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• Hadron multiplicities on H and D target 

• Spin-independent azimuthal modulations on H and D target 

• Beam-helicity asymmetries on H and D target



Charged pion and kaon multiplicities

targets=unpolarised H and D

Q2 > 1 GeV2

W 2 > 10 GeV2

0.023 < x < 0.6



Hadron multiplicities

QPM, 
leading twist, 
LO

• Access to spin-independent TMD PDF and TMD fragmentation function 

• Complementary to e+e- to probe fragmentation function: 

• disentangle favoured (          ) and disfavoured (          ) fragmentationu ! ⇡+
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Mh(x,Q2, z, Ph?) =
1

d2NDIS(x,Q2)

d4Nh(x,Q2, z, Ph?)

dz dPh?
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Extraction of Born multiplicities
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Extraction of Born multiplicities
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• QED radiative effects
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Extraction of Born multiplicities
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• QED radiative effects

• limited geometric and kinematic acceptance of detector
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Extraction of Born multiplicities
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• QED radiative effects

• limited geometric and kinematic acceptance of detector

• limited detector resolution

• migration of events from one bin to another 
• migration of events outside acceptance into acceptance



Extraction of Born multiplicities

6

Sh =
nh(i, j)

nh
Born(j)

• Smearing matrix from LEPTO+JETSET Monte-Carlo simulation
reconstructed

generated (Born)

• Smearing of events from outside acceptance into acceptance,         , from Monte Carlo nh(i, 0)
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Extraction of Born multiplicities
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Sh =
nh(i, j)

nh
Born(j)

• Smearing matrix from LEPTO+JETSET Monte-Carlo simulation
reconstructed

generated (Born)

• Smearing of events from outside acceptance into acceptance,         , from Monte Carlo nh(i, 0)

• Additional corrections:  
• trigger efficiencies, charge-symmetric background, RICH PID unfolding 
• optionally: correction for exclusive vector mesons
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Extraction of Born multiplicities
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Sh =
nh(i, j)

nh
Born(j)

• Smearing matrix from LEPTO+JETSET Monte-Carlo simulation
reconstructed

generated (Born)

• Smearing of events from outside acceptance into acceptance,         , from Monte Carlo nh(i, 0)

• Additional corrections:  
• trigger efficiencies, charge-symmetric background, RICH PID unfolding 
• optionally: correction for exclusive vector mesons

• Multiplicities provided in (x,z,Ph⊥) and in (Q2,z,Ph⊥)
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Results projected in z
Phys. Rev. D87 (2013) 074029 

Corrected for vector mesons

at high z
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= 1.2 � 2.6 (1.1 � 1.8)
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= 1.5 � 5.7 (1.3 � 4.6)
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low z high z



• Ph⊥ reflects transverse momentum inside nucleon and from fragmentation process 

• Ph⊥ distribution broader for K- than for K+

Results projected in z and 
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Corrected for vector mesons Phys. Rev. D87 (2013) 074029 

Ph?
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Azimuthal dependence of the SIDIS 
cross section for unpolarised target

• Unpolarized and longitudinally polarized e+/e- beam 
• Transversely polarized H target: fit all amplitudes simultaneously 
• Unpolarized H and D target 

Results for charged pions, kaons, (anti-)protons

• Unpolarised/longitudinally polarised e+/e- beam 

• Unpolarised H and D target

Q2 > 1 GeV2

W 2 > 10 GeV2

0.023 < x < 0.6
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beam helicity}
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.

