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The description of the polarized quark hadronization process is one of the most challenging problems in the physics of strong interactions. The various single hadron and dihadron fragmentation
functions, that quantify this process, are determined by analyzing the inclusive production of
hadrons in electron-positron semi-inclusive annihilation process (SIA). These, in turn, are used to
extract the transverse momentum dependent parton distribution functions from the experiments
on semi-inclusive deep inelastic scattering process (SIDIS), elucidating the spin-orbit correlations
in nucleon.
Here we present a framework for new measurements of polarized quark fragmentation functions
in electron-positron annihilation and deep inelastic semi-inclusive processes. These measurements offer a number of exciting opportunities to improve our understanding of the polarized
quark hadronization and test the universality of the fragmentation functions. Such measurements
can be performed at the upcoming BELLE II, JLab 12 and the future EIC experiments.
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1. Introduction

2. The weighted asymmetries for 2h+2h production in SIA
The first proposed azimuthal asymmetry for measuring helicity-dependent DiFFs G⊥
1 , in back-to-back two hadron
pair creation in e+ + e− → (h1 h2 ) + (h̄1 h̄2 ) + X, was made over ten years ago in [17]. A subsequent experimental
search for this asymmetry by BELLE collaboration did not yield a signal [18, 19], while their previous measurements
for IFF signal were sizable [20]. The model calculations of G⊥
1 entering this asymmetry was recently calculated in [3],
producing a result that is smaller than that for IFF calculated within the same model, but still non-negligible.
Recently, motivated by the findings in [4], we re-derived the cross section for dihadron production in e+ e− annihilation [6], and found a number of disagreements with the previous calculations. The two most important conclusions
were the resolution of the apparent inconsistencies between the definitions of IFF entering the SIDIS and SIA processes
+ −
and the realization that the originally proposed azimuthal asymmetry for determining G⊥
1 in e e annihilation should
vanish.
The coordinate system used in the analysis is defined in the center of mass frame of colliding e+ and e− by taking
the ẑ opposite to the total 3-momentum P̄h of the hadron pair (h1 h2 ), and the components of the vectors perpendicular
to ẑ are denoted with a subscript ⊥ , see Fig. 1. In this frame, the perpendicular component of the virtual photon’s
three-momentum q⊥ = 0. It is also useful to define a reference frame where the total momenta of both hadron pairs are
collinear [17], and the components of 3-vectors perpendicular to them is denoted by T . In this frame the virtual photon
has a transverse momentum component qT = −Ph⊥ /z, where z is the light-cone momentum fraction of Ph with respect
to q. The difference between the T and ⊥ components of the observed hadron momenta is of the order 1/Q and will be
neglected here, where Q2 = q2 is much larger than the typical hadronic scale. Note, that the azimuthal angle of qT and
PT are related as ϕq = ϕh + π.
The cross section expression for this process at leading twist was originally derived in [17]. The new derivation,
in [6], corrected several errors in the previous result. The part of the cross section giving access to G⊥a
1 is given by
e+ e− →(h1 h2 )(h̄1 h̄2 )X
n h
i
h (R × k ) (R̄ × k̄ )
io
dσU,L
T
T 3
T
T 3 ⊥a ⊥ā
,
(2.1)
G1 Ḡ1
= C ∑ e2a z2 z̄2 A(y) F Da1 D̄ā1 − F
2
7
2
2
d qT dϕR dϕR̄ d V
Mh
M̄h
a,ā

