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Outline

•   Theoretical activities of interest for the EIC are effectively identified  
   with the INFN-CSN4 project   

NINPHA (National INitiative in Physics of HAdrons)

•  Short overview of NINPHA recent activities,  
•  including support to EIC Yellow Report studies 

        (M.R. Editor, B.Pasquini co-Convener of Exclusive WG) 
•  covering also non-SIDIS, non-collider setups

•  NINPHA support to the ATHENA detector proposal preparation 
          (M.R.  co-Convener of SIDIS WG)
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6 research lines 
linea 3:  “Nuclear and Hadronic Physics
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National Coordinator:  M. Boglione (TO)

5 units        (local Coordinator)   # affiliates 
Torino             M. Boglione               6 
Pavia               M. R.                          8 
Genova           E. Santopinto              3 
Perugia            S. Scopetta                 7 
Cagliari           F. Murgia                    6

Tot. 30  (FTE = 23.35)
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NINPHA research lines

1. Theoretical properties of non-perturbative maps
- factorisation theorems, (non-)universality, evolution equations, etc..  
- gauge invariance of physical observables  
- properties of Energy-Momentum Tensor (EMT) Tμν

QCD

2. Phenomenological extractions of TMDs
robust fits of data from  
- fixed-target (Hermes, Compass, JLab)  
- collider data (Tevatron, RHIC, LHC, SLAC, KEK)

3. Models and support to experiments

- GPDs in light nuclei: incoherent DVCS   vs.  coherent DVCS

- unifying picture of quark TMDs for N and π
- gluon TMDs

- exotic hadron spectroscopy,  EFTs of their decays
- parton dynamical correlations in Double Distributions (DDs)

TO, PV, CA

PV, CA, TO

PV, PG, GE



NINPHA research lines

1. Theoretical properties of non-perturbative maps TO, PV, CA



NINPHA highlights:  1. Th properties

collinear 
factorisation

TMD 
factorisation matching ?

dσ
dqT

qTΛQCD ≲ qT ≪ Q ΛQCD ≪ qT ≪ Q ΛQCD ≪ Q ≲ qT

Matching problem  where TMD factorisation is valid?⇔
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Figure 11: Transverse momentum hardness, R2, from Eq. (8.16) for fixed zh = 0.25,
⇣ = 0.3 and ⇠ = 0.2. Top panels show the ratio for MB = m⇡ at (a) xBj = 0.2 and (b)
xBj = 0.01. Similar cases for MB = mK are shown in the bottom panels, (c) and (d).

to fix Bayesian priors. Conversely, the success or failure of theoretical predictions can be
used to constrain the ranges of R0-R3 that are acceptable for particular regions in future
theoretical predictions.

In developing a picture of the likelihood that a particular kinematical region corresponds
to a particular partonic picture, one should of course consider a wide range of multiple non-
perturbative models for the values of ki, kf , etc., in addition to sampling from a range of
⇣, ⇠, and azimuthal angles, and track the values of R0-R3, in addition to xN/xBj, zN/zh,
W

2
tot, W

2

SIDIS
to assess the validity of various purely kinematical approximations. This could

be done, perhaps, at the level of computer simulations, where the values of R0-R3 can be
tracked. For now, the effect of changing quantities like k

2

i
and k

2

f
can be examined directly

with our web tool Ref. [12].

In the future we plan to incorporate this view into phenomenological procedures, par-
ticularly in situations with not-too-large Q. We hope that this will ultimately contribute to
a clearer picture of the borders between different regions and an improved understanding

– 30 –
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Possible criterium: 

Transverse hardness 

R2 =
|k2

q |

Q2

TMD fact.

collinear fact. Warning:  
need to first check that kinematics 
is in current fragmentation region;  
strongly depends on flavor of final 
detected hadron

Boglione et al., arXiv:1904.12882



Thrust
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inclusive hadrons - transverse momentum

quasi-inclusive hadron production gives access to 
transverse momentum in fragmentation 

transverse momentum measured with respect to  
thrust axis n 

analysis performed differential in z & PhT, in various 
slices in thrust T  (➠ 18x20x6 bins) 

correction steps similar as for PhT-integrated cross 
sections  

Gaussian fits to transverse-momentum distribution 
provided for all hadrons in (z,T)-bins

19

with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.

R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)

112006-4

3

obtained from a 655 fb�1 data sample collected near the ⌥(4S) resonance with the Belle detector
at the KEKB asymmetric-energy e+e� collider.

Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198

recent data for e+e-  h+X→

qT =
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
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q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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Kinematic regions of                         (thrust)

The hadron is detected near the boundary of the jet:
● Moderately small P

T

● The hadron P
T  

causes the spread of the jet affecting 

the topology of the final state (i.e. the value of thrust)

The hadron is detected very close to the axis of the jet:
● Extremely small P

T

● Soft radiation affects significantly the transverse 
deflection of the hadron from the thrust axis

The hadron is detected in the central region of the jet:
● Most common scenario
● Majority of experimental data fall into this case

Depending on where the hadron is located within the jet the underlying kinematics can be 
remarkably different, resulting in different factorization theorems

Three Regions:

TMD FF + non-pert. SOFT contributionTMD FF + non-pert. SOFT contribution

TMD FFTMD FF

Generazlized FJFGenerazlized FJF
Kinematic Regions in e+e- → h X process in a 
2-jet topology, M. Boglione, A. Simonelli, 
arxiv:2109.xxyy (in preparation)

R1 = h close to T axis τ ∼
qT

Q
≪ τ ≪ 1 dσ ∼ ∑

i

Hi(μ) ⊗τ J(μ) ⊗τ FT[S(μ, ν) ⊗τ Di→h
1 (μ, ν)]

R3 = h close to jet edges τ ≪
qT

Q
∼ τ ≪ 1 dσ ∼ ∑

i

Hi(μ) ⊗τ J(μ) ⊗τ ST(μ) ⊗τ 𝒢i→h(μ)

hard bckwd jet soft
fwd

thrust

TMDFF

FJF
A)  B)≡



Thrust
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transverse momentum in fragmentation 

transverse momentum measured with respect to  
thrust axis n 
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slices in thrust T  (➠ 18x20x6 bins) 

correction steps similar as for PhT-integrated cross 
sections  

Gaussian fits to transverse-momentum distribution 
provided for all hadrons in (z,T)-bins
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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obtained from a 655 fb�1 data sample collected near the ⌥(4S) resonance with the Belle detector
at the KEKB asymmetric-energy e+e� collider.

Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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slices in thrust T  (➠ 18x20x6 bins) 

correction steps similar as for PhT-integrated cross 
sections  
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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obtained from a 655 fb�1 data sample collected near the ⌥(4S) resonance with the Belle detector
at the KEKB asymmetric-energy e+e� collider.

Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z1 = 2Eh1/
p
s and (likewise) z2. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h1h2X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max
=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS
h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198

recent data for e+e-  h+X→

qT =
PhT

z
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Kinematic regions of                         (thrust)

The hadron is detected near the boundary of the jet:
● Moderately small P

T

● The hadron P
T  

causes the spread of the jet affecting 

the topology of the final state (i.e. the value of thrust)

The hadron is detected very close to the axis of the jet:
● Extremely small P

T

● Soft radiation affects significantly the transverse 
deflection of the hadron from the thrust axis

The hadron is detected in the central region of the jet:
● Most common scenario
● Majority of experimental data fall into this case

Depending on where the hadron is located within the jet the underlying kinematics can be 
remarkably different, resulting in different factorization theorems

Three Regions:

TMD FF + non-pert. SOFT contributionTMD FF + non-pert. SOFT contribution

TMD FFTMD FF

Generazlized FJFGenerazlized FJF
Kinematic Regions in e+e- → h X process in a 
2-jet topology, M. Boglione, A. Simonelli, 
arxiv:2109.xxyy (in preparation)

R1 = h close to T axis τ ∼
qT

Q
≪ τ ≪ 1 dσ ∼ ∑

i

Hi(μ) ⊗τ J(μ) ⊗τ FT[S(μ, ν) ⊗τ Di→h
1 (μ, ν)]

R3 = h close to jet edges τ ≪
qT

Q
∼ τ ≪ 1 dσ ∼ ∑

i

Hi(μ) ⊗τ J(μ) ⊗τ ST(μ) ⊗τ 𝒢i→h(μ)

hard bckwd jet soft
fwd

thrust

TMDFF

FJF
A)  B)≡

R2 = intermediate τ ≪
qT

Q
≪ τ ≪ 1

A)

dσ ∼ ∑
i

H̃ i(μ, ν) ⊗ FT[Di→h
1 (μ, ν)] dσ ∼ ∑

i

Hi(μ) ⊗τ J(μ) ⊗τ ST(μ) ⊗τ FT[C(μ, ν) ⊗τ Di→h
1 (μ, ν)]

B)
matching coefficients 

  𝒢 → C ⊗ D1
hybrid factoriz. = collinear formula for TMDFF 
problem:  rapidity scale ν linked to observable T

≠
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How to address gluon TMDs ?

