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Fig. 1. Representation of the scattering amplitude for processes whose QCD description involves FFs: Single-inclusive hadron production in (a) e+e�

annihilation, (b) deep-inelastic lepton–nucleon scattering, (c) proton–proton scattering.

that the quantity Dh/i
1 (z) dz is the number of hadrons h inside parton i in the momentum fraction range [z, z + dz]. When

taking into account higher-order QCD effects this parton model interpretation of FFs gets distorted [12].
In general, the following processes have played and continue to play a crucial role in studies of FFs:

• Single-inclusive hadron production in electron–positron annihilation, e+ + e� ! h + X . Often this process is simply
denoted as single-inclusive annihilation (SIA).

• Semi-inclusive deep-inelastic lepton–nucleon scattering (SIDIS), ` + N ! ` + h + X .
• Single-inclusive hadron production in proton–proton collisions, p+p ! h+X . Related processes like proton–antiproton

(pp̄) collisions have been studied as well.

The scattering amplitudes for these reactions are displayed in Fig. 1. In these cases QCD factorization theorems
schematically read [3,13]

� e+e�!hX
= �̂ ⌦ FF , (1)

� `N!`hX
= �̂ ⌦ PDF ⌦ FF , (2)

� pp!hX
= �̂ ⌦ PDF ⌦ PDF ⌦ FF , (3)

where �̂ indicates the respective process-dependent partonic cross section that can be computed in perturbation theory.
The parton-model representation of the cross section for the three processes is shown in Fig. 2. Using the parton model, or
in other words leading order perturbative QCD (pQCD), it is often straightforward to write down a factorization formula.
However, in full QCD it is typically challenging to analyze and factorize radiative corrections to arbitrary order in the
strong coupling [3,13]. Factorization theorems only hold if specific kinematic conditions are satisfied, where the minimum
requirement is the presence of a hard scale that allows one to use pQCD. For SIA that scale is provided by the center-of-
mass (cm) energy

p
s. For SIDIS it is the momentum transfer between the leptonic and the hadronic part of the process,

while in the case of hadronic collisions it is the transverse momentum of the final state hadron relative to the collision axis.
The specific form of the factorization theorem, including the precise meaning of the ‘‘multiplication’’ ⌦, also depends on
the kinematics of the process. In addition, it can depend on the polarization state of one or more of the involved particles.
More information on this point will be given later in this paper and the references quoted there. We also mention that the
factorization theorems in Eqs. (1)–(3) hold in the sense of a Taylor expansion in powers of 1/Q , where here Q denotes the
hard scale of a process. The term on the r.h.s. of these equations then represents the leading contribution. Factorization
theorems have been written down for certain subleading terms as well, but in most such cases all-order proofs do not exist.

An interesting and important early application of FFs in the 1970swas for the production of large-transverse-momentum
hadrons in hadronic collisions, where FFs are needed according to (3). Data for this process had been obtained in pp
collisions at the ISR (Intersecting Storage Ring) collider at CERN [14–16], and in fixed-target proton–tungsten collisions
at Fermi-Lab [17]. The data could not be explained unless one takes subprocesses involving gluons into account [18–22].
This observation can be considered the first phenomenological indication for the existence of gluons, as it was made before
the discovery of the 3-jet events by the TASSO, PLUTO, MARK-J and JADE collaborations at DESY [23–26] which are often
quoted in this context.

In addition to Dh/i
1 (z), one can consider a number of other FFs by including (i) the spin of the parton and/or hadron,

(ii) the transversemomentumof the hadron relative to the parton, (iii) higher-twist effects, and (iv) fragmentation intomore
than one hadron. All the FFs that emerge whenmaking such generalizations are important in their own as they contain a lot
of information about non-perturbative QCD dynamics in general, and the hadronization process in particular. In a number
of cases they are simply needed to describe existing data. Very often they are also considered and used just as a tool for
studying PDFs of hadrons, most notably of the nucleon. Especially in that regard generalizations of Dh/i

1 (z) received a lot of
attention over the past two decades. In this article we will discuss the following four types of FFs:

• Integrated FFs: The major focus for this type of FFs will be on Dh/i
1 (z). There exists an enormous body of experimental

and theoretical work for this function. Its phenomenology is very rich, not the least due to the large variety of hadrons
that has been studied. But we also discuss the corresponding spin-dependent integrated FFs Gh/i

1 (z) and Hh/i
1 (z), which

• large momentum scale Q ≫ ΛQCD as a short-distance probe 

• approximate the cross section:   

• overall corrections suppressed by  

• the emergence of color neutral hadrons from quarks/gluons  

• predictive power relies on  

— the precision of the probe 

— the universality of   

σ ∼ H(Q) ⊗ Dh
q(z, μ)

1/Qn

Dh
q(z, μ)
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Fig. 2. Parton-model representation of the cross section for single-inclusive hadron production in (a) e+e� annihilation, (b) deep-inelastic lepton–nucleon
scattering, (c) proton–proton scattering. In the case of SIA the factorization of the cross section into the hard process e+e� ! qq̄ and the quark
fragmentation part is indicated by the horizontal dashed line. Processes (b) and (c) depend on both FFs and PDFs. For proton–proton scattering only one of
the leading-order diagrams is shown.

are needed when the hadron is polarized parallel or perpendicular to its momentum, respectively. The three functions
listed here are leading-twist (twist-2) objects.

• Transverse-momentum dependent (TMD) FFs: One can also study FFs that depend on the hadron’s transverse
momentum EPhT , in addition to their dependence on z. Such TMD FFs allow one, for instance, to probe the transverse-
momentum dependence of PDFs in a process like SIDIS. By keeping the transverse momentum of the fragmentation
process one also finds new FFs. Two of them already became important in high-energy spin physics, with the Collins
function for quarks H? h/q

1 representing the most prominent example [27]. At present people are interested in this
function mainly because in SIDIS it couples to the transversity PDF [27], which is one of the three leading-twist collinear
quark distributions of the nucleon [28–30]. Because of its chiral-odd nature transversity cannot bemeasured in inclusive
DIS. As a result the present knowledge about this function is still poor compared to the other leading-twist PDFs, that is,
the unpolarized distribution and the helicity distribution of partons.

• Higher-twist FFs: Here we limit ourselves to the most important case, namely twist-3 FFs. In general, higher-twist FFs
comprise different subclasses [31,32]. Analogous to twist-2 FFs, one subclass is defined through two-parton correlation
functions, yet these twist-3 FFs do not have a density interpretation. Another subclass parameterizes quark–gluon–quark
correlation functionswhich can be considered as quantum interference effects. Such three-parton FFs are very important
for describing several twist-3 observables like the large transverse single-spin asymmetries (SSAs) that were observed
for instance in p"p ! hX . Also certain moments of TMD FFs are related to three-parton FFs.

• Di-hadronFFs (DiFFs): These objects parameterize the fragmentation of a parton into twohadrons. Theywere introduced
when trying to get a detailed understanding of the structure of jets [33,34]. The DiFFs used in the original papers depend
on the longitudinal hadron momenta only and describe unpolarized fragmentation. Later it was realized that DiFFs can
also serve as crucial tools formeasuringpolarization of partons [35], especially if one keeps thedependence on the relative
momentum between the two hadrons. In this context we mention in particular the function H^ h1h2/q

1 which is relevant
for the fragmentation of a transversely polarized quark, and therefore allows one to address the transversity distribution
of the nucleon [35]. Sometimes this FF is considered a cleaner ‘‘analyzer’’ of transversity than the aforementioned Collins
function H? h/q

1 because one can use collinear factorization rather than TMD factorization. Other DiFFs have attracted
attention too, but presently not at the same level as H^ h1h2/q

1 .

Many new developments related to these different FFs appeared over the last years. In this review we make an attempt
to summarize the main findings. Certain parts of the material presented below are also discussed in some detail in a
number of other papers [36–50]. There are some important related topics that we cannot cover at all. One of them is parton
fragmentation in a strongly interacting medium such as nuclear matter or the quark–gluon plasma. More information on
this research area can be found, e.g., in Refs. [39,51–53]. Also, we do not consider heavy-quark FFs. The fragmentation into a
heavy quark can be computed perturbatively [54,39], but the transition from the heavy quark into a heavy-flavored hadron
contains non-perturbative effects. Several parameterizations of such effects exist in the literature [55–62].

