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Nucleon Spin Structure
Proton spin puzzle

Quark spin only contributes a small 
fraction to the nucleon spin.
J. Ashman et al., PLB 206, 364 (1988); NP B328, 1 (1989).

Spin decomposition

JAM Collaboration, PR D 93, 074005 (2016).
Access to Lq/g

Lattice QCD

(kinetic decomposition)

χQCD Collaboration, 

PR D 91, 014505 (2015).

It is necessary to have transverse information.
3D imaging of the nucleon.
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JAM15

JAM17: ΔΣ = 0.36 ± 0.09

JAM Collaboration, PRL 119, 132001 (2017).

Gluon spin from LQCD: Sg = 0.251(47)(16) 

50% of total proton spin
Y.-B. Yang et al. (χQCD Collaboration), PRL 118, 102001 (2017).
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Unified View of Nucleon Structure
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Inclusive DIS at a large momentum transfer
• dominated by the scattering of the 

lepton off an active quark/parton


• not sensitive to the dynamics at a 
hadronic scale ~ 1/fm


• collinear factorization:  


• overall corrections suppressed by 

� / H(Q)⌦ �a/P (x, µ
2)
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QCD factorization
• provides the probe to “see” quarks, 

gluons and their dynamics indirectly


• predictive power relies on 

— precision of the probe

— universality of 

Lepton-Hadron Deep Inelastic Scattering
Q � ⇤QCD
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�a/P (x, µ
2)
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Semi-inclusive DIS: a final state hadron (Ph) is identified

• enable us to explore the emergence of color 
neutral hadrons from colored quarks/gluons


• flavor dependence by selecting different 
types of observed hadrons: pions, kaons, …


• a large momentum transfer Q provides a 
short-distance probe


• an additional and adjustable momentum scale 

Semi-inclusive Deep Inelastic Scattering

Ph

l'

X
P

q

l

PhT
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uū + dd̄p
2
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Figure 8: Sketch, not to-scale, of kinematical regions of SIDIS in terms of the produced
hadron’s Breit frame rapidity and transverse momentum. In each region, the type of sup-
pression factors that give factorization are shown. (The exact size and shape of each region
may be very different from what is shown and depends on quantities like Q and the hadron
masses.) In the Breit frame, according to Eq. (9.7), partons in the handbag configura-
tion are centered on y ⇡ 0 if �k

2

i
⇡ k

2

f
= O

�
m

2
�
. The shaded regions in the sketch are

shifted somewhat toward the target rapidity yP,b (the vertical dashed line) to account for
the behavior of Eq. (9.1) when zN and xN are small.

R1 ⇡ 0.8 for kaons. If R1 ⇡ 0.8 is taken to be large, then confidence that one is in the
current region deteriorates. The flavor of the final state hadron has little effect on the
transverse momentum hardness, R2, from Eq. (8.16). From Fig. 11 (a) and Fig. 11 (c) flavor
dependence is only noticeable at low Q and even then the effect is small. To summarize,
the produced hadron mass affects collinearity R1 significantly, but does not appear to be a
primary factor in determining transverse hardness R2.

Within a specific example, collinearity R1 and transverse hardness R2 have helped us
to map out the current kinematic region (small R1) and to separate the "small" from the
"large" transverse momentum regions (small R2 vs large R2). The former will reasonably
correspond to a region where we expect TMD factorization to apply, while for the latter
a collinear factorization will be appropriate. At this stage, one might wonder whether
a LO calculation could be enough or whether higher order perturbative corrections are
necessary. This is where R3 comes into the game: large R3 coupled with large R2 signal a
large qT region where presumably higher order pQCD corrections are relevant, while small
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Sketch of kinematic regions of the produced hadron
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SIDIS Kinematic Regions

 = PhT / z
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SIDIS in Trento Convention
SIDIS differential cross section
18 structure functions F(xB, z, Q2, PhT), 

(one photon exchange approximation)
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target
rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon
momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.
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= ↵2

xByQ2
y2

2(1�✏)

⇣
1 + �2

2xB

⌘

⇥ {FUU,T + ✏FUU,L +
p
2✏(1 + ✏)F cos�h

UU cos�h + ✏F cos 2�h

UU cos 2�h + �e

p
2✏(1� ✏)F sin�h

LU sin�h

+SL

hp
2✏(1 + ✏)F sin�h

UL sin�h + ✏F sin 2�h

UL sin 2�h

i
+ �eSL

hp
1� ✏2FLL +

p
2✏(1� ✏)F cos�h

LL cos�h

i

+ST

h⇣
F sin(�h��S)
UT,T + ✏F sin(�h��S)

UT,L

⌘
sin (�h � �S) + ✏F sin(�h+�S)

UT sin (�h + �S)