GLUON TMDS

�56

3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
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The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of
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as the single Sivers e↵ect, one can find weighted expres-
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subprocess [22, 23]. Even if this applies to the present
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 matr. elem. QQ̄ → J/ψ
Bacchetta et al., arXiv:1809.02056

Boer et al., arXiv:2004.06740

- angular dependence of dσ0  WT, WL, WLT, WTT with low-high  matching→ qJ/ψ
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are related to different gluon TMDs, we introduce the azimuthal moments [558]

AW(fS,fT) ⌘ 2
R

dfS dfT W(fS, fT) ds(fS, fT)R
dfS dfT ds(fS, fT)

, (7.29)

where fS and fT denote the azimuthal angles of the transverse spin vector and
the measured transverse momentum, respectively. For instance, by taking W =
cos 2fT we define Acos 2fT ⌘ 2hcos 2fTi. The maximum values of such observ-
ables/asymmetries in ep" ! eJ/yX [558], obtained from the positivity bounds of
the TMDs, are presented in Fig. 7.55 (left) in a kinematic region accessible at the
EIC. They turn out to be measurable, but depend very strongly on the specific set
of the adopted long-distance matrix elements (LDMEs). Similar predictions are ob-
tained for U production, and also for J/y + jet production [559], which by varying
the mass of the final state also allows one to test the evolution of gluon TMDs.
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Figure 7.55: Left: Maximal AW
N asymmetries with W = cos 2fT, sin(fS + fT), sin(fS � 3fT),

for J/y production in SIDIS. These three asymmetries are sensitive to the linearly polar-
ized gluon distribution h?g

1 (in an unpolarized nucleon), and two linearly polarized gluon
distributions (in a transversely polarized nucleon), hg

1 and h?g
1T , respectively. The maximal

asymmetries are calculated from the positivity bounds for the polarized gluon TMDs, and
they become identical for all three weight functions. The labels SV and CMSWZ refer to
the implemented LDME sets [565, 566]. (Figure from Ref. [558].) Right: projection of SSA
h2 sin(fq � fS)i modulation in the dijet channel as a function of the reconstructed parton
momentum fraction xrec

parton. The following kinematic cuts are used in the selection of events
generated in the simulation at

p
s = 141 GeV with an integrated luminosity of 10 fb�1:

0.01 < y < 0.95, 1 GeV2 < Q2 < 20 GeV2, trigger jet Pjet1
T > 4.5 GeV and associated jet

Pjet2
T > 4 GeV.

On the other hand, dijet or high-pT charged dihadron productions [567] have also
been recently proposed to access gluon TMDs. In Fig. 7.55 (right), the projec-
tion [546] of the SSA h2 sin(fq � fS)i via dijet production is shown as a func-

Abdul Khalek et al.,  
arXiv:2103.05419
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Since the observables involve final-state heavy quarks
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Collider (LHeC) proposed at CERN. It is essential that
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with an accuracy �K? better than the magnitude of the
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one has to satisfy �K? ⌧ |qT | ⌧ |K?|.
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µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
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that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.
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dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
2
T )

�
,

B
gg!QQ̄ =

N

N2 � 1
B1 H

gg(x1, x2, q
2
T ) , (8)
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1

fg
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±1 ⌥1
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1

FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.

gluon TMD
gluon TMD

gluon TMD

±1

±1 ∓1

∓1

h⊥ g
1

h⊥ g
1

±1

±1 ±1

fg
1

±1

fg
1gluon TMD

gluon TMD

e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12) 
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14)  

Mukherjee, Rajesh, PRD 93 (16)

Only explorations so far

p↑ p→ J/ψ+X

different color gauge links:  
WW-type Sivers  DP-type 
                         

≫
f⊥g[+,+]
1T f⊥g[+,−]

1T

D’Alesio et al., arXiv:2007.03353

Main opportunities

f
g [+,+]
1 pp ! � J/ X LHC

pp ! �⌥X LHC

f
g [+,�]
1 pp ! � jetX LHC & RHIC

h
? g [+,+]
1 e p ! e

0
QQX EIC

e p ! e
0
jet jetX EIC

pp ! ⌘c,b X LHC

pp ! HX LHC

h
? g [+,�]
1 pp ! �

⇤
jetX LHC & RHIC

f
? g [+,+]
1T e p

" ! e
0
QQX EIC

e p
" ! e

0
jet jetX EIC

f
? g [�,�]
1T p

"
p ! � �X RHIC

f
? g [+,�]
1T p

"
A ! �

(⇤)
jetX RHIC

p
"
A ! hX (xF < 0) RHIC

& NICA

& NICA

complementarity 
of colliders

- unpolarized dσ0 :  matching between low  (TMD) and high  (collinear)qJ/ψ
T qJ/ψ

T

- various methods to constrain  matr. elem. (LDMEs)QQ̄ → J/ψ Boer et al., arXiv:2102.00003

- flavor-dependence of Sivers asymmetry at EIC:   f⊥g
1T ≫ f⊥q

1T Rajesh et al., arXiv:2108.04866

same in  
e p↑→ e+J/ψ+X

Boer, talk at IWHSS2020
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angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0

hp|TQ,G
µ⌫ |p0i = ū(p0)


MQ,G

2 (t)
PµP⌫

MN
+ JQ,G(t)

i(Pµ�⌫⇢ + P⌫�µ⇢)�⇢

2MN
+ dQ,G

1 (t)
�µ�⌫ � gµ⌫�2

5MN
± c̄(t)gµ⌫

�
u(p)

<latexit sha1_base64="DhFInDoYKQnvF1CI0lz+Tg1N83Q="></latexit><latexit sha1_base64="DhFInDoYKQnvF1CI0lz+Tg1N83Q="></latexit><latexit sha1_base64="DhFInDoYKQnvF1CI0lz+Tg1N83Q="></latexit><latexit sha1_base64="DhFInDoYKQnvF1CI0lz+Tg1N83Q="></latexit>

Form Factors of Energy Momentum TensorQCD Energy-Momentum Tensor (EMT)  Nucleon mechanical properties→
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Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =
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T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0

hp|TQ,G
µ⌫ |p0i = ū(p0)


MQ,G

2 (t)
PµP⌫

MN
+ JQ,G(t)

i(Pµ�⌫⇢ + P⌫�µ⇢)�⇢

2MN
+ dQ,G

1 (t)
�µ�⌫ � gµ⌫�2

5MN
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�
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Form Factors of Energy Momentum Tensor

                              Charges 
M2(0) = momentum of partons 
J(0) = angular momentum of partons 
d1(0) = “D-term” related to internal pressure  stability of the Nucleon 
 = “anomalous” contribution to trace Tμμ

→
c̄

Generalised Form Factors

Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

Form Factors of Energy Momentum Tensor

T ijdSj

“mechanical properties” of nucleon

M. Polyakov, PLB 555 (2003) 57

Fourier transform in coordinate space

shear forces pressure

TQ
ij (~r)= s(~r)