The rest of this paper is organized as follows: In Section 2, we review the definitions of the various FFs and their most
important properties. The observables that can be used to extract the FFs are summarized in Section 3. This is followed by
Section 4which contains an overview of the different experiments and datasets that are relevant for the defined observables,
along with the most important results. In Section 5, we discuss the efforts to extract FFs from the experimental results
through global fits, and in Section 6models for FFs are briefly presented. Section 7 contains several topics that are important
for the field of FFs, but cannot be discussed at length in this review. This applies in particular to FFs for polarized hadrons,
whichmainly matter for hyperon production. While in Section 2 we summarize most of the properties of the FFs relevant in
this case, any additional discussion on this topic is limited to a few paragraphs in Section 7. The conclusions and an outlook
are given in Section 8.

e+e� ! hX

<latexit sha1_base64="vZJgGP7DFTr3LCNg9BM65KEvgKw=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXInoMevEYwTwg2YTZSW8yZPbBzKwSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXFwuutG1/W7mV1bX1jfxmYWt7Z3evuH/QUFEiGdZZJCLZ8qhCwUOsa64FtmKJNPAENr3R7dRvPqJUPAof9DhGN6CDkPucUW2kLnbPCHbPSUdHZNjqFUt22Z6BLBMnIyXIUOsVvzr9iCUBhpoJqlTbsWPtplRqzgROCp1EYUzZiA6wbWhIA1RuOrt6Qk6M0id+JE2FmszU3xMpDZQaB57pDKgeqkVvKv7ntRPtX7spD+NEY8jmi/xEEPPjNALS5xKZFmNDKJPc3ErYkErKtAmqYEJwFl9eJo2LslMpX95XStWbLI48HMExnIIDV1CFO6hBHRhIeIZXeLOerBfr3fqYt+asbOYQ/sD6/AGauJFL</latexit>

No initial hadron effects 
but not enough for flavor separation 
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Semi-inclusive deep inelastic scattering:

Complementary Processes

`N ! `hX
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Fig. 1. Representation of the scattering amplitude for processes whose QCD description involves FFs: Single-inclusive hadron production in (a) e+e�

annihilation, (b) deep-inelastic lepton–nucleon scattering, (c) proton–proton scattering.

that the quantity Dh/i
1 (z) dz is the number of hadrons h inside parton i in the momentum fraction range [z, z + dz]. When

taking into account higher-order QCD effects this parton model interpretation of FFs gets distorted [12].
In general, the following processes have played and continue to play a crucial role in studies of FFs:

• Single-inclusive hadron production in electron–positron annihilation, e+ + e� ! h + X . Often this process is simply
denoted as single-inclusive annihilation (SIA).

• Semi-inclusive deep-inelastic lepton–nucleon scattering (SIDIS), ` + N ! ` + h + X .
• Single-inclusive hadron production in proton–proton collisions, p+p ! h+X . Related processes like proton–antiproton

(pp̄) collisions have been studied as well.

The scattering amplitudes for these reactions are displayed in Fig. 1. In these cases QCD factorization theorems
schematically read [3,13]

� e+e�!hX
= �̂ ⌦ FF , (1)

� `N!`hX
= �̂ ⌦ PDF ⌦ FF , (2)

� pp!hX
= �̂ ⌦ PDF ⌦ PDF ⌦ FF , (3)

where �̂ indicates the respective process-dependent partonic cross section that can be computed in perturbation theory.
The parton-model representation of the cross section for the three processes is shown in Fig. 2. Using the parton model, or
in other words leading order perturbative QCD (pQCD), it is often straightforward to write down a factorization formula.
However, in full QCD it is typically challenging to analyze and factorize radiative corrections to arbitrary order in the
strong coupling [3,13]. Factorization theorems only hold if specific kinematic conditions are satisfied, where the minimum
requirement is the presence of a hard scale that allows one to use pQCD. For SIA that scale is provided by the center-of-
mass (cm) energy

p
s. For SIDIS it is the momentum transfer between the leptonic and the hadronic part of the process,

while in the case of hadronic collisions it is the transverse momentum of the final state hadron relative to the collision axis.
The specific form of the factorization theorem, including the precise meaning of the ‘‘multiplication’’ ⌦, also depends on
the kinematics of the process. In addition, it can depend on the polarization state of one or more of the involved particles.
More information on this point will be given later in this paper and the references quoted there. We also mention that the
factorization theorems in Eqs. (1)–(3) hold in the sense of a Taylor expansion in powers of 1/Q , where here Q denotes the
hard scale of a process. The term on the r.h.s. of these equations then represents the leading contribution. Factorization
theorems have been written down for certain subleading terms as well, but in most such cases all-order proofs do not exist.

An interesting and important early application of FFs in the 1970swas for the production of large-transverse-momentum
hadrons in hadronic collisions, where FFs are needed according to (3). Data for this process had been obtained in pp
collisions at the ISR (Intersecting Storage Ring) collider at CERN [14–16], and in fixed-target proton–tungsten collisions
at Fermi-Lab [17]. The data could not be explained unless one takes subprocesses involving gluons into account [18–22].
This observation can be considered the first phenomenological indication for the existence of gluons, as it was made before
the discovery of the 3-jet events by the TASSO, PLUTO, MARK-J and JADE collaborations at DESY [23–26] which are often
quoted in this context.

In addition to Dh/i
1 (z), one can consider a number of other FFs by including (i) the spin of the parton and/or hadron,

(ii) the transversemomentumof the hadron relative to the parton, (iii) higher-twist effects, and (iv) fragmentation intomore
than one hadron. All the FFs that emerge whenmaking such generalizations are important in their own as they contain a lot
of information about non-perturbative QCD dynamics in general, and the hadronization process in particular. In a number
of cases they are simply needed to describe existing data. Very often they are also considered and used just as a tool for
studying PDFs of hadrons, most notably of the nucleon. Especially in that regard generalizations of Dh/i

1 (z) received a lot of
attention over the past two decades. In this article we will discuss the following four types of FFs:

• Integrated FFs: The major focus for this type of FFs will be on Dh/i
1 (z). There exists an enormous body of experimental

and theoretical work for this function. Its phenomenology is very rich, not the least due to the large variety of hadrons
that has been studied. But we also discuss the corresponding spin-dependent integrated FFs Gh/i

1 (z) and Hh/i
1 (z), which
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Fig. 2. Parton-model representation of the cross section for single-inclusive hadron production in (a) e+e� annihilation, (b) deep-inelastic lepton–nucleon
scattering, (c) proton–proton scattering. In the case of SIA the factorization of the cross section into the hard process e+e� ! qq̄ and the quark
fragmentation part is indicated by the horizontal dashed line. Processes (b) and (c) depend on both FFs and PDFs. For proton–proton scattering only one of
the leading-order diagrams is shown.

are needed when the hadron is polarized parallel or perpendicular to its momentum, respectively. The three functions
listed here are leading-twist (twist-2) objects.
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momentum EPhT , in addition to their dependence on z. Such TMD FFs allow one, for instance, to probe the transverse-
momentum dependence of PDFs in a process like SIDIS. By keeping the transverse momentum of the fragmentation
process one also finds new FFs. Two of them already became important in high-energy spin physics, with the Collins
function for quarks H? h/q

1 representing the most prominent example [27]. At present people are interested in this
function mainly because in SIDIS it couples to the transversity PDF [27], which is one of the three leading-twist collinear
quark distributions of the nucleon [28–30]. Because of its chiral-odd nature transversity cannot bemeasured in inclusive
DIS. As a result the present knowledge about this function is still poor compared to the other leading-twist PDFs, that is,
the unpolarized distribution and the helicity distribution of partons.
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comprise different subclasses [31,32]. Analogous to twist-2 FFs, one subclass is defined through two-parton correlation
functions, yet these twist-3 FFs do not have a density interpretation. Another subclass parameterizes quark–gluon–quark
correlation functionswhich can be considered as quantum interference effects. Such three-parton FFs are very important
for describing several twist-3 observables like the large transverse single-spin asymmetries (SSAs) that were observed
for instance in p"p ! hX . Also certain moments of TMD FFs are related to three-parton FFs.

• Di-hadronFFs (DiFFs): These objects parameterize the fragmentation of a parton into twohadrons. Theywere introduced
when trying to get a detailed understanding of the structure of jets [33,34]. The DiFFs used in the original papers depend
on the longitudinal hadron momenta only and describe unpolarized fragmentation. Later it was realized that DiFFs can
also serve as crucial tools formeasuringpolarization of partons [35], especially if one keeps thedependence on the relative
momentum between the two hadrons. In this context we mention in particular the function H^ h1h2/q

1 which is relevant
for the fragmentation of a transversely polarized quark, and therefore allows one to address the transversity distribution
of the nucleon [35]. Sometimes this FF is considered a cleaner ‘‘analyzer’’ of transversity than the aforementioned Collins
function H? h/q

1 because one can use collinear factorization rather than TMD factorization. Other DiFFs have attracted
attention too, but presently not at the same level as H^ h1h2/q

1 .

