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Abstract. QCD factorisation for semi-inclusive deep inelastic scattering at low transverse momentum in
the current-fragmentation region has been established recently, providing a rigorous basis to study the
Transverse Momentum Dependent distribution and fragmentation functions (TMDs) of partons from
Semi-Inclusive DIS data using different spin-dependent and spin-independent observables. The main focus
of the experiments were the measurements of various single- and double-spin asymmetries in hadron
electro-production (ep↑ → ehX ) with unpolarised, longitudinally and transversely polarised targets. The
joint use of a longitudinally polarised beam and longitudinally and transversely polarised targets allowed
to measure double-spin asymmetries (DSA) related to leading-twist distribution functions describing the
transverse momentum distribution of longitudinally and transversely polarised quarks in a longitudinally
and transversely polarised nucleons (helicity and worm-gear TMDs). The single-spin asymmetries (SSA)
measured with transversely polarised targets, provided access to a specific leading-twist parton distribution
functions: the transversity, the Sivers function and the so-called “pretzelosity” function. In this review we
present the current status and some future measurements of TMDs worldwide.

PACS. 13.60.-r Photon and charged-lepton interactions with hadrons – 13.60.Le Meson production

1 Introduction

Since decades, few questions have challenged the interpre-
tation of hadron structure and phenomena in Hadronic
Physics in terms of perturbative Quantum Chromo dy-
namics (QCD). Among the most compelling, there are
the spin budget of the nucleon (hadrons), where there are
missing contributions not quantified yet, and the surpris-
ing single-spin asymmetries in hadron reactions, which do
not vanish as expected with increasing energy. The ques-
tions above relate to one of the fundamental degree of
freedom of the elementary particles, the spin, and its cor-
relation with the motion (i.e. transverse momentum) of
the partons.

As part of the most general mechanism of confinement,
these correlations might manifest also in unpolarised reac-
tions where particle polarisation is not directly observed
or controlled. Relevant examples are the azimuthal asym-
metries of hadrons produced in opposite hemispheres at
the at e+e colliders [1] or responsible of the Lam-Tung
relation violation in Drell-Yan production [2]. Such cor-
relations might influence the low transverse momentum
distribution of topical particles, i.e. (vector) bosons, pro-
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duced at hadronic colliders, and has to be taken into ac-
count for precision measurements.

Most of our present understanding of the internal struc-
ture of nucleons derives from inclusive deep inelastic scat-
tering (DIS) experiments performed over the past four
decades in different kinematic regimes at fixed-target ex-
periments and collider machines. Based on the large amount
of precise data provided by these experiments we have
reached a good knowledge of the parton longitudinal-mo-
mentum and longitudinal-spin distributions of quarks in
the nucleon. Such investigation is based on the so-called
collinear factorization of the cross-section into non-per-
turbative parton distribution functions (PDFs) and frag-
mentation functions (FFs), a mono-dimensional approach
where the given longitudinal direction is the one of the
hard probe (the exchanged virtual boson).

In the recent years, new Transverse Momentum Depen-
dent (TMD) parton distributions and fragmentation func-
tions, in this work abbreviate as TMDs for simplicity, have
been introduced to describe the rich complexity of the
hadron structure, taking into account the parton trans-
verse degrees of freedom and moving toward the achieve-
ment of a 3D comprehension of the parton dynamics. At
the same time new channels of investigation have been
gaining importance as the study of semi-inclusive deep-
inelastic-scattering (SIDIS) reactions where the hadron
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produced by the struck quark is observed in conjunction
with the scattered lepton probe. Such measurements have
become possible by the parallel evolution of the experi-
mental apparatuses.

It is being realized that in DIS reactions, single and
dihadron semi-inclusive and hard exclusive production,
both in current and target fragmentation regions, provide
a variety of spin and azimuthal angle dependent observ-
ables sensitive to the dynamics of quark-gluon interac-
tions. Studies of the parton distribution functions which
encode transverse momentum (TMDs) or transverse posi-
tion (GPDs) [3] information is gathering increasing inter-
est, are currently driving the upgrades of several existing
facilities (Jefferson Lab, COMPASS and RHIC), and hav-
ing an important role in the design and construction of
new facilities worldwide (EIC, FAIR, NICA and JPARC).

The main objectives of ongoing and future studies of
TMDs is the understanding of the internal structure of
the nucleon and nucleus and hadron formation in terms
of quarks and gluons, the fundamental degrees of freedom
of QCD. At the price of an unprecedented complexity,
the novel paradigm of hadron structure TMD investiga-
tion may eventually shed new light on the phenomena of
quark confinement as it connects, i.e., with colour-glass
condensate and quark propagation in cold nuclear mat-
ter, see Section 3.1.

This work presents a selection of available observations
and upcoming measurements planned in SIDIS experi-
ments to address the mysteries of the hadron structure
from a modern point of view.

2 Transverse Momentum Parton

Distributions and Fragmentation Functions

The quark-gluon dynamics can be described by a set of
non-perturbative functions describing all possible spin-
spin and spin-orbit correlations. In a operator product
expansion (OPE) of the scattering amplitude, the twist
is used to classify the operators and isolate the leading
contributions, at twist-2, from the subleading higher-twist
contributions, power suppressed as Q2−twist. The eight
leading-twist transverse momentum dependent parton dis-
tribution functions (TMD-PDFs) are listed in Table 1, for
different combinations of nucleon and quark spin orienta-
tions. The TMD-PDFs carry information not only on the
longitudinal but also on the transverse momentum of par-
tons, providing rich and direct information on the orbital
motion of quarks [4–14] (see Table 1). They are all inde-
pendent functions although possible relationships can be
found depending on model-dependent assumptions.

The diagonal elements are the momentum distribu-
tion f1(x, k⊥), the helicity distribution g1(x, k⊥), and the
presently poorly known transversity distribution h1(x, k⊥).
Here x denotes the longitudinal momentum fraction car-
ried by the partons and the scale dependence on Q2 (the
negative squared four-momentum of the exchanged virtual
boson) has been neglected for simplicity. These functions
do not vanish when integrated in the transverse quark mo-
mentum k⊥ and can thus be studied in the collinear limit,

Table 1. Leading-twist transverse momentum-dependent dis-
tribution functions. The symbols U , L, and T stand for tran-
sitions of unpolarised, longitudinally polarised, and trans-
versely polarised nucleons N (rows) to corresponding quarks q
(columns).

N/q U L T

U f1 h⊥
1

L g1 h⊥
1L

T f⊥
1T g⊥1T h1 h⊥

1T

as was widely done in the past for the momentum and
helicity distribution.

The TMD distributions for transversely polarised quarks
arise from interference between amplitudes with left- and
right-handed polarisation states, and only exist because
of chiral symmetry breaking in the nucleon wave func-
tion in QCD. Their study therefore provides a new av-
enue for probing the chiral nature of the partonic struc-
ture of hadrons. For example, the transversity distribution
reflects the quark transverse polarisation in a transversely
polarised nucleon and is related to the tensor charge of the
nucleon [15,16]. Although fundamental for the nucleon de-
scription, transversity has long remained unmeasured due
to its chirally-odd nature, which prevents its measurement
in inclusive DIS: the transversity distribution can only be
measured in conjunction with another chiral-odd object.
One possibility is represented by SIDIS reactions, where at
least one final state hadron is detected in coincidence with
the scattered lepton, thus conjugating parton distribution
with fragmentation functions.

Off-diagonal elements are genuine transverse momen-
tum dependent functions which vanish after k⊥ integra-
tion. They require non-zero orbital angular momentum as
they are related to the wave function overlap of nucleon
Fock states with different angular momentum. The chiral-
even distributions f⊥1T (x, k⊥) and g1T (x, k⊥) are the imag-
inary parts and the chiral-odd h⊥1 (x, k⊥) and h⊥1L(x, k⊥)
are the real parts of the interference terms between S and
P wave components. The chiral-odd h⊥1T (x, k⊥) function
is sensitive to the D-wave component.

Among the most intriguing parton functions, the TMD
f⊥1T (x, k⊥) and h

⊥
1 (x, k⊥) parton distributions are known

as the Sivers [5] and Boer-Mulders [8] functions. As a
consequence of a non-trivial gauge link required for their
gauge-invariant definition, they are naively T -odd (do not
violate T -invariance due to the interaction phase) and ex-
hibit a peculiar process dependence: a sign change is ex-
pected moving from SIDIS to Drell-Yan processes, whose
verification is one of the most urgent goals of the present
experimental activity. The Sivers and Boer-Mulders func-
tions describe unpolarised quarks in the transversely po-
larised nucleon and transversely polarised quarks in the
unpolarised nucleon, respectively. The most simple mech-
anism that can lead to a Boer-Mulders (Sivers) function
is a correlation between the spin of the quarks (nucleon)
and the quark orbital angular momentum. In combination
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Fig. 1. Kinematic coverage of COMPASS (160 GeV muon beam), HERMES (27 GeV electron beam) and JLab (11 GeV
electron beam) showing the complementariness among the experiments. Left and right plots shows the detailed coverage in
linear-log and log-log scales.

with a final state interaction that is on average attractive,
such correlations manifest as azimuthal asymmetries of
the produced hadron distribution.

An analogous of Table 1 exists for the fragmentation
functions. As the polarisation in the final state is not ac-
counted for in this work, only two transverse momentum
dependent fragmentation functions (TMD-FFs) are con-
sidered in the following: the unpolarised D1(z, p⊥) and
the Collins H⊥

1 (z, p⊥) fragmentation function, where z is
the energy fraction carried by the final state hadron and
p⊥ is the transverse momentum acquired by the observed
hadron with respect the fragmenting quark. The Collins
function acts as a polarimeter being sensitive to the cor-
relation between the transverse momentum gained dur-
ing fragmentation and the transverse polarisation of the
fragmenting quark [17] and allows to access the chirally-
odd distribution functions. The measurements indicate a
peculiar behaviour of the Collins function, with similar
magnitude but opposite sign for favoured (the fragment-
ing quark is a valence quark of the produced hadron) and
unfavoured fragmentation.