1
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The understanding of the internal structure of the nucleon remains one of the most intriguing issues of the modern
physics. At high energies, the semi-inclusive reactions with large momentum transfer are described within the framework
of perturbative quantum chromodynamics (pQCD) by convolutions of the transverse momentum dependent (TMD)
parton distribution functions (PDFs) and fragmentation functions (FFs). Thus, to have an access to TMD PDFs and study
their quark flavor and kinematic dependences, the knowledge of FFs and their flavor dependence is needed. Recently, we
have examined the modeling and the phenomenology of one and two hadron TMD FFs in the series of articles [1 – 7].
The measurements of two-hadron azimuthal asymmetries in semi-inclusive process have been recently used to
access the quark transversity PDF of the nucleon [8 – 10], using a combined analysis of two-hadron production in SIDIS
and back-to-back two hadron pair creation in e+ e− annihilation. A key role here is played by the so-called interference
DiFF (IFF), that describes a correlation between the transverse spin polarization of a fragmenting quark with the relative
transverse momentum of the produced hadron pair. Similarly, the helicity-dependent DiFF, G⊥
1 , describes a correlation
between the longitudinal polarization of a fragmenting quark and the relative transverse momenta of the pair of hadrons.
The importance of G⊥
1 lies, to a considerable extent, in its relationship to the phenomenon of longitudinal jet handedness,
which was predicted 25 years ago [11], but has not yet been observed experimentally. It is also of interest because it has
no analogue in single unpolarized hadron production.
In general, the expressions for the cross-sections of SIDIS and SIA contain many terms with spin (in)dependent
azimuthal modulations. In the leading order of pQCD formalism these terms contain complicated transverse momentum
convolutions of TMD PDFs and FFs. The idea of using transverse-momentum weighting to break up the transverse
momentum convolutions and to single out the PDFs and FFs in the single hadron azimuthal asymmetries was first
proposed a number of years ago in [12, 13] and later in [14]. The first experimental results motivated by that work have
recently been published by the COMPASS collaboration [15, 16].
In this manuscript we present our recent results for the calculations of various weighted asymmetries of dihadron
production in SIDIS and SIA. These weighted asymmetries allow us to disentangle the transverse momentum convolutions between the various PDFs and FFs entering the corresponding expressions, and allow us to study the various
DiFFs.
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3α
7
where Da1 denotes the unpolarized DiFF, C ≡ πQ
2 , while ϕR , ϕR̄ are the azimuthal angles of RT and R̄T , and d V ≡
dzdξ dRT d z̄d ξ¯ d R̄T dy denotes the remaining phase space element. The subscript 3 denotes the z component of the

vector, and Mh and M̄h are the invariant masses of the two hadron pairs. The electromagnetic coupling constant is
denoted as α, while the charge of a quark of flavor a is ea , and A(y) = 21 − y + y2 . The convolution F is defined as
F [wDa D̄ā ] =

Z

d 2 kT d 2 k̄T δ 2 (kT + k̄T − qT )w(kT , k̄T , RT , R̄T ) Da Dā .

(2.2)

The fully unintegrated DiFFs entering these expressions depend on the relative azimuthal angles between kT , RT
2
2
and k̄T , R̄T , respectively: Da (z, ξ , k2T , R2T , kT · RT ), Dā (z̄, ξ¯ , k̄T , R̄T , k̄T · R̄T ).
In order to gain information about the DiFFs entering the cross section, it is helpful to use their decomposition into
Fourier cosine series with respect to the relative azimuthal angle ϕKR ≡ ϕk − ϕR
Da (z, ξ , k2T , R2T , cos(ϕKR )) =

1
π

∞

cos(n · ϕKR ) a,[n]
D (z, ξ , k2T , R2T ),
0,n
1
+
δ
n=0

∑

(2.3)

The cross section, when integrated over qT , ϕR , ϕR̄ , ξ , ξ¯ , contains only the unpolarized DiFFs
h1i =

Z

e+ e− →(h1 h2 )(h̄1 h̄2 )X

dσU,L

× 1 = CA(y) ∑ e2a Da1 (z, Mh2 )D̄ā1 (z̄, M̄h2 ),

(2.4)

a,ā

where the integrated zeroth Fourier moment of the unpolarized DiFF is defined as
Da1 (z, Mh2 ) = z2

Z

d 2 kT

Z

a,[0]

dξ D1

(z, ξ , k2T , R2T ) .

(2.5)

It is easy to derive from Eq. (2.1), that the previously proposed measurement of an asymmetry containing G⊥
1
in [17] simply vanishes
hcos(2(ϕR − ϕR̄ ))i = 0.
(2.6)
Moreover, it is easy to demonstrate, that h f (ϕR , ϕR̄ )i = 0 for an arbitrary f (ϕR , ϕR̄ ).
In [6] we proposed a new weight to access the helicity-dependent DiFFs
*
+



q2T 3 sin(ϕqR ) sin(ϕqR̄ ) + cos(ϕqR ) cos(ϕqR̄ )
⊥a,[0]
⊥a,[2]
⊥ā,[0]
⊥ā,[2]
= 4C ∑ e2a G1
− G1
Ḡ1
− G1
,
Mh M̄h
a,ā

(2.7)

where the dimensionless integrated n-th moments are defined as
⊥a,[n]
G1
(z, Mh2 ) ≡ z2

Z

2

k2T
2Mh2

Z

d kT

dξ

!

|RT | ⊥a,[n]
G
(z, ξ , k2T , R2T ).
Mh 1

(2.8)

For convenience, we define the integrated helicity-dependent DiFF as
⊥a,[0]

2
G⊥a
1 (z, Mh ) ≡ G1

⊥a,[2]

(z, Mh2 ) − G1

(z, Mh2 ).

