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Fig. 2. Diagrams contributing in 1-particle inclusive deep-inelastic scattering.

(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams

DIS :  PDF ⊗ FF
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Fig. 7. Quark–quark (a) and one of the quark–quark–gluon (b) correlators in tree-level diagrams for back-to-back

jet production in electron–positron annihilation.

where the hermiticity properties of the various matrix elements have been used (see

Section 7).

6. Back-to-back jet production in electron–positron annihilation

Also for 2-particle inclusive electron–positron annihilation we have a quite similar

procedure. The calculation involves two soft fragmentation parts and the creation of a

quark–antiquark pair. We will discuss only the case of creation from a (timelike) photon.

The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).

The calculation of this tensor in a diagrammatic expansion proceeds as in the case of

leptoproduction and gives

Wµν(q;P1, S1;P2, S2)

=
∫

d4p d4k δ4(p + k − q)

{

Tr
(

∆̄(p)γµ∆(k)γν

)

−
∫

d4p1 Tr

(

γα
/k + /p1 + m

(k + p1)2 − m2 + iε
γν∆̄

α
A(p,p − p1)γµ∆(k)

)

−
∫

d4p1 Tr

(

γµ
/k + /p1 + m

(k + p1)2 − m2 − iε
γα∆(k)γν∆̄

α
A(p − p1,p)

)

−
∫

d4k1 Tr

(

γν
−/p − /k1 + m

(p + k1)2 − m2 + iε
γα∆̄(p)γµ∆α

A(k − k1, k)

)

(80)−
∫

d4k1 Tr

(

γα
−/p − /k1 + m

(p + k1)2 − m2 − iε
γµ∆α

A(k, k − k1)γν∆̄(p)

)}

+ · · · ,

e+e- :  FF

PDF|DIS
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Fig. 6. Quark–quark (a) and one of the quark–quark–gluon (b) correlators in tree-level diagrams for Drell–Yan

scattering.

5. The Drell–Yan cross sections

For Drell–Yan, one has a similar treatment as for leptoproduction. The calculation

involves now two soft distribution parts and annihilation of a quark–antiquark pair into

a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).

A full calculation at tree level including quark–gluon matrix elements as discussed for

leptoproduction gives in this case

2MWµν(q;PA,SA;PB,SB)

=
∫

d4p d4k δ4(p + k − q)

{

Tr(Φ(p)γµΦ̄(k)γν)

−
∫

d4p1 Tr

(

γα
−/k − /p1 + m

(k + p1)2 − m2 + iε
γνΦ

α
A(p,p − p1)γµΦ̄(k)

)

−
∫

d4p1 Tr

(

γµ
−/k − /p1 + m

(k + p1)2 − m2 − iε
γαΦ̄(k)γνΦ

α
A(p − p1,p)

)

−
∫

d4k1 Tr

(

γν
/p + /k1 + m

(p + k1)2 − m2 + iε
γαΦ(p)γµΦ̄

α
A(k − k1, k)

)

(68)−
∫

d4k1 Tr

(

γα
/p + /k1 + m

(p + k1)2 − m2 − iε
γµΦ̄

α
A(k, k − k1)γνΦ(p)

)}

+ · · · ,

where Φ(p) and ΦA(p,p − p1) are the same as in leptoproduction, but the role of ∆ and

∆A is taken over by

(69)Φ̄ij (k;PB,SB) =
∫

d4ξ

(2π)4
e−ik·ξ 〈PB,SB |ψi (ξ)ψ̄j (0)|PB,SB〉,

(70)

Φ̄α
Aij (k, k − k1;PB,SB) =

∫

d4ξ

(2π)4
d4η

(2π)4
e−ik·ξ e−ik1·(η−ξ )

× 〈PB,SB |ψi (ξ)gAα(η)ψ̄j (0)|PB,SB〉
(note that this implies Φ̄α

∂ (x, kT ) = −kαΦ̄(x, kT )).

Drell-Yan

:  PDF ⊗ PDF

PDF|DIS

PDF|DY
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matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As
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the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which
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The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from
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hadron-pair production

instead of looking at final-state hadron polarization: 

use angular distribution of two hadrons to tag quark polarisation  

dihadron fragmentation a la Collins, Heppelmann & Ladinsky [Nucl. Phys. B 420 (1994) 565];  
Boer, Jacobs & Radici [Phys. Rev. D 67 (2003) 094003]
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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and a similar formula for the cos(φ1 + φ2) modulation amplitude a12. The interference fragmentation function H<),q
1

of a quark q ( and charge eq) , and its polarization-independent counterpart Dq
1, depend on the fractional energy

zα
CMS
= 2Eα/

√
s of the hadron pair in hemisphere α and on its invariant mass mα. The CMS energy is denoted by√

s and the polar angle θ is defined between the beam axis and the reference axis in the CMS. As dependence on the
polar angule is a clear indication of initial transverse quark polarization, this dependence was studied.
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FIG. 1: Azimuthal angle definitions for φ1 and φ2 as defined relative to the thrust axis in the CMS.

Collins and Ladinsky[14] used the linear sigma model to make the first predictions for π-π correlations. Another
approach makes use of a partial wave analysis to arrive at predictions for H!

1 , which receives essential contributions
from the interference of meson pairs (pions and kaons) in relative S- and P-wave states [15–17]. A strong dependence
on the invariant mass of the hadron pair is predicted. Predictions for spin effects that can be observed at the B-
factories can be found in papers by Jaffe, Jin and Tang [18] and from references [19, 20], with the latter being recently
extended to e+e− annihilation [21] at Belle energies. Jaffe and collaborators estimate the final-state interactions of the
meson pairs from meson-meson phase shift data in [22], where it is observed that S- and P-wave production channels
interfere strongly in the mass region around the ρ, the K∗ and the φ meson resonances, and give rise to a sign change
of the IFF.
This analysis is based on a 672 fb−1 data sample collected with the Belle detector at the KEKB asymmetric-

energy e+e− (3.5 on 8 GeV) collider [23] operating at the Υ(4S) resonance and 60 MeV below. The Belle detector
is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return yoke located outside of the coil
is instrumented to detect K0

L mesons and to identify muons (KLM). The detector is described in detail elsewhere [24].
The most important selection criterion is the event shape variable thrust, T , the maximum of which defines the

thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

This initial fractional energy selection always takes the
nominal hadron mass as given by the PID information
into account. The requirement of z > 0.1 therefore safely
accommodates pion-kaon misidentification, which is
unfolded in the course of this analysis.
In addition, in order to study whether two hadrons have

likely emerged from the same parton or different partons,
the analysis is performed on several different sets by
requiring that both hadrons be in opposite hemispheres,
the same hemisphere or anywhere as depicted in Figs. 1
and 2. For the data sets where a hemisphere assignment is

required, the hemispheres are defined by the plane
perpendicular to the thrust axis and the thrust must satisfy
T > 0.8.

B. PID selection

To apply the PID correction according to the PID
efficiency matrices described in Ref. [1], the same selection
criteria must be applied to define a charged track as a
pion, kaon, proton, electron or muon. The information is
determined from normalized likelihood ratios that are
constructed from various detector responses. If the muon-
hadron likelihood ratio is above 0.9, the track is identified
as a muon. Otherwise, if the electron-hadron likelihood
ratio is above 0.85, the track is identified as an electron. If
neither of these applies, the track is identified as a kaon by
a kaon-pion likelihood ratio above 0.6 and a kaon-proton
likelihood ratio above 0.2. Pions are identified with the
kaon-pion likelihood ratio below 0.6 and a pion-proton
ratio above 0.2. Finally, protons are identified with the
inverse proton ratios above with kaon-proton and pion-
proton ratios below 0.2. While neither muons nor electrons
are considered explicitly for the single and dihadron
analysis, they are retained as necessary contributors for
the PID correction, wherein a certain fraction enter the
pion, kaon and proton samples under study.

II. DIHADRON ANALYSIS

In the following sections, the dihadron yields are
extracted and, successively, the various corrections and
the corresponding systematic uncertainties are applied
to arrive at the dihadron differential cross sections
d2σðeþe− → h1h2XÞ=dz1dz2.