TMDs can be accessed in SIDIS through measurements
of specific azimuthal angle dependencies of the cross-section.
Observables sensitive to those TMDs were under intensive
experimental studies at different Laboratories worldwide.
Measurements using electro-production of hadrons and fo-
cused on TMD studies have been performed by HERMES
at HERA, COMPASS at CERN and halls A,B and C at
JLab. After the first exploratory phase holding for about
a decade, it is now the time of transition to a new pre-
cision phase for the exploration of the nucleon 3D struc-
ture. In particular, precision measurements of spin and az-
imuthal asymmetries in pion and kaon SIDIS production
off unpolarised, longitudinally polarised and transversely
polarised p, d and 3He targets would allow to extract the
spin and flavour dependences of transverse momentum
distributions of quarks. The TMDs non-trivial universal-
ity properties would be proven by comparing SIDIS re-

sults, i.e. on Sivers function, with measurements in Drell-
Yan experiments at COMPASS and W -boson production
at RHIC. Combination of measurements in the extended
range of momentum transfer Q2, covered by the exist-
ing and upcoming facilities, would allow studies of Q2-
dependences of TMDs, for example for the Sivers func-
tion, predicted to have very non-trivial evolution proper-
ties [18, 19], and the disentanglement of the possible sub-
leading contributions. The overlap of kinematical cover-
ages of COMPASS, HERMES and JLab (see Fig. 1) would
allow studies of Q2-dependence in the range of Bjorken
x ∼ 0.1 − 0.2, where the effects related to orbital motion
of quarks are expected to be significant. The coverage in
x and Q2 would be ultimately extended with the realiza-
tion of an Electron-Ion Collider (EIC), a facility among
the recommandations of the US Nuclear Science Advisory
Committee 2015 Long Range Plan.

3 Measuring spin-azimuthal asymmetries in

SIDIS

In the one-photon exchange approximation valid at the
fixed-target experiments, the SIDIS cross section can be
decomposed in terms of Structure Functions [11,20], each
related to a specific azimuthal modulation:

where λe refers to the helicity of the electron beam, SL

and ST to the longitudinal and transverse polarisation of
the target nucleons (with respect to the direction of the
virtual photon), and ǫ to the ratio of the longitudinal and
transverse photon fluxes, which is determined by the kine-
matics of the lepton. Here, q = ℓ−ℓ′ is the four-momentum
of the virtual photon, Q2 = −q2, x = Q2/2(P · q), y =
(P · q)/(P · ℓ), φS is the azimuthal angle of the transverse
spin in the scattering plane, and P is the initial nucleon
momentum. The azimuthal angle φ is defined as the angle
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σ(φ, φS) ≡
d6σ

dxdydzdφdφSdP 2
hT

=
α2

xyQ2

y2

2(1− ǫ)

(

1 +
γ2

2x

)

{

FUU,T + ǫFUU,L +
√

2ǫ(1 + ǫ) cosφ F cosφ
UU + ǫ cos(2φ) F

cos(2φ)
UU + λe

[

√

2ǫ(1− ǫ) sinφ F sinφ
LU

]

+

+SL

[

√

2ǫ(1 + ǫ) sinφ F sinφ
UL + ǫ sin(2φ) F

sin(2φ)
UL

]

+ SLλe

[

√

1− ǫ2 FLL +
√

2ǫ(1− ǫ) cosφ F cosφ
LL

]

+|ST |
[

sin(φ− φS)
(

F
sin(φ−φS)
UT,T + ǫF

sin(φ−φS)
UT,L

)

+ ǫ sin(φ+ φS) F
sin(φ+φS)
UT + ǫ sin(3φ− φS) F

sin(3φ−φS)
UT

+
√

2ǫ(1 + ǫ) sinφS F sinφS

UT +
√

2ǫ(1 + ǫ) sin(2φ− φS) F
sin(2φ−φS)
UT

]

+|ST |λe
[

√

1− ǫ2 cos(φ− φS) F
cos(φ−φS)
LT +

√

2ǫ(1− ǫ) cosφS F cosφS

LT +
√

2ǫ(1− ǫ) cos(2φ− φS) F
cos(2φ−φS)
LT

]}

,(1)

between the scattering plane, formed by the initial and
final momenta of the electron, and the production plane,
formed by the transverse momentum PhT of the observed
hadron and the virtual photon (Fig. 2). The azimuthal an-
gle φS is defined as the angle between the scattering plane
and the target spin component transverse to the virtual
photon.

y

z

x

hadron plane

lepton plane

l
l S

Ph

P

φh

φS

Fig. 2. The SIDIS kinematics.

The subscripts in the structure functions FUT,UL,LT ,
specify the beam (first index) and target (second index)
polarisation (U,L, T for unpolarised, longitudinally and
transversely polarised targets, and U,L for unpolarised
and longitudinally polarised beam). When present, the
third index refers to the virtual photon polarisation.

In the regime where the transverse momenta (set by
the confinement scale) are small with respect the hard
scale Q, the structure functions can be factorised into
TMD parton distribution and fragmentation functions,
and soft and hard parts [20,21]. At leading-twist (not sup-
pressed by powers of the hard scale Q) there are eight con-
tributions related to the parton distributions in Table 1.
They all can be independently measured in SIDIS with
different combinations of polarisation states of the incom-

ing lepton and the target nucleon thanks to their specific
azimuthal dependencies.

For example with an unpolarised beam and a trans-
versely polarised target one can get access to the structure

function F
sin(φ+φS)
UT (x, z, PhT , Q

2). The latter can be writ-
ten as a convolution of h1(x, k⊥, Q

2) and H⊥
1 (z, p⊥, Q

2),
integrated over the transverse momentum of the initial,
k⊥, and fragmenting p⊥ partons:

F
sin(φ+φS)
UT (x, y, PhT ) = C

[

w(p⊥,k⊥)h
⊥
1 (x, k⊥)H

⊥
1 (z, p⊥)

]

(2)

where the scale dependence has been dropped for simplic-
ity. The convolution integral

C[wh⊥1 H
⊥
1 ] = x

∑

q

e2q

∫

δ2(p⊥ − zk⊥ − P hT ) (3)

w(p⊥,k⊥)h
⊥,q
1 (x, k⊥)H

⊥,q
1 (z, p⊥)dp

2
⊥dk

2
⊥

embeds a summation over quarks and antiquarks, a kine-
matic prefactor w(p⊥,k⊥) specific for each structure func-

tion (in this case w(p⊥,k⊥) = −(ĥ · kT )/Mh with ĥ =
PhT /|PhT | the unit vector along the transverse momen-
tum and Mh the mass of the observed hadron), and a
delta function imposing momentum conservation P hT =
zk⊥ + p⊥ (valid up to order k⊥/Q).

The Fourier decomposition of the SIDIS cross section
and the convolution integrals over the transverse momen-
tum dependences can provide access to a very rich QCD
phenomenology provided that enough experimental infor-
mation is recorded. For polarisation-dependent terms of
the cross-section as the one in Eq. 2, a common practice
adopted by experiments is to measure the so-called spin
asymmetry

AUT =
σUT

σUU

=
1

fST

N↑ − N↓

N↑ + N↓
, (4)
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where ST is the polarisation degree and f the dilution due
to any not-polarisable component of the target, and N↑,↓

is the extracted number of ep↑,↓ → e′hX events for posi-
tive (↑) or negative (↓) target polarisations. The advantage
is to get a robust observable where most of the system-
atics due to instrumental artefacts cancel at first order.
The disadvantage is that any structure function analy-
sis based on the Fourier decomposition of the asymmetry
should disentangle the wanted azimuthal modulations at
numerator with the ones of the polarisation-independent
cross-section σUU at the denominator, as will be discussed
in Section 4. Provided that the unpolarised cross-section
is know with enough precision, the asymmetry amplitude
can be related to the structure function ratio and used to
extract direct information on the parton distributions:

A
sin(φ+φS)
UT =

F
sin(φ+φS)
UT

FUU

=
C
[

wh1H
⊥
1

]

C [f1D1]
. (5)

Some of the cross-section terms in Eq. 1, for exam-
ple the azimuthal modulations in the unpolarized case or
involving longitudinally-polarized beam and unpolarized
target, gets contributions only at subleading level and sup-
pressed by powers of the hard scale Q (higher-twist). This
contributions are interesting as correlated to the quark-
gluon correlations, and can be interpreted as due to the
color-Lorentz forces experienced by a quark in the sur-
rounding gluon medium.

The full mapping of TMDs requires measurements with
good detector acceptance over the azimuthal angle φ and
φS around the virtual photon direction, covering large
kinematic ranges in x, z, PhT and Q2, hadron identifi-
cation for flavour tagging, and the use of polarised beam
and targets.

Target spin asymmetries have been published by the
HERMES Collaboration on the proton [22–24] and the
COMPASS collaboration on deuterium and proton tar-
gets [25, 26], for the first time directly indicated signifi-
cant azimuthal moments generated both by the Collins
and the Sivers effects. These asymmetries become larger
with increasing x, indicating that spin-orbit correlations
are more relevant in the kinematic region where valence
quarks have visible presence. Measurements of SSAs at
JLab, performed with longitudinally polarised NH3 [27]
and transversely polarised 3He [28–31] indicate that spin
orbit correlations may be significant for certain combina-
tions of spins of quarks and nucleons and transverse mo-
mentum of scattered quarks. Large spin-azimuthal asym-
metries have been observed at JLab for a longitudinally
polarised beam [32] and a transversely polarised 3He tar-
get [33], consistent with corresponding measurements at
HERMES [34] and COMPASS [35], which have been in-
terpreted in terms of higher-twist contributions, related to
quark-gluon correlations.

There have been many interesting model studies, see
for example [13, 36–40]. These models and their calcula-
tions could play a very important role as a first step to
describe the experimental observations, to give an intu-
itive way to connect the physical observables to the par-

tonic dynamics, and to provide key inputs to unravel the
partonic structure of the nucleon. This will help us to ad-
dress fundamental questions, such as how the quark spin
and its orbital angular momentum contribute to the nu-
cleon spin. In addition, very exciting results of TMDs have
come from recent lattice QCD calculations [41–43], indi-
cating that spin-orbit correlations could change the trans-
verse momentum distributions of partons.

3.1 Measuring TMDs: unpolarised quark distributions

Hadron multiplicities in SIDIS reactions have since long
time been used to study quark fragmentation, comple-
menting the measurements done at higher energies at the
e+e− collider machines [1]. Noteworthy, SIDIS measure-
ments with various targets and hadron identification ca-
pability allow the study of fragmentation functions with
enhanced flavour sensitivity.