WENJUAN MAO, ZHUN LU, AND BO-QIANG MA PHYSICAL REVIEW D 90, 014048 (2014)
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beam helicity}
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eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
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T γρkTσ
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FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
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M
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FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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Spin-independent azimuthal modulations

Results for charged pions and kaons



Spin-independent azimuthal modulations

Boer-Mulders PDF Collins FF

FSI

twist-2

hcos(�h)i / C
h
P̂h? · ~k? f1 ⇥D1, h

?
1 ⇥H

?
1 + . . .

i
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Extraction of          moments

hcos(2�h)imeas(i)hcos(2�h)iBorn(j)

12

• QED radiative effects

• limited geometric and kinematic acceptance of detector

• limited detector resolution

hcos(2�h)i
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Extraction of          moments

hcos(2�h)imeas(i)hcos(2�h)iBorn(j)

35

Extraction of the cosine moments

extraction is challenging!
azimuthal modulations also possible due to 
● detector geometrical acceptance
● higher-order QED effects

generated in 4π

inside acceptance

12ɸ

• QED radiative effects

• limited geometric and kinematic acceptance of detector

• limited detector resolution

hcos(2�h)i
<latexit sha1_base64="VFeCFbcYdT8JaDtHqe9yw8x4zwk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQNyWpgi4LunBZwT6gCWEynbRDJzNhZiKU0IUbf8WNC0Xc+hHu/BunaRbaeuDC4Zx7ufeeMGFUacf5tkpr6xubW+Xtys7u3v6BfXjUVSKVmHSwYEL2Q6QIo5x0NNWM9BNJUBwy0gsn13O/90CkooLf62lC/BiNOI0oRtpIgV31GOIjRjwsVL3pJWMajM88mWuBXXMaTg64StyC1ECBdmB/eUOB05hwjRlSauA6ifYzJDXFjMwqXqpIgvAEjcjAUI5iovwsf2IGT40yhJGQpriGufp7IkOxUtM4NJ0x0mO17M3F/7xBqqMrP6M8STXheLEoShnUAs4TgUMqCdZsagjCkppbIR4jibA2uVVMCO7yy6uk22y4543m3UWtdVPEUQZVcALqwAWXoAVuQRt0AAaP4Bm8gjfryXqx3q2PRWvJKmaOwR9Ynz9de5fr</latexit>



Extraction of          moments

hcos(2�h)imeas(i)hcos(2�h)iBorn(j)

35

Extraction of the cosine moments

extraction is challenging!
azimuthal modulations also possible due to 
● detector geometrical acceptance
● higher-order QED effects

generated in 4π

inside acceptance

12ɸ

• QED radiative effects

• limited geometric and kinematic acceptance of detector

• limited detector resolution
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Extraction of the cosine moments

fully differential analysis needed
unfolding procedure with 400 x 12 bins 

extraction is challenging!
azimuthal modulations also possible due to 
● detector geometrical acceptance
● higher-order QED effects

40.750.50.350.20.05PhT

510.750.60.450.30.2z

40.850.70.60.450.3y

510.270.1450.0780.0420.023x

#Bin limitsVariable

BINNING

400 kinematic bins x 12 φ-bins

Fully differential analysis 

Unfolding in 400 x 12 bins
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Boer-Mulders amplitudes
kTkT

Phys. Rev. D 87 (2013) 012010

• Significant non-zero    non-zero orbital angular momentum 

• naive T-odd: final-state interactions   

• p-d comparison: 

•                             :

h?,u
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Boer-Mulders amplitudes
kTkT

•      large and negative amplitudes 

•              at variance with  

• amplitudes for p and d similar (p smaller for     )

K±

K+ ⇡ K� ⇡±

Phys. Rev. D 87 (2013) 012010
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to the hydrogen results; this might be because of a different
magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
U
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FIG. 5 (color online). As in Fig. 4, but for the cos! amplitudes.
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• amplitudes for p and d similar (d smaller for     ) 

• amplitudes rise with z,             at highest z 

• amplitudes rise with      for  

⇡+
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any quarks in common with the valence structure of
the target. Therefore, even larger contributions can be
expected to originate from the sea and from disfavored
up quark fragmentation.

Similar kaon amplitudes are extracted from hydrogen
and deuterium targets. This may reflect similar contribu-
tions from u and d quarks, as well as a potentially sub-
stantial contribution from strange quark fragmentation,
which is expected to be the same for neutron and proton
targets. Contrary to pions, the positive kaons show hydro-
gen results closer to zero, which might reflect a different
magnitude for the Boer-Mulders function of different
quark types, or the increased role of disfavored up quark
fragmentation for proton targets.