✓
rirj
r2

� 1

3
�ij

◆
+ p(~r) �ij

dQ1 (0) = 5⇡MN

Z 1

0
dr r4 p(r)

- Properties of the energy-momentum tensor Tμν  (renormalisation, scheme dependence, operator mixing, etc..): 
QED at one loop: electron mass sum rules
QCD at three loops: N mass decomposition, trace anomaly and sigma term

Rodini, Metz, Pasquini, arXiv:2004.03704

Metz, Pasquini, Rodini, arXiv:2006.11171

Renormalization of Tμν and interpretation of terms in N mass decomposition Lorcé et al., arXiv:2109.11785

Tμν = ψ̄ γμ i
2

Dνψ − FaμλFaν
λ +

1
4

gμνF2



The EMT trace anomaly

Sec. 7.1.4  Origin of hadron mass

M =

∑
i=q,g

⟨T 00
i ⟩ = ∑

i=q,g
[Mi

2(0) + c̄i(0)] M

∑
i=q,g

gμν⟨Tμν
i ⟩ = ∑

i=q,g
[Mi

2(0) + 4c̄i(0)] M

⟨Tμν
i ⟩ ≡

1
2M

⟨P |Tμν
i (0) |P⟩ |P=0

∑
i=q,g

Mi
2(0) = 1 ∑

i=q,g

c̄i(0) = 0

Mi
2(0) = ∫ dx x f i

1(x) momentum of parton i

c̄q(0) = ⟨ψ̄mψ⟩ σ-term from πN scattering

c̄g(0) = ⟨
β(g)
2g

F2 + γmψ̄ mψ⟩ ≡ Ma trace anomaly  
(Fμν = gluon field)

<F2> from threshold photo-/electro-production of J/ψ and Υ

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 85

Figure 7.26: Projection of the trace anomaly contribution to the proton mass (Ma/Mp) with
U photoproduction on the proton at the EIC in 10 ⇥ 100 GeV electron/proton beam-energy
configuration. The insert panel illustrates the minimization used to determine the uncer-
tainty for each data point. The black circles are the results from the analysis of the GlueX
J/y data [191], while the dark green circles correspond the JLab SoLID J/y projections. The
U projections were generated following the approach from Ref. [192] with the lAger Monte
Carlo generator [193].

is important to distinguish the ep center-of-mass energy from the g(⇤)p energy. The
latter is constrained to be close to the threshold.) Moreover, the produced quarko-
nia and their decay products (lepton pairs) are typically in the very forward region,
and this may require special detectors. Section 8.4.5 reports the results of detailed
simulations which partly address these questions and indicate directions for future
improvements.

Another way to address the question of the origin of the hadron mass is through
chiral symmetry. In this picture, different mechanisms due to dynamical chiral
symmetry breaking (DCSB) are responsible for the emergent hadronic mass and
should manifest themselves in observables that probe the shape and size of the
hadron wave function [194]. Five key measurements at the EIC expected to deliver
far-reaching insights into the dynamical generation of mass have been highlighted
in Ref. [12]. Among them, there are measurements of the meson structure functions
as discussed in Sect. 7.1.3 (see Fig. 7.24) and of the pion electromagnetic form factor
as reported in Secs. 7.2.1 and 8.5.1. While the p+ mass is barely influenced by the
Higgs and is almost entirely generated by DCSB, the Higgs mechanism is expected
to play a more relevant role for the K+ mass due to its strange quark content.
Thus, the comparison of the charged pion and charged kaon form factors over a

Abdul Khalek et al.,  
arXiv:2103.05419
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NINPHA highlights:  2. Phenomenology

3D proton tomography with unpolarized quarks

the PV17 fit the first fit of SIDIS + Drell-Yan + Z-production at NLL
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Figure 4. Comparison between experimental data and theoretical predictions obtained at N3LL
accuracy for a representative subset of the datasets included in this analysis. The upper panel of
each plot displays the absolute qT distributions, while the lower panel displays the same distributions
normalised to the experimental central values. The blue bands represent the 1-� uncertainty of the
theoretical predictions.

parameter �, that measures the relative weight of Gaussian and q-Gaussian in Eq. (2.39), is
close to 0.5 indicating that these contributions weigh approximately the same. Concerning
the values of the parameters g2 and g2B associated to the non-perturbative contribution to
TMD evolution, we find that the coefficient g2B of the quartic term is small but significantly
different from zero. This seems to suggest that higher-power corrections to the commonly
assumed quadratic term g2 may be required by the data.

Further insight concerning the appropriateness of the functional form in Eqs. (2.39)-

Eqs. (2.39)-(2.40) as they are not a direct result of any of our fits.

– 22 –

the PV19 fit fit of Drell-Yan at N3LL top accuracy

data points 
353

# fit parameters 
9

global χ2/d.o.f. 
1.12 ± 0.01

Parameter Value
g2 0.036 ± 0.009
N1 0.625 ± 0.282
↵ 0.205 ± 0.010
� 0.370 ± 0.063
� 0.580 ± 0.092

N1B 0.044 ± 0.012
↵B 0.069 ± 0.009
�B 0.356 ± 0.075
g2B 0.012 ± 0.003

Table 5. Average and standard deviation over the Monte Carlo replicas of the free parameters
fitted to the data and graphical representation of the correlation matrix.

(2.40) can be gathered by looking at the statistical correlations between parameters. In
the right panel of Tab. 5, we show a graphical representation of the correlation matrix of
the fitted parameters. The first observation is that (off-diagonal) correlations are generally
not very large. There is however one exception, i.e. the parameters � and � seem to
be strongly anti-correlated. This may indicate that the interplay between q-Gaussian and
Gaussian may be significantly x dependent. We leave a deeper study of this feature to a
future publication.
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Figure 5. The TMD of the down quark at µ =
p

⇣ = Q = 2 GeV (left plot) and 10 GeV (right
plot) as a function of the partonic transverse momentum k? for three different values of x. The
bands give the 1-� uncertainty.

To conclude this section, in Fig. 5 we show the down-quark TMD at µ =
p

⇣ = Q =

2 GeV (left plot) and 10 GeV (right plot) as a function of the partonic transverse momentum
k? for x = 0.001, 0.1, 0.3. The 1-� uncertainty bands are also shown. As expected, TMDs
are suppressed as k? grows and the suppression becomes relatively stronger as Q increases.
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f q
1 (x, kT; Q)

Q=1 GeV

up

downBacchetta et al.,  
arXiv:1912.07550

Bacchetta et al.,  
arXiv:1703.10157

included in set of 
benchmark codes  
by CERN - EW WG



g1(x) = N1
(1 − x)α xσ

(1 − ̂x)α ̂xσ

TMD Sensitivity coefficients

the PV17 fit Bacchetta et al., arXiv:1703.10157

Abdul Khalek et al.,  
arXiv:2103.05419
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x regions become more relevant as well as the fragmentation-related parameters
are getting better constrained at those x.

Figure 8.30: Expected sensitivities to various TMD PDF and FF parameters, as well as the
TMD evolution as shown for the verious collision energy options and for detected final-state
positive pions. The impact has been averaged over final state hadron transverse momentum
and fractional energy for better visibility.

Requirements for the detector Three s separation of pions from kaons is needed
over a large area of the central detector. Due to the hadron energy ranges at the
various collision energies 7 GeV/c is sufficiently high in the �3.5 < h < �1 region,
8 to 10 GeV/c would be preferable in the central region (�1 < h < 1) and up to 50
GeV/c is needed in the more forward regions (1 < h < 3.5).