The hadron multiplicities study is now being extended
to a multi-dimensional analysis, in particular looking to
the transverse momentum dependence and its correlations
with other kinematic variables. From the observed trans-
verse hadron momentum PhT , information can be gath-
ered on the intrinsic k⊥ and the p⊥ generated during frag-
mentation by unfolding Eq. 6. Up to order k⊥/Q, momen-
tum conservation gives P hT = zk⊥+p⊥ and the structure
function FUU is given by the convolution integral C[fD],
or:

FUU (PhT ) = x
∑

q

e2q

∫

δ2(p⊥ − zk⊥ − P hT ) (6)

f(x, k⊥)D(z, p⊥)dp
2
⊥dk

2
⊥

For example, a common assumption is the Gaussian ansatz
for the transverse momentum dependence of distribution
and fragmentation functions with the average PhT by

〈PhT (z)〉 =
√
π

2

√

z2〈k2⊥〉+ 〈p2⊥〉 . (7)

The transverse momentum dependence may be different
for the different flavours. Calculations of transverse mo-
mentum dependence of TMDs in different models [40,44–
46] and on lattice [41, 43] indicate that the dependence
of the transverse momentum distributions on the quark
polarisation and flavour may be significant. For exam-
ple it is found, somewhat unexpectedly, that the average
transverse momentum square of antiquarks is consider-
ably larger than that of quarks [47] which has later been
linked to a more general consequence of the dynamical
chiral-symmetry breaking [48]. In the fragmentation pro-
cess, one would expect that the dis-favoured fragmentation
of a quark into a hadron with different valence quarks be
more involved and thus with a broader transverse momen-
tum spectrum with respect the favoured fragmentation of
a quark into a hadron with same valence quark. Moreover,
the frequently used assumption of factorisation in x and
k⊥ (or z and p⊥) may be significantly violated, i.e. the
predicted average transverse momentum square 〈k2⊥〉 of
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quarks and antiquarks depends strongly on their longitu-
dinal momentum fraction x within the framework of the
chiral quark soliton model.

Semi-inclusive electro-production of charged pions has
been measured from both proton and deuteron targets,
using a 5.5 GeV energy electron beam in Hall-C at Jeffer-
son Lab [49]. In the limited P 2

hT < 0.2 explored, the PhT

dependence from the deuteron was found to be slightly
weaker than from the proton. In the context of a simple
model this would suggest that transverse momentum dis-
tributions may depend on the flavour of quarks.

Recently, multiplicities of charged pion and kaon mesons
have been measured by HERMES using the electron beam
scattering off hydrogen and deuterium targets [50]. In ad-
dition, multiplicities of charged hadrons produced in deep
inelastic muon scattering off a 6LiD target have been mea-
sured at COMPASS [51]. These high-statistics data sam-
ples have been used in phenomenological analyses to ex-
tract information on the flavour dependence of unpolarised
TMD distribution and fragmentation functions. Restrict-
ing the ranges of the available data toQ2 > 1.69 (GeV/c)2,
z < 0.7 and 0.2 GeV/c < PhT < 0.9 GeV/c, the au-
thors of Ref. [52] were able to obtain a reasonable de-
scription of the experimental data with a TMD Gaussian
model with flavour independent and constant widths, 〈k2⊥〉
and 〈p2⊥〉. Nevertheless, indications were reported that
favoured fragmentation functions into pions have smaller
average transverse momentum than unfavoured fragmen-
tation functions and fragmentation functions into kaons [53],
consistent with predictions based on the NJL-jet model [54].

A precise determination of the separate values of 〈k2⊥〉
and 〈p2⊥〉 would require the simultaneous analysis of other
observables, like the azimuthal dependencies of the SIDIS
cross-section discussed in Section 3.5, which are sensitive
to the ratio 〈k2⊥〉/〈p2⊥〉. An important complementary in-
formation should come from the extension of the frag-
mentation studies done at the e+e− collider machines to
the transverse momentum dependence. Measurements of
inclusive differential cross sections for charged pion and
kaon production in e+e− annihilation, carried out at a
centre-of-mass energy of

√
s = 10.52 GeV and unprece-

dented luminosity, have recently shown the potentiality of
the B-factories [55, 56].

COMPASS is finalising the analysis of the hadron mul-
tiplicities from the 2006 6LiD data [57], covering a broader
PhT range and showing the need to introduce more com-
plex curves than a single Gaussian to fit the data (see
Fig. 3) and will collect soon data on a liquid hydrogen
target as described in the approved phase-II proposal [58].
A broad program of measurements is planned in different
experimental halls of JLab after the beam energy and de-
tector upgrades. Among the various planned experiments,
there are some dedicated to precise measurements of the
SIDIS cross sections for charged pions and kaons at low
PhT from hydrogen and deuterium targets [59], that can
be used to extract the mean transverse momentum of up
and down quarks in the nucleon. Extended exploration
from current to target fragmentation region [60] are also
planned, with the measurements of the x, z and PhT de-

pendences of different azimuthal moments for pions and
kaons in the valence region.
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Fig. 3. Examples of positive and negative hadron multiplicities
(scaled to arbitrary units) with 1-exponential (dotted line) and
2-exponentials (dashed line) fits from COMPASS [57].

A complete comprehension would require the study of
longitudinal to transverse virtual-photon absorption SIDIS
cross section ratio R = σL/σT . Although R appears in the
denominator of all the azimuthal asymmetries related to
the TMDs investigation, it is up to date unknown. The
phenomenological analyses have typically assumed either
zero or the values determined from inclusive DIS. The pre-
cise measurement of R for charged pions and kaons [61],
and neutral pions, will help to shed light on the nature
of the SIDIS reaction mechanism, in particular regarding
the higher-twists contributions, which could be particu-
larly important at the rather modest energies of JLab.

As highlighted by phenomenological analyses relating
results of different reaction channels [36], the TMD dis-
tribution widths change with the centre-of-mass energy.
This is connected with the non-trivial evolution proper-
ties of the TMD functions, now at the centre of a strong
activity [62–64]. The novel high-precision SIDIS measure-
ments, in conjunction with e+e− annihilation and Drell-
Yan data, will be crucial to validate the TMD evolution
formalism under development.

3.1.1 Medium modifications

The detailed understanding of the properties of hot and
cold nuclear matter is one of the topical problems of QCD.
When a hard parton passes through a medium, either
cold nuclear matter or quark-gluon plasma, it loses en-
ergy due to multiple scattering and induced gluon brems-
strahlung. Initial/final state multiple parton re-scattering
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in a large nucleus plays an important role in revealing
the properties of cold nuclear matter and much efforts
have been devoted to the study of transverse momen-
tum broadening in eA and pA collisions. For example, the
quark fragmentation function into final hadrons in a nu-
clear medium will be modified as compared to that in vac-
uum. The modification in general involves suppression of
leading hadrons in deeply inelastic scattering off nuclei or
high-transverse-momentum hadron in high-energy heavy-
ion collisions, a phenomena referred to as jet quenching.
As a consequence, measurements of modification of the ob-
served hadron spectra in medium allow to extract informa-
tion on medium properties. There is therefore a growing
interest in the study of nuclear dependence of the TMD
parton distribution functions [65]. Within the TMD fac-
torisation approach [20,21], the non-trivial gauge link ap-
pearing in the matrix element definition for nuclear TMDs
becomes the main source of leading nuclear effects [65,66].

The hadronisation process in free space has been stud-
ied extensively in e+e− annihilation experiments [67–69].
As a result the spectra of particles produced and their
kinematic dependencies are rather well known. However,
little is known about the space-time evolution of the pro-
cess. Semi-inclusive production of hadrons in deep-inelastic
scattering of leptons from atomic nuclei provides a way to
investigate this space-time development: electro-production
of hadrons has the virtue that the energy and the mo-
mentum of the struck parton are well determined, as they
are tagged by the scattered lepton. By using nuclei of in-
creasing size one can investigate the time development of
hadronisation.

A series of semi-inclusive deep-inelastic scattering mea-
surements on helium, neon, krypton, and xenon targets
has been performed at HERMES to be compared with
a deuteron target in order to study hadronisation [70]. A
multi-dimensional analysis has been performed to help dis-
entangling the various kinematic dependencies [71]. The
HERMES SIDIS data have been used to study medium
properties such as the jet transport parameter q̂, the av-
erage squared transverse momentum broadening per unit
length, which can be related in a model dependent way
to the gluon distribution density [72]. From a fit of the
HERMES data a value of q̂ ≡ 0.020 ± 0.005 GeV2/fm at
the centre of a large nucleus has been extracted. The re-
sulting q̂ from SIDIS data can be compared to the higher
ones derived from the suppression of large p⊥ single in-
clusive hadrons in heavy-ion collisions. Model-dependent
values for the jet transport parameter q̂ at the centre of the
most central heavy-ion collisions have been extracted by
a phenomenological study [73] of experimental data from
both RHIC [74,75] and LHC [76,77]. For a quark with ini-
tial energy of 10 GeV and at an initial time τ0 = 0.6 fm/c,
q̂ ≡ 1.2 ± 0.3 GeV2/fm in Au+Au collisions at

√
s = 200

GeV/n and q̂ ≡ 1.9±0.7 GeV2/fm in Pb+Pb collisions at√
s = 2.76 TeV/n.

A complementary approach is to measure the broad-
ening of the transverse momentum distribution of various
hadrons in SIDIS. This observable should be mostly sen-
sitive to the partonic stage of hadron production as trans-

verse momentum broadening ceases at the point of colour
neutralisation. Measurements were done for π+ at a beam
energy of 6 GeV by the CLAS experiment as a function
of ν, Q2, and z with carbon, iron and lead targets [78].
For the heaviest target a hint of a saturation behaviour
was found. This would be expected in the case that the
quark evolves into a pre-hadron within the medium for
the largest nucleus. At the higher 27 GeV beam energies
of HERMES [79], there is no clear indication of such a
saturation at large atomic mass numbers. This behaviour
suggests that the colour neutralisation happens near the
surface of the nucleus or outside at the average HERMES
kinematics. In this case the broadening is expected to be
simply proportional to the medium thickness, i.e. propor-
tional to the mass number to the 1/3 power.

The above results on jet transport parameter and p⊥-
broadening has been used to get numerical estimates of the
suppression of azimuthal asymmetries in SIDIS off unpo-
larised and polarised nuclear targets using the TMDs for-
malism [80,81]. The experimental investigation of medium
modification of quark fragmentation and spin-orbit corre-
lation will be extensively pursued at the upgraded Jef-
ferson Lab facility, for which several related experimental
proposal already exist [82, 83].