Many new developments related to these different FFs appeared over the last years. In this review we make an attempt
to summarize the main findings. Certain parts of the material presented below are also discussed in some detail in a
number of other papers [36–50]. There are some important related topics that we cannot cover at all. One of them is parton
fragmentation in a strongly interacting medium such as nuclear matter or the quark–gluon plasma. More information on
this research area can be found, e.g., in Refs. [39,51–53]. Also, we do not consider heavy-quark FFs. The fragmentation into a
heavy quark can be computed perturbatively [54,39], but the transition from the heavy quark into a heavy-flavored hadron
contains non-perturbative effects. Several parameterizations of such effects exist in the literature [55–62].

The rest of this paper is organized as follows: In Section 2, we review the definitions of the various FFs and their most
important properties. The observables that can be used to extract the FFs are summarized in Section 3. This is followed by
Section 4which contains an overview of the different experiments and datasets that are relevant for the defined observables,
along with the most important results. In Section 5, we discuss the efforts to extract FFs from the experimental results
through global fits, and in Section 6models for FFs are briefly presented. Section 7 contains several topics that are important
for the field of FFs, but cannot be discussed at length in this review. This applies in particular to FFs for polarized hadrons,
whichmainly matter for hyperon production. While in Section 2 we summarize most of the properties of the FFs relevant in
this case, any additional discussion on this topic is limited to a few paragraphs in Section 7. The conclusions and an outlook
are given in Section 8.
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Fig. 1. Representation of the scattering amplitude for processes whose QCD description involves FFs: Single-inclusive hadron production in (a) e+e�

annihilation, (b) deep-inelastic lepton–nucleon scattering, (c) proton–proton scattering.
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• Single-inclusive hadron production in electron–positron annihilation, e+ + e� ! h + X . Often this process is simply
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where �̂ indicates the respective process-dependent partonic cross section that can be computed in perturbation theory.
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in other words leading order perturbative QCD (pQCD), it is often straightforward to write down a factorization formula.
However, in full QCD it is typically challenging to analyze and factorize radiative corrections to arbitrary order in the
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requirement is the presence of a hard scale that allows one to use pQCD. For SIA that scale is provided by the center-of-
mass (cm) energy

p
s. For SIDIS it is the momentum transfer between the leptonic and the hadronic part of the process,

while in the case of hadronic collisions it is the transverse momentum of the final state hadron relative to the collision axis.
The specific form of the factorization theorem, including the precise meaning of the ‘‘multiplication’’ ⌦, also depends on
the kinematics of the process. In addition, it can depend on the polarization state of one or more of the involved particles.
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hard scale of a process. The term on the r.h.s. of these equations then represents the leading contribution. Factorization
theorems have been written down for certain subleading terms as well, but in most such cases all-order proofs do not exist.

An interesting and important early application of FFs in the 1970swas for the production of large-transverse-momentum
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at Fermi-Lab [17]. The data could not be explained unless one takes subprocesses involving gluons into account [18–22].
This observation can be considered the first phenomenological indication for the existence of gluons, as it was made before
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and theoretical work for this function. Its phenomenology is very rich, not the least due to the large variety of hadrons
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Inclusive hadron production in hadron-hadron collision: pp ! hX
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Fig. 2. Parton-model representation of the cross section for single-inclusive hadron production in (a) e+e� annihilation, (b) deep-inelastic lepton–nucleon
scattering, (c) proton–proton scattering. In the case of SIA the factorization of the cross section into the hard process e+e� ! qq̄ and the quark
fragmentation part is indicated by the horizontal dashed line. Processes (b) and (c) depend on both FFs and PDFs. For proton–proton scattering only one of
the leading-order diagrams is shown.

are needed when the hadron is polarized parallel or perpendicular to its momentum, respectively. The three functions
listed here are leading-twist (twist-2) objects.

• Transverse-momentum dependent (TMD) FFs: One can also study FFs that depend on the hadron’s transverse
momentum EPhT , in addition to their dependence on z. Such TMD FFs allow one, for instance, to probe the transverse-
momentum dependence of PDFs in a process like SIDIS. By keeping the transverse momentum of the fragmentation
process one also finds new FFs. Two of them already became important in high-energy spin physics, with the Collins
function for quarks H? h/q

1 representing the most prominent example [27]. At present people are interested in this
function mainly because in SIDIS it couples to the transversity PDF [27], which is one of the three leading-twist collinear
quark distributions of the nucleon [28–30]. Because of its chiral-odd nature transversity cannot bemeasured in inclusive
DIS. As a result the present knowledge about this function is still poor compared to the other leading-twist PDFs, that is,
the unpolarized distribution and the helicity distribution of partons.

• Higher-twist FFs: Here we limit ourselves to the most important case, namely twist-3 FFs. In general, higher-twist FFs
comprise different subclasses [31,32]. Analogous to twist-2 FFs, one subclass is defined through two-parton correlation
functions, yet these twist-3 FFs do not have a density interpretation. Another subclass parameterizes quark–gluon–quark
correlation functionswhich can be considered as quantum interference effects. Such three-parton FFs are very important
for describing several twist-3 observables like the large transverse single-spin asymmetries (SSAs) that were observed
for instance in p"p ! hX . Also certain moments of TMD FFs are related to three-parton FFs.

• Di-hadronFFs (DiFFs): These objects parameterize the fragmentation of a parton into twohadrons. Theywere introduced
when trying to get a detailed understanding of the structure of jets [33,34]. The DiFFs used in the original papers depend
on the longitudinal hadron momenta only and describe unpolarized fragmentation. Later it was realized that DiFFs can
also serve as crucial tools formeasuringpolarization of partons [35], especially if one keeps thedependence on the relative
momentum between the two hadrons. In this context we mention in particular the function H^ h1h2/q

1 which is relevant
for the fragmentation of a transversely polarized quark, and therefore allows one to address the transversity distribution
of the nucleon [35]. Sometimes this FF is considered a cleaner ‘‘analyzer’’ of transversity than the aforementioned Collins
function H? h/q

1 because one can use collinear factorization rather than TMD factorization. Other DiFFs have attracted
attention too, but presently not at the same level as H^ h1h2/q

1 .

Many new developments related to these different FFs appeared over the last years. In this review we make an attempt
to summarize the main findings. Certain parts of the material presented below are also discussed in some detail in a
number of other papers [36–50]. There are some important related topics that we cannot cover at all. One of them is parton
fragmentation in a strongly interacting medium such as nuclear matter or the quark–gluon plasma. More information on
this research area can be found, e.g., in Refs. [39,51–53]. Also, we do not consider heavy-quark FFs. The fragmentation into a
heavy quark can be computed perturbatively [54,39], but the transition from the heavy quark into a heavy-flavored hadron
contains non-perturbative effects. Several parameterizations of such effects exist in the literature [55–62].

The rest of this paper is organized as follows: In Section 2, we review the definitions of the various FFs and their most
important properties. The observables that can be used to extract the FFs are summarized in Section 3. This is followed by
Section 4which contains an overview of the different experiments and datasets that are relevant for the defined observables,
along with the most important results. In Section 5, we discuss the efforts to extract FFs from the experimental results
through global fits, and in Section 6models for FFs are briefly presented. Section 7 contains several topics that are important
for the field of FFs, but cannot be discussed at length in this review. This applies in particular to FFs for polarized hadrons,
whichmainly matter for hyperon production. While in Section 2 we summarize most of the properties of the FFs relevant in
this case, any additional discussion on this topic is limited to a few paragraphs in Section 7. The conclusions and an outlook
are given in Section 8.