8.2.3 Using the hadronic final state to reconstruct SIDIS variables

The JB method discussed in Sec. 8.1 can also be used to reconstruct x and Q2 in
SIDIS. When considering neutral current events with a reconstructed electron, one
can also use methods that use information from both, the scattered electron and the
hadronic final state to increase the precision of the reconstructed kinematic vari-
ables. Two of those methods are the so-called ”mixed” method and the double-
angle method [30]. In the mixed method, the exchanged 4-momentum q is calcu-
lated from the electron, and the energy transfer y is calculated from the hadronic
final state, whereas the double angle method uses only information about the an-
gles of the scattered lepton and hadronic final state. This method is therefore less

Sec. 8.2.2  Hadron PID impact and 4D TMD measurements

fNP(x, k2
T) =

1
π

1 + λk2
T

g1 + λg2
1

e−k2
T /g1

gK(bT) = − g2
b2

T

4

DNP(z, P2
T) =

1
π

1

g3 + λF

z2 g2
4

[e−P2
T /g3 + λF

P2
T

z2
e−P2

T /g4]
g3,4(z) = N3,4

(zβ + δ) (1 − z)γ

( ̂zβ + δ) (1 − ̂z)γ

non-perturb. TMD PDF

non-perturb. TMD FF

non-perturb. evolution kernel

Gaussian

width

Sum of  
Gaussians

widths
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NINPHA highlights:  2. Phenomenology

3D proton tomography with unpolarized quarks (cont’ed)

unpol. quark in  pol. Nucleon = Sivers effect⊥

Asin(ϕh−ϕS)
UT ∝

Fsin(ϕh−ϕS)
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3D proton tomography with unpolarized quarks (cont’ed)

the PV-Sivers fit 
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Using reweighing technique, study impact of STAR data  
on previous fit of Sivers effect in SIDIS
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Figure 4: Comparison between the Sivers first k?-moments (a) and
their values normalized to the corresponding central value (b) from
SIDIS data and their reweighted SIDIS+jet counterparts in the GPM
(left panels) and CGI-GPM (right panels) framework. In both plots,
results for u- (upper panels) and d- (lower panels) quarks are shown.
Bands correspond to a 2� CL.

reduction of about 60% (80%) for the reweighted u(d)-
quark Sivers function at x > 0.2, while in the CGI-GPM
case, and in the same kinematical region, we have ⇠ 80%
and ⇠ 90% for the u and d Sivers function, respectively.

Before concluding this section, let us comment on the
use of the jet data set, where no cut on the photon mul-
tiplicity is imposed. The corresponding results of the
reweighting are indeed very similar to those already shown
in all respects, apart from the fact that, in this case, the
resulting �

2
dof slightly favors the CGI-GPM approach.

5. Conclusions and outlook

In the present analysis we applied, for the first time, a
reweighting procedure to a TMD parton density, the quark
Sivers distribution function extracted from SIDIS data. By
exploiting the recently published single spin asymmetry
data for inclusive jet production in polarized pp collisions

Figure 5: Ratio of relative errors for the “SIDIS+jet” and the
“SIDIS” cases in the GPM (left panels) and the CGI-GPM (right
panels) approaches, for u-(upper panels) and d-(lower panels) quarks.

from STAR [33], we showed the feasibility of such a pro-
cedure, which represents a valuable alternative to a full
global fit.

This allowed us, for the first time, to combine SIDIS
azimuthal asymmetries data and the single spin asymme-
tries measured in p

"
p ! jet X processes in a global analy-

sis. Moreover, by using two di↵erent approaches, the GPM
and the CGI-GPM, we could also attempt to assess the de-
gree of process dependence of the Sivers function, beside
its sign change. Although the reweighted �

2
dof slightly fa-

vors the GPM approach, further investigations are needed
to have a clear discrimination between the two formalisms.

By including the jet SSA data from STAR we were able
to significantly improve and extend our present knowledge
of the quark Sivers function towards larger x values, not
probed in current SIDIS data. In particular, their high
precision allows to remarkably reduce the uncertainties of
the Sivers function in such a kinematical region. We found
that for the u-quark Sivers distribution, such reduction is
about 60% in the GPM and 80% in the CGI-GPM frame-
works, while for the d-quark case we observed a reduction
of about 80% and 90% for GPM and CGI-GPM respec-
tively.

This work has to be considered as an exploratory study
to show, on one side, the potentiality of the reweighting
procedure in the TMD sector and, on the other side, to re-
fine the behavior of the Sivers function in a region not
explored in SIDIS processes. The natural extension of
this study will be a global analysis including also SSAs
for inclusive pion production. This will allow us to simul-
taneously apply the reweighting procedure to the Collins
fragmentation function, to transversity and to the Sivers
function, as extracted by best-fitting the azimuthal asym-
metries in SIDIS and e

+
e
� processes. We also expect that

forthcoming SIDIS measurements from COMPASS [59],
JLab [60] and the future Electron Ion Collider [61, 62] will
play a crucial role in unravelling the nucleon structure in
its full complexity.
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Belle data on         e+ e− → Λ↑ + X           e+ e− → Λ↑+π /K+X5

FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content 〈N12〉.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

〈N12〉
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

〈N0〉
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At

Λ
thrust

p

π

θ
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FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫
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F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as
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The corresponding normalized distribution R0, which is
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contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s
as a function of zΛ and pt in the thrust frame. The top (a)
and bottom (b) plots display the results for Λ and Λ̄, respec-
tively. The sum of statistical and systematic uncertainties
are indicated by the error bars and the shaded areas show the
uncertainties from α.

on MC. The contributions from mis-identified h± are in-
cluded in the results without further correction. The am-
plitudes of the transverse polarization of Λ hyperons as a
function of zΛ and zh calculated in the hadron frame are
shown in Fig. 2. These results can give additional insight
into the quark flavor fragmenting into the Λ. In particu-
lar, in the low zΛ region, the polarization in Λh+X and
Λh−X is significantly different, even showing opposite
sign and a magnitude that increases with higher zh. In
contrast, in the region zΛ > 0.5, the differences between
Λh+X and Λh−X are modest, although deviations can
still be seen.

We investigate the flavor of the (anti-)quark going into
the same hemisphere with the Λ particles using MC. We
find that the flavor tag of the light hadron depends on
zh and zΛ [27]. At low zΛ [28], the contributions of the
various quark flavors for Λ are nearly charge symmetric
in processes Λh+X and Λh−X . In general, the results
suggest that the Λ polarization from s quark fragmenta-
tion is negative because, in ΛK+X at high zΛ, where s
to Λ fragmentation absolutely dominates, the observed
asymmetries are negative. In Λπ−X and ΛK−X at low
zΛ, u to Λ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmen-
tation to Λ is positive. In Λπ−X and ΛK−X at high zΛ,
there is a larger contribution from s compared to low zΛ,
resulting in negative polarizations. For Λπ+X at low zΛ,
ū fragmenting into a Λ dominates, and the observed po-
larizations are negative. At high zΛ, s fragmenting into
Λ is dominant, resulting in negative polarization. The
sign of the Λ polarization fragmenting from d quarks is
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ±X
(a), ΛK±X (b), Λ̄π±X (c) and Λ̄K±X (d), as a function of
zΛ and zh in the hadron frame. The different panels show
the different zΛ regions as labeled on the plots. Error bars
indicate the sum of statistical and systematic uncertainties
added in quadrature. The shaded areas show the uncertainties
from α.

not well determined.
The results presented in Fig. 1 and Fig. 2 show the

transverse polarization for inclusive Λ particles, includ-
ing those directly-produced from qq̄ fragmentations and
those indirectly-produced from decays. Based on MC,
about 30% of Λ candidates come from charm, mainly via
c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We
note that the strong decays, such as that of Σ∗, are con-
sidered as part of the fragmentation function. The charm
is expected to be different from light quarks because it is
much heavier, thus we need to also separately correct for
the charm contribution. To study direct fragmentation
of light quarks into Λ hyperons, also the contributions
from Σ0 and Ξ decays need to be taken into account.
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s
as a function of zΛ and pt in the thrust frame. The top (a)
and bottom (b) plots display the results for Λ and Λ̄, respec-
tively. The sum of statistical and systematic uncertainties
are indicated by the error bars and the shaded areas show the
uncertainties from α.

on MC. The contributions from mis-identified h± are in-
cluded in the results without further correction. The am-
plitudes of the transverse polarization of Λ hyperons as a
function of zΛ and zh calculated in the hadron frame are
shown in Fig. 2. These results can give additional insight
into the quark flavor fragmenting into the Λ. In particu-
lar, in the low zΛ region, the polarization in Λh+X and
Λh−X is significantly different, even showing opposite
sign and a magnitude that increases with higher zh. In
contrast, in the region zΛ > 0.5, the differences between
Λh+X and Λh−X are modest, although deviations can
still be seen.