(2.9)

Note, that this definition differs from that in [17]. Our recent model calculations of Fourier cosine moments of G⊥
1 in [3]
suggest a sizable analyzing power for such combination, although in the model calculations we used kT RT wighting
2
when defining the Fourier cosine moments of G⊥
1 instead of kT RT used in Eq. (2.8).
The corresponding azimuthal asymmetry, which is the ratio of the weighted moment in Eq. (2.7) to the unweighted
one in Eq. (2.4), can be expressed as
2
⊥ā
2
∑a,ā G⊥a
1 (z, Mh ) G1 (z̄, M̄h )
2
2
A⇒
.
(2.10)
e+ e− (z,z̄, Mh , M̄h ) = 4
a
ā
2
2
∑a,ā D1 (z, Mh ) D1 (z̄, M̄h )

2
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Figure 1: The kinematics of two back-to-back dihadron pair creation in e+ e− annihilation.
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3. The weighted asymmetries for 2h production in SIDIS

and

"
#
dσUL
α 2 e2a 0
(RT × kT )3 a ⊥a
= −SL ∑
A (y)G
g1L G1 ,
2
d 2 Ph⊥ dϕR d 6V 0
Mh2
a πyQ

where C0 =
ST ,

α2
,
πyQ2

(3.2)

d 6V 0 ≡ dzdξ dMh2 dxdydϕS , ϕS is the azimuthal angle of the initial nucleon’s transverse polarization

A0 (y) = 1 − y + y2 /2,
G [w f q Dq ] ≡

Z

SL is the longitudinal polarization of the nucleon, and the SIDIS convolution is defined as
d 2 pT

Z


P 
d 2 kT δ 2 kT − pT + h⊥ w(pT , kT , RT ) f q (x, pT )Dq (z, ξ , kT2 , R2T , kT · RT ).
z

(3.3)

The unweighted integral of the cross section over Ph⊥ , ϕR , ξ , ϕS yields a product of the unpolarized PDF and the
DiFF
h1i =

Z

dσUU × 1 = 2C0 A0 (y) ∑ e2a f1a (x)z2 Da1 (z, Mh2 ).

(3.4)

a

For the polarization-dependent term in Eq. (3.2), again by weighting this modulation by a factor of Ph⊥ , we can
break up the transverse momentum convolution in (3.3) into a product of two independent terms

 Z
Ph⊥ sin(ϕh − ϕR )
P sin(ϕh − ϕR )
2
(3.5)
= dσUL h⊥
= 2SLC0 A0 (y) ∑ ga1L (x) z G⊥a
1 (z, Mh ),
Mh
Mh
a
where

ga1L (x) =

Z

d 2 pT ga1L (x, p2T ),

(3.6)

2
is the nucleon collinear helicity PDF, while the combination of the Fourier cosine moments of G⊥a
1 (z, Mh ) is exactly that
+
−
appearing in the e e annihilation asymmetry in Eq. (2.9).
Thus, the proposed azimuthal asymmetry can be expressed as
2
A⇒
SIDIS (x, z, Mh ) =SL

2
∑a ga1L (x) z G⊥a
1 (z, Mh )
.
a
a
2
∑a f1 (x) D1 (z, Mh )

(3.7)

4. The weighted asymmetries for h+2h production in SIA
Recently we proposed a new measurement in e+ e− annihilation [7], exploiting the production of a single inclusive
hadron (generically noted as Λ) back-to-back to a hadron pair, where the relevant cross section should involve convolutions of FFs for the single hadron in one jet and the DiFFs for the hadron pair produced in the opposite jet. The purpose
of such a measurement is two-fold, and will leverage our knowledge of the single hadron FFs. First, the absolute cross
section measurements will provide a wider basis for extracting the quark flavor dependence of the DiFFs, especially
when analyzed together with the inclusive hadron pair measurements in the same jet [22]. Second, by studying various
azimuthal asymmetries we can better determine the polarized DiFFs, and also access their sign.
Here we use the e+ e− center-of-mass coordinate system, similar to that in Sec. 2, where the ẑ axis is chosen to
point opposite to the Λ’s 3-momentum PΛ , see Fig. 2. Some of the results for weighted asymmetries from [7] are:
1. The weighted asymmetry induced by the Collins effect for unpolarized hadron Λ:
⊥ā,[1]