3.1.2 Low-x physics

In the region of very low values of x, where transverse-
momentum ordering does not apply, fixed-order pertur-
bative approaches are theoretically disfavoured and can-
not be expected to describe the physics of the scaling
violation. In that kinematic region specific factorisation
schemes [84,85] have been introduced that naturally incor-
porates transverse-momentum unintegrated (TMD) par-
ton distributions. Such schemes have been used to per-
form fits to the HERA measurements of the F2 struc-
ture function [86], in the range x < 0.005, Q2 > 5 GeV2,
and to measurements of the charm F charm

2 structure func-
tion [87], in the range Q2 > 2.5 GeV2, in order to make
a determination of the TMD gluon density including also
the valence quark contribution [88]. The extracted TMD
gluon distributions can be used to make predictions for
hadron-hadron collider processes, i.e. W -boson Drell-Yan
production [89]. The comparison with LHC data on W -
boson production associated with jets [90,91] shows a rea-
sonable agreement both for the jet transverse momentum
distribution and angular correlations. However, a still sig-
nificant uncertainty is derived from the extracted TMD
parton distributions as the computed p-p cross sections
are not dominated by very small values of x. It is con-
ceivable that combining p-p measurements on vector bo-
son production with the DIS measurements may help to
constrain TMD PDFs in a broad range of x. Thanks to
its high luminosity and the feasibility for an energy scan,
an EIC would be particularly sensitive to the gluon dis-
tribution and QCD dynamics at small x and therefore
a promising candidate to validate generalised evolution
schemes matching the low and moderate x regimes [92]
and complement the studies above with the investigation
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of the transition to the high parton density regime, i.e.,
the phenomenon of saturation [93].

3.2 Measuring TMDs: helicity distributions

The longitudinal spin structure of the nucleon has been
investigated over the past two decades by the SMC [94],
E142 [95], E143 [96], HERMES [97], JLab [98–100] and
COMPASS [101–103] Collaborations. The main focus of
those experiments, measuring inclusive and semi-inclusive
DIS, were x-dependences of virtual photon asymmetry,
A1, to determine the contributions of quark spins to the
spin of nucleons as well as the spin quark distribution
functions for valence and sea quarks.

HERMES [34], COMPASS [104] and CLAS [27] have
measured azimuthal asymmetries in semi-inclusive pro-
duction of positive and negative hadrons on longitudinally
polarised targets finding non-zero contribution for few of
the possible modulations, but with relatively large statis-
tical errors given the smallness of the expected effects. The
sinφ modulation amplitudes (Fig. 4) are given by a com-
bined effect from the twist-3 PDFs hL and f⊥L to dσUL as
well as from the twist-2 transversity PDF h1 and Sivers
PDF f⊥1T in dσUT , all scaled by factor Mx/Q. The in-
dividual PDF contributions can not be separated within
a single experiment. The observed x dependence of this
amplitude is less pronounced in COMPASS [104] than in
HERMES [105] due to difference in selection and kine-
matic coverage, but come in agreement when the same
analysis is applied.

−210 −110
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-0.03

-0.02

-0.01

0

0.01

0.02

-
h

+h

-π
+π

COMPASS

HERMES

x

a
 si

n
 φ

Fig. 4. Dependence of the modulation amplitude asinφ on x
from COMPASS [104] for charged hadrons and HERMES [105]
for identified pions.

Wide acceptance in PhT in SIDIS measurements in ad-
dition would allow for studies of transverse momentum de-
pendence of different distribution and fragmentation func-
tions as well as transition from TMD regime to perturba-
tive regime. Kinematic dependencies of single and double
spin asymmetries have been measured in a wide range in x

and PhT with CLAS using a longitudinally polarised pro-
ton target. Significant single-spin asymmetries have been
observed in semi-inclusive pion electro-production. Mea-
surements of the PhT -dependence of the double spin asym-
metry, performed for the first time, indicate the possibility
of different average transverse momenta for quarks aligned
or anti-aligned with the nucleon spin [27].

Precision measurements using the upgraded CLAS de-
tector (CLAS12) with polarised NH3 and ND3 targets will
allow access to the k⊥-distributions of u and d-quarks
aligned and anti-aligned with the spin of the nucleon. Pro-
jections for the resulting PhT -dependence of the double
spin asymmetries for all three pions are shown in Fig. 5
for an NH3 target [106, 107]. Integrated over transverse
momentum, the data will also be used to extract the k⊥-
integrated standard PDFs.

Measurements of spin asymmetries as a function of
the final hadron transverse momentum at Electron Ion
Collider [108] (EIC) will extend (see Fig. 5 and 6) mea-
surements at JLAB12 [106,109] to significantly higher PhT

and Q2 allowing comparison with calculations performed
in the perturbative limit [110]. Extending measurements
of PhT -dependent observables to significantly lower x will
provide access to transverse momentum dependence of
quarks beyond the valence region.

Much higher Q2 range accessible at EIC would al-
low for studies of Q2-dependence of different higher-twist
SSAs, which, apart from providing important information
on quark-gluon correlations are needed for understanding
of possible corrections from higher-twists to leading-twist
observables.

0

0.2

0.4

0 2

CLAS 5.7 GeV

CLAS12

EIC 4x60 GeV

π
+

A
L

L

0 2

π
−

  PhT (GeV/c)
0 2

π
0

Fig. 5. Double-spin asymmetry, ALL, for pion production, us-
ing the EIC [111] configuration with 4 GeV electrons and 60
GeV protons (100 days at 1034 cm−2 sec−1), as a function of
PhT , compared to published data from CLAS [27] and pro-
jected CLAS12 measurements [107].

3.3 Measuring TMDs: transversity

The transversity distribution [4,113] and its first moment,
the tensor charge, are as fundamental for understanding
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Fig. 6. Projections for the same EIC running conditions of
Fig.5 for the higher-twist lepton spin asymmetry, compared
to published data from CLAS [32] and HERMES [112], and
projected CLAS12 [106] data in one x, z bin (0.2 < x < 0.3,
0.5 < z < 0.55).

of the spin structure of the nucleon as are the helicity dis-
tribution g1 and the axial vector charge. Differently from
g1, h1 is chirally odd, i.e. requires a quark helicity flip that
cannot be achieved in inclusive DIS. For non-relativistic
quarks h1 is equal to the helicity distribution g1, thus any
differences among the two functions probes the relativistic
nature of quarks. The h1 function has a very different Q2

evolution than g1 since there is no gluon transversity in
the nucleon. The tensor charge is reliably calculable in lat-

tice QCD with δΣ =
∑

f

∫ 1

0
dx(hf1 − h̄f1 ) = 0.562 ± 0.088

at Q2=2 GeV2, which is twice as large as the value of
the axial charge [114]. A similar quantity (δΣ ≈ 0.6) was
obtained in the effective chiral-quark-soliton model [115].

3.3.1 The Collins asymmetry

The main source of information on the transversity PDFs
is at present the Collins asymmetry, which couples h1 to
the Collins fragmentation function H⊥

1 :

A
sin(φh+φS)
UT (x) ≃

∑

q e
2
qh

q
1(x)⊗H⊥,q→h

1
∑

q e
2
qf

q
1 (x)⊗Dq→h

1

where ⊗ indicate the convolution integrals between the
quark transverse momentum and the transverse momen-
tum acquired by the hadron in the fragmentation process
with respect to the quark. In this case the asymmetry as
a function of x is obtained by integrating over the other
kinematic variables such as z, PhT and Q2.

The Collins asymmetry has been measured by COM-
PASS on deuterons (6LiD) and on protons (NH3) for uniden-
tified hadrons (dominated by pions), π and K (Fig. 7), by
HERMES on protons, for π and K (Fig. 8) and by Hall A
on neutrons (3He) for π and K (Fig. 9).

Both in COMPASS and in HERMES (when the same
sign convention is adopted 1), the Collins asymmetries
measured for charged π on protons show a clear negative
signal for π+ and a positive signal for π− as a function
of x, z and PhT . The asymmetries measured by COM-
PASS and HERMES have the same amplitude once the
HERMES data are corrected for the depolarisation factor,
giving important information on the kinematic dependen-
cies of the transversity PDF and Collins FF. The trend is
confirmed for K+, while K− and K0 signals are smaller
(or absent), and more statistics is needed. A significant
asymmetry was measured recently by Belle [116–118] and
BaBar [119, 120] experiments, indicating that the Collins
function H⊥

1 is indeed large. The SIDIS result is an indi-
cation that favoured and un-favoured Collins fragmenta-
tion functions are opposite but of similar magnitude, an
observation compatible with the measurements done at
e+e− machines [116–118]. The null COMPASS results on
deuteron allows to constrain hd1.

A global analysis of COMPASS, HERMES and Belle
data allowed a first extractions of transversity PDFs and
Collins FFs [121, 122], showing that transversity function
is sizable and different from zero, with opposite sign and
similar amplitude for both the u and d quark, while at
the same time favoured and unfavoured Collins FF are
also large, with similar amplitude but opposite sign. The
Collins asymmetries on n from Hall A, are compatible with
zero as expected from the fits of proton and deuteron data.

3.3.2 The two-hadron asymmetry

The transverse spin asymmetry in the distribution of the
azimuthal plane of hadron pairs in the current jet of DIS
have been measured by HERMES with the proton tar-
get and by COMPASS both with the deuteron and the
proton targets. Also for this asymmetry there are some
small differences between the analysis performed by the
two experiments, that comprises a different definition of
transverse vector of the two hadrons (the azimuthal an-
gle derived in the two cases eventually coincide in the γ∗N
system). Apart from slightly different DIS cuts, HERMES
requires a missing mass larger than 2 GeV/c2 to avoid
contributions from exclusive two-pion production. Also a
minimum pion momentum of 1 GeV is required for pion
identification. In the COMPASS analysis, the event selec-
tion is more similar to that of the single hadron asym-
metries, with a decreased minimum z energy fraction re-
quired for both the hadrons z1,2 > 0.1 and an upper limit
of 0.9. In the extraction of the asymmetries no depen-
dence on the sin θ component of the dihadron fragmenta-
tion function is taken into account since in the COMPASS
kinematics the sin θ distribution is strongly peaked at one
(〈sin θ〉 = 0.94) and the cos θ distribution is symmetric
around zero. The larger W accessible in COMPASS as
compared to HERMES and JLab resulted in a higher sam-
ple of multi-hadron events and consequently more precise

1 The COMPASS convention is adopted for the following dis-
cussion.
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2h asymmetries. COMPASS results are shown in Fig. 10
for both protons and deuteron and for different particles
combinations. A clear signal in the valence region is only
visible for π+π− combination.

Recently COMPASS pointed out that the dihadron
asymmetry as functions of x and the Collins asymmetries
for both π+ and π− show important similarities, i.e the
dihadron asymmetry is slightly larger in magnitude, but
very close to the values of the Collins asymmetry for pos-
itive hadrons and to the value of the negative pions, after
reversing the sign of the asymmetry. Taking into account
correlations between azimuthal angles of positive and neg-
ative pions in the two hadron sample, suggesting that in
the multi-hadrons fragmentation of the struck quark az-
imuthal angles of positive and negative hadrons created in
the event differ preferably by ≈ π, this strongly hints for
a common origin for the Collins mechanism and the di-
hadron fragmentation function, as originally pointed out
by the 3P0 Lund model [123], or by the recursive string
fragmentation model [124].