+✏F sin(3�h��S)
UT sin (3�h � �S) +

p
2✏(1 + ✏)F sin�S

UT sin�S +
p
2✏(1 + ✏)F sin(2�h��S)

UT sin (2�h � �S)
i

+�eST

hp
1� ✏2F cos(�h��S)

LT cos (�h � �S)

+
p

2✏(1� ✏)F cos�S

LT cos�S +
p

2✏(1� ✏)F cos(2�h��S)
LT cos (2�h � �S)

io
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Quark Polarization
U L T

U

L

T

_

_

_

_

_

__

)0

$0C

$07

D0

D0C

D0

D07

)07⊥

⊥

⊥

⊥

unpolarized

helicity
longi-transversity


(worm-gear)

trans-helicity

(worm-gear)

transversity

pretzelosity
Sivers

Boer-Mulders

9

Leading Twist TMDs



Tianbo Liu 10

Some Recent Measurements

-.>E.F(G*HHIJ*&I9#*8=(/DK<L(>';L(?(44=(003110(231045L

To better evaluate any potential z dependence, and
in order to avoid, e.g., possible influence of the y
dependence of Ah

k through its kinematic prefactors, Ah
1

was determined from Ah
k according to Eq. (7). A set of

polynomial functions—one linear in x only, one linear in
both x and z, and one second order in both variables—was
then fit to all 18 data points with correlated uncertainties for
each of the resulting Ah

1 asymmetries. It was found that

FIG. 3. The longitudinal double-spin asymmetries Ah
k;N as a function of z in three different x ranges as labeled, withN ¼ p, d denoting

the target nucleus and h ¼ π", K" the final-state hadron detected. Data points for the first x slice are plotted at their average kinematics,
while the ones for the other two x slices are slightly shifted horizontally for better legibility. The inner error bars represent statistical
uncertainties while the outer ones statistical and systematic uncertainties added in quadrature.

FIG. 4. The longitudinal double-spin asymmetries Ah
k;N as a function of Ph⊥ in three different x ranges as labeled, with N ¼ p, d

denoting the target nucleus and h ¼ π", K" the final-state hadron detected. Data points for the first x slice are plotted at their average
kinematics, while the ones for the other two x slices are slightly shifted horizontally for better legibility. The inner error bars represent
statistical uncertainties while the outer ones represent statistical and systematic uncertainties added in quadrature.

A. AIRAPETIAN et al. PHYS. REV. D 99, 112001 (2019)
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Longitudinal double spin asymmetry

[cf. Eq. (1)] and thus a nonzero Ah;cos 2ϕ
k can arise in this

approximation only through the very small transverse
component of the target-spin vector in a configuration
where the target is polarized along the beam direction [18].

D. The hadron charge-difference asymmetry

The hadron charge-difference asymmetry

Ahþ−h−
1 ðxÞ≡ ðσhþ1=2 − σh

−

1=2Þ − ðσhþ3=2 − σh
−

3=2Þ
ðσhþ1=2 − σh

−

1=2Þ þ ðσhþ3=2 − σh
−

3=2Þ
ð12Þ

provides additional spin-structure information and is not
trivially constructible from the simple semi-inclusive
asymmetries. The difference asymmetries for pions from
the hydrogen target and pions, kaons, and undifferentiated
hadrons5 from the deuterium target are shown in Fig. 8,
together with results from the COMPASS Collaboration for
unidentified hadrons from a 6LiD target [6]. A feature that
might be unexpected is that the uncertainties for the kaon
asymmetry are considerably smaller than those on the pion
asymmetry despite the smaller sample size. This is a result
of the larger difference between yields of charged kaons
compared to that of the charged pions (as K− shares no
valence quarks with the target), which causes a signifi-
cantly larger denominator of Eq. (12).

Under the assumption of leading-order (LO), leading-
twist (LT) QCD, and charge-conjugation symmetry of the
fragmentation functions, i.e.,

FIG. 7. Ah;cosϕ
k ðPh⊥Þ in two x ranges for charged pions (and kaons) from protons (deuterons) as labeled. The inner error bars represent

statistical uncertainties while the outer ones represent statistical and systematic uncertainties added in quadrature. Data points for the
first x slice are plotted at their average kinematics, while the ones for the second x slice are slightly shifted horizontally for better
legibility.

FIG. 8. Hadron charge-difference asymmetries for pions from
the hydrogen target and pions, kaons, and all hadrons from the
deuterium target. Error bars represent statistical uncertainties.
Systematic uncertainties are given as bands. Data from COM-
PASS [6] for undifferentiated hadrons using a 6LiD target are
also shown.

5Note that the momentum requirement for unidentified
hadrons is relaxed to Ph > 0.5 GeV.