We investigate the flavor of the (anti-)quark going into
the same hemisphere with the Λ particles using MC. We
find that the flavor tag of the light hadron depends on
zh and zΛ [27]. At low zΛ [28], the contributions of the
various quark flavors for Λ are nearly charge symmetric
in processes Λh+X and Λh−X . In general, the results
suggest that the Λ polarization from s quark fragmenta-
tion is negative because, in ΛK+X at high zΛ, where s
to Λ fragmentation absolutely dominates, the observed
asymmetries are negative. In Λπ−X and ΛK−X at low
zΛ, u to Λ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmen-
tation to Λ is positive. In Λπ−X and ΛK−X at high zΛ,
there is a larger contribution from s compared to low zΛ,
resulting in negative polarizations. For Λπ+X at low zΛ,
ū fragmenting into a Λ dominates, and the observed po-
larizations are negative. At high zΛ, s fragmenting into
Λ is dominant, resulting in negative polarization. The
sign of the Λ polarization fragmenting from d quarks is
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ±X
(a), ΛK±X (b), Λ̄π±X (c) and Λ̄K±X (d), as a function of
zΛ and zh in the hadron frame. The different panels show
the different zΛ regions as labeled on the plots. Error bars
indicate the sum of statistical and systematic uncertainties
added in quadrature. The shaded areas show the uncertainties
from α.

not well determined.
The results presented in Fig. 1 and Fig. 2 show the

transverse polarization for inclusive Λ particles, includ-
ing those directly-produced from qq̄ fragmentations and
those indirectly-produced from decays. Based on MC,
about 30% of Λ candidates come from charm, mainly via
c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We
note that the strong decays, such as that of Σ∗, are con-
sidered as part of the fragmentation function. The charm
is expected to be different from light quarks because it is
much heavier, thus we need to also separately correct for
the charm contribution. To study direct fragmentation
of light quarks into Λ hyperons, also the contributions
from Σ0 and Ξ decays need to be taken into account.
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NINPHA highlights:  2. Phenomenology

Belle data on         e+ e− → Λ↑ + X           e+ e− → Λ↑+π /K+X5

FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content 〈N12〉.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

〈N12〉
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

〈N0〉
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At

Λ
thrust

p

π

θ
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FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:
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where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content 〈N12〉.
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

〈N0〉
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s
as a function of zΛ and pt in the thrust frame. The top (a)
and bottom (b) plots display the results for Λ and Λ̄, respec-
tively. The sum of statistical and systematic uncertainties
are indicated by the error bars and the shaded areas show the
uncertainties from α.

on MC. The contributions from mis-identified h± are in-
cluded in the results without further correction. The am-
plitudes of the transverse polarization of Λ hyperons as a
function of zΛ and zh calculated in the hadron frame are
shown in Fig. 2. These results can give additional insight
into the quark flavor fragmenting into the Λ. In particu-
lar, in the low zΛ region, the polarization in Λh+X and
Λh−X is significantly different, even showing opposite
sign and a magnitude that increases with higher zh. In
contrast, in the region zΛ > 0.5, the differences between
Λh+X and Λh−X are modest, although deviations can
still be seen.

We investigate the flavor of the (anti-)quark going into
the same hemisphere with the Λ particles using MC. We
find that the flavor tag of the light hadron depends on
zh and zΛ [27]. At low zΛ [28], the contributions of the
various quark flavors for Λ are nearly charge symmetric
in processes Λh+X and Λh−X . In general, the results
suggest that the Λ polarization from s quark fragmenta-
tion is negative because, in ΛK+X at high zΛ, where s
to Λ fragmentation absolutely dominates, the observed
asymmetries are negative. In Λπ−X and ΛK−X at low
zΛ, u to Λ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmen-
tation to Λ is positive. In Λπ−X and ΛK−X at high zΛ,
there is a larger contribution from s compared to low zΛ,
resulting in negative polarizations. For Λπ+X at low zΛ,
ū fragmenting into a Λ dominates, and the observed po-
larizations are negative. At high zΛ, s fragmenting into
Λ is dominant, resulting in negative polarization. The
sign of the Λ polarization fragmenting from d quarks is
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ±X
(a), ΛK±X (b), Λ̄π±X (c) and Λ̄K±X (d), as a function of
zΛ and zh in the hadron frame. The different panels show
the different zΛ regions as labeled on the plots. Error bars
indicate the sum of statistical and systematic uncertainties
added in quadrature. The shaded areas show the uncertainties
from α.

not well determined.
The results presented in Fig. 1 and Fig. 2 show the

transverse polarization for inclusive Λ particles, includ-
ing those directly-produced from qq̄ fragmentations and
those indirectly-produced from decays. Based on MC,
about 30% of Λ candidates come from charm, mainly via
c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We
note that the strong decays, such as that of Σ∗, are con-
sidered as part of the fragmentation function. The charm
is expected to be different from light quarks because it is
much heavier, thus we need to also separately correct for
the charm contribution. To study direct fragmentation
of light quarks into Λ hyperons, also the contributions
from Σ0 and Ξ decays need to be taken into account.
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s
as a function of zΛ and pt in the thrust frame. The top (a)
and bottom (b) plots display the results for Λ and Λ̄, respec-
tively. The sum of statistical and systematic uncertainties
are indicated by the error bars and the shaded areas show the
uncertainties from α.

on MC. The contributions from mis-identified h± are in-
cluded in the results without further correction. The am-
plitudes of the transverse polarization of Λ hyperons as a
function of zΛ and zh calculated in the hadron frame are
shown in Fig. 2. These results can give additional insight
into the quark flavor fragmenting into the Λ. In particu-
lar, in the low zΛ region, the polarization in Λh+X and
Λh−X is significantly different, even showing opposite
sign and a magnitude that increases with higher zh. In
contrast, in the region zΛ > 0.5, the differences between
Λh+X and Λh−X are modest, although deviations can
still be seen.

We investigate the flavor of the (anti-)quark going into
the same hemisphere with the Λ particles using MC. We
find that the flavor tag of the light hadron depends on
zh and zΛ [27]. At low zΛ [28], the contributions of the
various quark flavors for Λ are nearly charge symmetric
in processes Λh+X and Λh−X . In general, the results
suggest that the Λ polarization from s quark fragmenta-
tion is negative because, in ΛK+X at high zΛ, where s
to Λ fragmentation absolutely dominates, the observed
asymmetries are negative. In Λπ−X and ΛK−X at low
zΛ, u to Λ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmen-
tation to Λ is positive. In Λπ−X and ΛK−X at high zΛ,
there is a larger contribution from s compared to low zΛ,
resulting in negative polarizations. For Λπ+X at low zΛ,
ū fragmenting into a Λ dominates, and the observed po-
larizations are negative. At high zΛ, s fragmenting into
Λ is dominant, resulting in negative polarization. The
sign of the Λ polarization fragmenting from d quarks is

Po
la

riz
at

io
n

)-π(+πz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3Λ0.2<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.4Λ0.3<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.5Λ0.4<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.9Λ0.5<z

+π + Λ -
π + Λ(a)

 

Po
la

riz
at

io
n

)-π(+πz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3
Λ

0.2<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.4
Λ

0.3<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.5
Λ

0.4<z

)-π(+πz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.9
Λ

0.5<z

-π + Λ
+π + Λ(b)

 

Po
la

riz
at

io
n

)-(K+Kz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3Λ0.2<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.4Λ0.3<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.5Λ0.4<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.9Λ0.5<z

+ + KΛ - + KΛ(c)

 

Po
la

riz
at

io
n

)-(K+Kz
0.4 0.6 0.8

0.2−

0.1−

0

0.1

0.2

<0.3
Λ

0.2<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.4
Λ

0.3<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.5
Λ

0.4<z

)-(K+Kz
0.4 0.6 0.8

0.2

0.1

0

0.1

0.2

<0.9
Λ

0.5<z

- + KΛ + + KΛ(d)