AColl =

^,a→h1 h2
(z, Mh2 ) H1
(z̄)
B(y) ∑a e2a H1
,
a→h
h
ā→Λ
1
2
2
2
A(y) ∑a ea D
(z, M ) D̄
(z̄)
1

3

h

1

(4.1)
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We next consider the SIDIS process with two observed final state hadrons l + N → l 0 + h1 h2 + X. For this process,
using the the expression for the fully unintegrated cross section of this process, derived in [21], we suggested a new
weighted asymmetry for accessing G⊥
1 in [6]
The cross section for this process can be decomposed into various terms according to the polarization of the
incident lepton beam and the target nucleon. The two cases of interest here are σUU and σUL , describing the unpolarized
and target longitudinal polarization dependent parts of the cross section, respectively. Here we only show the explicit
dependence of these two terms on the relevant azimuthal angles
"
#
dσUU
0 0
2
a a
= C A (y) ∑ ea G f1 D1 ,
(3.1)
d 2 Ph⊥ dϕR d 6V 0
a
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Figure 2: The kinematics of e+ e− → h1 h2 + Λ + X process.

hsL isin(ϕq −ϕR ) (z, Mh2 , z̄, y) =

⊥,a→h1 h2
(z, Mh2 ) Gā→Λ
∑a e2a G1
1L (z̄)
a→h h
(z̄)
∑a e2a D1 1 2 (z, Mh2 ) D̄ā→Λ
1

,

(4.2)

3. An asymmetry induced by the correlation of the transverse polarizations of the quark and the anti quark, which
⊥ type FF:
couples the Collin DiFFs withthe H1L

2
3αem
qT
⊥ā,[1]
hβL iH ^ H ⊥ =
sin(ϕq + ϕR ) =
B(y) ∑ e2a H1^,a→h1 h2 (z, Mh2 ) H1L (z̄),
(4.3)
1 1L
MΛ
(2π)2 Q2
a
4. The asymmetries for a transversely polarized Λ:
sy

cos(ϕq )

⊥ā,[1]

a→h h
(z, Mh2 , z̄, y) − hsx isin(ϕq ) (z, Mh2 , z̄, y)
∑a e2a D1 1 2 (z, Mh2 ) D1T (z̄)
=2
,
a→h1 h2
MΛ
(z, M 2 ) D̄ā→Λ (z̄)
∑a e2a D

(4.4)

(z, Mh2 , z̄, y) + hsx isin(ϕq ) (z, Mh2 , z̄, y) 2B(y) ∑a e2a H1⊥,a→h1 h2 (z, Mh2 ) H1ā→Λ (z̄)
.
=
Mh
A(y) ∑a e2a Da→h1 h2 (z, M 2 ) D̄ā→Λ (z̄)

(4.5)

^,a→h1 h2
(z, Mh2 ) H1ā (z̄)
1 B(y) ∑a e2a H1
.
a→h
h
1
2
2
2 A(y) ∑a ea D
(z, M 2 ) D̄ā→Λ (z̄)

(4.6)

1

sy

cos(ϕq )

1

R)
h sT isin(ϕ
(z, Mh2 , z̄, y) = h sT iycos(ϕR ) (z, Mh2 , z̄, y) =
x

1

h

1

h

1

h

1

5. Conclusions
In our recent work, we proposed a new inclusive measurement, where an unpolarized hadron pair is detected backto-back with an another hadron pair or a single hadron, that may or may not be polarized. A number of new exciting
measurements were then discussed. For example:
a) New measurements which will permit us to access the helicity-dependent DiFF, both in back-to-back two hadron
pair production in e+ e− annihilation and in forward two hadron production in SIDIS.
b) A new measurement of the unpolarized cross section will enable us to determine the flavor dependence of the
DiFF using our knowledge of the ordinary unpolarized FFs, which is not possible with single hadron e+ e− measurements. The measurement of the hadron polarization dependent asymmetries gives access to a wide variety of combinations of polarized spin 1/2 baryon FFs and polarized DiFFs.