LONGITUDINAL DOUBLE-SPIN ASYMMETRIES … PHYS. REV. D 99, 112001 (2019)

112001-11

No strong dependence on transverse momentum or azimuthal angle is observed.
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Fig. 2. Virtual-photon asymmetry amplitudes for positively and negatively charged pions and kaons, for protons and anti-protons, as a function of xB , z, and Ph⊥ , for data 
collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The open symbols are slightly offset horizontally. The error bars represent the statistical 
uncertainties, while the error bands represent systematic uncertainties. In addition, there is a systematic uncertainty originating from the measurement of the beam polar-
ization, corresponding to a scale factor of 3%. The grey data points represent the region for which z > 0.7, which is not included in the presentations of the asymmetry 
amplitudes as a function of xB and Ph⊥ .

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

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

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

3. Results

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

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

Beam spin asymmetry

First presented for K±, p, p̄
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3D extraction for π+
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FIG. 6: PT dependence of F sin�
LU /FUU for increasing z bins

(left to right) and for di↵erent Q2-xB bins (bin 1: Q2 = 1.71
GeV2, xB = 0.13, bin 2: Q

2 = 2.02 GeV2, xB = 0.19, bin 7:
Q

2 = 4.89 GeV2, xB = 0.39, bin 9: Q
2 = 6.55 GeV2, xB =

0.52) . The systematic uncertainty is given by the histogram
just above the horizontal axis. The predictions of the di↵erent
theoretical models are shown by the bold lines (blue: model
1, red: model 2, magenta: model 3). For models 1 and 2 the
contribution from eH

?
1 (dashed line) and g

?
D1 (dotted line)

are shown in the same color as the final result.

provide sizable contributions in some kinematic regions.
Therefore, including the multidimensional data points
presented in this work will help to further constrain the
TMDs and FFs in global fits.

In addition to the z and PT dependence, the xB de-
pendence can also provide valuable insights into the kine-
matic dependence of the involved TMDs and FFs. The
result for the xB dependence are shown in Fig. 7. To ob-
tain these dependences, the same multidimensional bin-
ning is used. Owing to the correlation between xB and
Q

2, the xB dependence is integrated/averaged over Q
2.

Therefore, only discrete points are shown for the theory
calculations. Also as a function of xB a strong kinematic
dependence of the behaviour can be observed, with a
more flat behaviour at small z and PT and an increasing
trend for larger PT and z values. As for the z and PT

dependence, the best agreement is provided by model 2.
The xB dependence clearly shows that model 3, which
uses only the eH?

1 term, provides a su�cient description
at small z and PT , but cannot reproduce the trend at the
largest PT and z values.

The structure function ratio F
sin�
LU /FUU correspond-

ing to the polarized electron beam single spin asymme-
try in semi-inclusive deep inelastic scattering has been

FIG. 7: xB dependence of F sin�
LU /FUU for selected PT and z

bins. The result is integrated over Q
2. The systematic un-

certainty is given by the histogram just above the horizontal
axis. The predictions of the di↵erent theoretical models are
shown as open symbols (blue triangles: model 1, red squares:
model 2, magenta circles: model 3).

measured over a wide range of kinematics in a fully mul-
tidimensional study for the first time. The comparison
with calculations allows a clear di↵erentiation between
competing reaction models, e.g. highlighting the impor-
tance of the poorly known T-odd chiral-even TMD g

? at
large PT and z, while providing new empirical informa-
tion in support of an important role for axial-vector di-
quark correlations in the proton’s wave function. There-
fore, including this multidimensional measurement into
global fits, in combination with future measurements of
unpolarized cross sections, as well as polarized target spin
asymmetries, will provide new, strong constraints on the
participating TMDs and FFs. Such progress will set us
firmly on the path to a deeper understanding of nucleon
structure in the 3-D space most natural to picturing com-
posite objects in relativistic quantum field theory.

We acknowledge the outstanding e↵orts of the sta↵
of the Accelerator and the Physics Divisions at Je↵er-
son Lab in making this experiment possible. We owe
much gratitude to P. Schweitzer for many fruitful discus-
sions concerning the interpretation of our results. This
work was supported in part by the U.S. Department
of Energy, the National Science Foundation (NSF), the
Italian Istituto Nazionale di Fisica Nucleare (INFN),
the French Centre National de la Recherche Scientifique
(CNRS), the French Commissariat pour l0Energie Atom-
ique, the UK Science and Technology Facilities Coun-
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Figure 21. The 2〈cos(φ−φS)/
√
1−ε2 〉hL⊥ amplitudes for charged mesons (left: pions; right: kaons)

presented either in bins of x, z, or Ph⊥. Data at large values of z, marked by open points in the z
projection, are not included in the other projections. Systematic uncertainties are given as bands,
not including the additional scale uncertainty of 8.0% due to the precision in the determination of
the target and beam polarizations.