σ ∼ H(Q) ⊗ f(x, μ) ⊗ D(z, μ)

σ ∼ H(Q) ⊗ f(x1, μ) ⊗ f(x2, μ) ⊗ D(z, μ)
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Semi-inclusive DIS: a final state hadron (Ph) is identified

• enable us to explore the emergence of color 
neutral hadrons from colored quarks/gluons 

• flavor dependence by selecting different types of 
observed hadrons: pions, kaons, … 

• a large momentum transfer Q provides a short-
distance probe 

• an additional and adjustable momentum scale  

• multidimensional imaging of the nucleon

PhT

Semi-inclusive Deep Inelastic Scattering

Ph

l'

X
P

q

l
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Structure Functions of SIDIS

SIDIS differential cross section
in terms of 18 structure functions 

A: lepton polarization 
B: nucleon polarization 
C: virtual photon polarizationdσ

dxB dy dz dP2
hT dϕh dϕS

=
α2

xByQ2

y2

2(1 − ϵ) (1 +
γ2

2xB )
× {FUU,T+ϵFUU,L+ 2ϵ(1 + ϵ)Fcos ϕh

UU cos ϕh + ϵFcos 2ϕh
UU cos 2ϕh+λe 2ϵ(1 − ϵ)Fsin ϕh

LU sin ϕh

+SL [ 2ϵ(1 + ϵ)Fsin ϕh
UL sin ϕh + ϵFsin 2ϕh

UL sin 2ϕh]+λeSL [ 1 − ϵ2FLL+ 2ϵ(1 − ϵ)Fcos ϕh
LL cos ϕh]

+ST [(Fsin(ϕh − ϕS)
UT,T +ϵFsin(ϕh − ϕS)

UT,L ) sin (ϕh − ϕS) + ϵFsin(ϕh + ϕS)
UT sin (ϕh + ϕS)

+ϵFsin(3ϕh − ϕS)
UT sin (3ϕh − ϕS) + 2ϵ(1 + ϵ)Fsin ϕS

UT sin ϕS + 2ϵ(1 + ϵ)Fsin(2ϕh − ϕS)
UT sin (2ϕh − ϕS)]

+λeST [ 1 − ϵ2Fcos(ϕh − ϕS)
LT cos (ϕh − ϕS)

+ 2ϵ(1 − ϵ)Fcos ϕS
LT cos ϕS + 2ϵ(1 − ϵ)Fcos(2ϕh − ϕS)

LT cos (2ϕh − ϕS)]}

FAB,C(xB, z, P2
hT, Q2)

Hadron h is unpolarized or its spin is not measured.
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TMD Parton Distribution Functions

6

Quark Polarization
U L T
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⊥
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Transversity distribution

(Collinear & TMD)

A transverse counter part to the longitudinal spin 
structure: helicity g1L, but NOT the same.

Chiral-odd: 
No mixing with gluons 
Valence dominant 
Couple to another chiral-odd function. 

Transversity Distribution

TMD Handbook 169

)
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Kang et al (2015)

Anselmino et al (2013)

Figure 5.15: Left panel: Comparison of extracted transversity from Refs. [387, 213] (solid lines and
vertical-line hashed region) at &2 = 2.4 GeV2 with Torino-Cagliari-JLab 2013 extraction [388] (dashed
lines and shaded region). Right panel: The extracted functions ⌘1(G), 5 ?(1)1) (G), and �

?(1)
1 (I) at &2 = 4

GeV2 from JAM20 global analysis [18] (red solid curves with 1-� CL error bands). The functions from
other groups [388, 339, 213, 389, 376, 390, 391, 392] are also shown. Plot from Ref. [18]

that isospin and charge conjugation symmetries suggest that

�
?
1�+/D = �

?
1�+/3̄ = �

?
1��/D̄ = �

?
1��/3 ⌘ �

?
1 5 0E

�
?
1�+/D̄ = �

?
1�+/3 = �

?
1��/D = �

?
1��/3̄ ⌘ �

?
1 D= 5

(5.30)

3D binned data are presented by HERMES in Ref. [369]. The favored Collins functions describe
valence quarks fragmenting to the pion while unfavored correspond to nonvalence quarks.

HERMES [368, 369] and JLab Hall A [372] include the kinematic factor ?1 from Eq. (2.187)
in the measured asymmetry,

�
sin()⌘+)()
*)

|�⇢'"⇢( ⌘ hsin()⌘ + )()i = ?1�
sin()⌘+)()
*)

. (5.31)

The COMPASS Collaboration uses muon beam of energy 160 GeV and have measured
Collins asymmetries on both NH3 (proton) [371], see Fig. 5.14, and LiD (deuterium) [370]
targets. The data are presented as function of G⌫, I⌘ , and %⌘?. Results on the proton target are
compatible with HERMES findings and asymmetries are found to be compatible with zero on
the deuterium target. The beam energy of COMPASS is higher than the energy of HERMES
and thus COMPASS reaches lower values of G ⇠ 10�3. For each point in G the scale &

2 is
higher at COMPASS as one has &

2 ' BGH. Both experiments consider &
2 > 1 GeV2 in order

to be in DIS region and center-of-mass energy of the ✏⇤
? system, ,2 > 10 GeV2 for HERMES

and ,
2 > 25 GeV2 for COMPASS in order to be outside of the resonance region.

The COMPASS Collaboration considers I⌘ > 0.2 region and the HERMES Collaboration
uses 0.2 < I⌘ < 0.7 in order to minimize both target fragmentation effects and exclusive
reaction contributions. All other experimental cuts are described in Refs. [368, 370, 371]. The
definition of azimuthal angle )( of COMPASS experiment is such that

�
Collins
*)

|⇠$"%�(( = ��sin()⌘+)()
*)

. (5.32)

We mention that f⊥ð1Þ
1T ðxÞ and H⊥ð1Þ

1 ðzÞ are essentially
identical between the two fits (JAM3D-22 and JAM3D-22
no LQCD). This demonstrates that, although the Sivers
function can be influenced by transversity due the fact that
both enter Aπ

N, the main constraint on f⊥ð1Þ
1T ðxÞ is from the

Sivers effects in SIDIS and DY. Likewise, even though
h1ðxÞ couples toH

⊥ð1Þ
1 ðzÞ in the Collins effect in SIDIS and

Aπ
N fragmentation term, the Collins effect in SIA has the

most significant impact on the Collins function’s size
and shape.

FIG. 1. The extracted functions h1ðxÞ, f
⊥ð1Þ
1T ðxÞ,H⊥ð1Þ

1 ðzÞ, and H̃ðzÞ atQ2 ¼ 4 GeV2 from our JAM3D-22 global analysis (blue solid
curves with 1-σ CL error bands) compared to JAM3D-20+ global analysis (red dashed curves with 1-σ CL error bands). The generated
Soffer bound (SB) data are also displayed (cyan points).

FIG. 2. The extracted functions h1ðxÞ and H̃ðzÞ at Q2 ¼ 4 GeV2 from our JAM3D-22 global analysis (blue solid curves with 1-σ CL
error bands) compared to a fit without lattice QCD data (green dashed curves with 1-σ CL error bands). The generated Soffer bound data
are also displayed (cyan points). The functions f⊥ð1Þ

1T ðxÞ and H⊥ð1Þ
1 ðzÞ are essentially identical between the two fits, so we do not show

them here.
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JAM Collaboration, PRD 104, 034014 (2022).Z.-B. Kang, A. Prokudin, P. Sun, F. Yuan, PRD 93, 014009 (2016).

Phenomenological extractions

Effect in SIDIS:  
transverse single spin asymmetry 
(Collins asymmetry)

h1

Asin(ϕh+ϕS)
UT ∼ h1(x, k2

T) ⊗ H⊥
1 (z, p2

T)

Assuming vanishing transverse polarization of sea quarks!
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Semi-inclusive  annihilation:e+e−

Complementary Process

e+e− → h1h2X

d5σ
dz1dz2d2Ph⊥d cos θ

=
3πα2

2Q2
z2
1 z2

2[(1 + cos2 θ) Fh1h2
UU + sin2 θ cos (2ϕ0) Fh1h2

Collins]

In TMD region:  and  are near back-to-back, h1 h2 PhT ≪ Q Fh1h2
Collins ∼ H⊥h1

1 ⊗ H⊥h2
1

Experimental measurements:
Belle:     
BaBar:   
BESIII: 

s = 10.58 GeV
s = 10.6 GeV
s = 3.68 GeV

Phys. Rev. D 78 (2008) 032011; 86 (2012) 039905(E).
Phys. Rev. D 90 (2014) 052003;  Phys. Rev. D 92 (2015) 111101.
Phys. Rev. Lett. 116 (2016) 042001.
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Transversity Distributions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Reconfirmed by new COMPASS data. 
Significant improvement on  and  distributions.d d̄
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Collins Fragmentation Functions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with BaBar
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with Belle
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with HERMES
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with HERMES
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with COMPASS
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with COMPASS
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Comparison with Data

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Comparison with JLab HallA
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Imposing a Bound?