2. Kaon cos! amplitudes

The cos! amplitudes for kaons are shown in Fig. 7
for hydrogen and deuterium targets. Large negative
(up to !0:2) amplitudes are extracted for positive kaons,
slightly rising with z and Ph?. The amplitudes are even
larger in magnitude than those for positive pions, which
suggests a large contribution from the Boer-Mulders-
Collins effect, which was found to be large for Kþ in the
previous section. Negative kaons instead show results
compatible with zero. The similarity between the cos2!
amplitudes for positive and negative kaons may mean that
the Boer-Mulders-Collins effect is relatively insensitive to
kaon charge. Thus, the significant difference in the cos!
amplitudes for positive and negative kaons points to either
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FIG. 8 (color online). As in Fig. 4, but for unidentified charged hadrons.
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Beam-helicity asymmetry

Results for charged pions, kaons, (anti-)protons
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Fig. 2. Virtual-photon asymmetry amplitudes for positively and negatively charged pions and kaons, for protons and anti-protons, as a function of xB , z, and Ph⊥ , for data 
collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The open symbols are slightly offset horizontally. The error bars represent the statistical 
uncertainties, while the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty originating from the measurement of the beam polar-
ization, corresponding to a scale factor of 3%. The grey data points represent the region for which z > 0.7, which is not included in the presentations of the asymmetry 
amplitudes as a function of xB and Ph⊥ .

to obtain a correct normalization for each period of stable data 
collection.

Three types of systematic uncertainties are found to contribute 
to the extracted asymmetry amplitudes. One originates from the 
determination of the hadron probability weights. It is evaluated by 
using the maximal difference between the central value and the 
values obtained using different Monte Carlo simulations for the 
evaluation of the hadron weights. This uncertainty amounts maxi-
mally to 5%, and on average to 1%. Another category of uncertainty 
stems from QED radiation, finite detector resolution, and limited 
detector acceptance. In order to evaluate these correlated effects, 
the measured asymmetry is fit with a parametrization depending 
on the kinematic variables xB , z, y, and Ph⊥. This parametrization 
is implemented in a Monte Carlo simulation that does not include 
polarization effects. The statistical precision of this simulation ex-
ceeds that of the experimental data by a factor of ten. A beam 
helicity is assigned to each simulated event according to the im-
plemented asymmetry. The difference between the implemented 
asymmetry, evaluated at the average reconstructed kinematics, and 
the one extracted from the fully processed Monte Carlo simulation 
following the same analysis procedure as for experimental data is 
assigned as systematic uncertainty. This uncertainty is the domi-
nant systematic uncertainty. If the dependence of the asymmetry 
or the acceptance on the kinematic variables is highly non-linear, 
large differences between the implemented asymmetry and that 

extracted from the Monte Carlo simulation can arise, especially 
for the one-dimensional asymmetries, where one integrates over 
a larger portion of phase space. Hence, since the extracted asym-
metries do not exhibit significant non-linear dependences, the ex-
tracted systematic uncertainties due to detector effects are, as ob-
served, larger for measurements in one dimension than for those 
in three dimensions. In addition, as in general the dependence is 
different for the various kinematic variables, it is natural to ob-
tain from the present procedure systematic uncertainties for the 
various kinematic dependences that differ in size. Both systematic 
uncertainties discussed so far are added in quadrature. In addition, 
a 3% scale uncertainty from the beam-polarization measurement 
is assigned. The influence of additional azimuthal modulations 
[sin(2φ), cos(φ), and cos(2φ), where the first is a beam-helicity–
dependent contribution and the other two are spin-independent 
contributions to the cross section] on the extracted sin(φ) ampli-
tude was also evaluated, and found to be negligible. For this study, 
these modulations were added as additional parameters or existing 
parameterizations of the cosine modulations [56] were included in 
the likelihood function.