4.4 Signals for the worm-gear (II) distribution g q
1T

(
x,p2

T

)

The naive-T -even and chiral-even worm-gear (II) distribution g q
1T

(
x,p2

T

)
is unique in the

sense that it is the only TMD that vanishes when integrating over pT but neither entails
nor is affected by final-state interactions. At leading twist, this TMD cannot contribute to
naive-T -odd effects that cause single-spin asymmetries. Its spin-orbit correlation, λSi

T p
i
T ,

involves a common product of the helicity of the struck quark and the transverse spin
direction of the nucleon. In combination with the selection of quarks with a certain helicity
by a longitudinally polarized lepton beam, the worm-gear (II) distribution g q

1T
(
x,p2

T

)
can

be related to the cos(φ−φS) modulation of the double-spin asymmetry in the scattering
of longitudinally polarized leptons by transversely polarized nucleons.

This cos(φ−φS) modulation provides a leading-twist signal for the worm-gear (II)
distribution g q

1T
(
x,p2

T

)
in combination with the spin-independent fragmentation function

D q→h
1

(
z,z2k2

T

)
[cf. eq. (2.10)]. As such it is not additionally suppressed in the asymmetry

amplitude by the relative magnitude of H⊥,q→h
1

(
z,z2k2

T

)
compared to D q→h

1
(
z,z2k2

T

)
.

In figures 21 and 22, the 2〈cos(φ−φS)/
√
1−ε2 〉hL⊥ Fourier amplitudes of the double-

spin asymmetry Ah
L⊥ are presented for pions, charged kaons, as well as for (anti)protons.

As a consequence of the relatively small degree of polarization of the HERA lepton beam
during the years 2002–2005, the statistical uncertainties are generally larger than those for
the Fourier amplitudes of the transverse single-spin asymmetry Ah

U⊥.
For positively charged pions, non-vanishing 2〈cos(φ−φS)/

√
1−ε2 〉hL⊥ Fourier ampli-

tudes are extracted, providing an indication for a non-vanishing worm-gear (II) distribu-
tion g q

1T
(
x,p2

T

)
. Results for π − and K+ are inconsistent with zero at 90% but not at 95%

confidence level.
When comparing the meson results to the Sivers asymmetries, which also involve only

the ordinary D q
1

(
z,z2k2

T

)
fragmentation function and are thus easier to interpret in terms
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Longitudinal transverse double spin asymmetry
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Figure 22. The 2〈cos(φ−φS)/
√
1−ε2 〉hL⊥ amplitudes for π 0 (left), protons, and antiprotons (right)

presented either in bins of x, z, or Ph⊥. Data at large values of z, marked by open points in the
z projection, are not included in the other projections (no such high-z points are available for
antiprotons due to a lack of precision). Systematic uncertainties are given as bands, not including
the additional scale uncertainty of 8.0% due to the precision in the determination of the target and
beam polarizations.

of separate quark-flavor contributions, a similar picture becomes apparent: mainly the
positively charged mesons exhibits a (positive) 2〈cos(φ−φS)/

√
1−ε2 〉L⊥ amplitude. In

analogy to the Sivers discussion, taking into account the additional minus sign in the
Sivers convolution (2.6) compared to (2.10), the data suggest that gu

1T
(
x,p2

T

)
is positive.

However, all of the above discussion is merely qualitative in view of the large uncer-
tainties of this measurement. In that respect, it should be emphasized that tremendous
progress has been made predicting g q

1T
(
x,p2

T

)
based on models (e.g., refs. [60, 166]) and by

now also lattice-QCD calculations [167, 168]. A common thread among the calculations is
a positive gu

1T
(
x,p2

T

)
and a negative g d

1T
(
x,p2

T

)
, not at variance with the above discussion.

For example, the calculation in ref. [60] — based on the light-cone constituent-quark model
— predicts positive 2〈cos(φ−φS)〉LT Fourier amplitudes for charged pions of the order of
2–3%, larger for π+ than for π −, which qualitatively agrees with the results presented
here. The COMPASS experiment found positive 2〈cos(φ−φS)〉LT Fourier amplitudes for
unidentified charged hadrons [56]. The results by the Jefferson Lab Hall A Collabora-
tion [66] using a transversely polarized 3He target, which essentially can be regarded as
a neutron target, show a large positive asymmetry for π − while the π+ asymmetry is
consistent with zero, also consistent with the model predictions.

