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主要内容Introduction
n Probing nucleon structure

Lepton-nucleon deep inelastic scattering (DIS)

Images taken from Front. Phys. 16(6), 64701

• Fundamental components of matter 
• Properties of strong interaction
• Inputs for describing high energy reactions
• Prerequisite for new physics researches
• ⋯⋯

Why nucleon structure important?
Inclusive DIS Semi-inclusive DIS 

• Three-dimensional imaging of the nucleon
• Accessing fragmentation functions
• Azimuthal and/or spin asymmetries
• Flavor separation
• ⋯⋯
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主要内容Introduction
n Semi-inclusive DIS (SIDIS)

A. Bacchetta et al., JHEP 02, 093 (2007) 

18 structure functions for SIDIS 
with polarized lepton and nucleon

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Introduction
n Semi-inclusive DIS (SIDIS)

TMD factorization applies.

Structure functions ∼TMD PDFs ⊗ TMD FFs

𝐹!!,# ~ 𝑓$⊗𝐷$

𝐹!!
%&' ()! ~ ℎ$*⊗𝐻$*

𝐹!+
',- ()! ~ ℎ$+* ⊗𝐻$*

𝐹++ ~ 𝑔$+⊗𝐷$

𝐹!#,#
',-()!/)") ~ 𝑓$#* ⊗𝐷$

𝐹!#
',-()!1)") ~ ℎ$⊗𝐻$*

𝐹!#
',-(2)!/)") ~ ℎ$#* ⊗𝐻$*

𝐹+#
%&'()!/)") ~ 𝑔$#⊗𝐷$

Number density

Helicity

Sivers

Worm-gear L-T

Transversity

Boer-Mulders

Pretzelosity

Worm-gear T-L
𝑃!"~𝑀 ≪ 𝑄

A. Bacchetta et al., JHEP 02, 093 (2007) 

8 leading twist structure functions
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主要内容Introduction
n Kinematic regions of SIDIS

Mapping kinematical regions of SIDIS in terms of the produced 
hadron's rapidity and transverse momentum in the Breit frame

𝑃3

𝑃3

TMD factorization

Collinear factorization

?

M. Boglione et al. JHEP 10 (2019) 122

𝑃

𝑃!

𝑃#$ = −𝑞%/𝑧 𝑧
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主要内容Introduction
n Fracture functions and target fragmentation region (TFR) SIDIS

𝑑𝜎 ∼ 𝐹(𝑥, 𝜉!) ⊗ 𝐻

L. Trentadue and G. Veneziano, Phys. Lett. B323, 201 (1994)

𝑃3 ≈ 𝜉3𝑃

• Fracture function: 𝐹(𝑥, 𝜉3)
Parton distributions in the presence of an almost collinear particle 
observed in the final state.
(conditional probability, hybrid of PDFs and FFs)

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京

• TFR SIDIS with hadron transverse momentum

Anselmino, Barone, and Kotzinian, Phys. Lett. B699, 108 (2011); Phys. Lett. B706, 46 (2011).

4 structure functions
at twist-2
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主要内容Introduction
n SIDIS in the target fragmentation region (TFR)

• Recent experimental studies on TFR hadron production

H. Avakian et al., PRL 130, 022501 (2023)

Beam-spin asymmetry for back-to-back 
dihadron production

Structure functions from CFR to TFR

A. Accardi et al., EPJA (2024) 60:173

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Kinematics

𝑒 𝑙, 𝜆& + ℎ' 𝑃, 𝑆 → 𝑒 𝑙( + ℎ 𝑃! + 𝑋

𝑄( = −𝑞(,

𝑥4 =
𝑄(

2𝑃 ⋅ 𝑞 ,

𝑦 =
𝑃 ⋅ 𝑞
𝑃 ⋅ 𝑙 ,

𝜉3 =
𝑃3 ⋅ 𝑞
𝑃 ⋅ 𝑞

≈
𝑃31

𝑃1
,

𝑧3 =
𝑃 ⋅ 𝑃3
𝑃 ⋅ 𝑞

≪ 1.
𝑃" ≈ (𝑃#, 0,0,0)