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324

Question:
Whether we should impose the Soffer’s bound  in the fit? 
Similar situations in many other quantities.

|h1(x) | ≤ [ f1(x) + g1(x)]/2

A toy model test:

Input some “pol” function   
and “unpol” function  
Generate asymmetry “data”

G(x)
F(x)

Fit the “data” with or without 
imposing the bound G(x) ≤ F(x)

Imposing a bound in the fit may 
bias the fit result!
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How is the Hadron Produced?

21

Ph

l'

X
P

q

l

What we know: 
A hadron, e.g. h, is observed in the final state, 
with momentum  (and polarization )Ph Sh

What we do not know: 
Whether it was produced from the struck 
quark/parton, the remnant of the target, or …?
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Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small

– 27 –

[Figure from JHEP10(2019)122]

SIDIS Kinematic Regions

In photon-nucleon frame 
nucleon moving forward

This is an ideal picture we imagined.
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SIDIS Kinematic Regions

P

q

At high energy limit: enough phase space for shower, to match the 
quantum number of hadrons 
Energy is mostly transferred to the struck quark, produced hadrons 
dominated by current fragmentation
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COMPASS

Introduction

COMPASS at CERN

Distribution of 𝚲 in SIDIS: 𝚲 longitudinal spin transfer:   Eur.Phys.J.C 64 (2009) 171-179

HERMES at DESY

𝐐𝟐 = 𝟑. 𝟕𝐆𝐞𝐕𝟐

CLAS12 at JLab

No clear separation between current region and target region!

In photon-nucleon frame, with nucleon moving backward.

xF =
PhL

W
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P

PB

q

ki

kf

kX

Figure 3: Momentum labeling in the partonic subprocess.

that quantities like |k2

i
| and |k2

f
| are small, and much of the discussion in this section will

be about addressing the question of what is meant by “small.” So to summarize, “partonic"
dashed lines represent the flow of a momentum with small invariant energy. In practical
situations, they will often turn out to refer to actual quark and/or gluon lines, but they do
not need to generally.

The partonic subprocess in Fig. 3 is marked off in a blue box. A black dot indicates the
parton we associate with an observed hadron. The momentum ki is the incoming struck
parton momentum, and there is at least one hadronizing parton kf . The kX momentum
labels the total momentum of all other unobserved partons combined. Outside the box
in Fig. 3, the position of the hadron implies a current region picture, though an analo-
gous picture of course applies to the target region case. We ask questions about partonic
regions in the context of the steps needed to factorize graphical structure in a manner
consistent with particular partonic pictures. Our general view of factorization is based on
that of Collins [11, 33] and collaborators, though the same statements apply to most other
approaches.

We are interested in the kinematics of the ki + q ! kf + kX subprocess and how
closely it matches the overall P + q ! PB + X process under very general assumptions.
Specific realizations of the partonic subprocess, each of which can contribute to a different
kinematical region, are shown in Fig. 4. We will analyze the subprocess in the Breit frame
and write

k
b

i =

 
Q

x̂N

p
2
,
x̂N(k

2

i
+ k2

i,b,T)
p

2Q
,ki,b,T

!
, k

b

f
=

 
k2

f,b,T + k
2

fp
2ẑNQ

,
ẑNQp

2
,kf,b,T

!
. (8.1)

Hats always indicate a partonic kinematical variable, whereas ⇠ and ⇣ are momentum
fractions (see below). We will write the transverse momentum as

kf,b,T = �ẑNqT + �kT . (8.2)
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P PB

q

ki

kf

kX

Figure 5: A hadron produced in the target region – see Eq. (10.1). Hadrons produced
from the hard part are not observed.

10 Target Remnant Hadrons

If, in contrast to the discussion in Sec. 8, the hadron is in the target fragmentation region
(see Fig. 5), then

PB · P ⌧ Q
2
, (10.1)

In the target region, zh is no longer as useful for parameterizing the process since it no longer
necessarily describes a momentum fraction – see Eq. (5.4) and note that the quantity under
the square root diverges as zh ! 0. In terms of xh, zN is:

zN =

q
4x2

Bj
(M2

B
/Q2)(1 � q2

T
/Q2) + x2

h
� xh

2xBj(1 � q2
T
/Q2)

=
M

2

B
xBj

Q2xh

�
M

4

B
x
3

Bj

�
Q

2 � q
2

T

�

Q6x3

h

+ O

 
M

6

B

�
Q

2 � q
2

T

�
2

Q10

!
, (10.2)

where we have kept the solution that gives exactly zN = 0 when PB is exactly massless and
collinear to P . Now,

PB·P =
MMB,T

2

�
e
�y

+ e
��y

�
=

M
2
xBj

�
M

2

B
+ q

2

T
z
2

N

�

QzN

⇣q
4M2x2

Bj
+ Q2 + Q

⌘+

QzN

⇣q
4M2x2

Bj
+ Q2 + Q

⌘

4xBj

.

(10.3)
Equation (10.3) is no larger than O

�
m

2
�

if zN ⇠ m
2
/Q

2 and q
2

T
z
2

N
/Q

2 ⌧ 1. So for the
target region, Eq. (10.1) with Eqs. (10.2)–(10.3) means

zN = ⇥

✓
m

2

Q2

◆
. (10.4)

The “Big ⇥” symbol is used because the first term in Eq. (10.3) puts a lower limit on
acceptable sizes for zN. In other words, the target region criterion fails both when zN ⌧
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“R” criteria:
General hardness ratio: R0 ≡ max ( k2

i

Q2
,

k2
f

Q2 )
Collinearity ratio: R1 ≡

Ph ⋅ kf

Ph ⋅ ki

 small for current region 
 small for target region

R1
R−1

1

Transverse hardness ratio: R2 ≡
(kf − q)2

Q2
 small for TMD regionR2

M. Boglione, A. Dotson, L. Gamberg, S. Gordon, J. O. Gonzalez-Hernandez, A. Prokudin, T.C. Rogers, N. Sato, JHEP 10 (2019) 122.
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Analyze Λ Polarization
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Decay channel:
branch ratio: 64.1 ± 0.5%

decay parameter:  = 0.748 ± 0.007αΛ
[Current PDG value]

Allow to measure the spin (polarization) of the produced Λ 

parity violating weak decay

s
u d

valence component: |uds⟩
spin dominated by  quarks

Sensitive to nucleon strange sea 
and its polarization via SIDIS
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SIDIS with Polarized Λ

quark distributions, is one of the main physics goals at
EicC. The combination of the polarized proton beam and
the effectively polarized neutron beam and the capability
of particle identifications of pions and kaons allows a
complete separation of all light quark flavors [46]. The
kinematic coverage of EicC can fill the gap between JLab
and EIC. The combination of the three projects is expected
to provide complete three-dimensional imaging of the
nucleon, varying from low scale to high scale and from
large x to small x.
In this paper, we take the Sivers function as an example

to investigate the impact of the EicC three-dimensional
nucleon spin structure program on the determination of
TMD PDFs. We perform a global analysis of existing world
SIDIS SSA data, including the TMD evolution as the
baseline. The improvement of EicC is then estimated by
adding simulated pseudodata of semi-inclusive charged
pion and charged kaon productions from both ep and e3He
collisions. The paper is organized as follows. In Sec. II, we
briefly summarize the theoretical framework to extract the
Sivers function from SIDIS target transverse SSA data,
leaving some detailed formulas in Appendix A. The global
analysis of world data and the EicC projection are pre-
sented in Sec. III, followed by the summary in Sec. IV.