4.5 The subleading-twist SSA and DSA Fourier amplitudes

Four modulations contributing to the cross sections (2.1) involving transverse target polar-
ization (two of which require in addition longitudinal beam polarization) vanish at twist-2
level and thus involve either twist-3 distribution or fragmentation functions, as detailed in
section 2.2.5. As such they offer a way to constrain multi-parton correlations, while on the
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FIG. 9: JLab data for ⇡+ (left) and ⇡� (right) compared with our theory curves at 1-� CL. The dark (open) points are data
that were (were not) included in our fit after the qT /Q < 0.5 cut.

thus indicating good agreement between our theory and the data. On the other hand, �2

w/Npts. = 1.94 for ⇡0, thus
implying that the agreement with our theory is just fair for this data set. The reason for the larger �2

w/Npts. most
likely is the few points that deviate from the overall trend of the data. For COMPASS, �2

w/Npts. = 0.97 for h+ and
�2

w/Npts. = 0.71 for h� data. For JLab, �2

w/Npts. = 0.31 for ⇡+ data and �2

w/Npts. = 1.13 for ⇡�. These values
suggest strong compatibility between our theory and the data.

In Fig. 10 we show our final results for x g(1)
1T (x) for the up quarks (left panel) and the down quarks (right panel)

at Q2 = 4GeV2. We emphasize that this is the very first information on g1T (x,~k2?) from experimental data, which

we have obtained from an analysis of the world SIDIS data on Acos(�h��S)

LT . Figure 10 indicates that g1T for the up
quark is positive and for the down quark is negative, although with large error bands for the latter. This is most likely
because, even though JLab does have neutron data, the ⇡+ errors are larger compared to those for ⇡� (see Fig. 9),
so one cannot achieve as precise an extraction for the down quark g1T . Additional data from JLab on a neutron
target, or COMPASS on a deuteron target, would be needed to obtain a better flavor separation. Nonetheless, the
first prominent qualitative feature that we observe here is that our results are compatible (to some extent) with the
large-Nc approximation (2), which implies that gu

1T and gd
1T have relative signs. Recall that such was the conclusion

also from lattice QCD as well as calculations in constituent quark models. Note that we mention “to some extent”
because of the relative sizes of the two distributions. The values of the parameters from our fit are Nu = 0.026±0.007,
Nd = �0.012 ± 0.010, and ↵ = 1.9 ± 0.6, so the magnitude of gu

1T does slightly overlap with that for gd
1T . We will

present results for a fit that imposes the large-Nc constraint gu
1T = �gd

1T in the next subsection.

FIG. 10: Main global fit results for xg(1)1T (x) at Q2 = 4 GeV2 for up quarks (left) and down quarks (right) obtained in the
weighted �2 method.
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Transverse single spin asymmetries for ρ0

4 TSAS FOR ⇢0 MESONS
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Figure 3: Upper panel: Collins asymmetry in region I I as function of x (left plot), z

(middle plot) and PT (right plot). Middle panel: corresponding asymmetries in region I

(full points) and I I (open points). Lower panel: final Collins asymmetry for ⇢0 mesons.
The errorbars show the statistic uncertainties only. The systematic uncertainties for the
⇢0 asymmetry have been estimated to be �s ys = 0.3�stat .

⇢0(770), f0(980) and f2(1270) mesons are clearly visible. A fit of the signal distribution with the
sum of three Breit-Wigner functions shown in the figure demonstrates that the subtraction proce-
dure is clean. Finally, the fraction fs of ⇢0 mesons in region I I is calculated dividing the ⇢0 counts
by the total h

+
h
� pairs in the same region.

This procedure has been applied to all x , z and PT bins and the values of fs are shown in Fig.
2. We find fs to be almost constant and about 0.18 as function of x and it increases with PT and z.
In particular the high value (about 0.38) in the last z bin can be understood in terms of the string
fragmentation model [10].

4 TSAs for ⇢0
mesons

The Collins asymmetry a
sin(�hh+�S�⇡)
UT in the ⇢0 region is shown in the upper panel of Fig. 3 as

function of x , z and PT. In spite of the large statistical uncertainties, the asymmetry is positive
and in particular at low PT and for intermediate z values. The corresponding asymmetries in the

4
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Figure 4: Upper panel: Sivers asymmetry in region I I as function of x (left plot), z

(middle plot) and PT (right plot). Middle panel: corresponding asymmetries in region I

(full points) and I I (open points). Lower panel: final Sivers asymmetry for ⇢0 mesons.
Statistic uncertainties only. Systematic uncertainties for the ⇢0 asymmetry have been
estimated to be �s ys = 0.3�stat .

side band regions I and I I I are shown in the middle panel of the same figure. They are similar
and compatible with zero.

The final Collins asymmetry A
sin(�hh+�S�⇡)
UT for ⇢0 mesons is shown in the lower panel of Fig. 3.

