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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES schematically 
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Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV

pure gas targets internal to 
HERA 27.6 GeV lepton ring
unpolarized (1H … Xe) 
long. polarized: 1H, 2H, 3He  
transversely polarized: 1H
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TMDs - probabilistic interpretation
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f1 =

g1 =

h1 =

f�1T =

h�1 =

h�1T =

h�1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Proton goes out of the screen/ photon goes into the screen

[courtesy of A. Bacchetta]
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Probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

ordinary FF:

Collins FF: H?,q!h
1

Dq!h
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gives rise to characteristic azimuthal dependences
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1-Hadron production (ep➙ehX)
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SIDIS Cross Section

(up to subleading order in 1/Q)
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Hadron multiplicities in DIS

6

d5⇤

dxdydzd⌅hdP 2
h�

⇥
�
1 +

�2

2x

⇥
{FUU,T + ⇥FUU,L

+
⇤
2⇥(1� ⇥)F cos�h

UU cos⌅h + ⇥F cos 2�h

UU cos 2⌅h}

FXY,Z = FXY,Z(x, y, z, Ph�)

target
polarization

beam
polarization

virtual-photon
polarization

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

ℓ(l) + N(P ) → ℓ(l′) + h(Ph) + X, (2.1)

where ℓ denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and
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Q
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of ℓ′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by
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– 4 –

[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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+ S∥λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of ℓ′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)
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[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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Transverse momentum dependence

8

multi-dimensional analysis allows going beyond collinear factorization
flavor information on transverse momenta via target variation and 
hadron ID
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[A. Signori, A. Bacchetta, M. Radici 
and GS,  JHEP 11(2013)194]fit to HERMES multiplicity data:
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SPIN2016G. Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

transverse polarization of 
quarks leads to large effects!

11

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

2005: First evidence from HERMES
          SIDIS on proton 
 
          Non-zero transversity 
          Non-zero Collins function 

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1 0.2 0.3

2
 !

s
in

("
 +

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

Transversely polarized quarks?



SPIN2016G. Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

transverse polarization of 
quarks leads to large effects!

opposite in sign for charged 
pions

11

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

2005: First evidence from HERMES
          SIDIS on proton 
 
          Non-zero transversity 
          Non-zero Collins function 

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1 0.2 0.3

2
 !

s
in

("
 +

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

Transversely polarized quarks?



SPIN2016G. Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

transverse polarization of 
quarks leads to large effects!

opposite in sign for charged 
pions

disfavored Collins FF large 
and opposite in sign to 
favored one

11

�+

��

u

[A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002]

2005: First evidence from HERMES
          SIDIS on proton 
 
          Non-zero transversity 
          Non-zero Collins function 

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1 0.2 0.3

2
 !

s
in

("
 +

 "
S
)#

U
T

$

$+

x

$-

z

0.3 0.4 0.5 0.6 0.7

Transversely polarized quarks?



SPIN2016G. Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

transverse polarization of 
quarks leads to large effects!

opposite in sign for charged 
pions

disfavored Collins FF large 
and opposite in sign to 
favored one

11

�+

��

u

Transversely polarized quarks?

-0.02

0

0.02

0.04

0.06

0.08

2
 !

s
in

("
+
"

S
)#

U
T

$ $+

-0.1

-0.05

0

0.05 $0

-0.08

-0.06

-0.04

-0.02

0

10
-1

x

$-

0.4 0.6
z

0.5 1
P

h% [GeV]

[Airapetian et al., PLB 693 (2010) 11]



SPIN2016G. Schnell 

[Airapetian et al., PLB 693 (2010) 11]

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

12

Collins effect for kaons 
and (anti) protons
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➡vanishing sea-quark transversity and baryon Collins effect?
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consistent with zero; but suppressed 
by two powers of Ph⊥ (compared to, e.g.,  Collins)
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3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central l⃗-⃗l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3H⃗e(e⃗, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)

[PRL 108 (2012) 052001]
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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3d analysis: 4x4x4 bins in 
(x,z, Ph⊥) 

disentangle correlations

isolate phase-space region with 
strong signal strength

allows more detailed 
comparison with calculations 
(e.g., unofficial “over-night” 
results from Torino 10.1103/
PhysRevD.86.014028 fit - 
courtesy M. Boglione)
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Cross section without polarization
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

ℓ(l) + N(P ) → ℓ(l′) + h(Ph) + X, (2.1)

where ℓ denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν ϵµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

ϵµν
⊥ = ϵµνρσ Pρ qσ

P · q
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(2.5)
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+ S∥λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[
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1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +
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2 ε(1 − ε) cos φS F cos φS

LT

+
√
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LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of ℓ′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)
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[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

ℓ(l) + N(P ) → ℓ(l′) + h(Ph) + X, (2.1)

where ℓ denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν ϵµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

ϵµν
⊥ = ϵµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)

– 2 –
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+ S∥λe

[

√
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√
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]

+ |S⊥|

[
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(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L
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+
√

2 ε(1 + ε) sin φS F sinφS
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√
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]
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√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of ℓ′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2
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√
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√
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√
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1

√
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√
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√
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)
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[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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opposite sign for charged pions with larger magnitude for π- 

intriguing behavior for kaons

available in multidimensional binning: 
http://www-hermes.desy.de/cosnphi/

[Airapetian et al., PRD 87 (2013) 012010]
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no dependence on hadron charge expected for Cahn effect

➡ flavor dependence of transverse momentum

➡ sign of Boer-Mulders in cosφ modulation 
(indeed, overall pattern resembles B-M modulations)

➡ additional “genuine” twist-3 contributions?