A. Binning and cross section extraction

For the dihadron cross sections, a (z1, z2) binning is used.
We forgo a combined z and invariant-mass binning of the
hadron pair; the latter, in particular, is relevant in the same-
hemisphere topology as an unpolarized baseline to the
previously extracted interference fragmentation functions
[41] and would have allowed the extraction of individual
fragmentation functions for ρ, K$, ϕ and other resonances.
The z1 and z2 ranges of 0.2 to 1.0 used in this analysis

are each partitioned into 16 equidistant bins. All hadron
and charge combinations are treated independently and are
merged only after all corrections are applied and after
confirming their consistency where applicable (i.e., where
the same combinations of fragmentation functions appear,
such as πþπþ and π−π−). This leaves 16 different charge
and type combinations for pions and kaons initially, of
which six contain irreducible information.
Furthermore, as mentioned in the Introduction, three

hemisphere combinations are studied: two hadrons in the
same hemisphere, two hadrons in opposite hemispheres
and two hadrons irrespective of hemisphere or thrust cut;

FIG. 1 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows, and the event plane—spanned
by leptons and thrust axis—is depicted as a light blue plane. In
this case, both hadrons are found in opposite hemispheres defined
by the thrust axis, and generally out of the plane, as indicated by
the cones.

FIG. 2 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows and the event plane—spanned
by leptons and initial quarks/thrust axis—is depicted as a light
blue plane. In this case, both hadrons are found in the same
hemisphere as defined by the thrust axis, and generally out of the
plane, as indicated by the cones.
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use angular distribution of two hadrons to tag quark polarisation  

dihadron fragmentation a la Collins, Heppelmann & Ladinsky [Nucl. Phys. B 420 (1994) 565];  
Boer, Jacobs & Radici [Phys. Rev. D 67 (2003) 094003]

dihadron FFs: alternative path to extract (even collinear!) transversity 

exploit orientation of hadron’s relative momentum, correlate with target polarization
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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and a similar formula for the cos(φ1 + φ2) modulation amplitude a12. The interference fragmentation function H<),q
1

of a quark q ( and charge eq) , and its polarization-independent counterpart Dq
1, depend on the fractional energy

zα
CMS
= 2Eα/

√
s of the hadron pair in hemisphere α and on its invariant mass mα. The CMS energy is denoted by√

s and the polar angle θ is defined between the beam axis and the reference axis in the CMS. As dependence on the
polar angule is a clear indication of initial transverse quark polarization, this dependence was studied.
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FIG. 1: Azimuthal angle definitions for φ1 and φ2 as defined relative to the thrust axis in the CMS.

Collins and Ladinsky[14] used the linear sigma model to make the first predictions for π-π correlations. Another
approach makes use of a partial wave analysis to arrive at predictions for H!

1 , which receives essential contributions
from the interference of meson pairs (pions and kaons) in relative S- and P-wave states [15–17]. A strong dependence
on the invariant mass of the hadron pair is predicted. Predictions for spin effects that can be observed at the B-
factories can be found in papers by Jaffe, Jin and Tang [18] and from references [19, 20], with the latter being recently
extended to e+e− annihilation [21] at Belle energies. Jaffe and collaborators estimate the final-state interactions of the
meson pairs from meson-meson phase shift data in [22], where it is observed that S- and P-wave production channels
interfere strongly in the mass region around the ρ, the K∗ and the φ meson resonances, and give rise to a sign change
of the IFF.
This analysis is based on a 672 fb−1 data sample collected with the Belle detector at the KEKB asymmetric-

energy e+e− (3.5 on 8 GeV) collider [23] operating at the Υ(4S) resonance and 60 MeV below. The Belle detector
is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return yoke located outside of the coil
is instrumented to detect K0

L mesons and to identify muons (KLM). The detector is described in detail elsewhere [24].
The most important selection criterion is the event shape variable thrust, T , the maximum of which defines the

thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

This initial fractional energy selection always takes the
nominal hadron mass as given by the PID information
into account. The requirement of z > 0.1 therefore safely
accommodates pion-kaon misidentification, which is
unfolded in the course of this analysis.
In addition, in order to study whether two hadrons have

likely emerged from the same parton or different partons,
the analysis is performed on several different sets by
requiring that both hadrons be in opposite hemispheres,
the same hemisphere or anywhere as depicted in Figs. 1
and 2. For the data sets where a hemisphere assignment is

required, the hemispheres are defined by the plane
perpendicular to the thrust axis and the thrust must satisfy
T > 0.8.

B. PID selection

To apply the PID correction according to the PID
efficiency matrices described in Ref. [1], the same selection
criteria must be applied to define a charged track as a
pion, kaon, proton, electron or muon. The information is
determined from normalized likelihood ratios that are
constructed from various detector responses. If the muon-
hadron likelihood ratio is above 0.9, the track is identified
as a muon. Otherwise, if the electron-hadron likelihood
ratio is above 0.85, the track is identified as an electron. If
neither of these applies, the track is identified as a kaon by
a kaon-pion likelihood ratio above 0.6 and a kaon-proton
likelihood ratio above 0.2. Pions are identified with the
kaon-pion likelihood ratio below 0.6 and a pion-proton
ratio above 0.2. Finally, protons are identified with the
inverse proton ratios above with kaon-proton and pion-
proton ratios below 0.2. While neither muons nor electrons
are considered explicitly for the single and dihadron
analysis, they are retained as necessary contributors for
the PID correction, wherein a certain fraction enter the
pion, kaon and proton samples under study.

II. DIHADRON ANALYSIS

In the following sections, the dihadron yields are
extracted and, successively, the various corrections and
the corresponding systematic uncertainties are applied
to arrive at the dihadron differential cross sections
d2σðeþe− → h1h2XÞ=dz1dz2.

A. Binning and cross section extraction

For the dihadron cross sections, a (z1, z2) binning is used.
We forgo a combined z and invariant-mass binning of the
hadron pair; the latter, in particular, is relevant in the same-
hemisphere topology as an unpolarized baseline to the
previously extracted interference fragmentation functions
[41] and would have allowed the extraction of individual
fragmentation functions for ρ, K$, ϕ and other resonances.
The z1 and z2 ranges of 0.2 to 1.0 used in this analysis

are each partitioned into 16 equidistant bins. All hadron
and charge combinations are treated independently and are
merged only after all corrections are applied and after
confirming their consistency where applicable (i.e., where
the same combinations of fragmentation functions appear,
such as πþπþ and π−π−). This leaves 16 different charge
and type combinations for pions and kaons initially, of
which six contain irreducible information.
Furthermore, as mentioned in the Introduction, three

hemisphere combinations are studied: two hadrons in the
same hemisphere, two hadrons in opposite hemispheres
and two hadrons irrespective of hemisphere or thrust cut;

FIG. 1 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows, and the event plane—spanned
by leptons and thrust axis—is depicted as a light blue plane. In
this case, both hadrons are found in opposite hemispheres defined
by the thrust axis, and generally out of the plane, as indicated by
the cones.

FIG. 2 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows and the event plane—spanned
by leptons and initial quarks/thrust axis—is depicted as a light
blue plane. In this case, both hadrons are found in the same
hemisphere as defined by the thrust axis, and generally out of the
plane, as indicated by the cones.
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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complication: semi-inclusive DIS cross section with transverse-target polarization  
                     now differential in 9(!) variables      
                     (even more for back-to-back hadron pairs in e+e- annihilation) 

first step: consider only collinear case -> 7 variables
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and a similar formula for the cos(φ1 + φ2) modulation amplitude a12. The interference fragmentation function H<),q
1

of a quark q ( and charge eq) , and its polarization-independent counterpart Dq
1, depend on the fractional energy

zα
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= 2Eα/

√
s of the hadron pair in hemisphere α and on its invariant mass mα. The CMS energy is denoted by√

s and the polar angle θ is defined between the beam axis and the reference axis in the CMS. As dependence on the
polar angule is a clear indication of initial transverse quark polarization, this dependence was studied.
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FIG. 1: Azimuthal angle definitions for φ1 and φ2 as defined relative to the thrust axis in the CMS.

Collins and Ladinsky[14] used the linear sigma model to make the first predictions for π-π correlations. Another
approach makes use of a partial wave analysis to arrive at predictions for H!