The uncertainties are statistical only. It has been obtained using in each bin the background asym-
metry A

sin(�hh+�S�⇡)
UT,bg according to Eq. (1). The background asymmetry is calculated as the arith-

metic average of the asymmetries in regions I and I I I . In spite of the large uncertainties, the ⇢0

Collins asymmetry is positive in all kinematic bins and a clear effect can be seen for PT < 0.5 GeV/c.
This is consistent with the expectations from polarized quark fragmentation models [7,8].

The Sivers asymmetries are shown in Fig. 4. The uncertainties are again statistical only. The
asymmetry a

sin(�hh��S)
UT in the ⇢0 region is large and positive but also the background asymmetry

in the side band regions is large, as can be seen from Fig. 4. The final Sivers asymmetry for ⇢0

mesons A
sin(�hh��S)
UT is shown in the bottom panel in Fig. 4. Also in this case we find a hint for a

positive asymmetry, as can be expected from considerations based on the parton model and the
measurements of the Sivers asymmetries for unpolarized hadrons [1,2], compatible with the side
bands asymmetries.
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Fig. 4. Results on Rp as a function of ν in nine bins of zrec for the first x-bin, x < 0.05. Statistical uncertainties are shown by error bars, systematic uncertainties by the 
shaded bands at the bottom. The dashed curve, which is the same in all z-bins, represents the lower limit for Rp calculated in LO pQCD using the PDF set of Ref. [17]. The 
shaded band around the LO lower limit indicates its uncertainty.

value for this fit, β = 0.75 ± 0.04, agrees within uncertainties well 
with β = 0.71 ± 0.03 obtained from the fit to RK in Ref. [12]. As β
depends on the momentum range used for the analysis, its value 
appears only to be a reflection of the RK and Rp dependence upon 
the missing mass M X , which is discussed below.

In Fig. 3, the comparison of Rp with RK calculated using data 
from Refs. [10] and [12] shows that over the whole measured 
phase space Rp falls significantly below RK. Using in the proton 
analysis the MSTW08L PDF set [17] and the DSS FF set [5], at av-
erage values of x and Q 2 the ratio RK/Rp is expected to be about 
1.10 ± 0.05 in LO pQCD.2 As mentioned above, the x and Q 2 dis-
tributions from the proton and kaon analyses are different, which 
turns out to reduce the expected value of the RK/Rp ratio by about 
5% to 10%. Thus in LO pQCD one would expect the proton and kaon 
data points shown in Fig. 3 to agree within better than 5%, which 
is clearly not the case.

One of the striking features of the observed disagreement be-
tween the expectation of (N)LO pQCD and the results on RK ob-
tained in Ref. [12] was the observed strong dependence of RK on 
the virtual-photon energy ν , with values of RK closer to the pQCD 
prediction for higher ν . Our present results on Rp do confirm a 
similar dependence for the proton case. These results as well as 

2 The quoted uncertainty includes not only the ones given by MSTW08L and DSS 
sets but also accounts for changes in RK/Rp in case other PDFs and FFs sets are 
considered, e.g. [6,18,19].

Fig. 5. Results on Rp as a function of missing mass MX for the first x-bin, x < 0.05. 
For clarity only statistical uncertainties are shown.

the prediction of LO pQCD are shown in Fig. 4 and in Table 2. 
Much higher energies than those available in COMPASS seem to be 
required to eventually reach in the high-z region the lower limit 
of Rp predicted by LO pQCD. We mention that the lower limit of 
Rp does not directly depend on ν . The ν-dependence of the pQCD 
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able by improving the kaon identification procedure. Note that 
when measuring a multiplicity ratio, several systematic uncertain-
ties cancel in both theory and experiment. Thus a multiplicity ratio 
can be considered as one of the most robust observables presently 
available when analysing SIDIS data and the analysis given in this 
Letter hence presents a test of the applicability of pQCD in the 
studied kinematic domain.

This Letter is organised as follows. In Section 2, pQCD-based 
predictions for Rp and RK are discussed. Experimental set-up and 
data selection are described in Section 3. The analysis method is 
presented in Section 4, followed by the discussion of systematic 
uncertainties in Section 5. The results are presented and discussed 
in Section 6.

2. Theoretical framework and model expectations

Hadrons of type h produced in the final state of DIS are com-
monly characterised by their relative abundance. The hadron mul-
tiplicity Mh is defined as ratio of the SIDIS cross section for hadron 
type h and the cross section for an inclusive measurement of the 
deep-inelastic scattering process (DIS):

dMh(x, Q 2, z)
dz

= d3σ h(x, Q 2, z)/dxdQ 2dz
d2σ DIS(x, Q 2)/dxdQ 2 . (1)