3.4 Measuring TMDs: the Sivers distribution

Among the off-diagonal elements, the Sivers f⊥1T and the
Boer-Mulders h⊥1T functions are of particular interest.

The Sivers function describes the difference between
the probability to find a quark with light-cone momentum
fraction x and transverse momentum k⊥ inside a hadron
polarised transversely to its momentum direction, and the
one where the polarisation points in the opposite direc-
tion. The Sivers function has been phenomenologically ex-
tracted by several groups, mainly from analysing the az-
imuthal distribution of a single hadron in SIDIS [125–128].

The probability of finding an unpolarised quark with
longitudinal momentum fraction x and transverse momen-
tum k⊥ inside a transversely polarised target is given by:

Φq(x, k⊥;S) = fq1 (x, k
2
⊥)−

(P̂ × k⊥) · ST

M
f⊥q
1T (x, k2⊥) .

(8)

The Sivers contribution to the F
sin(φ−φS)
UT structure func-

tion, being leading-twist, is expected to survive at higher
Q2. Recently the Sivers asymmetry has been calculated
and compared at different scales using the TMD evolution
equations applied to previously existing extractions [64].

As for the Collins asymmetry, the Sivers asymmetry
has been measured by COMPASS on deuterons (6LiD,
Ref. [101]) and on protons (NH3, Ref. [129]) for uniden-
tified hadrons (dominated by pions), π and K (Fig. 11,
Refs. [130] and [131]), by HERMES on protons, for π and
K (Fig. 12, Ref. [23]) and by Hall A on neutrons (3He)
for π (Fig. 13, Ref. [28]).

For both COMPASS and HERMES the proton asym-
metries for negative pions and kaons, as well as for neu-
tral kaons are compatible with zero, while for positive
pions and kaons there is a clear evidence for a positive
signal. For COMPASS the signal extends over the full
measured x region and increases with z. As for HER-
MES, the K+ signal is larger than the π+ one, which

indicates a possibly not negligible role of sea quarks. Un-
like the case of the Collins asymmetry, the Sivers asym-
metry measured by COMPASS at large x for positive pi-
ons and kaons is smaller than the one from HERMES,
indicating a non-trivial dependence on Q2 [64]. Several
fits, which include the recently revisited Q2 evolution,
were performed using HERMES asymmetries, COMPASS
asymmetries on deuteron and for unidentified hadrons on
proton, and JLab Hall A asymmetries on 3He. Some of
these fits [19, 132, 133], which employ TMD evolutions,
are shown to well reproduce the results of the three ex-
periments, and account therefore for the observed discrep-
ancies between HERMES [23] and COMPASS [129] data.
An example from Ref. [64] is shown in Fig. 14, where pre-
dictions have been made for the non-trivial behaviour of
the Sivers asymmetry as a function of Q2.
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COMPASS has very recently measured the Sivers asym-
metry for gluons [135] from the data collected with the
6LiD and NH3 transversely polarised targets. The Sivers
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gluon asymmetry was extracted using a technique simi-
lar to the one adopted for the gluon helicity ∆g analy-
sis [136, 137]. On 6LiD the asymmetry is small (Fig. 15,
top) and compatible with zero, within the present experi-
mental precision, as was expected from phenomenological
studies of existing data [138, 139]. But the higher preci-
sion of the proton data is surprisingly showing a negative
asymmetry for the gluon Sivers; a quite interesting and
unexpected result.

The test of the sign change of the Sivers function from
SIDIS to Drell-Yan:

(

f⊥1T
)

SIDIS
= −

(

f⊥1T
)

DY
(9)

is a critical test of the TMD factorisation. This test is
presently undergoing in COMPASS, that is collecting in
2015 the first ever polarised Drell-Yan data with 190 GeV
π− impinging on a transversely polarised proton target.
For a direct comparison with the SIDIS data the relative
large SIDIS statistics collected by COMPASS allowed to
measure the behaviour of the asymmetries as a function
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of Q2, needed since Drell-Yan µµ events are selected by
cutting in the invariant mass spectrum Mµµ in the re-
gion above the J/ψ resonance, i.e. Mµµ > 4 GeV/c2 (or

Q2 > 16 GeV2/c2). The Collins and Sivers asymmetries
as a function of x for different values of Q2 are shown in
Fig. 16 Non-zero effects were detected for asymmetries in
all ranges. A clear signal is visible for Sivers with positive
hadrons in all ranges and some hints of possible non-zero
effect can be noticed for negative hadrons at relatively
large x-Q2. The Collins asymmetry is visible both for pos-
itive and negative hadrons in all Q2-ranges except in the
very low-x region.

Several other Drell-Yan proposals were approved to
measure TMDs [140,141] and perform that test [142]. The
possibility of a node in the x-dependence of the Sivers
function has been discussed in light of this important
test [143]. As the Sivers function describes a difference
of probabilities it is not necessarily positive definite.

A recent extraction of the Sivers function for u, d, and
s flavours, also based on the SIDIS results from HERMES
and COMPASS, is shown in Fig. 17. The data available
cover the interval between 0.004 < x < 0.3 and the task of

the future JLab12 will be to map precisely the full valence
region, where effects are large and supposed to drop quite
fast.

The high luminosity of JLab should also help to bet-
ter constrain the transverse momentum dependence of the
Sivers function. At large hadron transverse momentum,
i.e. PhT ≫ ΛQCD, the transverse-momentum dependence
of the various factors in the factorisation formula [20] may
be calculated from perturbative QCD. Following Ji-Qiu-
Vogelsang-Yuan [144], the sin(φ− φS) azimuthal modula-
tion of Sivers should behave as:

〈sin(φ− φS)〉|PhT≫ΛQCD
∝ 1

PhT

. (10)

in the region ΛQCD ≪ PhT ≪ Q. The above result holds
also when the transverse momentum is compatible with
the large-scale Q. Measurement of the PhT dependence of
the Sivers asymmetry will, thus, allow to check the predic-
tions of a unified description of SSA [20,144,145] and will
study the transition from a non-perturbative to a pertur-
bative description. Measurement of the PhT -dependence
of the Sivers asymmetry with much higher precision that
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the existing one would also allow one to determine the
first moment of the Sivers function,which also has a di-
rect connection to so-called soft gluon pole matrix ele-
ments [13,146,147] :

f
⊥(1)
1T (x) =

∫

d2k⊥
k2⊥
2M2

f
⊥(1)
1T (x, k2⊥) . (11)

Making such a cross check is crucial to understand the var-
ious transverse single-spin phenomena in semi-inclusive re-
actions by means of perturbative QCD. The PhT -dependence
will thus provide access to the k⊥-dependence of the Sivers
function, which may be relevant to resolve the so-called
“sign mismatch”, or the observed mismatch between the
signs of the moment of the Sivers function extracted from
SIDIS data and twist-3 calculations [148].

At Jefferson Lab there are several closely-related pro-
posals approved to measure spin and azimuthal asymme-
tries in all three Halls, providing complementary studies
of different aspects of the complex structure of the nucleon
in terms of flavour, momentum and spin. Hall-A has an
extensive SIDIS program to access TMDs with polarised
targets.

Two proposals have been approved to study SSAs with
SoLID detector using transversely [149] and longitudinally [150]
polarised 3He targets. Another Hall-A proposal has been
approved [151] to measure SSAs on a transversely po-
larised 3He target, using the Super-Bigbite spectrometer
with kaon identification using a RICH detector.

A proposal using the SoLID detector and transversely
polarised NH3 target [152], with similar goals and kine-
matic coverage has been also approved by JLab PAC.
SoLID proposal offers higher statistics in the intermedi-
ate PhT and Q2 range, while CLAS12 proposal will access
higher PhT and Q2 with negligible nuclear background,
allowing to probe the same physics with completely dif-
ferent systematics. The future data from Hall-A experi-
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ments will be complementary to those from the proposed
CLAS12 measurement with transversely polarised hydro-
gen target.

The large acceptance of CLAS12 will allow measure-
ments of SIDIS pions over a wide range in x,Q2 and
hadron transverse momenta, where the spin-orbit corre-
lations and corresponding SSAs are expected to be signif-
icant. The crucial advantages of the proposed configura-

tion using HD-Ice target is the large acceptance (no strong
holding field is required) and the negligible nuclear back-
ground, in particular for large PhT . Worth noticing that
the HD-Ice dilution factor, which is a crucial element for
precision studies of transverse momentum dependence of
TMDs, is a factor of 2 better of the nuclear targets (NH3,
ND3) at small PhT of hadrons, and goes up to a factor of 6
at PhT > 0.8 GeV [78], due to increasing fraction of pions
coming from nuclear target at large PhT . The projected
CLAS12 statistical precision on the Sivers AUT SSA for
pions and charged kaons on a proton target, correspond-
ing to 100 days of data-taking with the HD-Ice target, are
shown in Fig. 18.
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use of a phenomenological model for the Sivers function [128]).
Bins in x as a function of PhT . Estimates of the expected sys-
tematic uncertainties (global acceptance and detector smearing
effects) are also shown.

Thanks to the high statistics achievable in 100 days of
measurements, a 4-dimensional analysis of the extracted
azimuthal moments can be performed. This allows the
disentanglement of all the specific kinematic dependences
and a deeper inspection of the mechanisms generating the
asymmetries. In the proposed data-taking time, a precise
mapping of a large portion of the phase-space is achievable
for pions, extending into the high-Q2 high-PhT region of
interest. In particular a precision of few percents can be
obtained at large Q2 for values of PhT up to 1 GeV/c. The
x and Q2 variables are typically correlated by the detec-
tor acceptance. Noteworthy, the statistics of the proposed
experiment allows to subdivide each x-bin in several Q2-
bins thus disentangling the two kinematic dependences.
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An extended mapping is possible also in the kaon sector,
although with a precision limited by the smaller yields.

A wide range in Q2 provided by the CLAS12 detec-
tor at JLab would also allow studies of Q2-evolution. The
projected Q2-dependence of the Sivers function as mea-
sured by the CLAS12 data is shown in Fig. 19. Studies of
the Q2 dependence will be required also to constrain the
higher-twist contributions. Measuring the Q2-dependence
of the Sivers function is one of the main goals of the up-
graded CLAS12 experiment using a transversely polarised
HD target [153].
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Fig. 19. Projections for the Sivers amplitudes as a function
of Q2 in the valence region for CLAS12 and EIC, compared to
existing measurements at HERMES and COMPASS.