II. THEORETICAL FORMALISM

A. TMD factorization formula

We consider the SIDIS process (2) on a transversely
polarized nucleon. With the one-photon-exchange approxi-
mation, one can express the differential cross section as

dσðS⊥Þ
dxBdydzhdP2

h⊥dϕhdϕS
¼ σ0½FUU þ ϵ⊥αβSα⊥F

β
UT þ & & &';

ð4Þ

where

σ0 ¼
α2

xByQ2

1 − yþ 1
2 y

2 þ 1
4 γ

2y2

1þ γ2

!
1þ γ2

2xB

"
; ð5Þ

and Sα⊥ represents the transverse polarization of the
nucleon. As commonly used in the SIDIS process, we
define the kinematic variables,

Q2 ¼ −q2 ¼ −ðl − l0Þ2;

xB ¼ Q2

2P · q
; y ¼ P · q

P · l
; zh ¼

P · Ph

P · q
;

γ ¼ 2xBM
Q

¼ MQ
P · q

;

where l is the incoming lepton momentum, l0 is the
outgoing lepton momentum, P is the incoming nucleon
momentum, Ph is the detected outgoing hadron

momentum, and M is the nucleon mass. The transverse
antisymmetric tensor is

ϵμν⊥ ¼ ϵμνρσ
Pρqσ

P · q
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ γ2

p ; ð6Þ

with the convention ϵ0123 ¼ 1. Following the Trento con-
vention [47], we define the hadron transverse momentum
Ph⊥ and azimuthal angles in the virtual photon-nucleon
frame, as illustrated in Fig. 1. The ϕh is the angle from the
lepton plane to the hadron plane, and the ϕS is the angle
from the lepton plane to the transverse spin S⊥ of the
nucleon. These variables can also be expressed in Lorentz
invariant forms as

Ph⊥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−gμν⊥ PhμPhν

q
; l⊥ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−gμν⊥ lμlν

q
;

cosϕh ¼ −
lμPhνg

μν
⊥

l⊥Ph⊥
; sinϕh ¼ −

lμPhνϵ
μν
⊥

l⊥Ph⊥
;

cosϕS ¼ −
lμS⊥νg

μν
⊥

l⊥S⊥
; sinϕS ¼ −

lμS⊥νϵ
μν
⊥

l⊥S⊥
;

where

gμν⊥ ¼ gμν − qμPν þ Pμqν

P · qð1þ γ2Þ
þ γ2

1þ γ2

!
qμqν

Q2
− PμPν

M2

"
: ð7Þ

The structure functions FUU and Fβ
UT are functions of

xB, zh, Ph⊥, and Q. For the convenience to apply the QCD
factorization, one usually expresses the structure functions
in the “Wþ Y” formalism [48],

FUUðxB; zh; Ph⊥; QÞ ¼ WUUðxB; zh; Ph⊥; QÞ
þ YUUðxB; zh; Ph⊥; QÞ; ð8Þ

lepton plane

hadron plane

x

z

y

FIG. 1. The Trento conventions of SIDIS kinematic variables.
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: target nucleon polarization 
: produced hadron (Λ) polarization

A
B

dσ
dxdydzdϕhdϕsdP2

h⊥

=
α2

xyQ2

y2

2(1 − ε) (1 +
γ2

2x )
× [ℱU,U + ShLℱU,L + ShT ℱU,T

+SL (ℱL,U + ShLℱL,L + ShT ℱL,T)
+ ST (ℱT,U + ShL

ℱT,L + ShT ℱT,T)]
ℱA,B
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Figure 2.6: Leading power quark TMD fragmentation functions for a spin-1/2 (or for an unpolarized
or spin 0) hadron.
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Due to the p0
)
-dependent prefactors in Eq. (2.134), the ⇡̃ , ⌧̃ and �̃ in Eq. (2.135) are now

b)-dependent derivatives of Fourier transformations of the corresponding ⇡ ,⌧ and � in

12When comparing Eq. (2.135) to the corresponding expression in [142], one has to account for a sign change
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because we consider a

=0-collinear hadron.
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Longitudinal Spin Transfer
Longitudinal polarized lepton beam on unpolarized nucleon target

DΛ
LL =

GU,L (x, Q2, z)
FU,U (x, Q2, z)

GU,L ∼ f1(x) ⊗ G1(z)

FU,L ∼ f1(x) ⊗ D1(z)

emission of 
polarized photon

preference to pick quark 
with certain helicity transfer to  polarizationΛ

Illustration of  assuming current fragmentation:DΛ
LL

Λ
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Target vs. Current on DΛ
LL

30

Questions: 
Whether TF can compete with CF contributions? 
What is the expected effect by TF on  measurement? DLL

Quark densities in the nucleon:  
 

Current fragmentation:  
favored channels:  

In the target nucleon remnant: 
• ud, us, ds pairs have better chance to produce Λ than u, d, s 
• considering quark densities in the nucleon, ud pair is expected the dominant channel

u, d > ū, d̄ > s, s̄

u, d, s

X. Zhao, Z.-t. Liang, TL, Y.-j. Zhou, Phys. Rev. Lett. 134 (2025) 231901.

s
u dΛ
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Target vs. Current on DΛ
LL

31

Spin-flavor wave function 

s
u d

Expect: the target fragmentation will dilute/suppress the overall measured DLL

Questions: 
Whether TF can compete with CF contributions? 
What is the expected effect by TF on  measurement? DLL

In the target nucleon remnant: 
• the target remnant is not directly polarized by the virtual photon 
• but can indirectly learn the polarization as constrained by the nucleon wave function 
• ud pair in a isoscalar state is more likely to produce Λ and will be unpolarized

X. Zhao, Z.-t. Liang, TL, Y.-j. Zhou, Phys. Rev. Lett. 134 (2025) 231901.

Λ↑ =
1

3
(ud)0,0s↑ +

1

12
(us)0,0d↑ −

1

12
(ds)0,0u↑

+
1
2 ( 2

3
(us)1,1d↓ −

1
3

(us)1,0d↑) −
1
2 ( 2

3
(ds)1,1u↓ −

1
3

(ds)1,0u↑)
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Spin Transfer Estimation

32

Longitudinal spin transfer  to Λ is significantly suppressed by target fragmentation 
contributions, even at large  or . 
Including only the leading TF channel can describe the data well.

DLL
xF z

0.0 0.2 0.4 0.6 0.8
xF

°0.25
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D
L
L

CF
CF+TF

0.2 0.4 0.6 0.8
z

°0.25

0.00

0.25

0.50

0.75

D
L
L

HERMES 2011
HERMES 2006

Compare with HERMES data

HERMES Collaboration, Phys. Rev. D 74 (2006) 072004; J. Phys. Conf. Ser. 295 (2011) 012114.

X. Zhao, Z.-t. Liang, TL, Y.-j. Zhou, Phys. Rev. Lett. 134 (2025) 231901.
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D
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CLAS preliminary

Compare with JLab-CLAS data

At lower energies, the suppression effect becomes more significant. 
Including only the leading TF channel can describe the data well.

CLAS Collaboration, JPS Conf. Proc. 37 (2022) 020304.

X. Zhao, Z.-t. Liang, TL, Y.-j. Zhou, Phys. Rev. Lett. 134 (2025) 231901.
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COMPASS §

COMPASS §̄

Compare with COMPASS data

• The suppression effect reduces at 
higher energies, as expected. 

• Including the leading TF channel 
alleviates the tension, but still 
deviates from data. 

• Need detailed analysis including 
more channels.

• For  production, target 
fragmentation cannot compete with 
current fragmentation. 

• Only current fragmentation can 
describe the data.

Λ̄

COMPASS Collaboration, Eur. Phys. J. C 64 (2009) 171.

X. Zhao, Z.-t. Liang, TL, Y.-j. Zhou, Phys. Rev. Lett. 134 (2025) 231901.
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Spin Transfer to  HyperonΣ

35

X. Zhao, TL, Y.-j. Zhou, 2025

Σ0↑ =
1
3

(ud)1,0s↑ −
1
6

(us)1,0d↑ −
1
6

(ds)1,0u↑ −
2

3
(ud)1,1s↓ +

1

3 2
(us)1,1d↓

+
1

3 2
(ds)1,1u↓ −

1
2

(us)0,0d↑ −
1
2

(ds)0,0u↑s
u d

Spin-flavor wave function 

:;<! energy 
@ = 0.25, E/ = 2.13(HI/

Spin transfer along -∗
momentum in ΣR rest frame

Spin transfer along ΣR momentum 
in -∗/ center-of-mass frameLongitudinal spin transfer 

Prelim
inary
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Summary
• Deep inelastic scattering is a powerful tool to study parton distribution and fragmentation 

functions. 
• At existing fixed-target SIDIS experiments, one cannot clearly separate the current and 

target fragmentation regions of Λ production events. 
• Spin is a sensitive observable to deepen our understanding of hadronization mechanism. 
• Target fragmentation plays an important role in understanding spin-related observables, such 

as the spin-transfer that has been measured by HERMES and COMPASS, JLab-CLAS. 
• Global analysis of fragmentation functions including SIDIS data should carefully consider 

the target fragmentation effects. 
• Electron-positron collision, free from target fragmentation, has unique advantage in 

measuring current fragmentation functions, although not enough for flavor separation. 
• More opportunities at future facilities STCF, EicC, HIAF and other facilities worldwide.