1 , which receives essential contributions
from the interference of meson pairs (pions and kaons) in relative S- and P-wave states [15–17]. A strong dependence
on the invariant mass of the hadron pair is predicted. Predictions for spin effects that can be observed at the B-
factories can be found in papers by Jaffe, Jin and Tang [18] and from references [19, 20], with the latter being recently
extended to e+e− annihilation [21] at Belle energies. Jaffe and collaborators estimate the final-state interactions of the
meson pairs from meson-meson phase shift data in [22], where it is observed that S- and P-wave production channels
interfere strongly in the mass region around the ρ, the K∗ and the φ meson resonances, and give rise to a sign change
of the IFF.
This analysis is based on a 672 fb−1 data sample collected with the Belle detector at the KEKB asymmetric-

energy e+e− (3.5 on 8 GeV) collider [23] operating at the Υ(4S) resonance and 60 MeV below. The Belle detector
is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return yoke located outside of the coil
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The most important selection criterion is the event shape variable thrust, T , the maximum of which defines the

thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

This initial fractional energy selection always takes the
nominal hadron mass as given by the PID information
into account. The requirement of z > 0.1 therefore safely
accommodates pion-kaon misidentification, which is
unfolded in the course of this analysis.
In addition, in order to study whether two hadrons have

likely emerged from the same parton or different partons,
the analysis is performed on several different sets by
requiring that both hadrons be in opposite hemispheres,
the same hemisphere or anywhere as depicted in Figs. 1
and 2. For the data sets where a hemisphere assignment is

required, the hemispheres are defined by the plane
perpendicular to the thrust axis and the thrust must satisfy
T > 0.8.

B. PID selection

To apply the PID correction according to the PID
efficiency matrices described in Ref. [1], the same selection
criteria must be applied to define a charged track as a
pion, kaon, proton, electron or muon. The information is
determined from normalized likelihood ratios that are
constructed from various detector responses. If the muon-
hadron likelihood ratio is above 0.9, the track is identified
as a muon. Otherwise, if the electron-hadron likelihood
ratio is above 0.85, the track is identified as an electron. If
neither of these applies, the track is identified as a kaon by
a kaon-pion likelihood ratio above 0.6 and a kaon-proton
likelihood ratio above 0.2. Pions are identified with the
kaon-pion likelihood ratio below 0.6 and a pion-proton
ratio above 0.2. Finally, protons are identified with the
inverse proton ratios above with kaon-proton and pion-
proton ratios below 0.2. While neither muons nor electrons
are considered explicitly for the single and dihadron
analysis, they are retained as necessary contributors for
the PID correction, wherein a certain fraction enter the
pion, kaon and proton samples under study.

II. DIHADRON ANALYSIS

In the following sections, the dihadron yields are
extracted and, successively, the various corrections and
the corresponding systematic uncertainties are applied
to arrive at the dihadron differential cross sections
d2σðeþe− → h1h2XÞ=dz1dz2.

A. Binning and cross section extraction

For the dihadron cross sections, a (z1, z2) binning is used.
We forgo a combined z and invariant-mass binning of the
hadron pair; the latter, in particular, is relevant in the same-
hemisphere topology as an unpolarized baseline to the
previously extracted interference fragmentation functions
[41] and would have allowed the extraction of individual
fragmentation functions for ρ, K$, ϕ and other resonances.
The z1 and z2 ranges of 0.2 to 1.0 used in this analysis

are each partitioned into 16 equidistant bins. All hadron
and charge combinations are treated independently and are
merged only after all corrections are applied and after
confirming their consistency where applicable (i.e., where
the same combinations of fragmentation functions appear,
such as πþπþ and π−π−). This leaves 16 different charge
and type combinations for pions and kaons initially, of
which six contain irreducible information.
Furthermore, as mentioned in the Introduction, three

hemisphere combinations are studied: two hadrons in the
same hemisphere, two hadrons in opposite hemispheres
and two hadrons irrespective of hemisphere or thrust cut;

FIG. 1 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows, and the event plane—spanned
by leptons and thrust axis—is depicted as a light blue plane. In
this case, both hadrons are found in opposite hemispheres defined
by the thrust axis, and generally out of the plane, as indicated by
the cones.

FIG. 2 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows and the event plane—spanned
by leptons and initial quarks/thrust axis—is depicted as a light
blue plane. In this case, both hadrons are found in the same
hemisphere as defined by the thrust axis, and generally out of the
plane, as indicated by the cones.
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Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

|θx| < 170 mrad, corresponding to an almost full coverage in φS from 0 to 2π with only

small gaps at 1.40 < φS < 1.74 rad and 4.54 < φS < 4.88 rad. Leptons were identified with

an efficiency exceeding 98% and a hadron contamination of less than 1% using an elec-

tromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter,

and a dual-radiator ring-imaging Čerenkov detector [42], mainly used here also to identify

charged pions with momentum |Pπ| > 1 GeV.

Events were selected with the kinematic requirements W 2 > 10 GeV2, 0.1 < y < 0.85,

and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which

fragmentation functions are not defined. Here, z refers to the fraction of the energy ν

of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,

z = (Eπ+ + Eπ−)/ν = zπ+ + zπ− .

In semi-inclusive deep-inelastic scattering of an unpolarized (U) beam off an unpolar-

ized (U) target, the cross section σUU for the production of pion pairs, integrated over the

transverse momentum Ph⊥ of the pion pair, is given, at leading twist and in leading order

in αs (α0
s), by [43]

d7σUU

dxdy dz dφS dφR⊥ dcos θ dMππ
=

∑

q

α2e2
q

2πsxy2
(1 − y +

y2

2
)f q

1 (x)D1,q(z,Mππ, cos θ), (1)

where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =

(P + k)2, f q
1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where

the target is in either of the two corresponding opposite transverse (T ) spin states ↑↓, is

given at leading twist and in leading order in αs by [43]

d7σUT

dxdy dz dφS dφR⊥ dcos θ dMππ
≡

1

2

(

d7σU↑ − d7σU↓

)

=

−|ST |
∑

q

α2e2
q

2πsxy2
(1 − y)

1

2

√

1 − 4
M2

π

M2
ππ

sin(φR⊥ + φS) sin θ hq
1(x)H!

1,q(z,Mππ, cos θ), (2)

where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

JHEP06(2008)017
relative to the lepton-scattering plane, of the target “↑” state. Twist-3 contributions to the

polarized and unpolarized cross sections appear with different azimuthal dependences [20].

Both dihadron fragmentation functions D1,q and H!

1,q can be expanded in terms of

Legendre functions of cos θ. Hence [43],

D1,q(z,Mππ, cos θ) " D1,q(z,Mππ) + Dsp
1,q(z,Mππ) cos θ + Dpp

1,q(z,Mππ)
1

4
(3 cos2 θ − 1) (3)

and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function

H!,sp
1 , is defined as

Asin(φR⊥+φS) sin θ
UT ≡

2

|ST |

∫

dcos θ dφR⊥ dφS sin(φR⊥ + φS) dσ7
UT / sin θ

∫

dcos θ dφR⊥ dφS dσ7
UU

. (5)

Using eqs. (1)–(4), it can be written as [43]

Asin(φR⊥+φS) sin θ
UT = −

(1 − y)

(1 − y + y2

2 )

1

2

√

1 − 4
M2

π

M2
ππ

∑

q e2
q hq

1(x)H!,sp
1,q (z,Mππ)

∑

q e2
q f q

1 (x)D1,q(z,Mππ)
. (6)

Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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relative to the lepton-scattering plane, of the target “↑” state. Twist-3 contributions to the

polarized and unpolarized cross sections appear with different azimuthal dependences [20].

Both dihadron fragmentation functions D1,q and H!

1,q can be expanded in terms of

Legendre functions of cos θ. Hence [43],

D1,q(z,Mππ, cos θ) " D1,q(z,Mππ) + Dsp
1,q(z,Mππ) cos θ + Dpp

1,q(z,Mππ)
1

4
(3 cos2 θ − 1) (3)

and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function

H!,sp
1 , is defined as

Asin(φR⊥+φS) sin θ
UT ≡

2

|ST |

∫

dcos θ dφR⊥ dφS sin(φR⊥ + φS) dσ7
UT / sin θ

∫

dcos θ dφR⊥ dφS dσ7
UU

. (5)

Using eqs. (1)–(4), it can be written as [43]

Asin(φR⊥+φS) sin θ
UT = −

(1 − y)

(1 − y + y2

2 )

1

2

√

1 − 4
M2

π

M2
ππ

∑

q e2
q hq

1(x)H!,sp
1,q (z,Mππ)

∑

q e2
q f q

1 (x)D1,q(z,Mππ)
. (6)

Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

|θx| < 170 mrad, corresponding to an almost full coverage in φS from 0 to 2π with only

small gaps at 1.40 < φS < 1.74 rad and 4.54 < φS < 4.88 rad. Leptons were identified with

an efficiency exceeding 98% and a hadron contamination of less than 1% using an elec-

tromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter,

and a dual-radiator ring-imaging Čerenkov detector [42], mainly used here also to identify

charged pions with momentum |Pπ| > 1 GeV.