3.5 Measuring TMDs: the Boer Mulders distribution

Already in the early days of the parton model it was re-
alized that the inclusion of quark intrinsic transverse mo-
mentum leads to modifications of the cross sections in
lepton-nucleon deep-inelastic scattering. Cosine modula-
tions in the azimuthal dependencies of the distribution of
the produced hadrons about the direction of the virtual
photon can be non-vanishing due to simple kinematic ef-
fects (Cahn effect) [154,155]. It was also later realized that
the interplay between the parton transverse momentum
and spin (Boer-Mulders effect [8]) can generate a leading-
twist (unsuppressed in 1/Q) contribution to the cos 2φ
modulations:

F cos2φ
UU = C[−2(ĥ · k⊥)(ĥ · k⊥)− k⊥ · p⊥

MMh

h⊥1 H
⊥
1 ] (12)

Perturbative-QCD effects, like gluon radiation, can also
lead to azimuthal dependencies in the semi-inclusive DIS
cross section. However, they contribute mainly at large
values of PhT , and are next-to-leading order in the strong
coupling constant.

Among the various contributions suppressed as 1/Q,
several involve either a distribution or fragmentation func-
tion that relates to quark-gluon-quark correlations, and
hence is interaction dependent and has no probabilistic in-
terpretation. In theWandzura-Wilczeck approximation [156]
all these terms are neglected, and only two contributions
are considered:

F cosφ
UU ≃ −2M

Q
C

[

ĥ · p⊥

M
f1D1 +

ĥ · k⊥

Mh

h⊥1 H
⊥
1

]

(13)

where the first (second) term is related to the Chan (Boer-

Mulders) effect. There are no contributions to F cos 2φ
UU at a

suppression 1/Q. Not all contributions beyond a suppres-
sion of 1/Q have been calculated, however a contribution
suppressed as 1/Q2 is expected from the Cahn effect to

F cos 2φ
UU .
In Drell-Yan experiments, non-zero azimuthal modula-

tions have been measured [157–162] that violate the Lam-
Tung relation [163]. Such a violation can be ascribed to the
Boer-Mulders distribution function [164]. Sizable modula-
tions have been extracted in pion-induced Drell-Yan reac-
tions, where a valence quark and a valence antiquark an-
nihilate. At a variance, when a sea parton is involved as in
proton-induced Drell-Yan processes, the measured modu-
lations become smaller. This behaviour can be explained
by a small Boer-Mulders function for the sea partons.

Only a few measurements of cosine modulations in
semi-inclusive DIS experiments have been published in
the past [165–168]. Most measurements averaged over any
possible flavour dependence as they refer to hadrons with-
out type nor charge distinction, and only to hydrogen tar-
get or hydrogen and deuterium targets combined together.

Several precise SIDIS measurements have become avail-
able. The CLAS collaboration measured non-zero cosine
modulations for positive pions produced by 6 GeV/c elec-
trons scattering off the proton [169]. The HERMES ex-
periment have measured cosine modulations of hadrons
produced in the scattering of 27.5 GeV/c electrons and
positrons off pure hydrogen and deuterium targets, where
the lepton beam scatters directly off neutrons and pro-
tons (with only negligible nuclear effects in case of deu-
terium) [170]. For the first time these modulations were
determined in a four-dimensional kinematic space for pos-
itively and negatively charged pions and kaons separately,
as well as for unidentified hadrons. At COMPASS, positive
and negative hadrons produced by the 160 GeV/c muon
beam scattering off a 6LiD target have been measured in a
three-dimensional grid of the relevant kinematic variables
x, z and PhT [35].

In all the experiments, the new data confirm the ex-
istence of a sizeable cosφ and a not-zero cos 2φ modu-
lations. However, the results published by different ex-
periment appear not fully consistent. For example, pos-
itive cos 2φ amplitudes for both positively and negatively
charged hadrons were measured at COMPASS. At HER-
MES, positive cos 2φ amplitudes are extracted for nega-
tively charged pions, while for positively charged pions the
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moments are compatible with zero, but tend to be negative
in some kinematic regions. In all the cases, the amplitudes
of the cosine modulations show strong kinematic depen-
dencies. Comparisons between COMPASS and HERMES
cosφ and cos 2φ modulations for hadrons in the almost
overlapping kinematic region (0.02 < x < 0.13, 〈Q2〉 ≃ 4
(GeV/c)2 of COMPASS and 0.023 < x < 0.145, 〈Q2〉 ≃ 2
(GeV/c)2 of HERMES) are shown in Figs. 20 and 21,
for PhT ranges below 0.5 (GeV, and abovr 0.5 (GeV, re-
spectively. The multidimensional results of the two exper-
iments are corrected point-to-point for the ratio of the
longitudinal to transverse virtual photon flux before mak-
ing the weighting average with the statistical error only
in x and PhT . At low-PhT there is an overall agreement
in the z-dependence between the two experiments, with
the exception of the cos 2φ modulation of positive hadrons
(that show the same behaviour but have an off-set of about
0.05). The same is true also for PhT > 0.5 GeV/c, even
if some point-to-point disagreement is visible for positive
hadrons (we have to keep in mind that systematic errors
are not shown). Given the difficulties of these measure-
ment, one has to keep in mind that, in order to perform
a more complete and fair comparison between results and
between results and theoretical models, a full differential
analysis, using the complete multi-dimensional informa-
tion provided by the experiments in public databases, is
mandatory.
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The large cosφ amplitude implies that the contribution
suppressed with powers of 1/Q, as the ones discussed in
Eq. 13, are not negligible. This largely complicates the in-
terpretation as there could be several additional contribu-
tions at sub-leading order which are not calculable [171].
Nevertheless some attempts have been made to explain the
main features of the resulting modulations, i.e. the size-
able changes with hadron type and charge. The similarity
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between hydrogen and deuterium results seems to indicate
that the Boer-Mulders distribution function has the same
sign for up and down quarks, in agreement with expecta-
tions from theoretical considerations [172,173]. The differ-
ence between charged pion results may be ascribed to the
Boer-Mulders term, due to the dominating contribution
of the up quark in SIDIS reactions and the opposite sign
of Collins fragmentation of up quark into positively and
negatively charged pions. The striking difference between
kaon and pion cos 2φ modulations measured at HERMES
does not find an explanation on the peculiar Collins frag-
mentation as the B-factories find similar asymmetries be-
tween the two meson types [118,174].

A step forward will be possible by new complemen-
tary measurements. New Drell-Yan experiments offer the
opportunity to study azimuthal modulations and the Lam-
Tung relation with unprecedented precision [175,176]. At
JLab, several experiments are planned to study in detail
the unpolarised SIDIS azimuthal modulations for different
hadron types in a broad kinematic range [60,109].

3.6 Measuring TMDs: pretzelosity

Studies of the shape of the proton indicate [177,178] that
for transversely polarised quarks in a transversely polarised
nucleon, the shape of the nucleon is reminiscent of a pret-
zel. The distribution of transversely polarised quarks in a
transversely polarised nucleon is described by the TMD
h⊥1T (x, k

2
⊥) and its magnitude will thus be related to the

“pretzelosity” of the proton [177]. Recently it has been
suggested, based on some quark models, that the pret-
zelosity TMD may also be related to the quark orbital
angular momentum (OAM) [37,179–181]

Lq
z = −

∫

dx d2k⊥
k2⊥
2M2

h⊥q
1T (x, k

2
⊥). (14)



18 H. Avakian et al.: Experimental results on TMDs

The TMD h⊥1T corresponds to the amplitude where the
nucleon and active quark longitudinal polarisations flip
in opposite directions, involving therefore a change by
two units of OAM between the initial and final nucleon
states; it gives therefore an indication about the ‘spheric-
ity’ of the nucleon. This asymmetry is expected to be
suppressed by a scaling factor of P 2

hT with respect to
the Sivers and Collins asymmetries in the region of small
hadron transvers momenta of PhT < 1 GeV/c. It was
shown (see e.g. [182]) that in a gauge theory, in general,
Lq
z may not be related to the total quark contribution to

the nucleon spin from a combination of GPDs from Ji’s
sum-rule [183].

Preliminary COMPASS [184,185] and HERMES [186]
measurements of this asymmetry are compatible with a
null result within the statistical accuracy both on deuteron
and proton targets. Projections for approved JLab12 mea-
surements for transverse target asymmetries [152, 153],
sensitive to pretzelosity distribution h⊥1T (x, k

2
⊥) are shown

in Fig. 22.

3.7 Measuring TMDs: worm-gear or
Kotzinian-Mulders distributions

Spin-orbit correlations are accessible in SIDIS with longi-
tudinally polarised target in measurements of double and
single-spin asymmetries. For a longitudinally polarised tar-
get the only azimuthal asymmetry arising in leading order
is the sin 2φ moment,

F sin2φ
UL = C[−2(ĥ · k⊥)(ĥ · k⊥)− k⊥ · p⊥

MMh

h⊥1LH
⊥
1 ](15)

The distribution function giving rise to SSA, h⊥1L, is
related to the real part of the interference of wave func-
tions for different orbital momentum states, and describes
transversely polarised quarks in the longitudinally polarised
nucleon. The physics of FUL, which involves the Collins
fragmentation function H⊥

1 and the distribution function
h⊥1L, was first discussed by Kotzinian and Mulders in 1996
[6, 7, 188]. The same distribution function is accessible
in double polarised Drell-Yan, where it gives rise to the
cos 2φ azimuthal moment in the cross section [189]. The
behaviour of the Kotzinian-Mulders distribution function
has been studied both in large-x [190] and large Nc [191]
limits of QCD. It involves helicity flip of the quarks but
is diagonal in the nucleon helicity. One of the character-
istic features of h⊥1L is that it has no analogous in the
spin densities related to the GPDs in the impact param-
eter space [192, 193]. The results in the light-cone quark
model [40] for the densities with transversely polarised
quarks in a longitudinally polarised proton shown in Fig. 23
are in good agreement with recent lattice calculation [41,
42]. For the density related to h⊥1L, they predict shifts of
similar magnitude of 〈ku

x〉 = −60(5) MeV, and 〈kd
x〉 =

15(5) MeV.
Measurements of the sin 2φ SSA [188], allows the study

of the Collins effect with no contamination from other
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Fig. 23. Quark densities in the kT plane for transversely po-
larised quarks in a longitudinally polarised proton for up (left
panel ) and down (right panel) quark [40].

mechanisms. During the last few years, first results on lon-
gitudinal target SSAs have become available from HER-
MES, COMPASS and CLAS [27, 34, 104, 194, 195]. Mea-
surement of the sin 2φ moment in the relatively low x-
range by HERMES [194] and COMPASS [104] are small
and consistent with zero (Fig. 24).
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Fig. 24. Dependence of the modulation amplitude asin 2φ on x
from COMPASS [104] for charged hadrons and HERMES [105]
for charged pions; also shown are the calculations of Ref. [196].