3. Results

The virtual-photon asymmetry amplitude, Asin(φ)
LU , in one di-

mension, as a function of xB , z, and Ph⊥ , for charge-separated 
pions and kaons, and for protons and anti-protons is presented 

• Agreement H and D data 

• Positive results for pions 

• Slightly positive for K+ 

• Other hadrons consistent with zero

Phys. Lett. B 797 (2019) 134886
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Fig. 4. Virtual-photon asymmetry amplitudes A Q ,sin(φ)
LU for positively and negatively charged pions, as measured by HERMES (blue circles) and CLAS (grey squares) on a 

hydrogen target, as a function of xB , z, and Ph⊥ . The data corresponding to the intervals in z indicated by the open symbols are not included in the projections as a function 
of xB and Ph⊥ . For both experiments error bars represent the statistical uncertainties only. There is an additional scale uncertainty of 3% for the HERMES results originating 
from the measurement of the beam polarization.

Fig. 5. Virtual-photon asymmetry amplitudes for negatively charged pions as a function of z for slices in Ph⊥ (columns) and xB (rows), for data collected on a hydrogen 
(closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In 
addition, there is a systematic uncertainty originating from the measurement of the beam polarization, corresponding to a scale factor of 3%.

3D virtual-photon asymmetry
Phys. Lett. B 797 (2019) 134886
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Both measurements give compatible results

Comparison with COMPASS
6 The HERMES Collaboration / Physics Letters B 797 (2019) 134886

Fig. 3. Virtual-photon asymmetry amplitudes for positively and negatively charged pions, as measured by HERMES on a deuterium target (blue circles), and unidentified 
hadrons, as measured by COMPASS on a 6LiD target (grey squares), as a function of xB , z, and Ph⊥ . The open data points from the HERMES measurement represent the 
region for which z > 0.7, and are not included in the presentations of the asymmetry amplitudes as a function of xB and Ph⊥ , while the COMPASS measurement covers the 
range up to z = 0.85 for all projections. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In addition, there is a 
systematic uncertainty for the HERMES results originating from the measurement of the beam polarization, corresponding to a scale factor of 3%.

in Fig. 2 for data collected on a hydrogen target (closed sym-
bols) and on a deuterium target (open symbols). The error bars 
represent the statistical uncertainties, while the error bands are 
the systematic uncertainties discussed previously. As can be seen, 
the statistical and systematic uncertainties are of the same order 
of magnitude. The data points of the last two bins in z, plotted 
in grey, are not included in the presentations of the asymmetry 
amplitudes as a function of xB and Ph⊥ . As already stated, the 
motivation for this lies in the suppression of contributions from 
exclusive processes. Nevertheless, it is interesting to also inspect 
the asymmetry amplitudes at high z, covering the transition region 
between semi-inclusive DIS and exclusive processes. The presenta-
tion of the asymmetry as a function of z is restricted to z below 
0.7 for anti-protons due to limited statistical precision.

The virtual-photon asymmetries measured on hydrogen and 
deuterium targets are in agreement with each other, for all hadron 
types. The asymmetry is non-zero for positively and negatively 
charged pions, with an amplitude rising as a function of z. For pos-
itively charged pions a positive asymmetry amplitude is observed, 
slightly increasing as a function of xB . An overall positive ampli-
tude is also seen for negatively charged pions. An increase of the 
amplitude as a function of Ph⊥ for low values of Ph⊥ , followed 
by a decrease at higher Ph⊥ values could possibly also be distin-
guished for both pion types. For positively charged kaons, a small, 
positive amplitude is seen, but without any pronounced kinematic 
dependence, while for negative kaons, protons, and anti-protons 
the asymmetry amplitudes are compatible with zero.

In Fig. 3, the virtual-photon asymmetry amplitudes for pions 
measured on a deuterium target are presented together with those 
for charge-separated hadrons, as measured by the COMPASS exper-
iment on a 6LiD target [51]. Despite the higher average Q 2 range 
of the COMPASS experiment, the two sets of results are compatible 
with each other.