Events were selected with the kinematic requirements W 2 > 10 GeV2, 0.1 < y < 0.85,

and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which

fragmentation functions are not defined. Here, z refers to the fraction of the energy ν

of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,

z = (Eπ+ + Eπ−)/ν = zπ+ + zπ− .

In semi-inclusive deep-inelastic scattering of an unpolarized (U) beam off an unpolar-

ized (U) target, the cross section σUU for the production of pion pairs, integrated over the

transverse momentum Ph⊥ of the pion pair, is given, at leading twist and in leading order

in αs (α0
s), by [43]

d7σUU

dxdy dz dφS dφR⊥ dcos θ dMππ
=

∑

q

α2e2
q

2πsxy2
(1 − y +

y2

2
)f q

1 (x)D1,q(z,Mππ, cos θ), (1)

where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =

(P + k)2, f q
1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where

the target is in either of the two corresponding opposite transverse (T ) spin states ↑↓, is

given at leading twist and in leading order in αs by [43]

d7σUT

dxdy dz dφS dφR⊥ dcos θ dMππ
≡

1

2

(

d7σU↑ − d7σU↓

)

=

−|ST |
∑

q

α2e2
q

2πsxy2
(1 − y)

1

2

√

1 − 4
M2

π

M2
ππ

sin(φR⊥ + φS) sin θ hq
1(x)H!

1,q(z,Mππ, cos θ), (2)

where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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where the Legendre expansions are truncated to include only the s- and p-wave components,
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θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
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However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be
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1 , is defined as
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Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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Scattered leptons and coincident hadrons were detected by the Hermes spectrome-
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|θx| < 170 mrad, corresponding to an almost full coverage in φS from 0 to 2π with only

small gaps at 1.40 < φS < 1.74 rad and 4.54 < φS < 4.88 rad. Leptons were identified with

an efficiency exceeding 98% and a hadron contamination of less than 1% using an elec-

tromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter,

and a dual-radiator ring-imaging Čerenkov detector [42], mainly used here also to identify

charged pions with momentum |Pπ| > 1 GeV.

Events were selected with the kinematic requirements W 2 > 10 GeV2, 0.1 < y < 0.85,

and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which

fragmentation functions are not defined. Here, z refers to the fraction of the energy ν

of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,

z = (Eπ+ + Eπ−)/ν = zπ+ + zπ− .

In semi-inclusive deep-inelastic scattering of an unpolarized (U) beam off an unpolar-

ized (U) target, the cross section σUU for the production of pion pairs, integrated over the

transverse momentum Ph⊥ of the pion pair, is given, at leading twist and in leading order

in αs (α0
s), by [43]

d7σUU

dxdy dz dφS dφR⊥ dcos θ dMππ
=

∑

q

α2e2
q

2πsxy2
(1 − y +

y2

2
)f q

1 (x)D1,q(z,Mππ, cos θ), (1)

where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =

(P + k)2, f q
1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where

the target is in either of the two corresponding opposite transverse (T ) spin states ↑↓, is

given at leading twist and in leading order in αs by [43]

d7σUT

dxdy dz dφS dφR⊥ dcos θ dMππ
≡

1

2

(

d7σU↑ − d7σU↓

)

=
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(1 − y)
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where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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relative to the lepton-scattering plane, of the target “↑” state. Twist-3 contributions to the

polarized and unpolarized cross sections appear with different azimuthal dependences [20].

Both dihadron fragmentation functions D1,q and H!

1,q can be expanded in terms of

Legendre functions of cos θ. Hence [43],

D1,q(z,Mππ, cos θ) " D1,q(z,Mππ) + Dsp
1,q(z,Mππ) cos θ + Dpp

1,q(z,Mππ)
1

4
(3 cos2 θ − 1) (3)

and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function

H!,sp
1 , is defined as

Asin(φR⊥+φS) sin θ
UT ≡

2

|ST |

∫

dcos θ dφR⊥ dφS sin(φR⊥ + φS) dσ7
UT / sin θ

∫

dcos θ dφR⊥ dφS dσ7
UU

. (5)

Using eqs. (1)–(4), it can be written as [43]

Asin(φR⊥+φS) sin θ
UT = −

(1 − y)

(1 − y + y2

2 )

1

2

√

1 − 4
M2

π

M2
ππ

∑

q e2
q hq

1(x)H!,sp
1,q (z,Mππ)

∑

q e2
q f q

1 (x)D1,q(z,Mππ)
. (6)

Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

|θx| < 170 mrad, corresponding to an almost full coverage in φS from 0 to 2π with only

small gaps at 1.40 < φS < 1.74 rad and 4.54 < φS < 4.88 rad. Leptons were identified with

an efficiency exceeding 98% and a hadron contamination of less than 1% using an elec-

tromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter,

and a dual-radiator ring-imaging Čerenkov detector [42], mainly used here also to identify

charged pions with momentum |Pπ| > 1 GeV.

Events were selected with the kinematic requirements W 2 > 10 GeV2, 0.1 < y < 0.85,

and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which

fragmentation functions are not defined. Here, z refers to the fraction of the energy ν

of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,

z = (Eπ+ + Eπ−)/ν = zπ+ + zπ− .

In semi-inclusive deep-inelastic scattering of an unpolarized (U) beam off an unpolar-

ized (U) target, the cross section σUU for the production of pion pairs, integrated over the

transverse momentum Ph⊥ of the pion pair, is given, at leading twist and in leading order

in αs (α0
s), by [43]

d7σUU

dxdy dz dφS dφR⊥ dcos θ dMππ
=

∑

q

α2e2
q

2πsxy2
(1 − y +

y2

2
)f q

1 (x)D1,q(z,Mππ, cos θ), (1)

where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =

(P + k)2, f q
1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where

the target is in either of the two corresponding opposite transverse (T ) spin states ↑↓, is

given at leading twist and in leading order in αs by [43]

d7σUT

dxdy dz dφS dφR⊥ dcos θ dMππ
≡

1

2

(

d7σU↑ − d7σU↓

)

=

−|ST |
∑

q

α2e2
q

2πsxy2
(1 − y)

1

2

√

1 − 4
M2

π

M2
ππ

sin(φR⊥ + φS) sin θ hq
1(x)H!

1,q(z,Mππ, cos θ), (2)

where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming
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charged pions with momentum |Pπ| > 1 GeV.
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and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which

fragmentation functions are not defined. Here, z refers to the fraction of the energy ν

of the virtual photon (in the target rest frame) that is transferred to the pion pair, i.e.,

z = (Eπ+ + Eπ−)/ν = zπ+ + zπ− .

In semi-inclusive deep-inelastic scattering of an unpolarized (U) beam off an unpolar-

ized (U) target, the cross section σUU for the production of pion pairs, integrated over the

transverse momentum Ph⊥ of the pion pair, is given, at leading twist and in leading order
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=
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1 (x)D1,q(z,Mππ, cos θ), (1)

where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =

(P + k)2, f q
1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where

the target is in either of the two corresponding opposite transverse (T ) spin states ↑↓, is

given at leading twist and in leading order in αs by [43]

d7σUT

dxdy dz dφS dφR⊥ dcos θ dMππ
≡
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where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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relative to the lepton-scattering plane, of the target “↑” state. Twist-3 contributions to the

polarized and unpolarized cross sections appear with different azimuthal dependences [20].

Both dihadron fragmentation functions D1,q and H!

1,q can be expanded in terms of

Legendre functions of cos θ. Hence [43],

D1,q(z,Mππ, cos θ) " D1,q(z,Mππ) + Dsp
1,q(z,Mππ) cos θ + Dpp

1,q(z,Mππ)
1

4
(3 cos2 θ − 1) (3)

and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function
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1 , is defined as
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Using eqs. (1)–(4), it can be written as [43]
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Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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and a dual-radiator ring-imaging Čerenkov detector [42], mainly used here also to identify

charged pions with momentum |Pπ| > 1 GeV.