Ameasurably large asymmetry has been predicted only
at large x (x > 0.2), a region well-covered by JLab [38,
196–200]. The data from CLAS at 6 GeV indicate large
azimuthal moments both for sinφ and sin 2φ [27]. The
phenomenological studies of the sin 2φh asymmetry in the
longitudinally polarised SIDIS process [27, 105, 194] have
been performed in [38,196,201,202] and recently in [203],
showing that the asymmetry may be around several per
cent.

An approved CLAS12 experiment [106] will simulta-
neously collect data o n p,d(e, e′π+,0,−). The predictions
have been obtained with a full simulation of the hadroni-
sation process [204] and the acceptance of CLAS12 for all
particles (Fig.25). Calculations were done using h⊥1L from
the chiral quark soliton model evolved toQ2=1.5 GeV2 [197],
f1 from GRV95 [205], and D1 from Kretzer, Leader, and
Christova [206]. The curves correspond to dominance of

the favoured fragmentationH⊥u→π+

1 . An important ingre-



H. Avakian et al.: Experimental results on TMDs 19

-0.05

0

0.05

0 0.2 0.4 0.6

A
si
n
(3

φ
-φ

S
) (

x)
U
T

x

π
+
  proton

CLAS projections

– positivity

model

0.1 0.2 0.3 0.4 0.5

0

0.2

0.4

0.6

0.8

1

1.2 2 (GeV/c)2< Q2 < 3 (GeV/c)2

0.40 < z < 0.45

-0.1

0

0.1

Pasquini (Pretzelosity)

Ma et al.(Pretzelosity)

120 days SoLID

P
h

T
 (

G
eV

/c
)

π
−
 A

sy
m

m
et

ry

x

Fig. 22. The A
sin(3φ−φs

UT ) asymmetry in π+ electro-production from proton target in the kinematics of CLAS12 as function of
x [180] for a bin in PhT (0.45 < PhT < 0.6). Solid curve presents the prediction of relativistic covariant model [187]. The shaded
area is the region allowed by positivity. Left panel shows projections for SOLID for some typical bins for π+ and π−.

dient for the estimates are so-called “Lorentz-invariance
relations” that connect h⊥1L with h1 [7]. Meanwhile these
relations are known not to be valid exactly [12, 207]. It
is of importance to find out experimentally to which ex-
tent such relations can provide useful approximations, or
whether they are badly violated.
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Fig. 25. The projected x-dependence of the target SSA at
11 GeV. The triangles illustrate the expected statistical accu-
racy. The open squares and triangles show the existing mea-
surement of the Kotzinian-Mulders asymmetries from HER-
MES and the preliminary results from CLAS 5.7 GeV CLAS
data sets [27], respectively. The curves are calculated using
Ref. [208].

Another interesting TMD distribution function acces-
sible in studies with transversely polarised nucleons is the
worm-gear g⊥1T (x, k

2
⊥). It describes the probability to find

longitudinally polarised quarks in a transversely polarised
nucleon. Noteworthy, it is the only TMD function not af-
fected by initial- or final-state interactions as it is nei-
ther chiral-odd nor T-odd. It can be accessed, in con-

junction with the spin-independent fragmentation func-
tion D1, in double-spin asymmetries with a longitudinally
polarised beam and a transversely polarised nucleon. The
joint use of a transversely polarised target and a longitu-
dinally polarised beam will also allow for measurements of
the double-spin asymmetry, ALT , in the same kinematic
region:

ALT =
1

fPBPt

(

N+↑ + N−↓
)

−
(

N+↓ + N−↑
)

(N+↑ + N−↓) + (N+↓ + N−↑)
,(16)

where PB is the electron beam polarisation, and N±↑↓ is
the extracted number of ehX events for positive (+) or
negative (−) helicities of the beam electrons and trans-
verse (↑, ↓) target polarisations. Recent measurements of
the double-spin asymmetry ALT for charged pion electro-
production in SIDIS on a transversely polarised 3He tar-
get, performs at Hall-A of JLab indicate a positive az-
imuthal asymmetry for π− production on 3He and the
neutron, while the π+ asymmetries were found to be con-
sistent with zero [29].

Preliminary COMPASS measurement [185] ofA
cos(φ−φS)
LT

for protons is shown in Fig. 26. The statistical uncertain-
ties of all LT-asymmetries are larger than the other SSAs
due to the smaller D(y) factors and the lepton beam po-
larisation of ≃ 80%. Nevertheless a non-zero trend at rel-
atively large x-region is visible.

SIDIS measurements at JLab with a joint use of a
transversely polarised target and a longitudinally polarised
beam provide access to the leading-twist TMD gq1T (x).
Significant ALT double-spin asymmetries were predicted
for the CLAS12 kinematics (see Fig. 27).
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4 Towards extraction of TMDs from

multi-dimensional SIDIS data

Measurements of amplitudes for identified pions and kaons
provide and will provide precious information not only
on the contribution to the distribution functions involved
from the various quark flavours (e.g., it would allow for
constraints on the contribution from the strange sea quarks),
but also on the ratio of favoured to unfavoured polarised
fragmentation functions, complementary to e+e− data.

The width of the k⊥ distribution for different partonic
distributions can be different. Values for different T-even
TMDs, have been computed [38] in the constituent quark
model [40], indicating differences in widths of quark dis-
tributions between 10-30% [40].

A common assumption is the Gaussian ansatz for the
transverse momentum dependence of distribution and frag-

mentation functions with the average 〈PhT 〉 of hadrons
produced in SIDIS given by Eq.7. In the approximation of
flavour and x or z-independent widths, a satisfactory de-
scription of HERMES deuteron data on average PhT [105]
was obtained [210] with

〈k2⊥〉 = 0.33GeV2 , 〈p2⊥〉 = 0.16GeV2 . (17)

Very similar results were obtain in Ref. [125] from a study
of EMC data [166] on the Cahn effect. Although the ansatz
seems to describe satisfactorily the present available data
sets [36], it has to be considered as an approximation.

A comprehensive study of the nucleon structure should
consider the role of the quark flavour. The use of differ-
ent targets in conjunction with the detection of various
hadrons in the final state provide access to statistical in-
formation about the flavour of the struck quark. In par-
ticular, kaons provide enhanced sensitivity on strangeness
in the matter (partonic sea of the nucleon) and in the
vacuum (through fragmentation). Kaon detection is gen-
erally challenged by the about one order of magnitude
larger flux of pions. Thus very little is known about the
spin-orbit correlations related to the strange quark. Only
recently dedicated measurements have become available
and, despite the limited statistical accuracy, in most of
the cases they show surprising results. This is an indica-
tion of a non trivial role of the sea quarks in the nucleon,
or of a peculiar behaviour of the fragmentation mechanism
in the presence of strange quark. Moreover a hint exists
that kaons provide enhanced sensitivity on higher-twist
effects [23]. Only the ability to explore the relevant kine-
matic dependence of experiments coping high-luminosity
with large-acceptance and particle identification will allow
to shed light on the interpretation. Precision measurement
of the Q-dependence of the asymmetries, in particular,
will allow to isolate higher-twist effects, while measuring
the PhT -dependence over a large range will allow to map
the transition between perturbative and non-perturbative
regime.

Single-spin asymmetries were also investigated in in-
clusive electro-production of charged pions and kaons from
transversely polarised protons at the HERMES experi-
ment and JLab [211,212]. The data sample are dominated
by the kinematic regime Q2 ∼ 0 GeV2 of quasi-real photo-
production, where PhT is the only hard scale. The origin
of the observed asymmetries can, therefore, most likely
be explained by higher-twist contributions. These type of
measurements may provide a test of TMD factorisation in
processes with single large scale (PhT ) and provide addi-
tional information for a consistent understanding of the
large SSAs measured in the single inclusive production of
large PhT hadrons in proton-proton collisions [213]. Very
significant higher-twist azimuthal modulations have been
observed by all leptoproduction experiments. In addition

to the F cosφ
UU [35] and F sinφ

LU (Fig.6), discussed above, sig-
nificant non zero contributions have been observed for
F sinφ
UL [194, 195] and F sinφS

UT structure functions [24, 214].
Higher-twists are indispensable part of SIDIS analysis (see
Eq 1) and their understanding is crucial for interpretation
of SIDIS leading-twist observables.
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Very little is known about polarisation dependent frag-
mentation functions (i.e. Collins), but an effort is being
pursued to extract them from the large sample of data
collected at B-factories [118, 119]. Very precise informa-
tion on the fragmentation process is anticipated in the
next future thanks to the approval of Super B-factories.
The detailed study can be completed only by SIDIS mea-
surements, which constrain the fragmentation functions
at much lower centre-of-mass energy with specific flavour
sensitivity (not accessible in e+e− reactions). The detailed
knowledge of the fragmentation process would reflect on
the precise determination of parton distributions only at
experiments with enough statistical precision and flavour
sensitivity (like CLAS12) and even in this case, only if
TMD evolution will be known at the same level of preci-
sion.
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Fig. 28. Transversity distribution functions for u and d
flavours as extracted in [122].

The extraction of the transversity from A
sin(φ+φS)
UT re-

quires parametrisation for the unpolarised distribution and
fragmentation functions along with approximations for the
essentially unknown polarised T-odd chiral-odd Collins
fragmentation function H⊥

1 . The first extraction of the
transversity distribution, together with the Collins frag-
mentation function, has been carried out recently [121,
122] through a global fit of the BELLE data from e+e− an-
nihilation and the HERMES [22] and COMPASS [25,101,
184] data on semi-inclusive DIS, see Figs. 28-29. Transver-
sity distributions for u and d quarks and Collins frag-
mentation functions from current experimental data have
been extracted recently, applying the TMD evolution in
the Collins-Soper-Sterman formalism, in a global analy-
sis of the Collins asymmetries in back-to-back di-hadron
productions in e+e annihilation measured by BELLE and
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tions as extracted in [122].

BABAR Collaborations and SIDIS data from HERMES,
COMPASS, and JLab HALL A experiments.

The Collins SSA for positive kaons is similar to that
of positive pions in sign and magnitude, a result compati-
ble with the dominance of the u-flavour in lepto-scattering
over a proton target. However, at HERMES the signal for
π− and K− are found to follow a different behaviour, the
former being large and negative, the latter being basically
compatible with zero with a hint to be positive [24]. The
result would be interesting since the K− has no valence
quarks in common with the target proton and sea quark
transversity is expected to be small, thus K− brings spe-
cific sensitivity on rank-2 Collins function. Note that the
knowledge of the Collins function has an impact on the ex-
traction of all the chirally-odd TMD parton distributions.
The results forK− are still controversial, since COMPASS
data [215] can not prove or disprove it, although seem to
not support the HERMES hint. The issue can be solved
only by increasing the statistical accuracy.