Here, x denotes the Bjorken scaling variable. The cross sections 
σ DIS and σ h can be composed using the standard factorisation ap-
proach of pQCD [14,15]. In the following, the LO pQCD expressions 
for the cross section calculations will be used. In the LO approx-
imation for the multiplicity, where the sum over parton species 
a = q, ̄q is weighted by the square of the electric charge ea of 
the quark expressed in units of the elementary charge, only simple 
products of PDFs fa(x, Q 2) and FFs Dh

a (z, Q 2) are involved instead 
of the aforementioned convolutions:

dMh(x, Q 2, z)
dz

=

∑
a

e2
a fa(x, Q 2)Dh

a (z, Q 2)

∑
a

e2
a fa(x, Q 2)

. (2)

For a deuteron target, the p̄ over p multiplicity ratio in LO pQCD 
reads as follows:

Rp(x, Q 2, z) = dM p̄(x, Q 2, z)/dz
dMp(x, Q 2, z)/dz

= 4.5(ū + d̄)Dfav + (5u + 5d + 2s + 2s̄)Dunf

4.5(u + d)Dfav + (5ū + 5d̄ + 2s + 2s̄)Dunf
. (3)

Here, u, ū, d, d̄, s, s̄ denote the PDFs in the proton for correspond-
ing quark flavours. Their dependences on x and Q 2 are omitted for 
brevity. The symbols Dfav (Dunf) denote favoured (unfavoured) FFs 
and their dependence on z and Q 2 are also omitted for brevity. 
Presently, proton FFs and their ratios are not well known at high 
z as their extraction is based on e+e− annihilation data only [2]. 
Following Refs. [2] and [16] it is assumed that Dp

u = 2Dp
d = Dfav. 

In addition, the existing data do not allow to distinguish between 
different functions Dunf for different quark flavours. In the large-z
region, the ratios Dunf/Dfav are expected to be small.1 Neglecting 
Dunf in Eq. (3) leads to the following lower limit for Rp in LO 
pQCD:

Rp >
ū + d̄
u + d

. (4)

1 For kaons, this expectation is indeed confirmed in pQCD fits already at moder-
ate values of z, see e.g. Ref. [6].

It depends only upon rather well known PDFs and is independent 
on the assumption Dp

u = 2Dp
d = Dfav. It is interesting to note that 

the lower limit predicted by LO pQCD is the same for both protons 
and kaons [12], while in general RK > Rp is expected as in the case 
of kaons strange quark FFs (DK−

s , DK+
s̄ ) are involved, which are of 

the favoured type contrary to the proton case.
The present analysis is performed in two x-bins, below and 

above x = 0.05. The average values of x and Q 2 are 〈x〉 = 0.023, 
〈Q 2〉 = 2.4 (GeV/c)2 in the first x-bin and 〈x〉 = 0.10, 〈Q 2〉 = 9.8 
(GeV/c)2 in the second one. Based on Eq. (4) and the MSTW08LO 
PDF set from Ref. [17], the expected lower limits on Rp in these 
two x-bins are 0.51 and 0.28. These values are about 10% higher 
if newer PDF sets as in Refs. [18,19] are used instead. Due to the 
above mentioned lack of reliable proton FFs at NLO, presently no 
predictions can be made for the lower limit of Rp at higher per-
turbative order.

We also evaluate Rp with the LEPTO Monte Carlo event gen-
erator [20] (version 6.5), with the result that the LUND string 
fragmentation model [21] used in LEPTO is incapable to model Rp
correctly. For example, for z = 0.5 LEPTO predicts Rp ≈ 1, which is 
definitely not supported by the data as it will be shown below. On 
the other hand, for z > 0.85 the predicted value of Rp falls below 
the LO pQCD lower limit. This is possible as in the LUND model 
the mechanism of string hadronisation does not only depend on 
quark and hadron types and on z, as in pQCD, but also on the type 
of the target nucleon and on x, see Ref. [22] for more details.

Due to different lower momentum limits for particle identifi-
cation at COMPASS, 18 GeV/c for protons and 9 GeV/c for kaons, 
the observed x and Q 2 distributions are slightly different for pro-
tons and kaons. As a result, the lower limit on RK is about 0.47, 
which is obtained for 〈x〉 = 0.03 and 〈Q 2〉 = 1.6 (GeV/c)2. The LO 
pQCD predictions for the lower limit on RK are ν independent, be-
cause they depend on PDFs in the same way as given in Eq. (4) for 
the proton case. However, in our earlier measurement [12] a clear 
ν dependence was observed. With higher values of ν accessible 
in the current measurement, we expect the results to be in better 
agreement with the expectation of (N)LO pQCD. We also note that 
the NLO lower limit for RK turns out to be 10%–15% smaller than 
the LO pQCD lower limit given above, see Ref. [12].

Some phenomenological models [23–25] are able to accommo-
date RK below the pQCD limits presented above, but the predicted 
effect is too small to explain our earlier published results [12]. 
There are also important theoretical efforts ongoing to improve 
the formalism (higher-order corrections, treatment of heavy quarks 
etc.), see e.g. Refs. [26–31], which however do not affect the inter-
pretation of the data shown in Ref. [12] and in the present paper.