Events were selected with the kinematic requirements W 2 > 10 GeV2, 0.1 < y < 0.85,

and Q2 > 1 GeV2, where W is the invariant mass of the initial photon-nucleon system and

y = (P · q)/(P · k), with P , q, and k representing the four-momenta of the target nucleon,

the virtual photon, and the incident lepton, respectively. A constraint was placed on the

missing mass: MX > 2 GeV. This avoids contributions from exclusive two-pion production,

where factorization in distribution and fragmentation functions cannot be applied. All

possible combinations of detected π+π− pairs were included for each event, in contrast

to keeping only the combination with the largest energy fraction z, a choice for which
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where α is the fine-structure constant, x = Q2/(2P · q), the Mandelstam invariant s =
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hadron fragmentation function representing the number density of pion pairs produced
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=
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where Mπ is the pion mass and ST is the component of the target spin S perpendicular to

the virtual-photon direction. The azimuthal angle φS always refers to the spin direction,
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and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function

H!,sp
1 , is defined as

Asin(φR⊥+φS) sin θ
UT ≡

2

|ST |

∫

dcos θ dφR⊥ dφS sin(φR⊥ + φS) dσ7
UT / sin θ

∫

dcos θ dφR⊥ dφS dσ7
UU

. (5)

Using eqs. (1)–(4), it can be written as [43]

Asin(φR⊥+φS) sin θ
UT = −

(1 − y)

(1 − y + y2

2 )

1

2

√

1 − 4
M2

π

M2
ππ

∑

q e2
q hq

1(x)H!,sp
1,q (z,Mππ)

∑

q e2
q f q

1 (x)D1,q(z,Mππ)
. (6)

Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].

– 5 –

JHEP06(2008)017

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

|θx| < 170 mrad, corresponding to an almost full coverage in φS from 0 to 2π with only

small gaps at 1.40 < φS < 1.74 rad and 4.54 < φS < 4.88 rad. Leptons were identified with

an efficiency exceeding 98% and a hadron contamination of less than 1% using an elec-

tromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter,
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1 is the polarization-averaged quark distribution function and D1,q is a di-

hadron fragmentation function representing the number density of pion pairs produced

from unpolarized quarks. The summation runs over the quark and antiquark flavors q with

charges eq in units of the elementary charge. For an unpolarized beam and integrating over

Ph⊥, the cross section difference σUT of the polarized cross sections σU↑ and σU↓, where
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simple case study: e+e- annihilation

for simplicity: dihadron pair with equal-mass hadrons, e.g., pions  

e+e- annihilation, thus energy fraction z translates directly to 
energy/momentum of particles/system as primary energy is “fixed”  
(-> simplifies Lorentz boost) 

without loss of generality, focus on B factory and use primary 
quark energy E0 = 5.79GeV 

minimum energy of each pion in lab frame: 0.1 E0  (i.e., zmin = 0.1)
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Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT

ST

Pπ+

Ph

φR⊥

P

φSq

k k′

Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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application of Lorentz boost

can easily apply Lorentz boost using the invariant mass of the dihadron M and its energy zE0 to 
arrive at condition on !, e.g., polar angle of pions in center-of-mass frame: 
 
 

as both pions have to fulfil the constraint on the minimum energy:  
 
 
 
thus: 

8

cos ✓  z � 2zminp
[(zE0)2 �M2)(M2 � 4m2

⇡)]
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application of Lorentz boost

can easily apply Lorentz boost using the invariant mass of the dihadron M and its energy zE0 to 
arrive at condition on !, e.g., polar angle of pions in center-of-mass frame: 
 
 

as both pions have to fulfil the constraint on the minimum energy:  
 
 
 
thus: 

translates to a symmetric range around "/2 
(can be easily understood because at "/2 the pions will have both the same energy in the lab and easily 
pass the zmin requirement, while in the case of one pion going backward in the CMS, that pion will have 
less energy in the lab frame … and maybe too little) 
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(again without loss of generality) let’s assume M=0.5 GeV : 
 
 
 
 
 
 
 
 
 

all theta below curve (and symmetrically above its mirror curve relative to dashed line at #/2) 
are excluded 

clearly limited, especially at low z

impact of zmin=0.1 on accepted polar range
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partial-wave expansion of dihadron FF

partial-wave expansion worked out in Phys. Rev. D67 (2003) 094002  

for the particular case here, use Phys. Rev. D74 (2006) 114007, in particular  Eq. (12)   
[and later on Figure 5]:  

it is the first contribution (D1,oo) that is used in “collinear extraction” of transversity 

it is also the only one surviving the integration over % 

D1,ol contribution vanishes upon integration over % as long as the theta range is symmetric around "/2  
[as it is the case here] 

the D1,ll term, however, will in general contribute in case of only partial integration over % 
➥ the question is how much?
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 R ! k "
!Mh

2z
# z k

2 $ j ~kTj2
2Mh

"
j ~Rj cos!# ~kT ! ~RT: (7)

Fragmentation functions are extracted from the correla-
tion function [55]
 

!q%z; cos!;M2
h;"R& "

zj ~Rj
16Mh

Z
d2 ~kTdk$

' !q%k;Ph; R&jk#"P#h =z; (8)

where [28,56]
 

!q%k; Ph; R&ij "
X
X

Z d4#
%2$&4 e

$ik!#

' h0jUn$
%#1;#& 

q
i %#&jPh; R;Xi

' hPh; R; ; Xj " qj %0&Un$
%0;#1&j0i: (9)

Since we are going to perform the integration over the
transverse momentum ~kT , the Wilson lines U can be
reduced to unity using a light cone gauge.

The only fragmentation functions surviving after
~kT-integration are [27,55]

 Dq
1%z; cos!; M2

h& " 4$Tr(!q%z; cos!;M2
h;"R&%#); (10)

 

&ijT RTj
Mh

H!q
1 %z; cos!; M2

h&

" 4$Tr(!q%z; cos!;M2
h;"R&i'i#%5): (11)

These functions can be expanded in the relative partial
waves of the pion pair system. Truncating the expansion
at the p-wave level we obtain [55]
 

Dq
1%z; cos!; M2

h& * Dq
1;oo%z;M2

h& $D
q
1;ol%z;M2

h& cos!

$Dq
1;ll%z;M2

h&14%3cos2!# 1&; (12)

 H!q
1 %z; cos!; M2

h& * H!q
1;ot%z;M2

h& $H
!q
1;lt%z;M2

h& cos!:

(13)

The fragmentation functionD1;oo can receive contributions
from both s and p waves, but not from the interference
between the two, D1;ol and H!

1;ot originate from the inter-
ference of s and p waves, D1;ll comes from polarized p
waves, and H!

1;lt originates from the interference of two p
waves with different polarization.

Our model can make predictions for the above fragmen-
tation functions as well as for transverse-momentum-
dependent fragmentation functions, which we do not con-
sider in this section. However, we will focus our attention
mainly on the functions D1;oo and H!

1;ot because of their
relevance for transversity measurements in SIDIS
[19,21,47,57].

Let us consider in fact the SIDIS process lp!
l0$$$#X, where l and l0 are the momenta of the lepton

before and after the scattering and q " l# l0 is the mo-
mentum of the virtual photon. We consider the cross sec-
tion differential in dM2

h, d"R, dz, dx, dy, d"S, where z, x,
y are the usual scaling variables employed in SIDIS, and
the azimuthal angles are defined so that (see Fig. 1)2

 cos"S "
%q̂' ~l&
jq̂' ~lj

! %q̂'
~S&

jq̂' ~Sj
; sin"S "

%~l' ~S& ! q̂
jq̂' ~ljjq̂' ~Sj

;

(14)

 

cos"R "
%q̂' ~l&
jq̂' ~lj

! %q̂'
~RT&

jq̂' ~RT j
; sin"R "

%~l' ~RT& ! q̂
jq̂' ~ljjq̂' ~RT j

;

(15)

where q̂ " ~q=j ~qj and ~RT is the component of R perpen-
dicular to Ph.

When the target is transversely polarized, we can define
the following cross section combinations3

 

d6'UU "
d6'" $ d6'#

2

"
X
q

(2e2
q

$yQ2

1# y$ y2=2$ y2%2=4

1$ %2

' fq1 %x&D
q
1;oo%z;M2

h&; (16)

 

d6'UT "
d6'" # d6'#

2

" #
X
q

(2e2
q

4yQ2

1# y# y2%2=4

1$ %2

' sin%"R $"S&hq1%x&
j ~Rj
Mh

H!q
1;ot%z;M2

h&; (17)

where ( is the fine structure constant, % " 2Mx=Q, and M
is the mass of the target. These expressions are valid up to
leading twist only. Subleading contributions are described
in Ref. [28]. In particular, they give rise to a term propor-
tional to cos"R in d'UU and a term proportional to sin"S
in d'UT . Corrections at order (S were partially studied in
Ref. [4], but further work is required.

2The definition of the angles is consistent with the so-called
Trento conventions [58].