[Airapetian et al., PRD 87 (2013) 012010]
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FIG. 7: Prediction on the transverse SSA A
sinφS

UT for π+ (up
panel), π− (middle panel) and π0 (down panel) in SIDIS at
HERMES. The dashed, dotted and dash-dotted curves rep-
resent the asymmetries from the fTD1, hTH

⊥
1 and h⊥

T H⊥
1

terms, respectively. The solid curves correspond to the total
contribution.

A. HERMES

To perform numerical calculation on the transverse
SSAs of charged and neutral pion production in SIDIS
at HERMES, which can be performed by using an unpo-
larized positron beam at the energy of 27.6GeV scattered
off a transversely polarized proton target, we adopt the
following kinematical cuts [11]:

0.023 < x < 0.4, 0.1 < y < 0.95, 0.2 < z < 0.7,

W 2 > 10GeV2, Q2 > 1GeV2,

0.05 < PT < 1.2GeV, 2GeV < Eh < 15GeV, (50)

where Eh is the energy of the detected pion in the target
rest frame.
In the left, central and right panels of Fig. 7, we show

our prediction on the transverse SSA AsinφS

UT at HER-
MES for π+, π− and π0 as functions of x, z, and PT .
To distinguish the origins of different contributions, we
use the dashed, dotted and dash-dotted curves to de-
note the contributions from the fTD1, hTH⊥

1 and h⊥
TH

⊥
1

term, respectively. The solid curves stand for the total
contribution. As we can see, the asymmetry Asin φS

UT is
positive, the size is around 1% to 2% at the kinematics
of HERMES, and the dominant contribution is from the
fTD1 term for all three pions. The contributions from
the hTH⊥

1 and h⊥
TH

⊥
1 terms are nearly negligible except

in the larger PT region for charged pions. This is due to
the kinematical factor pT ·kT /(2zMMh) associated with
the hTH⊥

1 and h⊥
TH

⊥
1 terms, and also the fact that the

size of H⊥
1 is less than the size of D1, despite the size of

FIG. 8: Similar to Fig. 7, but on the asymmetry A
sin(2φh−φS)
UT .

The dashed, dotted and dash-dotted curves show the asym-
metries from the f⊥

T D1, hTH
⊥
1 and h⊥

T H⊥
1 terms, respectively.

The solid curves correspond to the total contribution.

hT or h⊥
T is larger than that of the T-odd distribution

fT .
In Fig. 8, we plot the prediction on the SSA

Asin(2φh−φS)
UT vs x, z, and PT . In this case, generally,

it is the f⊥
T D1 term that gives the main contribution, es-

pecially for the x- and PT -dependent asymmetries. The
results show that nonzero asymmetry may be observed
at 0.2 < x < 0.4 or large PT region, where the size of
the asymmetry is the largest. Similar to the case of the
SSA AsinφS

UT , we also find that the contributions from the
hTH⊥

1 and h⊥
TH

⊥
1 to the π0 asymmetry are consistent

with zero. According to Eq. (48), i.e., Collins function
for π0, this result can be understood from the fact that
the favored and unfavored Collins functions are similar
in size but opposite in sign.
Here some comments are in order. In the PT -

dependent asymmetries in Figs. 7 and 8, we have plotted
the curves up to PT ∼ 1GeV, which is close to the typ-
ical hard scale Q in the low energy SIDIS experiments.
Since the TMD-type formalism is only valid in the re-
gion PT ≪ Q, we admit that using the TMD formalism
to predict the asymmetries at PT ∼ 1GeV may not be
a good choice. Nevertheless, we still show the results at
large PT in Figs. 7 and 8 for the possible comparison with
data in the future.

B. JLab 5.5GeV and 11GeV

To test the feasibility to measure the transverse SSAs

AsinφS

UT and Asin(2φh−φS)
UT at the kinematics available at

JLab, we also estimate them in the SIDIS with a 5.5GeV
electron beam, scattered off the transverse polarized pro-

indeed different roles of various 
contributions in different Ph⊥ regions

[10.1103/PhysRevD.90.014048]
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to predict the asymmetries at PT ∼ 1GeV may not be
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From SIDIS to inclusive hadron production 

𝑝  

SIDIS: 𝒍𝒑↑ → 𝒍 𝒉𝑿 
 

- Hadron detected in coincidence with lepton 
- DIS regime (𝑄 > 1  𝐺𝑒𝑉 ) 
- Hard scales: 𝑄 ,  𝑃  (w.r.t. 𝛾∗) 
- Factorization valid for 𝑃 ≪ 𝑄  

Inclusive hadrons: 𝒍𝒑↑ → 𝒉𝑿 
 

- Lepton is not detected  o no info on 𝑄  
- data dominated by 𝑄 ≈ 0   
   (quasi-real photoproduction regime) 
- Hard scales: 𝑃  (w.r.t. incident lepton) 
- Factorization valid for large 𝑃 ? 
- Main variables: 𝑥 = 2  , 𝑃   
- Selected events contain at least 1 charged 
  hadron track (𝜋 or K) regardless of   
  whether there was also a scattered lepton  
  in acceptance or not.  
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Semi-inclusive hadrons

[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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Asymmetries of subprocesses 

at large PT significant 
contribution from DIS 
events (Q2>1)

asymmetries increase with 
larger z

large asymmetries also for "- 
in case of z>0.7
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