 

FIG. 2. Transverse polarizations of Λ’s observed in Λπ±X
(a), ΛK±X (b), Λ̄π±X (c) and Λ̄K±X (d), as a function of
zΛ and zh in the hadron frame. The different panels show
the different zΛ regions as labeled on the plots. Error bars
indicate the sum of statistical and systematic uncertainties
added in quadrature. The shaded areas show the uncertainties
from α.

not well determined.
The results presented in Fig. 1 and Fig. 2 show the

transverse polarization for inclusive Λ particles, includ-
ing those directly-produced from qq̄ fragmentations and
those indirectly-produced from decays. Based on MC,
about 30% of Λ candidates come from charm, mainly via
c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We
note that the strong decays, such as that of Σ∗, are con-
sidered as part of the fragmentation function. The charm
is expected to be different from light quarks because it is
much heavier, thus we need to also separately correct for
the charm contribution. To study direct fragmentation
of light quarks into Λ hyperons, also the contributions
from Σ0 and Ξ decays need to be taken into account.
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- gT=δu-δd : disagreement with lattice (not confirmed by  
                    analysis of Collins effect by JAM Collaboration)

at the EIC, potential  
precision  lattice !   ≳

hermes

“exploratory” fit of Collins effect in SIDIS  
D’Alesio et al., arXiv:2001.01573
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pion-induced Drell-Yan     π− p↑ → l+ l− + X

Acos 2ϕ
UU access to Boer-Mulders  in π and ph⊥

1

Asin ϕS
UT access to Sivers in p↑

Asin(2ϕ−ϕS)
UT access to  in π and transversity in p↑h⊥

1

…..

comparing models of π and p TMDs and parametrizations (when available) with Compass data

Bastami et al., arXiv:2005.14322

gluon TMDs in a spectator model
- model proton-gluon-X vertex  spectral function (MX)⊗
- fix parameters to f1(x)NNPDF3.1 , g1(x)NNPDFpol1.1

- <x>g very close to lattice
- T-even TMDs 

Bacchetta et al.,  
arXiv:2005.02288

- T-odd TMDs 
in preparation
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GPDs in light nuclei

- coherent DVCS on 4He Hq
A(x, ξ, t) = SA ⊗ Hq

N

spin-dependent spectral  
function computed from  
AV18-UIX nuclear potential

ℑ(HA) = HA(ξ, ξ, t) − HA(−ξ, ξ, t) ℜ(HA) = 𝒫∫
1

−1
dx

HA(x, ξ, t)
x − ξ

CLAS,  
arXiv:1707.03361

Fucini et al.,  
arXiv:1805.05877

bx

ALU(ϕ) =
a0ℑ(HA)

a1 + a2ℜ(HA) + a3(ℜ2(HA) + ℑ2(HA))
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Figure 7.61: 4He azimuthal beam-spin asymmetry ALU(f), for f = 90�: results of Ref. [672]
(red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].

be safely exposed in forthcoming data. Even the evaluation of relativistic effects in
a light-front framework, although challenging, are under investigation along the
lines of Ref. [671].

The specific spin structure of 3He has been used extensively to extract informa-
tion for the polarized neutron. Also in this exclusive process specific CFFs in (po-
larized) coherent DVCS, where final-state interactions should be negligible with
respect to the incoherent case, appear to be dominated by the neutron contribu-
tion [662, 669, 670], so that the extraction of the neutron information, complemen-
tary to that to be obtained from the deuteron, looks promising. The possible use of
(polarized) 3He (3H) beams, along with detection far from the interaction region,
makes the EIC the ideal machine for completely new studies.

The 4He nucleus is a spin-0 system and therefore the DVCS amplitude is described
in terms of one leading-twist GPD in the chiral-even sector, so that only one CFF
must be extracted in the experimental analysis, which is much easier than for the
nucleon target. From the point of view of nuclear dynamics, it is a deeply-bound
”real” nucleus and the nuclear effects are similar to those expected for heavier
nuclei. For 4He, realistic (non-relativistic) descriptions are challenging but possi-
ble, making it the ideal target to disentangle (novel) medium effects. As already
said, it is the only nucleus for which data for the coherent channel have been re-
leased [656]. Some calculations are also available since a long time [673,674]. In the
most recent IA theoretical analysis [672], a semi-realistic nuclear description based
on the AV18 interaction [675] and the UIX three-body forces [676] was used, with
the Goloskokov-Kroll model to parametrize the nucleon GPDs. This framework,
which was later extended to the incoherent channel [677,678], proved successful in
reproducing the data for the beam-spin asymmetry ALU, as shown in Fig. 7.61, and
for the real and imaginary parts of the CFFs. This model is currently used in the
TOPEG event generator and applied to simulate DVCS at the EIC kinematics. The
region of low xB, naturally accessible at the EIC and very important to study glu-
ons in nuclei and expose exotic effects, is presently under investigation, for both
DVCS and for the exclusive production of vector mesons. As for any coherent
exclusive process, in DVCS off 4He the collider setup makes the detection of the



Possibilities with light nuclei at the EIC

Abdul Khalek et al.,  
arXiv:2103.05419

Sec. 7.2.5  Light (polarized) nuclei 
       Coherent DVCS on light nuclei

- gluon shadowing in UPC@LHC   γA  ρ(J/ψ)+A→
gA(x, Q2)
gN(x, Q2) At Q2~few GeV2, xB~10-3, coherence 

length  2-3 nucleons involved  
complementarity of light nuclei!

→

ALU(ϕ) =
a0ℑ(HA)

a1 + a2ℜ(HA) + a3(ℜ2(HA) + ℑ2(HA))

- coherent DVCS on 4He
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Figure 7.61: 4He azimuthal beam-spin asymmetry ALU(f), for f = 90�: results of Ref. [672]
(red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].

be safely exposed in forthcoming data. Even the evaluation of relativistic effects in
a light-front framework, although challenging, are under investigation along the
lines of Ref. [671].

The specific spin structure of 3He has been used extensively to extract informa-
tion for the polarized neutron. Also in this exclusive process specific CFFs in (po-
larized) coherent DVCS, where final-state interactions should be negligible with
respect to the incoherent case, appear to be dominated by the neutron contribu-
tion [662, 669, 670], so that the extraction of the neutron information, complemen-
tary to that to be obtained from the deuteron, looks promising. The possible use of
(polarized) 3He (3H) beams, along with detection far from the interaction region,
makes the EIC the ideal machine for completely new studies.

The 4He nucleus is a spin-0 system and therefore the DVCS amplitude is described
in terms of one leading-twist GPD in the chiral-even sector, so that only one CFF
must be extracted in the experimental analysis, which is much easier than for the
nucleon target. From the point of view of nuclear dynamics, it is a deeply-bound
”real” nucleus and the nuclear effects are similar to those expected for heavier
nuclei. For 4He, realistic (non-relativistic) descriptions are challenging but possi-
ble, making it the ideal target to disentangle (novel) medium effects. As already
said, it is the only nucleus for which data for the coherent channel have been re-
leased [656]. Some calculations are also available since a long time [673,674]. In the
most recent IA theoretical analysis [672], a semi-realistic nuclear description based
on the AV18 interaction [675] and the UIX three-body forces [676] was used, with
the Goloskokov-Kroll model to parametrize the nucleon GPDs. This framework,
which was later extended to the incoherent channel [677,678], proved successful in
reproducing the data for the beam-spin asymmetry ALU, as shown in Fig. 7.61, and
for the real and imaginary parts of the CFFs. This model is currently used in the
TOPEG event generator and applied to simulate DVCS at the EIC kinematics. The
region of low xB, naturally accessible at the EIC and very important to study glu-
ons in nuclei and expose exotic effects, is presently under investigation, for both
DVCS and for the exclusive production of vector mesons. As for any coherent
exclusive process, in DVCS off 4He the collider setup makes the detection of the

Sec. 8.4.3  DVCS off Helium 
The Orsay-Perugia event generator (TOPEG)

330 8.4. EXCLUSIVE MEASUREMENTS

Figure 8.66: Kinematic distribution of the photons produced in coherent DVCS on helium-4
as generated with TOPEG for the three energy configurations envisioned for the EIC.