References
[1] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Studies of Azimuthal Modulations in Two Hadron
Fragmentation of a Transversely Polarised Quark, Phys.Lett. B731 (2014) 208 [1312.4556].
[2] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Monte Carlo Implementation of Polarized
Hadronization, Phys. Rev. D95 (2017) 014021 [1610.05624].
[3] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Dihadron fragmentation functions in the
quark-jet model: Longitudinally polarized quarks, Phys. Rev. D96 (2017) 074010 [1707.04999].
[4] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Dihadron Fragmentation Functions in the
Quark-jet Model. II. Transversely Polarized Quarks, 1709.08643.

4

PoS(DIS2019)180

where B(y) = y(1 − y).
2. The acquired longitudinal polarization sL of Λ:

New way to access the quark fragmentation functions in electron-positron annihilation

Aram Kotzinian

[5] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Accessing Quark Helicity through Dihadron
Studies, Phys. Rev. Lett. 120 (2018) 252001 [1712.06384].
[6] H. H. Matevosyan, A. Bacchetta, D. Boer, A. Courtoy, A. Kotzinian, M. Radici et al., Semi-inclusive
production of two back-to-back hadron pairs in e+ e− annihilation revisited, Phys. Rev. D97 (2018)
074019 [1802.01578].
[7] H. H. Matevosyan, A. Kotzinian and A. W. Thomas, Semi-inclusive back-to-back production of a
hadron pair and a single hadron in e+ e− annihilation, JHEP 10 (2018) 008 [1808.00954].

[9] A. Bacchetta, A. Courtoy and M. Radici, First extraction of valence transversities in a collinear
framework, JHEP 1303 (2013) 119 [1212.3568].
[10] M. Radici, A. Courtoy, A. Bacchetta and M. Guagnelli, Improved extraction of valence transversity
distributions from inclusive dihadron production, JHEP 05 (2015) 123 [1503.03495].
[11] A. Efremov, L. Mankiewicz and N. Tornqvist, Jet handedness as a measure of quark and gluon
polarization, Phys.Lett. B284 (1992) 394.
[12] A. M. Kotzinian and P. J. Mulders, Longitudinal quark polarization in transversely polarized
nucleons, Phys. Rev. D54 (1996) 1229 [hep-ph/9511420].
[13] A. M. Kotzinian and P. J. Mulders, Probing transverse quark polarization via azimuthal asymmetries
in leptoproduction, Phys. Lett. B406 (1997) 373 [hep-ph/9701330].
[14] D. Boer and P. J. Mulders, Time reversal odd distribution functions in leptoproduction, Phys. Rev. D57
(1998) 5780 [hep-ph/9711485].
[15] COMPASS collaboration, Measurement of PT -weighted Sivers asymmetries in leptoproduction of
hadrons, Nucl. Phys. B940 (2019) 34 [1809.02936].
[16] J. Matousek, Measurement of qT -weighted TSAs in 2015 COMPASS Drell-Yan data, in 17th Workshop
on High Energy Spin Physics (DSPIN-17) Dubna, Moscow region, Russia, September 11-15, 2017,
2017, 1710.06497, http://inspirehep.net/record/1631328/files/arXiv:1710.06497.pdf.
[17] D. Boer, R. Jakob and M. Radici, Interference fragmentation functions in electron positron
annihilation, Phys.Rev. D67 (2003) 094003 [hep-ph/0302232].
[18] B ELLE collaboration, Measurement of Azimuthal Modulations in the Cross-Section of Di-Pion Pairs
in Di-Jet Production from Electron-Positron Annihilation, 1505.08020.
[19] A. Vossen, Recent Fragmentation Function Measurements at Belle, PoS DIS2015 (2015) 216.
[20] B ELLE C OLLABORATION collaboration, Observation of transverse polarization asymmetries of
√
charged pion pairs in e+ e− annihilation near s = 10.58 GeV, Phys.Rev.Lett. 107 (2011) 072004
[1104.2425].
[21] A. Bacchetta and M. Radici, Partial wave analysis of two hadron fragmentation functions, Phys. Rev.
D67 (2003) 094002 [hep-ph/0212300].
[22] B ELLE collaboration, Invariant-mass and fractional-energy dependence of inclusive production of
√
di-hadrons in e+ e− annihilation at s = 10.58 GeV, Phys. Rev. D96 (2017) 032005 [1706.08348].

5

PoS(DIS2019)180

[8] A. Bacchetta, A. Courtoy and M. Radici, First glances at the transversity parton distribution through
dihadron fragmentation functions, Phys.Rev.Lett. 107 (2011) 012001 [1104.3855].