Although spin asymmetries are typically not too sen-
sitive to acceptance and radiative corrections, in the case
of the transverse SSA where a large number of contribu-
tions appear as different azimuthal moments in the cross
section, the acceptance and radiative corrections are more
important. The analysis of the transverse target data re-
quires fits in the 2-dimensional space of the relevant az-
imuthal angles φ and φS . COMPASS was designed from
the beginning to have a full 2π azimuthal acceptance and
a very large acceptance on the polar angle (from within
the beam up to 200 mrad) to fully cover the current frag-
mentation region. On the other side, a detailed proce-
dure on the accounting for acceptance corrections in the
separation of the different azimuthal moments was devel-
oped by the HERMES collaboration [24]. According to
this method, a fully-differential (thus virtually free from
acceptance effects) parametrisation of the asymmetries is
extracted from the data itself with a fully-unbinned max-
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imum likelihood fit. The parametrisation is then used in
input to an originally unpolarised Monte Carlo simulation
which accounts for a complete model of the instrumental
effects (acceptance, smearing, inefficiencies...) to generate
a pseudo-data sample. The systematics effects are evalu-
ated as the difference of the asymmetries extracted from
the pseudo-data sample and the parametrisation in input
to the Monte Carlo. Accounting for all the relevant az-
imuthal moments in the MC generator, it will be crucial
also to properly handle the radiative effects.

4.1 Systematic Errors

The systematic uncertainties can be divided into two cat-
egories: those that scale with the measured asymmetry
and those that are independent of the measured results.
In the first category, the dominant uncertainty is expected
to be that from the target polarisation and the dilution
from the target material other than polarised hydrogen or
deuterium.

One of the main contributions to the estimated relative
uncertainties comes from the procedure used to separate
the azimuthal moments of interest from other, potentially
non-zero, azimuthal asymmetries (for example a twist-3
sin(φS) moment or radiative effects). Another large con-
tribution is from possible contamination of the SIDIS pion
event sample by pions from decays of diffractive vector
mesons, mainly ρ0 (the contamination for kaons is ex-
pected to be much smaller). Large acceptance detectors
(like COMPASS and CLAS12) measure simultaneously
the asymmetries from background processes, such as ρ0

production, and use that info for corrections, as the size
of the contamination can be measured as well. With high
luminosity also the SIDIS vector meson asymmetries can
be studied with precision, and are the matter of the di-
hadron proposals (discussed in a separate contribution).

The real photon emission from the lepton and hadron
legs as well as by additional virtual particle contributions
is changing the SIDIS kinematics. Since most of the outgo-
ing particles in SIDIS remain undetected, events with the
real photon emission can not be removed experimentally.
The contribution of events with an additional exchange
of virtual particles cannot be removed at all. As a result
the measured SIDIS cross section includes not only the
lowest order contribution but also the higher order effects
whose contribution has to be accounted in the data analy-
sis. The corresponding radiative corrections (RC) have to
be calculated theoretically. The primary step in the solu-
tion of the task on RC calculation in the lepton nucleon
scattering assumes the calculation of the part of the to-
tal lowest order QED correction that includes real photon
emission from lepton leg as well as the additional virtual
photon between the initial and final leptons and the cor-
rection due to virtual photon self-energy. Other types of
RC, such as box-type contribution or real photon emission
from hadrons, are less important, as these corrections do
not contain the leading order contribution which is propor-
tional to the logarithm of the lepton mass, and therefore,

their contribution is much smaller comparing to RC from
lepton part.

−0.4

−0.3

−0.2

−0.1

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

PhT (GeV/c)2
〈c
o
sφ

〉 R
C

  
m

o
m

en
ts

 

Fig. 30. The pion transverse momentum dependence of the
cosφ-moment in JLab12 kinematics at x = 0.3 and z = 0.3,
generated by radiation of additional photon calculated from
haprad2.0 [216] for three different structure functions with
cosφ input amplitudes equal to -5% (squares), -10% (triangles
up), and -15% (triangles down).

As a matter of fact, the radiative effects in SIDIS
also generate azimuthal moments which may couple with
the moments in the Born cross section and produce more
complex azimuthal structure in the observed cross section
[216, 217]. Azimuthal moment generated by radiative ef-
fects, and their sensitivity to different input φ-dependent
structure functions are shown on Fig.30.

For COMPASS the errors on the target polarisation
and dilution are estimated to be about 5%, while the
point-to-point systematic effects have an upper limit rang-
ing between 50 to 70% of the statistical accuracy. The av-
erage total relative systematic error on the proton SSAs
has been estimated for CLAS12 measurements to be of
order 7%, mostly dominated by errors on the target po-
larisation, nuclear background and acceptance corrections
(4% each). That should be sufficiently small for a very
significant measurement.

4.2 Fourier Transformed Cross Sections

TMDs and transverse momentum-dependent fragmenta-
tion functions enter the SIDIS cross section in a convo-
lution with respect to transverse momentum. In order to
extract TMDs, it is therefore advantageous to project the
differential cross section onto Fourier modes [218]. The re-
sult is a product of TMDs and fragmentation functions in
Fourier space. Choosing different values of the parameter
bT , the Fourier transform of the transverse momentum k⊥,
would allow to scan the transverse momentum dependence
of the distributions in Fourier space [219,220].
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The bT -dependent distributions are also the objects
that appears in the evolution equations that describe the
scale dependence beyond tree level, see, e.g., Ref. [221].
Lattice calculations of TMDs are performed in b-space
rather than momentum space as well [41, 43]. This sug-
gests that it is the bT -dependent quantities that are most
suitable for a model independent analysis and comparison
with lattice data.

This new extraction framework has a very different
systematic, and can be used to check the standard pro-
cedures for TMD extraction, in particular extraction of
k⊥-dependence of TMDs. The main questions to address
when applying this procedure to SIDIS data (in particular
CLAS12 data) are the limited range in hadron transverse
momenta and the low Q2, as Fourier-transformed quan-
tities receive (through the Fourier integral) contributions
from the entire range of PhT , while the whole factorisation
formalism requires PhT ≪ Q. Due to contributions to the
cross section at high |PhT | that are not accounted for in
the TMD factorised framework, further studies are needed
as to whether and in what range of bT we can extract
TMDs in Fourier space at JLab kinematics with moder-
ate theoretical uncertainties. Precision measurements at
large bT may require precision measurements at PhT in
the range of 1.2-1.5 GeV, limiting the minimum Q2 to at
least 2 GeV2.

A reanalysis of the data using using Fourier trans-
formed cross sections is also planned in COMPASS. This
experiment is also working on PhT -weighted asymmetries;
building single spin asymmetries by weighting the cross
section with PhT dependent weights results in a direct con-
nection of the amplitude of the azimuthal modulation to
a product of moments of PDFs and FFs [8,222] instead of
a convolution over the intrinsic transverse momenta. The
differences with respect to standard TMD extractions will
again allow to check systematic effects in different proce-
dures.

5 Summary

We have partially reviewed many results and progresses in
the field of transverse momentum dependent distribution
and fragmentation functions.

At least two striking effects have been demonstrated in
the last years, i.e.: there is a non zero correlation between
the spin of transversely polarised quarks and the PhT of
the hadrons created in the hadronisation process, with ev-
idences coming both from SIDIS processes on transversely
polarised nucleons and high energy e+e− annihilation into
hadrons. This correlation has allowed the extractions of
trasversity. There is a non-zero correlation between the
spin of a transversely polarised nucleon and the intrin-
sic transverse momentum of the quarks, giving rise to
the Sivers asymmetry. This has been the starting point
to draw increasing attention to TMDs.

The measurements of single-spin asymmetries in lepto-
production of hadrons performed by HERMES and COM-
PASS collaborations, and JLab experiments have shown

that spin-orbit and quark-gluon correlations are very sig-
nificant in kinematic regions where the valence quark con-
tributions are significant. Analysis of measured single-spin
asymmetries provided first glimpse of transverse momen-
tum distributions of quarks in polarised and unpolarised
nucleons. First extraction of TMDs from HERMES and
COMPASS data revealed once again the complexity of
the strong dynamics inside the nucleon and therefore im-
portance of a common TMD extraction framework. To
progress further we need multi-dimensional results that
are starting to come from COMPASS and HERMES and
will come with high precision from JLab12, combining ex-
periments with unpolarised [59,60,109], longitudinally po-
larised [106,107] and transversely polarised [150,153,223].
One of the main focuses of the proposed measurement will
be the transverse momentum dependence of the underly-
ing TMDs, and in particular of the Sivers function. The
analysis of these data sets will require understanding of
evolution properties of TMDs and large k⊥ corrections,
control of various subleading 1/Q2 corrections, radiative
corrections and knowledge of involved transverse momen-
tum dependent fragmentation functions.

The measurements of single and double spin asymme-
tries for pions and kaons in a large range of kinematic
variables combined with measurements with unpolarised
targets, will provide detailed information on the flavour
and polarisation dependence of the transverse momentum
distributions of quarks in the valence region and, in par-
ticular, on the x and k⊥ dependence of the leading TMD
parton distribution functions of u and d quarks. Such mea-
surements allow for detailed tests of QCD dynamics in the
valence region, complementing the information obtained
from inclusive DIS. They also serve as novel tools for ex-
ploring nuclear structure in terms of the quark and gluon
degrees of freedom.

Together with the multi-dimensional results from HER-
MES and COMPASS, COMPASS phase-II and the pro-
posed experiments at upgraded JLab will provide statis-
tically significant measurements of the kinematic depen-
dences of single and double spin azimuthal asymmetries
in pion and kaon lepto-production in SIDIS. The large ac-
ceptance of the detectors permits a simultaneous scan of
various variables (x, z, PhT and Q2), crucial for studies of
transverse momentum dependence of TMDs. Combination
of measurements in a large Q2 range would allow studies
of evolution effects and control possible higher-twist con-
tributions in the measurements of TMD observables in
general, and of the Sivers asymmetry in particular.

Analysis of already existing electro-production data
from HERMES, COMPASS and JLab with unpolarised
and polarised targets has shown that the proposed mea-
surements are feasible. Combined analysis of all three data
sets will constrain different TMDs and relations between
them, providing important input to global analysis of PDFs
and will provide a substantial contribution to a full tomog-
raphy of the nucleon.

One of the most striking predictions of the theory,
is the sign change of Sivers and Boer-Mulders TMDs in
SIDIS and Drell-Yan reactions, which can be used for test-
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ing the QCD TMD factorization and the TMD approach
itself. The experimental proof that the present LO ap-
proach to TMD is correct is presently missing and we are
eagerly waiting for results of the running (like COMPASS)
or planned polarised Drell-Yan experiments.
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