3The definition of the angles in Eqs. (14) and (15) is consistent
with the so-called Trento conventions [58] and it is the origin of
the minus sign in Eq. (17) with respect to Eq. (43) of Ref. [55]
(compare "R and"S in Fig. 1 with the analogue ones in Fig. 2 of
Ref. [55]).
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D1,ll contribution to dihadron fragmentation 

D1,ll is unknown and can’t be calculated using first principles  

it can not be extracted from cross sections integrated over % 

upon (partial) integration there is no way to disentangle the two contributions 

in PRD74 (2006) 114007, a model for dihadron fragmentation was tuned to PYTHIA and used to 
estimate the various partial-wave contributions  

its Figure 5 gives an indication about the relative size of D1,ll vs. D1,oo: 
 
 
 
 
 
 
 
 

11

the ! were extended at higher invariant masses by leaving
the narrow-width approximation for the ! resonance and
smearing the step function in Eq. (28). Note that the
interference is in this case constructive because the signs
of the couplings f! and f0! have been taken equal. If the
two couplings were taken opposite, then a destructive
interference would take place and the model would under-
estimate the p-wave data at around 0.6 GeV. The agree-
ment with the total spectrum would then be worsened. Also
the f! coupling has been taken to have the same sign of f!
to avoid destructive interference patterns. It is difficult with
the present poor knowledge to make any conclusive state-
ment about !!! interference in semi-inclusive dihadron
production. However, we can at least conclude that in our
model the best agreement with the event generator is
achieved when the three couplings f!, f!, and f0! have
the same sign.

V. PREDICTIONS FOR POLARIZED
FRAGMENTATION FUNCTIONS AND

TRANSVERSE-SPIN ASYMMETRY

Using the parameters obtained from the fit we can plot
the results for the fragmentation functions D1;ll, H!

1;ot, and
D1;ol. The function D1;ll is a pure p-wave function. It
depends on jFpj2, the modulus square of Eq. (28), and

has a behavior very similar to Dp
1;oo, the p-wave part of

D1;oo. In Fig. 5(a) we plot the ratio betweenD1;ll andD1;oo,
integrated separately over 0:2< z< 0:8. In Fig. 5(b) we
plot the same ratio but with the two functions multiplied by
2Mh and integrated over 0:3 GeV<Mh < 1:3 GeV. In the
same figures, the dotted lines represent the positivity bound
[55]

 ! 3
2D

p
1;oo " D1;ll " 3Dp

1;oo: (36)

The functions D1;ol and H!
1;ot arise from the interference

of s and p waves, i.e. from the interferences of channels 1-
2, 1-3, and 1-4, proportional to the product #fsf!$, #fsf!$,
#fsf0!$, respectively. Since the relative sign of fs and the
p-wave couplings is not fixed by the fit, we can only
predict these functions modulo a sign. For the plots, we
assume that the p-wave couplings have a sign opposite to
fs (as suggested by the sign of preliminary HERMES data
[48]).

In Fig. 6(a) we plot the ratio between!j ~Rj=MhH!
1;ot and

D1;oo, integrated separately over 0:2< z< 0:8. In Fig. 6(b)
we plot the same ratio but with the two functions multi-
plied by 2Mh and integrated over 0:3 GeV<Mh <
1:3 GeV. In the same figures, the dotted lines represent
the positivity bound [55]
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FIG. 5. Model prediction for the ratio D1;ll=D1;oo: (a) as a function of Mh, (b) as a function of z. The dotted lines represent the
positivity bounds of Eq. (36).
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FIG. 6. Model prediction for the ratio #!j ~RjH!
1;ot$=#MhD1;oo$: (a) as a function ofMh, (b) as a function of z. The overall sign ofH!

1;ot
cannot be predicted by the model and is chosen to have an agreement with the sign of preliminary HERMES measurements [48]. The
dotted lines represent the positivity bounds of Eq. (37).
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effect of partial integration
as both contributions — D1,ll and D1,oo — will be affected by the partial integration, look at relative 
size of the D1,ll to D1,oo modulations when subjected to integration: 
 
 

without limit in the polar-angular range (%0 =0) -> no contribution from D1,ll    [sanity check!]

the relative size of the partial integrals reaches a maximum of 25% for z=0.2  
[i.e., pions at 90 degrees in center-of-mass system]

12

R cos ✓0
cos(⇡�✓0)

dcos ✓ 1
4 (3 cos

2 ✓ � 1)
R cos ✓0
cos(⇡�✓0)

dcos ✓
= �1

4
(1� cos2 ✓0)

D1,ll

D1,oo

D1,ll

D1,oo
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as both contributions — D1,ll and D1,oo — will be affected by the partial integration, look at relative 
size of the D1,ll to D1,oo modulations when subjected to integration: 
 
 

without limit in the polar-angular range (%0 =0) -> no contribution from D1,ll    [sanity check!]

the relative size of the partial integrals reaches a maximum of 25% for z=0.2  
[i.e., pions at 90 degrees in center-of-mass system]

in order to estimate the D1,ll contribution, one “just” needs  
the relative size of D1,ll vs. D1,oo, e.g.,  
Figure 5 of PRD74 (2006) 114007 

let’s take for that size 0.5 (rough value for M=0.5 GeV) 
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smearing the step function in Eq. (28). Note that the
interference is in this case constructive because the signs
of the couplings f! and f0! have been taken equal. If the
two couplings were taken opposite, then a destructive
interference would take place and the model would under-
estimate the p-wave data at around 0.6 GeV. The agree-
ment with the total spectrum would then be worsened. Also
the f! coupling has been taken to have the same sign of f!
to avoid destructive interference patterns. It is difficult with
the present poor knowledge to make any conclusive state-
ment about !!! interference in semi-inclusive dihadron
production. However, we can at least conclude that in our
model the best agreement with the event generator is
achieved when the three couplings f!, f!, and f0! have
the same sign.
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FRAGMENTATION FUNCTIONS AND
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Using the parameters obtained from the fit we can plot
the results for the fragmentation functions D1;ll, H!

1;ot, and
D1;ol. The function D1;ll is a pure p-wave function. It
depends on jFpj2, the modulus square of Eq. (28), and

has a behavior very similar to Dp
1;oo, the p-wave part of

D1;oo. In Fig. 5(a) we plot the ratio betweenD1;ll andD1;oo,
integrated separately over 0:2< z< 0:8. In Fig. 5(b) we
plot the same ratio but with the two functions multiplied by
2Mh and integrated over 0:3 GeV<Mh < 1:3 GeV. In the
same figures, the dotted lines represent the positivity bound
[55]

 ! 3
2D

p
1;oo " D1;ll " 3Dp
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The functions D1;ol and H!
1;ot arise from the interference

of s and p waves, i.e. from the interferences of channels 1-
2, 1-3, and 1-4, proportional to the product #fsf!$, #fsf!$,
#fsf0!$, respectively. Since the relative sign of fs and the
p-wave couplings is not fixed by the fit, we can only
predict these functions modulo a sign. For the plots, we
assume that the p-wave couplings have a sign opposite to
fs (as suggested by the sign of preliminary HERMES data
[48]).

In Fig. 6(a) we plot the ratio between!j ~Rj=MhH!
1;ot and

D1;oo, integrated separately over 0:2< z< 0:8. In Fig. 6(b)
we plot the same ratio but with the two functions multi-
plied by 2Mh and integrated over 0:3 GeV<Mh <
1:3 GeV. In the same figures, the dotted lines represent
the positivity bound [55]
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positivity bounds of Eq. (36).
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cannot be predicted by the model and is chosen to have an agreement with the sign of preliminary HERMES measurements [48]. The
dotted lines represent the positivity bounds of Eq. (37).
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… D1,ll / D1,oo ~0.5 results in an up to O(10%) effect on the measured cross section: 
 
 
 
 
 
 
 
 
 
 

depending on the sign of D1,ll, the partial integration thus leads to a systematic underestimation 
(positive D1,ll) or overestimation (negative D1,ll) of the “integrated” dihadron cross section 

➡ leads to overestimate/underestimate of extracted transversity

effect of partial integration
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switching gears: hyperon polarisation in DIS



switching gears: hyperon polarisation in DIS

hermes is still alive   !
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Lambda production in DIS

“self-analyzing” particle due to its parity-violating decay  

polarization can be extracted just by measuring angular distribution of decay protons 

in praxis distorted by instrumental effects (cf. first part of talk)
15

D. Veretennikov, SPIN 2021

Angular distribution of protons
(in Λ rest frame)
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2

Polarized Λ production

Λ is “self-analyzing” particle due to its parity violation 
Λ→ pπ - decay

Polarization can be extracted just by measuring angular 
distribution of decay protons, without any additional 
scattering