36

Thank you!
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l l'

P
X

q

Inclusive DIS at a large momentum transfer
• dominated by the scattering of the lepton off 

an active quark/parton 

• not sensitive to the dynamics at a hadronic 
scale ~ 1/fm 

• collinear factorization:   

• overall corrections suppressed by 

σ ∝ H(Q) ⊗ f(x, μ)
1/Qn

• indirectly “see” quarks, gluons and their 
dynamics 

• predictive power relies on  
— precision of the probe 
— universality of  f(x, μ)

Lepton-Hadron Deep Inelastic Scattering

Modern “Rutherford” experiment.
1 Introduction

Two regimes of ep scattering are distinguished by the virtuality of the exchanged photon
between the electron and proton, which is defined using the square of the four-momentum
difference between the incoming and scattered electron as: Q2 ⌘ �q2 = �(k� k0)2. Neutral
current deep inelastic scattering (NC DIS) occurs at large virtualities (Q2 � 1GeV2) of
the exchanged photon which, at leading order, strikes a single quark within the proton.
Photoproduction (�p) processes occur for quasi-real exchanged photons (Q2 . 1GeV2), and
are further sub-divided into two categories at leading order: direct and resolved. In direct
processes, the photon couples directly to a quark as in DIS. Resolved processes occur when
the photon fluctuates non-perturbatively into partons, which then scatter with one or more
partons in the proton. The DIS and resolved photoproduction regimes are illustrated in
Fig. 1.

(a) Neutral current deep inelastic scattering. (b) Resolved photoproduction.

Figure 1: Schematic illustration of initial scattering in (a) deep inelastic scattering and (b)
an example of resolved photoproduction. The electron beam is represented by the lines with
arrows. The partonic contents of the proton and photon are represented as large and small
pale circles, respectively. The exchanged photon is shown as a wavy line. Quarks are shown
as spheres while gluons are shown in gold.

A wide variety of measurements in heavy-ion collisions [1–6] indicates the formation of a
new state of quantum chromodynamics (QCD) matter in local thermal equilibrium, the so-
called quark-gluon plasma (QGP). One of the key observables of the QGP is the collective
behaviour of final-state particles. Recent measurements from colliding systems such as p+p,
p+ A, and photo-nuclear A+ A suggest that a QGP may even form in systems previously
thought too small to attain thermal equilibrium [7–14]. The deep inelastic scattering of

1

[Figure from DESY-21-099]

Q ≫ ΛQCD
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Transversity Distributions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Collins Fragmentation Functions

C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Tensor Charge
Tensor charge

• A fundamental QCD quantity:  matrix element of local operators. 
• Moment of the transversity distribution: valence quark dominant. 
• Calculable in lattice QCD.

Dq/h
1 (x, p?) = Dq/h

1 (x)
1
⇡ h

q
exp
0
BBBB@�

p2
?

h
q

1
CCCCA (20)

Nq(x) = Nxa(1 � x)b(1 + cx + dx2) (21)

x f?(1)
1T (22)

xa(1 � x)b/B(a + 1, b + 1) (23)

hP, S | ̄qi�µ⌫�5 
q
|P, S i = gq

T ū(P, S )i�µ⌫�5u(P, S ) (24)

gq
T =

Z 1

0
[hq

1(x) � hq̄
1(x)] dx (25)

dn = gd
T du + gu

T dd + gs
T ds (26)

dp = gu
T du + gd

T dd + gs
T ds (27)

l±(`) + N(P)! l±(`0) + h(Ph) + X(PX) (28)

4

Dq/h
1 (x, p?) = Dq/h

1 (x)
1
⇡ h

q
exp
0
BBBB@�

p2
?

h
q

1
CCCCA (20)

Nq(x) = Nxa(1 � x)b(1 + cx + dx2) (21)

x f?(1)
1T (22)

xa(1 � x)b/B(a + 1, b + 1) (23)

hP, S | ̄qi�µ⌫�5 
q
|P, S i = gq

T ū(P, S )i�µ⌫�5u(P, S ) (24)

gq
T =

Z 1

0
[hq

1(x) � hq̄
1(x)] dx (25)

dn = gd
T du + gu

T dd + gs
T ds (26)

dp = gu
T du + gd

T dd + gs
T ds (27)

l±(`) + N(P)! l±(`0) + h(Ph) + X(PX) (28)

4

Larger uncertainties when including anti-quarks (less biased) 
Compatible with lattice QCD calculations C. Zeng, H. Dong, TL, P. Sun, Y. Zhao, arXiv:2412.18324
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Kinematic Analysis

K.-b. Chen, W.-h. Yang, S.-y. Wei, Z.-t. Liang, Phys. Rev. D 94 (2016) 034003; 
J. Zhao, Z. Zhang, TL, Z.-t. Liang, Y.-j. Zhou, Phys. Rev. D 109 (2024) 074017.

Basis tensors:

hSμν
U = {g̃μν, P̃μP̃ν, P̃{μP̃ν}

h , P̃μ
hP̃ν

h, ϵ{μqPPhP̃ν}, ϵ{μqPPhP̃ν}
h }

hAμν
U = {P̃[μP̃ν]

h , ϵμνqP, ϵμνqPh}
g̃μν = gμν −

qμqν

q2

P̃μ = Pμ −
P ⋅ q
q2

qμ

Polarization dependent scalars and pseudoscalars:

{ϵPPhqS, Ph ⋅ S, q ⋅ S} {ϵPPhqSh, P ⋅ Sh, q ⋅ Sh}

{S ⋅ Sh, (P ⋅ Sh) (Ph ⋅ S), (Ph ⋅ S) (q ⋅ Sh), (P ⋅ Sh)(q ⋅ S), (q ⋅ Sh)(q ⋅ S),

ϵPPhSSh, ϵPqSSh, ϵPhqSSh, ϵPPhqSh(S ⋅ q)}
Combination of basis tensors and spin-dependent scalars/pseudoscalars 
gives the complete set.
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SIDIS Cross Section with Polarized Λ
Longitudinally polarized Λ
unpolarized nucleon:

longitudinally polarized nucleon:

transversally polarized nucleon:

J. Zhao, Z. Zhang, TL, Z.-t. Liang, Y.-j. Zhou, Phys. Rev. D 109 (2024) 074017

4

5

9

ℱU,L = 2ε(1 + ε) sin ϕhFsin ϕh
U,L + ε sin 2ϕhFsin 2ϕh

U,L

+λe ( 1 − ε2GU,L + 2ε(1 − ε) cos ϕhG
cos ϕh
U,L )

ℱL,L = FT
L,L + εFL

L,L + 2ε(1 + ε) cos ϕhFcos ϕh
L,L

+ε cos 2ϕhFcos 2ϕh
L,L + λe 2ε(1 − ε) sin ϕhG

sin ϕh
L,L

ℱT,L = cos (ϕh − ϕT) (FT cos(ϕh − ϕT)
T,L + εFL cos(ϕh − ϕT)

T,L )
+ 2ε(1 + ε) (cos ϕTFcos ϕT

T,L + cos (2ϕh − ϕT) Fcos(2ϕh − ϕT)
T,L )

+ε (cos (ϕh + ϕT) Fcos(ϕh + ϕT)
T,L + cos (3ϕh − ϕT) Fcos(3ϕh − ϕT)

T,L )
+λe [ 1 − ε2 sin (ϕh − ϕT) Gsin(ϕh − ϕT)

T,L

+ 2ε(1 − ε) (sin ϕTGsin ϕT
T,L + sin (2ϕh − ϕT) Gsin(2ϕh − ϕT)

T,L )]
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SIDIS Cross Section with Polarized Λ
Transversally polarized Λ
unpolarized nucleon:

longitudinally polarized nucleon:

9

9

J. Zhao, Z. Zhang, TL, Z.-t. Liang, Y.-j. Zhou, Phys. Rev. D 109 (2024) 074017

ℱU,T = sin ϕhT (FT sin ϕhT
U,T + εFL sin ϕhT

U,T )
+ 2ε(1 + ε) (sin (ϕh − ϕhT) Fsin(ϕh − ϕhT)

U,T + sin (ϕh + ϕhT) Fsin(ϕh + ϕhT)
U,T )

+ε (sin (2ϕh − ϕhT) Fsin(2ϕh − ϕhT)
U,T + sin (2ϕh + ϕhT) Fsin(2ϕh + ϕhT)