Forward detector

In the far forward region, where the scattered helium nuclei are detected, the situa-
tion is more complicated. At low xB, tmin becomes very small leading to kinematics
impossible to access,meaning the minimum t reported will be set by the detector
acceptance. While for high t the limitation will be the luminosity. These two val-
ues are the critical limits that need to be evaluated for the light nuclei coherent
processes.

In the detector matrix, the limit at low t is given by the Roman pot capabilities. It
is expected to detect recoil nuclei at transverse momenta as low as 0.2 GeV. This
corresponds to �t ⇡ 0.04 GeV2. In a similar fashion to the photon acceptance, this
appears to leave plenty of room to study the t dependence between tmin and the
first minimum (at �t ⇡ 0.7, 0.42, 0.48 GeV2 for d, 3He, 4He, respectively). However,
since |t| ⇠ pT

2, a degradation of the lower momentum reach proposed would
significantly affect our capability to study 3He and 4He coherent DVCS.

Overall performance

Overall, it appears that the detector capabilities proposed in this report have a
wide enough kinematical range to study the tomography and other possible elu-
sive nuclear parton dynamics around the critical first diffraction minimum of the
electromagnetic form factor. We identify two key points as critical for these studies,
in the sense that a degradation would directly affect the accessible physics. These
are the minimum angle of photon detection in the backward detector and the min-
imum transverse momentum accessible in the Roman Pots for recoil nuclei.

In order to quantitatively assess the effect of different recoil nuclei minimum trans-
verse momentum, we performed a fit of pseudo-data generated with the TOPEG

software using different assumptions. We show in Fig. 8.67 the quark density pro-
files extracted using the leading order formalism [1391, 1392], assuming three dif-
ferent minimum transverse momenta for the Roman pots and a 10 fb�1 integrated
luminosity. We chose to present here the figure of merit for the nominal design

Sec. 7.3.8  Structure of light nuclei 
Coherent scattering off lightest nuclei

180 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.81: Coherent J/Y production on 3He (left panel) and 4He (right panel) at x = 10�3.
The cross section ratio to the t = 0 value for production on the nucleon is shown, as a
function of q =

p
�t. Red curves do not include rescattering effects, green (blue) curves

include double (triple) rescatterings.

7.3.9 Coherent and incoherent photoproduction on heavy targets

Photoproduction and electroproduction are sensitive to the gluon content of the
target nucleus, and provide information on how quark-antiquark dipoles interact
in nuclei, providing information on the nuclear structure, as is discussed in Sec-
tion 7.3.2. This section will present the additional physics that can be probed by
studying coherent and incoherent production separately.

Exclusive production is an excellent probe of the gluon distributions in the nu-
cleus, providing information on the overall gluon content through the overall
cross-section, the spatial distribution of the gluons (through ds/dt for coherent
production) and on event-by-event fluctuations in distributions, including gluon
hot spots through inelastic production [406, 865, 866].

High-energy photoproduction and electroproduction cross-sections on proton tar-
gets were first studied extensively at HERA, where the cross-sections were mea-
sured for a variety of mesons, from the r up to the U [867, 868]. The photopro-
duction studies were extended to include heavy nuclear targets in ultra-peripheral
collisions (UPCs) at RHIC [869] and the LHC [866, 870, 871]. The LHC UPC data
[872–877] had a larger energy reach than HERA. The LHC data exhibited a moder-
ate suppression of the Jy cross-section, consistent with moderate gluon shadowing
- roughly as predicted by leading order twist calculations [786–788,878]. Although
the energy reach cannot match the LHC, the EIC will allow us to extend these
measurements to large Q2, and also, through vastly improved statistics, probe the
production kinematics in detail, exploring the photon energy and Q2 evolution of
the nuclear targets. As Fig. 7.82 shows, the ratio of photoproduction on light and
heavy targets, scaled by A�4/3 should be one in the absence of nuclear shadowing.
At large Q2, a Glauber calculation (implemented in the eSTARlight Monte Carlo)
predicts that the ratio should be close to one. However, at lower Q2, lighter mesons
are expected to exhibit a lower ratio, reaching 0.6 for r photoproduction. In con-

large acceptance effects in far forward detector
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GPDs in light nuclei

- coherent DVCS on 4He Hq
A(x, ξ, t) = SA ⊗ Hq

N

spin-dependent spectral  
function computed from  
AV18-UIX nuclear potential

ℑ(HA) = HA(ξ, ξ, t) − HA(−ξ, ξ, t) ℜ(HA) = 𝒫∫
1

−1
dx

HA(x, ξ, t)
x − ξ

CLAS,  
arXiv:1707.03361

- incoherent DVCS on 4He

Fucini et al.,  
arXiv:1805.05877

HN,q
A = ∫ dEdpSN

A ( p, E)Hq
N

diagonal spectral function 
HN computed at off-shell kin. 

 EMC effect ?↔

beam-spin asym. ALU

CLAS,  
arXiv:1812.07628

Fucini et al.,  
arXiv:2008.11437

double PDFs (dPDFs)

P2

P1

x1x2

x3

x4
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P1

x1
x2

x3

x4

Figure 2: Diagrammatic representation of the two contributions to a DPS process: the so called 2v2 mechanisms
is shown in the left panel and the 2v1 mechanism in the right panel. Small grey blobs represent the hard
scattering processes.

respect to the standard 2v2 mechanism shown in the left panel of Fig. 2. This contribution breaks the simple
ansatz in Eq. (17) and it is of pure perturbative origin. Its presence in dPDF evolution equation and in DPS
cross sections has been carefully investigated [28, 31, 32, 56, 50, 60]. Within this mechanism, the separation of
the parton pair is set by the hard scale in the splitting, 1/Q ⌧ b ⌧ 1/⇤. Since one typically assumes that the
non-perturbative b-profile has a width of order 1/⇤, one can approximate b = 0 in the 2v1 term[6, 30, 43, 60].
In this Section we consider the formalism developed in Refs. [30], where the �eff definition is generalized to
include the 2v1 contribution. As discussed in Ref. [30], one can decompose the total DPS cross section in terms
of the two leading 2v2 and 2v1 contributions as follows

�
DPS =

⌦2v2

�eff,2v2
+

⌦2v1

�eff,2v1
, (45)

where here ⌦2v2 and ⌦2v1 represent the DPS cross sections calculated with longitudinal double PDFs for both
mechanisms, and weighted by their corresponding �eff . In particular the ⌦2v1 term is calculated with dPDFs
whose initial condition is given by the splitting term alone at the initial scale [30]. As discussed in Ref. [30], in
experimental analyses it is usually assumed that �DPS = ⌦2v2

/�eff . Within this approach, one can incorporate
the 2v1 contribution in �

DPS by using the following generalization of �eff :

1

�eff

=
1

�eff,2v2
+

1

�eff,2v1

⌦2v1

⌦2v2
. (46)

Under the assumption that the longitudinal dependence of dPDFs factorizes from the transverse one, the
e↵ective cross sections for the two mechanisms read:

1

�eff,2v2
=

Z
d
2
k?

(2⇡)2
f(k?)

2
, (47)

1

�eff,2v1
=

Z
d
2
k?

(2⇡)2
f(k?) = f̃(b? = 0) , (48)

where it is worth noticing that both the above expression depends on the same e↵ective form factor, f(k?), so
that they are not independent quantities. The first equation is the standard one, see Eq. (17). The second one
reflects the perturbative production of the couple of partons, occurring approximately at zero relative distance
in transverse plane. In terms of the present notation, the main result of Ref. [25] reads:

1

3⇡hb2i  1

�eff,2v2
 1

⇡hb2i , (49)

where, by following Ref. [30], �eff,2v2 represents the usual definition of �eff if only the 2v2 mechanism is
considered, see Eq. (47). In the case where also the 2v1 mechanism is included in the analysis, in order to relate
hb2i to the experimentally extracted �eff Eq. (46), we need first to find a relation between the mean partonic
distance and �eff,2v1, defined in Eq. (48) and appearing in the full definition of �eff in Eq. (46). To this aim,

9

dPDFs in multi-parton interactions 
at LHC like pp  J/ψ + J/ψ + X 

 distance of partons  GPDs? 