Unpolarized 
distribution

Angle between proton 
momentum and Λ spin 
in Λ rest frame

�⃗�𝛾∗ + 𝑝𝑝 → Λ+ 𝑋𝑋
↳ 𝑝𝑝𝜋𝜋−
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Polarized Λ production

Λ is “self-analyzing” particle due to its parity violation 
Λ→ pπ - decay

Polarization can be extracted just by measuring angular 
distribution of decay protons, without any additional 
scattering

Unpolarized 
distribution
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momentum and Λ spin 
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Lambda production in DIS

access to several novel spin-dependent FFs 

Y-component of polarization (“self-polarization”) not correlated with beam polarization 
  ➥ drops out in beam-spin asymmetries 

concentrate on longitudinal and transverse spin transfer

16
D. Veretennikov, SPIN 2021

𝑃𝑃𝑋𝑋Λ = −𝑃𝑃𝐵𝐵𝐷𝐷𝑋𝑋 𝑦𝑦
𝑀𝑀
𝑄𝑄
∑𝑞𝑞 𝑒𝑒𝑞𝑞2𝑥𝑥𝐵𝐵𝑓𝑓1

𝑞𝑞 𝑥𝑥𝐵𝐵 𝐻𝐻1
𝑞𝑞 𝑧𝑧
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𝑞𝑞 𝑥𝑥𝐵𝐵 𝐷𝐷1

𝑞𝑞 𝑧𝑧
+
𝑀𝑀Λ

𝑄𝑄
∑𝑞𝑞 𝑒𝑒𝑞𝑞2𝑥𝑥𝐵𝐵𝑓𝑓1

𝑞𝑞 𝑥𝑥𝐵𝐵 �𝐺𝐺𝑇𝑇
𝑞𝑞 𝑧𝑧

∑𝑞𝑞 𝑒𝑒𝑞𝑞2𝑥𝑥𝐵𝐵𝑓𝑓1
𝑞𝑞 𝑥𝑥𝐵𝐵 𝐷𝐷1

𝑞𝑞 𝑧𝑧

𝑃𝑃𝑌𝑌Λ = 𝐷𝐷𝑌𝑌 𝑦𝑦
𝑀𝑀
𝑄𝑄
∑𝑞𝑞 𝑒𝑒𝑞𝑞2𝑥𝑥𝐵𝐵𝑓𝑓1

𝑞𝑞 𝑥𝑥𝐵𝐵 𝐷𝐷1𝑇𝑇
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Λ polarization

Give us access to twist-2 (𝐻𝐻1
𝑞𝑞) and twist-3 ( �𝐺𝐺1

𝑞𝑞, 𝐷𝐷1𝑇𝑇
⊥ 1 𝑞𝑞) fragmentation functions as well as for polarized FF (𝐺𝐺1

𝑞𝑞) and 
unpolarized FF (𝐷𝐷1

𝑞𝑞)

𝐷𝐷𝑋𝑋 𝑦𝑦 =
2𝑦𝑦 1 − 𝑦𝑦 − 𝛾𝛾2𝑦𝑦2

4

1− 𝑦𝑦 + 𝑦𝑦2
2 + 𝛾𝛾2𝑦𝑦2

4

𝐷𝐷𝑍𝑍 𝑦𝑦 =
𝑦𝑦 1− 𝑦𝑦2

2

1− 𝑦𝑦 + 𝑦𝑦2
2 + 𝛾𝛾2𝑦𝑦2

4

3

Virtual photon depolarization 
factor 𝐷𝐷 𝑦𝑦 is different for X and 
Z axis

P.J. Mulders, R.D. Tangerman
Published in: Nucl.Phys.B 461 (1996), 197-237
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Λ polarization
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Figure �: Sketch of the coordinate system (�) in ⇤ rest frame.

investigation for many decades for the case of hadron collisions, and has also beenmeasured in ⇤ leptoproduction��

[��, ��], as well as in e+e� annihilation [��].��

In general, the ⇤ polarization vector can be written as��

ÆP⇤ = P⇤Y ÆeY + PbDX (y)DLXÆeX + PbDZ (y)DLZÆeZ . (�)

The values DLZ (x, z) and DLX (x, z) in Eq. (�) are the spin-transfer coe�cients. In the current fragmentation region,
according to Eq. (�), they can be expressed in terms of various parton distributions and fragmentation functions as

DLZ (x, z) =
Õ
q e2qxf

q
1 (x) Gq1 (z)Õ

q e2qxf
q
1 (x) Dq1 (z)

, (�)

DLX (x, z) = �MH
Q

Õ
q e2qx2eq (x) H

q
1 (z)Õ

q e2qxf
q
1 (x) Dq1 (z)

� M⇤

Q

Õ
q e2qxf

q
1 (x) G̃qT (z) /zÕ

q e2qxf
q
1 (x) Dq1 (z)

. (��)

In the one-photon-exchange approximation, one may interpret the spin-transfer phenomenon as follows: the��

spin is initially transferred from the longitudinally polarized lepton to the virtual photon, and then from the virtual��

photon to the struck quark (see Fig. �, left). The longitudinal (along Z axis) polarization of the quark PbDZ (y) and��

the transverse (along X axis) polarization of the quark PbDX (y) are eventually transferred to the ⇤. The fractions of��

the longitudinal and transverse quark polarization transferred to the ⇤ are the spin-transfer coe�cients DLZ and��

DLX . As one can see from Eq. (�) these coe�cients are sensitive to the spin-dependent fragmentation functions.��

Measuring the hyperon polarization in leptoproduction is practically the only way to get access to these functions.��

In �D case, and assuming that the ⇤ polarization vector is directed along the Z-axis, i.e., DLX = 0, one obtains��

DLZ (x, z) =
Õ
q e2qxf

q
1 (x) Gq1 (z)Õ

q e2qxf
q
1 (x) Dq1 (z)

=
’
q

Gq1 (z)
Dq1 (z)

e2qxf
q
1 (x) Dq1 (z)Õ

q e2qxf
q
1 (x) Dq1 (z)

=
’
q
DqLZ (z)!q (x, z) . (��)

The purity !q (x, z) is the fractional probability that the produced ⇤ originates from an event in which a vir-��

tual photon was absorbed by a quark of flavor q. It is obvious that Õq !q (x, z) = 1. The purities depend on the��

quark density f 1q (x) and the unpolarized FF D
q
1 (z), and cannot be calculated from first principles. Instead, they��

can be approximated using a Monte Carlo model or calculated using parametrizations of parton distributions and��

fragmentation functions fitted to world data.��

One should remember that, unlike the pion production, using the xF-criterion in the case of ⇤ production is��

practically not e�ective at the not very high beam energy in the HERMES experiment. Application of Eq. � as��

definition of the spin transfer coe�cients is relevant for the current fragmentation region only. Therefore a more��

general definition of the spin transfer coe�cients given by Eq. � is used in this paper. As follows from the LUND��

MC simulation [��], contribution from the target fragmentation mechanism in the case of ⇤ production is not small��

at both negative and positive xF values. Moreover, the detected ⇤ rarely contains the struck quark and thus the ⇤��

spin orientation is nearly not sensitive to the beam polarization, i.e. the spin transfer is expected to be about zero.��

The only exclusion is the case of kinematics with xF very close to unity. Unfortunately, experimental access to this��

region is typically limited because of lack of statistics.��

� Method of Extraction of the Spin-Transfer Coe�cients��

The polarization of a produced ⇤ (⇤̄) hyperon can be measured by analyzing the angular distribution of a weak��

⇤ ! p⇡� (⇤̄ ! p̄⇡+) decay. In the �⇡ acceptance case, the normalized to unity angular distribution of the decay��

proton is given by��

d�
d⌦p

/ 1 + ↵ ÆP⇤ Æ̂kp. (��)

�



Transversity 2024 — June 6th, 2024gunar.schnell @ desy.de

polarization measurement 

acceptance distorts distribution 

heavy use of Monte Carlo to correct for acceptance 

major source of systematic uncertainty
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¾ Angular distribution of decay protons

Formalism extraction of 𝑫𝑫𝑳𝑳𝑳𝑳′
𝜦𝜦
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HERMES
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of acceptance
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𝟏𝟏+ 𝜶𝜶𝑷𝑷𝑳𝑳′𝜦𝜦 𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽𝒑𝒑𝑳𝑳′

Major source of systematic uncertainty !