U,T )
+λe [ 1 − ε2 cos ϕhTGcos ϕhT

U,T

+ 2ε(1 − ε) (cos (ϕh − ϕhT) Gcos(ϕh − ϕhT)
U,T + cos (ϕh + ϕhT) Gcos(ϕh + ϕhT)

U,T )]
ℱL,T = cos ϕhT (FT cos ϕhT

L,T + εFL cos ϕhT
L,T )

+ 2ε(1 + ε) (cos (ϕh − ϕhT) Fcos(ϕh − ϕhT)
L,T + cos (ϕh + ϕhT) Fcos(ϕh + ϕhT)

L,T )
+ε (cos (2ϕh − ϕhT) Fcos(2ϕh − ϕhT)

L,T + cos (2ϕh + ϕhT) Fcos(2ϕh + ϕhT)
L,T )

+λe [ 1 − ε2 sin ϕhTGsin ϕhT
L,T

+ 2ε(1 − ε) (sin (ϕh − ϕhT) Gsin(ϕh − ϕhT)
L,T + sin (ϕh + ϕhT) Gsin(ϕh + ϕhT)

L,T )]
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SIDIS Cross Section with Polarized Λ
Transversally polarized Λ
transversally polarized nucleon:

18

J. Zhao, Z. Zhang, TL, Z.-t. Liang, Y.-j. Zhou, Phys. Rev. D 109 (2024) 074017

ℱT,T = cos (ϕh − ϕhT − ϕT) (FT cos(ϕh − ϕhT − ϕT)
T,T + εFL cos(ϕh − ϕhT − ϕT)

T,T )
+cos (ϕh + ϕhT − ϕT) (FT cos(ϕh + ϕhT − ϕT)

T,T + εFL cos(ϕh + ϕhT − ϕT)
T,T )

+ 2ε(1 + ε) (cos (ϕhT − ϕT) Fcos(ϕhT − ϕT)
T,T + cos (ϕhT + ϕT) Fcos(ϕhT + ϕT)

T,T

+cos (2ϕh − ϕhT − ϕT) Fcos(2ϕh − ϕhT − ϕT)
T,T + cos (2ϕh + ϕhT − ϕT) Fcos(2ϕh + ϕhT − ϕT)

T,T )
+ε (cos (ϕh − ϕhT + ϕT) Fcos(ϕh − ϕh + ϕT)

T,T + cos (ϕh + ϕhT + ϕT) Fcos(ϕh + ϕhT + ϕT)
T,T

+cos (3ϕh − ϕhT − ϕT) Fcos(3ϕh − ϕhT − ϕT)
T,T + cos (3ϕh + ϕhT − ϕT) Fcos(3ϕh + ϕhT − ϕT)

T,T )
+λe [ 2ε(1 − ε) (sin (ϕhT − ϕT) Gsin(ϕh − ϕT)

T,T + sin (ϕhT + ϕT) Gsin(ϕhT + ϕT)
T,T

+sin (2ϕh − ϕhT − ϕT) Gsin(2ϕh − ϕhT − ϕT)
T,T + sin (2ϕh + ϕhT − ϕT) Gsin(2ϕh + ϕhT − ϕT)

T,T )
+ 1 − ε2 (sin (ϕh − ϕhT − ϕT) Gsin(ϕh − ϕhT − ϕT)

T,T + sin (ϕh + ϕhT − ϕT) Gsin(ϕh + ϕhT − ϕT)
T,T )]
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Fracture Functions
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T F R

13

◆The fracture matrix M

decompose it on a basis of Dirac structures：

Dirac Struture：

Five Vectors：

the most general      
decomposition of M

Use                             to pick out the leading-twist terms 

Correlation function

decomposition with Dirac matrices:

leading-twist terms can be projected by:

ℳij (k; P, S; PΛ, SΛ) = ∑
X

∫
d4ξ

(2π)4
eikξ⟨P, S |Ψ̄j(0) PΛ, SΛ; X⟩ ⟨PΛ, SΛ; X Ψi(ξ) |P, S⟩

ℳ =
1
2 (𝒮I + 𝒱μγμ + 𝒜μγμγ5 + i𝒫γ5 + i𝒯μνσμνγ5)

γ+, γ+γ5, iσi+γ5

M. Anselmino, V. Barone, A. Kotzinian, Phys. Lett. B 699 (2011) 108.
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 Polarization Lepton-Hadron Scattering Λ

NOMAD Collaboration, Nucl. Phys. B 588 (2000) 3.

G.T. Jones et al. Birmingham-Bonn-CERN-London-
Munich-Oxford, Z. Phys. C 28 (1985) 23. 
WA59 Collaboration, Z. Phys. C 53 (1992) 207. 
E632 Phys. Rev. D 50 (1994) 6691. 
NOMAD Collaboration, Nucl. Phys. B 588 (2000) 3. 
NOMAD Collaboration, Nucl. Phys. B 605 (2001) 3.

E632 Phys. Rev. D 50 (1994) 6691.

Neutrino scattering experiments

longitudinal transverse
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Spin Transfer with Polarized  Beam e/μ

E665 Collaboration, Eur. Phys. J. C 17 (2000) 263. 
HERMES Collaboration, Phys. Rev. D 74 (2006) 072004. 
COMPASS Collaboration, Eur. Phys. J. C 64 (2009) 171. 
CLAS Collaboration, JPS conf. Proc. 37 (2022) 020304.

Eur. Phys. J. C (2009) 64: 171–179 177

3.3 Dependence of the Λ and Λ̄ spin transfer on x and xF

The x and xF dependences of the spin transfers to Λ and
Λ̄ are shown in Figs. 4 and 5. These dependences are differ-
ent for Λ and Λ̄. The spin transfer to Λ is small and compat-
ible with zero in the entire x range, while the spin transfer
to Λ̄ may reach values as large as DΛ̄

LL = 0.4–0.5.
A similar difference between Λ and Λ̄ spin transfers is

observed in the xF dependence (Fig. 5). The spin transfer to
Λ̄ tends to increase with xF , while the Λ one does not show
any significant xF dependence.

4 Discussion of the results

A comparison of the xF dependence of the longitudinal
spin transfer to Λ and Λ̄ for COMPASS and other exper-

Fig. 4 The x dependence of the longitudinal spin transfer to Λ and Λ̄.
The solid line corresponds to the theoretical calculations of [2] (Model
B, SU(6), CTEQ5L) for Λ and the dashed line is for the Λ̄ spin transfer.
The shaded bands show the size of the corresponding systematic errors

iments [20–23] is shown in Fig. 6. For Λ there is general
agreement between the present results and existing data.
For Λ̄ the measurement of the E665 Collaboration [22] in-
dicated a positive spin transfer (see Fig. 6b). The present
result confirms this observation with a much better statisti-
cal precision. The NOMAD Collaboration has found [21]
that the spin transfer to Λ̄ is DΛ̄

LL = 0.23 ± 0.15 ± 0.08
at x̄F = 0.18 in a good agreement with the present result
(5). The measured DΛ̄

LL increases with xF , the same trend
was found for the Λ polarisation in the experiments at LEP
[15, 16].

The main conclusion from our results is that the longi-
tudinal spin transfers to Λ and Λ̄ hyperons in DIS are not
equal. To understand this phenomenon let us consider the
leading order (LO) parton model, where the spin transfer to
Λ(Λ̄) produced on an unpolarised target by polarised lep-

Fig. 5 The xF dependence of the longitudinal spin transfer to Λ
and Λ̄. The solid line corresponds to the theoretical calculations of [2]
(Model B, SU(6), CTEQ5L) for Λ and the dashed line is for the Λ̄ spin
transfer. The shaded bands show the size of the corresponding system-
atic errors

Fig. 6 The xF dependence of
the longitudinal spin transfer to
Λ (a) and Λ̄ (b) for the
COMPASS (stars) and other
experiments [20–23] (NOMAD
data—circles, E665—reverse
triangles, HERMES—triangles)
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Fig. 3. DΛLL′ measurements from the HERMES experiment [1] binned vs. z are in generally in agreement with
helicity balance results from CLAS12 for cos θpL′ along p⃗Λ (left) and p⃗γ∗ (right). Note HERMES results were
computed with an outdated value for the asymmetry parameter αΛ = 0.624 ± 0.013 and have been rescaled.
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A diquark model estimation of the fraction function 

Effective vertex (baryon-quark-diquark): gs ̄� + ga ̄�
µ�5Aµ + h.c.
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model parameters tuned to match 
proton unpolarized PDF model result of fracture function
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