝑧) = (1 − 𝑧)2

1 + (1 − 𝑧)2 𝐷𝑢→Λ+Λ̄
1 (𝑧)

DSV Scenario 3
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Extra Details

Gluon Polarization Vector

/𝜖±
𝑔 (𝑝𝑑) = −/𝑝𝑑/𝑝𝑎/𝑝𝑏(1 ± 𝛾5) + /𝑝𝑏/𝑝𝑎/𝑝𝑑(1 ∓ 𝛾5)

4√(𝑝𝑎 ⋅ 𝑝𝑏)(𝑝𝑎 ⋅ 𝑝𝑑)(𝑝𝑏 ⋅ 𝑝𝑑)

T. T. Wu and R. Gastmans, Int. Ser. Monogr. Phys. 80, 1–648 (1990)

Numerical Results
• nPDF: CTEQ PDFs + EPPS cold nuclear effects

CTEQ-TEA, Phys. Rev. D 93, 3, 033006 (2016)

K. J. Eskola, et al, Eur. Phys. J. C 77, 3, 163 (2017)
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