𝑃!
" = (𝑃!#, 𝑃!$, 𝑃!%)

𝑆" = (
𝑆&𝑃#

𝑀 ,−
𝑆&𝑀
2𝑃# , 𝑆%)

𝑙" = (
1 − 𝑦
𝑦 𝑥'𝑃#,

𝑄(

2𝑥'𝑦𝑃#
,
𝑄 1 − 𝑦

𝑦 , 0)

𝑞" = (−𝑥'𝑃#,
𝑄(

2𝑥'𝑃#
, 0,0)

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Hadronic tensor

Hadronic tensor at
the tree level ⋯⋯𝑘 𝑘!𝑘" 𝑘!𝑘"

𝑘5 ∼ 𝑄 1, 𝜆(, 𝜆 , with 𝜆 ∼ 6'()
7

Multiple gluon scattering 
in the final state

Collinear expansion 
for the hard parts … …

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Hadronic tensor

Gauge invariant matrix elements!

twist-3
twist-2

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Fracture functions defined via the correlation matrices

• Only chiral-even terms contribute

• Similar form and naming rules as TMDs, (𝑘" → 𝑃!") 

Red: twist-2.
Green: twist-3

Fracture functions 
up to twist-3

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Fracture functions defined via the correlation matrices

These twist-3 fracture functions are not independent from each other!

QCD equation of motion 𝑖𝛾 ⋅ 𝐷𝜓 = 0, gives:

The relations take a unified form! 𝑆 𝐾
null ℎ
𝐿 ℎ
𝑇 null
𝑇 ℎ

𝑥 𝑢:; 𝑥 + 𝑖𝑙:;(𝑥)

= 𝑢<:
; 𝑥 + 𝑖𝑙<:

; 𝑥 + 𝑖 =𝑑𝑦 P
1

𝑦 − 𝑥
− 𝑖𝜋𝛿(𝑦 − 𝑥) 𝑤:; 𝑥, 𝑦 − 𝑣:;(𝑥, 𝑦)

Four sets of equations

The hadronic tensor will be expressed by those fracture 
functions defined only from the quark-quark correlator ℳ=>.

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Twist-3 contributions for TFR SIDIS
n Results for structure functions and azimuthal asymmetries

Structure functions Azimuthal/spin asymmetries

Twist-2

Twist-3

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容One-loop contributions for TFR SIDIS

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京

n Gluonic contribution
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主要内容One-loop contributions for TFR SIDIS

Gluon fracture functions

n Gluonic contribution

The hard parts:

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容One-loop contributions for TFR SIDIS
n Gluonic contribution

Generated uniquely by gluon fracture functions!

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容One-loop contributions for TFR SIDIS
n Quark and gluon contribution

Twist-4 if at 
the tree level 

LO + NLO corrections

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容One-loop contributions for TFR SIDIS

All 18 structure functions are non-zero up to twist-3 or 𝒪(𝛼:?) level.

Structure 
functions Twist 𝒪(𝛼8)

𝐹!!,# ✓ (2) ✓ (𝛼89)

𝐹!!,+ ✓ (𝛼8$)

𝐹!!
%&' )! ✓ (3)

𝐹!!
%&' ()! ✓ (𝛼8$)

𝐹+!
',- )! ✓ (3)

𝐹!+
',- )! ✓ (3)

𝐹!+
',- ()! ✓ (𝛼8$)

𝐹++ ✓ (2) ✓ (𝛼89)

𝐹++
%&' )! ✓ (3)

Structure 
functions Twist 𝒪(𝛼8)

𝐹!#,#
',-()!/)") ✓ (2) ✓ (𝛼89)

𝐹!#,+
',-()!/)") ✓ (𝛼8$)