Another comparison is given in Fig. 4, where results from the 
analysis discussed here and from the CLAS experiment [49] for 

positively and negatively charged pions are shown for data col-
lected on a hydrogen target. The CLAS experiment provides data 
for an asymmetry, A Q ,sin(φ)

LU , similar to that defined in Eq. (2), 
but where the asymmetry amplitude in the likelihood function is 
scaled with Q . This is obtained by introducing in the second term 
of Eq. (2) the prefactor 1/Q i and determining its value for each 
event. This allows for a comparison between both experimental 
results free from the explicit 1/Q factor appearing in Eq. (1). The 
most salient observation from this figure is the opposite sign of 
the asymmetry amplitudes for negatively charged pions as a func-
tion of z seen by the two experiments. As can be seen from the 
projection in xB , the data from the CLAS experiment are located at 
larger values in xB . In the expression for the structure function 
F sin(φ)

LU from Eq. (1), the pairs eH⊥
1 and g⊥D1 appear weighted 

with xB , and thus suppressed at smaller xB values. The Collins 
FFs for up quarks extracted from data from electron-positron an-
nihilation [59–61] and semi-inclusive DIS [62–65] are positive for 
positively charged pions, and negative for negatively charged pions. 
Therefore, if eH⊥

1 forms the dominant contribution to the struc-

ture function F sin(φ)
LU and scattering takes predominantly place off 

an up quark, opposite signs are expected for the asymmetries for 
positive and negative pions. A positive asymmetry is indeed ob-
served for positively charged pions, while a negative asymmetry 
is seen for negatively charged pions for the CLAS measurement, 
which probes the valence-quark region. On the other hand, the 
asymmetries from the present paper, sensitive to lower values of 
xB , are positive for both positively and negatively charged pions. 
This could hint at the dominance of contributions from different 
pairs of PDFs and FFs appearing in Eq. (1).

Finally, the virtual-photon asymmetry in three dimensions, as 
a function of z, in bins of xB and Ph⊥ , is presented in Fig. 5 for 
negatively charged pions. Unlike the one-dimensional results, the 
uncertainties on the data points are now dominated by the statis-
tical precision. The rise of the asymmetry amplitude as a function 

Phys. Lett. B 797 (2019) 134886
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Fig. 4. Virtual-photon asymmetry amplitudes A Q ,sin(φ)
LU for positively and negatively charged pions, as measured by HERMES (blue circles) and CLAS (grey squares) on a 

hydrogen target, as a function of xB , z, and Ph⊥ . The data corresponding to the intervals in z indicated by the open symbols are not included in the projections as a function 
of xB and Ph⊥ . For both experiments error bars represent the statistical uncertainties only. There is an additional scale uncertainty of 3% for the HERMES results originating 
from the measurement of the beam polarization.

Fig. 5. Virtual-photon asymmetry amplitudes for negatively charged pions as a function of z for slices in Ph⊥ (columns) and xB (rows), for data collected on a hydrogen 
(closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In 
addition, there is a systematic uncertainty originating from the measurement of the beam polarization, corresponding to a scale factor of 3%.

• Opposite behaviour for π- z projection due to different x range probed 
• CLAS probes higher x region: more sensitive to         ?   
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magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
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AZIMUTHAL DISTRIBUTIONS OF CHARGED HADRONS, . . . PHYSICAL REVIEW D 87, 012010 (2013)

012010-11

C
⇥
h
?
1 ⇥H

?
1

⇤
<latexit sha1_base64="p1eBXI6NKlosmbPXfcKgxscn4Ks=">AAACHHicbVBNS8NAEN34bf2KevSyWARPJamCHjwUeulRwaqQxLDZTtqlmw92J0IJ/SFe/CtePCjixYPgv3FbC2rrg4HHezPMzItyKTQ6zqc1N7+wuLS8slpZW9/Y3LK3d650VigObZ7JTN1ETIMUKbRRoISbXAFLIgnXUb858q/vQGmRpZc4yCFIWDcVseAMjRTaR6XPmaTNoS8hRq8Xureln4PKh9RHkYCmrR/JV6LbwyC0q07NGYPOEndCqmSC89B+9zsZLxJIkUumtec6OQYlUyi4hGHFLzTkjPdZFzxDU2b2BuX4uSE9MEqHxpkylSIdq78nSpZoPUgi05kw7OlpbyT+53kFxqdBKdK8QEj596K4kBQzOkqKdoQCjnJgCONKmFsp7zHFOJo8KyYEd/rlWXJVr7lHtfrFcbVxNoljheyRfXJIXHJCGqRFzkmbcHJPHskzebEerCfr1Xr7bp2zJjO75A+sjy9agqIn</latexit>