• NOMAD,      𝟒𝟒𝝅𝝅 acceptance

• COMPASS,   simulate acceptance

• HERMES,     cancel acceptance effect by using two beam polarization D. Veretennikov, SPIN 2021

Angular distribution of protons
(in Λ rest frame)
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2

Polarized Λ production

Λ is “self-analyzing” particle due to its parity violation 
Λ→ pπ - decay

Polarization can be extracted just by measuring angular 
distribution of decay protons, without any additional 
scattering

Unpolarized 
distribution

Angle between proton 
momentum and Λ spin 
in Λ rest frame

�⃗�𝛾∗ + 𝑝𝑝 → Λ+ 𝑋𝑋
↳ 𝑝𝑝𝜋𝜋−

unpolarised (uniform) 
distribution

tilts the uniform  
distribution
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polarization measurement 

NOMAD: basically &' acceptance 

COMPASS:  MC simulation of acceptance 

HERMES: cancel acceptance effect using two beam helicity states
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Angular distribution of protons
(in Λ rest frame)
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HERMES experiment
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HERMES was forward spectrometer
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(anti-)Lambda yields at HERMES

HERA-I data of 1999-2000 

HERA-II data of 2003-2007 

DIS cuts  

( 2 > 10 GeV2 

0.2 < ) < 0.85 

Q2 > 0.8 GeV2 

total number of (anti)Λ is about 50k (6k) 
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� Results���

Spin-transfer coe�cients were calculated for each period using the corresponding average beam-polarisation pa-���

rameters »Pb… and »P2b…. Final (integrated) values were calculated as weighted means over all five periods as���

DLi
�D2

Li
=

5’
k=1

DLi,k
�D2

Li,k
, 1

�D2
Li

=
5’
k=1

1

�D2
Li,k

(i = X, Z), (��)

whereDLi,k and�DLi,k are the spin transfer and its statistical uncertainty for period k; DLi and�DLi are the integrated���

values. Corresponding calculations were also done in each kinematic bin.���

The ⇤ and ⇤̄ invariant mass was reconstructed after applying all the restrictions described above. An example
is shown in Fig. � using the recoil data collected in ����-����. This period has the maximum number of useful
events. Spectra for other periods as well as for each bin can be found on DC�� web page. A combination of two
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Figure �: Example of the reconstructed invariant mass for ⇤ (left panel) and ⇤̄ (right panel) events using the recoil
data collected during ���� & ���� (period �). Red curves represent double-Gaussians plus a second-order poly-
nomial fit and the blue vertical lines are set at ±2.5� from the peak position.

Gaussians for the peak and a second-order polynomial for the background description was fitted to the invariant-
mass distribution. The reason to use this specificmodel function is described in Sec. ��.�. The vertical lines onmass
distributions correspond to the ±2.5� range around the peak position used for a conditional separation between
useful (i.e., ⇤ � background) and pure background events. The � andmean parameters were taken from distribution
of sum of two Gaussians gaus1 (a1,m1, s1) + gaus2 (a2,m2, s2) using

M =

Ø
x(gaus1 + gaus2) dxØ
(gaus1 + gaus2) dx

=
a1m1s1

p
2⇡ + a2m2s2

p
2⇡
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p
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p
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Here, a1, m1, s1 and a2, m2, s2 are the amplitudes, means, and � ’s of the two Gaussians, and M as well as S are the���

mean and � of the sum of the two Gaussians.���

The background correction on the spin-transfer coe�cients was performed using���

DLi,⇤+bg =
DLi · N⇤ + DLi,bg · Nbg

N⇤ + Nbg
, (i = X, Z) . (��)

�

[one data-taking period]

Λ Λ
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explored in deep-inelastic scattering, they display no evi-
dence of a strong kinematic dependence. One should re-
member, however, that in the theoretical models discussed
above, the !0 hyperon is assumed to be produced directly
from the polarized struck quark, i.e., the contribution from
the heavier hyperon decays is not included in these models
(see subsection IV D).

The HERMES results as a function of xF are presented
in Fig. 5 and Table III.

In order to provide a comparison with other deep-
inelastic scattering experiments, and to illustrate the level
of agreement in the region of overlap, the HERMES data
are shown in Fig. 5 together with data obtained by the
NOMAD experiment [13] at CERN with a 43 GeV
!"-beam. Results from the Fermilab E665 experiment
[15] obtained with a 470 GeV polarized muon beam are
also shown.

The most precise data are the charged-current !"N !
"!0X measurements from NOMAD. The energy of the
NOMAD neutrino beam is similar to the 27.6 GeV positron
beam of the HERMES experiment. However, the spin-
transfer coefficient D!

LL0 presented by HERMES cannot

be immediately compared to the longitudinal !0 polariza-
tion measured by NOMAD. In the framework of the quark-
parton model the polarization for the charged-current !"
interaction may be expressed as [13]:

 P!!!x; y; z" # $
qd!x"G!

1;u!z" $ !1$ y"2q "u!x"G!
1; "d!z"

qd!x"D!
1;u!z" % !1$ y"2q "u!x"D!

1; "d!z"
:

(14)

(Here, qd!x" and q "u!x" represent the number densities for
quarks and antiquarks separately, contrary to the conven-
tion used in the rest of the paper.) The quantity $P!! thus
represents the spin-transfer D!

LL0 from a struck quark to a
!0 hyperon, but for a different mixture of quark flavors
than in deep-inelastic scattering with electron or muon

TABLE II. Measured values of D!
LL0 in bins of z, for xF > 0.

The quoted uncertainties are statistical only. The systematic
uncertainties are on the level of &0:03, as discussed in the text.

z range hzi D!
LL0 , axis 1 D!

LL0 , axis 2

0:05< z < 0:34 0.28 0:09& 0:19 0:06& 0:20
0:34< z < 0:44 0.39 0:19& 0:19 0:21& 0:19
0:44< z < 0:55 0.49 0:12& 0:20 0:13& 0:20
0:55< z < 1 0.66 0:03& 0:23 $0:02& 0:23
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FIG. 5. Dependence of the longitudinal spin-transfer coeffi-
cient D!

LL0 on xF. The HERMES measurements are represented
by the solid circles, while the open symbols represent data from
NOMAD [13] (squares) and E665 [15] (circles). Error bars are
statistical only. As explained in the text, for the neutrino-induced
NOMAD data the quantity plotted is $P!!.

TABLE III. Measured values of D!
LL0 in bins of xF. The quoted

uncertainties are statistical only. The systematic uncertainties are
on the level of &0:03, as discussed in the text.

xF range hxFi D!
LL0 , axis 1 D!

LL0 , axis 2

$0:2< xF < 0:06 $0:05 $0:12& 0:23 $0:16& 0:23
0:06< xF < 0:24 0.15 0:24& 0:18 0:24& 0:18
0:24< xF < 0:42 0.32 0:06& 0:16 0:08& 0:16
0:42< xF < 0:56 0.48 0:30& 0:26 0:33& 0:26
0:56< xF < 1 0.66 0:09& 0:34 $0:13& 0:34
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FIG. 4. Dependence of the longitudinal spin-transfer coeffi-
cient D!

LL0 on z, for xF > 0. The curves represent the phenome-
nological model calculations of Refs. [5,30], as described in the
text. Error bars are statistical only.
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results foreseen to be released for upcoming STRONG-2020 
workshop “Present and future perspectives in Hadron Physics” 
-> to be presented by D. Veretennikov
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two-hadron final states are a powerful albeit in parts more challenging tool to 
access spin-dependent distributions
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two-hadron final states are a powerful albeit in parts more challenging tool to 
access spin-dependent distributions

dihadron FFs very useful for collinear transversity extraction 

however, reduction of fully differential cross section comes with a price tag: 
not all terms that vanish in theory vanish in practice due to experimental 
requirements 

might lead to over-/underestimates of true size of extracted transversity 

important to keep in mind when aiming for precision measurements
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conclusions
two-hadron final states are a powerful albeit in parts more challenging tool to 
access spin-dependent distributions

dihadron FFs very useful for collinear transversity extraction 

however, reduction of fully differential cross section comes with a price tag: 
not all terms that vanish in theory vanish in practice due to experimental 
requirements 

might lead to over-/underestimates of true size of extracted transversity 

important to keep in mind when aiming for precision measurements

hyperons and their two-hadron final states yet another way of accessing 
transversity and friends, as well as spin-dependent FFs 

HERMES analysis of 1999-2007 data on longitudinal and longitudinal-to-
transverse spin transfer to Lambda and anti-Lambda to be released
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Thank you!