𝐹!#
',-()!1)") ✓ (𝛼8$)

𝐹!#
',- )" ✓ (3)

𝐹!#
',-(()!/)") ✓ (3)

𝐹!#
',-(2)!/)") ✓ (𝛼8$)

𝐹+#
%&' )" ✓ (3)

𝐹+#
%&'()!/)") ✓ (2) ✓ (𝛼89)

𝐹+#
%&'(()!/)") ✓ (3)

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Connecting NEEC with fracture function
n Energy-energy correlator (EEC)

EEC was proposed as an event-shape observable in 𝑒'𝑒( annihilation in 1970’s.

EEC ∼L
:,;

𝑑𝜎(𝑒1𝑒/ → ℎ:ℎ;𝑋)
𝐸:𝐸;
𝑠

𝛿(Ω:; − Ω) Basham, Brown, Ellis and Love, PRL 41 (1978) 1585

Energy weighted cross section, infrared safe, 
precise test of pQCD, easy to implement in 
experiments ……

Applications to DIS process and others, 

developing fast recently…… X.H. Liu’s talk

𝑒!

𝑒"

⋯

⋯

⋯

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京
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主要内容Connecting NEEC with fracture function
n Nucleon energy-energy correlator (NEEC)

X.H. Liu and H.X. Zhu, PRL 130 (2023) 091901
H.T. Cao, X.H. Liu and H.X. Zhu, PRD 107 (2023) 114008

∑ 𝑥4, 𝑄(, 𝜃 ≡L
5

Y
𝐸5
𝐸<
d𝜎 𝑥4, 𝑄(, 𝑝5 𝛿(𝜃 − 𝜃5)

= Y
d𝑧
𝑧 \𝜎

𝑥4
𝑧 , 𝑄

(, 𝜇 𝑓==>(𝑧, 𝜃, 𝜇)
𝜃 ≪ 1

𝑓))* 𝑧, 𝜃 = C
d𝑦$

4𝜋
𝑒$+,-!." 𝑃 H𝜓 𝑦$ 𝛾#

2
Kℰ(𝜃)𝜓(0) 𝑃

The energy flow operator: Kℰ 𝜃 |𝑋⟩ ≡Q
+∈0

𝛿 𝜃( − 𝜃+(
𝐸+
𝐸-
|𝑋⟩

NEEC:

Hadrons with 𝜃 ≪ 1 are almost collinear with the target nucleon.
They are produced in the Target Fragmentation Region!

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京

Notice:
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主要内容Connecting NEEC with fracture function
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n Relation between NEEC and fracture functions

Matrix elements for fracture functions and NEECs:

Fracture functions act as generating functions of NEECs.
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主要内容Connecting NEEC with fracture function

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京

n Relation between NEEC and fracture functions

One to one correspondence.
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主要内容Connecting NEEC with fracture function

陈开宝 SIDIS in the Target Fragmentation Region 第七届全国重味物理与量子色动力学研讨会 2024.04南京

Matching of Sivers-type NEEC 
𝑓$#
?,@(𝑥, 𝜃) at Λ7>A ≪ 𝜃𝑄 ≪ 𝑄

Accessing NEEC properties through fracture functions. 

Example:

Diagram examples

Matching of Sivers-type fracture function 
𝑢$#
3,@ 𝑥, 𝜉3, 𝑃3* at Λ7>A ≪ 𝑃3* ≪ 𝑄
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主要内容Summary

• SIDIS in the TFR is factorized with fracture functions.

• TFR SIDIS is calculated up to twist-3 at the tree level. Structure functions and 
azimuthal asymmetries are obtained using the gauge-invariant fracture functions. 

• By adding one-loop contributions at twist-2, all 18 structure functions for TFR SIDIS 
are non-zero.

• Connection between NEEC and fracture functions is established, which will facilitate 
the study of NEEC through fracture functions.

谢谢!
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