twist 3: Cahn effect, 

23



SummaryC[f1 ⇥D1]
<latexit sha1_base64="6RcPKpEROdz3g2xfG8xKbt2InzI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCnZZqAuXFewDkhAm00k7dPJg5kYooW78FTcuFHHrX7jzb5y2WWjrgQuHc+7l3nuCVHAFlvVtlNbWNza3ytuVnd29/QPz8KirkkxS1qGJSGQ/IIoJHrMOcBCsn0pGokCwXjBuzfzeA5OKJ/E9TFLmRWQY85BTAlryzZPcpUTg1tQJfRu7wCOm8I1ve75ZtWrWHHiV2AWpogJt3/xyBwnNIhYDFUQpx7ZS8HIigVPBphU3UywldEyGzNE0JnqTl88/mOJzrQxwmEhdMeC5+nsiJ5FSkyjQnRGBkVr2ZuJ/npNB2PByHqcZsJguFoWZwJDgWRx4wCWjICaaECq5vhXTEZGEgg6tokOwl19eJd16zb6s1e+uqs1GEUcZnaIzdIFsdI2a6Ba1UQdR9Iie0St6M56MF+Pd+Fi0loxi5hj9gfH5A7dRlbw=</latexit>

C
⇥
h
?
1 ⇥H

?
1

⇤
<latexit sha1_base64="p1eBXI6NKlosmbPXfcKgxscn4Ks=">AAACHHicbVBNS8NAEN34bf2KevSyWARPJamCHjwUeulRwaqQxLDZTtqlmw92J0IJ/SFe/CtePCjixYPgv3FbC2rrg4HHezPMzItyKTQ6zqc1N7+wuLS8slpZW9/Y3LK3d650VigObZ7JTN1ETIMUKbRRoISbXAFLIgnXUb858q/vQGmRpZc4yCFIWDcVseAMjRTaR6XPmaTNoS8hRq8Xureln4PKh9RHkYCmrR/JV6LbwyC0q07NGYPOEndCqmSC89B+9zsZLxJIkUumtec6OQYlUyi4hGHFLzTkjPdZFzxDU2b2BuX4uSE9MEqHxpkylSIdq78nSpZoPUgi05kw7OlpbyT+53kFxqdBKdK8QEj596K4kBQzOkqKdoQCjnJgCONKmFsp7zHFOJo8KyYEd/rlWXJVr7lHtfrFcbVxNoljheyRfXJIXHJCGqRFzkmbcHJPHskzebEerCfr1Xr7bp2zJjO75A+sjy9agqIn</latexit>to the hydrogen results; this might be because of a different

magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
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Fig. 4. Virtual-photon asymmetry amplitudes A Q ,sin(φ)
LU for positively and negatively charged pions, as measured by HERMES (blue circles) and CLAS (grey squares) on a 

hydrogen target, as a function of xB , z, and Ph⊥ . The data corresponding to the intervals in z indicated by the open symbols are not included in the projections as a function 
of xB and Ph⊥ . For both experiments error bars represent the statistical uncertainties only. There is an additional scale uncertainty of 3% for the HERMES results originating 
from the measurement of the beam polarization.