→

⊥ →

Fgg (x1, x2, bT, Q2=mH2)

bx bx

by by

Rinaldi & Ceccopieri, arXiv:1812.04286 
                                     arXiv:2103.13480

ALU(ϕ) =
a0ℑ(HA)

a1 + a2ℜ(HA) + a3(ℜ2(HA) + ℑ2(HA))
142 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 1  1.5  2  2.5

A
L

U

4
H

e
(9

0
 °

)

Q2 [GeV2]

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.1  0.15  0.2  0.25  0.3

A
L

U

4
H

e
(9

0
 °

)

xB

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.06  0.08  0.1  0.12  0.14  0.16

A
L
U

4
H

e
(9

0
 °

)

-t [GeV2]

Figure 7.61: 4He azimuthal beam-spin asymmetry ALU(f), for f = 90�: results of Ref. [672]
(red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].

be safely exposed in forthcoming data. Even the evaluation of relativistic effects in
a light-front framework, although challenging, are under investigation along the
lines of Ref. [671].

The specific spin structure of 3He has been used extensively to extract informa-
tion for the polarized neutron. Also in this exclusive process specific CFFs in (po-
larized) coherent DVCS, where final-state interactions should be negligible with
respect to the incoherent case, appear to be dominated by the neutron contribu-
tion [662, 669, 670], so that the extraction of the neutron information, complemen-
tary to that to be obtained from the deuteron, looks promising. The possible use of
(polarized) 3He (3H) beams, along with detection far from the interaction region,
makes the EIC the ideal machine for completely new studies.

The 4He nucleus is a spin-0 system and therefore the DVCS amplitude is described
in terms of one leading-twist GPD in the chiral-even sector, so that only one CFF
must be extracted in the experimental analysis, which is much easier than for the
nucleon target. From the point of view of nuclear dynamics, it is a deeply-bound
”real” nucleus and the nuclear effects are similar to those expected for heavier
nuclei. For 4He, realistic (non-relativistic) descriptions are challenging but possi-
ble, making it the ideal target to disentangle (novel) medium effects. As already
said, it is the only nucleus for which data for the coherent channel have been re-
leased [656]. Some calculations are also available since a long time [673,674]. In the
most recent IA theoretical analysis [672], a semi-realistic nuclear description based
on the AV18 interaction [675] and the UIX three-body forces [676] was used, with
the Goloskokov-Kroll model to parametrize the nucleon GPDs. This framework,
which was later extended to the incoherent channel [677,678], proved successful in
reproducing the data for the beam-spin asymmetry ALU, as shown in Fig. 7.61, and
for the real and imaginary parts of the CFFs. This model is currently used in the
TOPEG event generator and applied to simulate DVCS at the EIC kinematics. The
region of low xB, naturally accessible at the EIC and very important to study glu-
ons in nuclei and expose exotic effects, is presently under investigation, for both
DVCS and for the exclusive production of vector mesons. As for any coherent
exclusive process, in DVCS off 4He the collider setup makes the detection of the
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modeling structure and decays of heavy exotic mesons and baryons

- Diquark model  spectrum of fully heavy tetraquarks 
                               and of fully-heavy baryons 

→Tetraquarks ccc̄c̄, bbb̄b̄, bcb̄c̄, bbc̄c̄, …
Bedolla et al., arXiv:1911.00960

- decay                       and                            in JPC = 0++, 2++   

    can be detected at LHCb
ccc̄c̄ → 4μ D(*)D̄(*) → eμ

Becchi et al., arXiv:2006.14388

- relativized 4-body Hamiltonian  spectrum of triply-heavy tetraquarks 
           decay in heavy quarkonium plus  
                         heavy-light meson 

→ ccc̄q̄, bbc̄q̄, …

Lu et al., arXiv:2107.13930..

Pentaquarks
- hidden-charm pentaquark as  
                    coupled to superposition of    and  ) 
   spectrum and decays of 

uudcc̄ ΛcD̄(*) Σ(*)
c D̄(*)

P+
c (4312), P+

c (4440), P+
c (4457)

Yamaguchi et al., arXiv:1907.04684
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Sec. 3.2  Origin of Spin and 3D Nucleon imaging

Sec. 3.2.2  3D parton imaging with hadronsATHENA DETECTOR PROPOSAL 3.2. ORIGIN OF SPIN AND 3-D NUCLEON IMAGING
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Figure 3.12: Left: Projected uncertainties for the unpolarized cross sections measured with ATHENA compared
with uncertainties of the PV17 TMD PDF extraction [71] (grey dots). Over a significant part of the phase space
the total uncertainty on the ATHENA pseudodata is dominated by the assumed systematic 2% point-to-point
and 3% scale uncertainty, whereas the theory uncertainties are dominated by the poorly known TMD evolution.
The di↵erent colors represent the di↵erent energy combinations. The size of the markers show the uncertainties
of the corresponding datasets. At each point the data and theory relative uncertainties are shown where the
data has the relative highest impact. Right: Projected Sivers asymmetries extracted from ATHENA pseudodata
compared to projections from the PV19 extraction [72] for charged pions. Pseudodata with Q2 > 1:0GeV2,
0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
shape of this TMDs as well as its evolution. The uncertainties of the individual datasets were scaled to 100
fb�1 at 10 ⇥ 275 GeV assuming equal data taking time for each center-of-mass-energy. Based on previous
experience, we assumed 2% point-to-point uncertainty and 1.5% scale uncertainty (FastSim).

3.2.3 3-D parton imaging with heavy flavor and jets
Jets are excellent proxies for partons, especially in the clean environment of DIS, so they are powerful probes for
TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark TMD PDFs without
convolution with TMD fragmentation functions [73, 74]. Similarly, di-jets in DIS probe gluon TMD PDFs and
o↵er a very promising way to constrain the magnitude of the gluon Sivers function over a wide kinematic
range [75]. In di↵ractive DIS, di-jet-proton correlations probe the Wigner function [76]—the ultimate goal for
nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
Paper, the potential of their measurements with jets had not been fully explored by the time the EIC White
Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
their substructures. The novel barrel ECal also helps hadronic final state measurements. Adding the excellent
tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of

events where the reconstructed and generated values of qT =p
jet
T are in the same bin to the number of all events

reconstructed in that bin. The purity is found to be more than 50% for the bin widths shown, ensuring rea-
sonable corrections for the asymmetries and unfolding for the unpolarized e+p baseline. The theory predictions
and uncertainties are taken from [77].

Fragmentation function, or hadron-in-jet, measurements generalize SIDIS by providing an additional axis
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data has the relative highest impact. Right: Projected Sivers asymmetries extracted from ATHENA pseudodata
compared to projections from the PV19 extraction [72] for charged pions. Pseudodata with Q2 > 1:0GeV2,
0:2 < z < 0:7, y > 0:05, qT =Q < 1:0 were selected. The ATHENA data will be powerful in constraining the
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nucleon imaging studies. While measurements of TMDs were highlighted in the NAS study and EIC White
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ATHENA’s precision, acceptance, and particle ID performance enable high quality measurements of jets and
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tracking resolution enabled by the 3T magnetic field, ATHENA will make precise energy flow and hadron-in-jet
measurements. The key requirement to probe TMDs with jets is the resolution to probe small values of lepton-
jet (dijet) momentum imbalance (qT ); which is driven by jet energy and angle resolution. To access the TMD
regime, the qT value should be small relative to the total jet (dijet) pT and Q of the event.

Figure 3.13 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-charm Sivers
asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA measurements with sensi-
tivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is defined as the ratio of the number of
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