Fig. 5. Virtual-photon asymmetry amplitudes for negatively charged pions as a function of z for slices in Ph⊥ (columns) and xB (rows), for data collected on a hydrogen 
(closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In 
addition, there is a systematic uncertainty originating from the measurement of the beam polarization, corresponding to a scale factor of 3%.
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magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
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Fig. 4. Virtual-photon asymmetry amplitudes A Q ,sin(φ)
LU for positively and negatively charged pions, as measured by HERMES (blue circles) and CLAS (grey squares) on a 

hydrogen target, as a function of xB , z, and Ph⊥ . The data corresponding to the intervals in z indicated by the open symbols are not included in the projections as a function 
of xB and Ph⊥ . For both experiments error bars represent the statistical uncertainties only. There is an additional scale uncertainty of 3% for the HERMES results originating 
from the measurement of the beam polarization.

Fig. 5. Virtual-photon asymmetry amplitudes for negatively charged pions as a function of z for slices in Ph⊥ (columns) and xB (rows), for data collected on a hydrogen 
(closed symbols) and deuterium (open symbols) target. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In 
addition, there is a systematic uncertainty originating from the measurement of the beam polarization, corresponding to a scale factor of 3%.
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Correction for vector mesons
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Results projected in z and x
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• No strong dependence on x

Corrected for vector mesons
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Results projected in z and Q2
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• Strong correlation x and Q2

Corrected for vector mesons



Two-photon exchange ALU
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FIGURE 1. Two-Photon Exchange in the parton model. Merely the coupling of the two photons to the
same quark is considered. Also the complex conjugate diagrams (not shown here) have to be taken into
account. Left Panel: TPE in inclusive DIS. Right Panel: TPE in semi-inclusive DIS.

parton model for DIS one considers the hard electromagnetic interaction of a quasi-free
parton with the lepton and treats the other partons as spectators (impulse approximation).
We assume that, for the particular observables we are interested in here, the dominant
contribution (in the sense of a twist expansion) of TPE is picked out if one works with
a single active parton. This approximation is represented in Fig. 1. The two-photon box
diagram is the only QED diagram in the parton model which carries an imaginary part.
Other radiative corrections of the same order in α such as bremsstrahlung effects are
purely real and hence cannot give rise to transverse SSAs.
The result for the transverse lepton beam SSA, calculated from the left graph in Fig. 1

(and its complex conjugate counterpart), reads [6]

ATU (xB,y,φs) = α
ml
2Q

|!ST |sin(φs)
y2
√
1− y

1− y+ 1
2y2

∑q e3q f1(xB)
∑q e2q f1(xB)

, (1)

where xB = Q2/(2P ·q) and y= (P ·q)/(P · l) denote the common DIS variables, eq the
quark charge, |!ST | the transverse polarization vector of the lepton, and φs the angle of
this vector with respect to the lepton plane. The ordinary unpolarized parton distribution
of a quark flavor q is represented by f q1 . We point out that divergent terms, which appear
at intermediate steps of the calculation and can be regulated by a photon mass, cancel
in the final result (1). Since the asymmetry (1) is not only proportional to α $ 1/137
but also to the lepton mass ml one can expect rather small effects. In fact, by assuming
u-quark dominance in a proton target and an electron beam one readily estimates this
asymmetry to be of the order 10−6. Asymmetries roughly two-hundred times larger can
be generated by a muon beam. One might also speculate about enhanced results from
effects beyond the naive parton model. In Refs. [8, 9, 10, 11] (double) logarithms of the
type log(Q2/m2l ) were advocated in connection with the transverse beam SSA in elastic
lepton-nucleon scattering. Such logarithmic terms might also increase the beam SSA in
DIS considered here. However, further work is required in order to decide whether and
how precisely such effects show up for the DIS case.
We now turn to the parton model result for the transverse target SSA in DIS. The con-

tribution of the left diagram in Fig. 1 (and its complex conjugate counterpart) reads [6]

AUT (xB,y,φs) = α
xBM
2Q

y(1− y)
√
1− y

1− y+ 1
2y2

|!ST |sin(φs)
(

ln
Q2

λ 2
+finite

)∑q e3qg
q
T (xB)

∑q e2q f
q
1 (xB)

, (2)

A. Metz and M. Schlegel, arXiv:0902.0781

compatible with zero in present measurement 