3. Experimental set-up and data selection

The present analysis is based on COMPASS data taken in 2006. 
The 160 GeV/c µ+ beam delivered by the M2 beam line of the 
CERN SPS had a momentum spread of about 5%. The beam was 
naturally polarised, but the polarisation is not affecting this analy-
sis since we integrate over azimuthal angle and transverse momen-
tum of the produced hadrons. The 6LiD target has a total length of 
120 cm, which corresponds to about half of a hadron interaction 
length. It is considered to be isoscalar, and the 0.2% excess of neu-
trons over protons due to the presence of additional material in 
the target (3He and 7Li) is neglected. The target was longitudinally 
polarised, but in the present analysis the data are averaged over 
the target polarisation, which leads to a remaining average target 
polarisation below 1%.

The COMPASS two-stage spectrometer has a polar angle accep-
tance of ±180 mrad, and it is capable of detecting charged parti-
cles with momenta as low as 0.5 GeV/c. However, in this analysis 
typical particle momenta are above 20 GeV/c. The ring-imaging 
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able by improving the kaon identification procedure. Note that 
when measuring a multiplicity ratio, several systematic uncertain-
ties cancel in both theory and experiment. Thus a multiplicity ratio 
can be considered as one of the most robust observables presently 
available when analysing SIDIS data and the analysis given in this 
Letter hence presents a test of the applicability of pQCD in the 
studied kinematic domain.

This Letter is organised as follows. In Section 2, pQCD-based 
predictions for Rp and RK are discussed. Experimental set-up and 
data selection are described in Section 3. The analysis method is 
presented in Section 4, followed by the discussion of systematic 
uncertainties in Section 5. The results are presented and discussed 
in Section 6.

2. Theoretical framework and model expectations

Hadrons of type h produced in the final state of DIS are com-
monly characterised by their relative abundance. The hadron mul-
tiplicity Mh is defined as ratio of the SIDIS cross section for hadron 
type h and the cross section for an inclusive measurement of the 
deep-inelastic scattering process (DIS):

dMh(x, Q 2, z)
dz

= d3σ h(x, Q 2, z)/dxdQ 2dz
d2σ DIS(x, Q 2)/dxdQ 2 . (1)

Here, x denotes the Bjorken scaling variable. The cross sections 
σ DIS and σ h can be composed using the standard factorisation ap-
proach of pQCD [14,15]. In the following, the LO pQCD expressions 
for the cross section calculations will be used. In the LO approx-
imation for the multiplicity, where the sum over parton species 
a = q, ̄q is weighted by the square of the electric charge ea of 
the quark expressed in units of the elementary charge, only simple 
products of PDFs fa(x, Q 2) and FFs Dh

a (z, Q 2) are involved instead 
of the aforementioned convolutions:

dMh(x, Q 2, z)
dz

=

∑
a

e2
a fa(x, Q 2)Dh

a (z, Q 2)

∑
a

e2
a fa(x, Q 2)

. (2)

For a deuteron target, the p̄ over p multiplicity ratio in LO pQCD 
reads as follows:

Rp(x, Q 2, z) = dM p̄(x, Q 2, z)/dz
dMp(x, Q 2, z)/dz

= 4.5(ū + d̄)Dfav + (5u + 5d + 2s + 2s̄)Dunf

4.5(u + d)Dfav + (5ū + 5d̄ + 2s + 2s̄)Dunf
. (3)

Here, u, ū, d, d̄, s, s̄ denote the PDFs in the proton for correspond-
ing quark flavours. Their dependences on x and Q 2 are omitted for 
brevity. The symbols Dfav (Dunf) denote favoured (unfavoured) FFs 
and their dependence on z and Q 2 are also omitted for brevity. 
Presently, proton FFs and their ratios are not well known at high 
z as their extraction is based on e+e− annihilation data only [2]. 
Following Refs. [2] and [16] it is assumed that Dp

u = 2Dp
d = Dfav. 

In addition, the existing data do not allow to distinguish between 
different functions Dunf for different quark flavours. In the large-z
region, the ratios Dunf/Dfav are expected to be small.1 Neglecting 
Dunf in Eq. (3) leads to the following lower limit for Rp in LO 
pQCD:

Rp >
ū + d̄
u + d

. (4)

1 For kaons, this expectation is indeed confirmed in pQCD fits already at moder-
ate values of z, see e.g. Ref. [6].

It depends only upon rather well known PDFs and is independent 
on the assumption Dp

u = 2Dp
d = Dfav. It is interesting to note that 

the lower limit predicted by LO pQCD is the same for both protons 
and kaons [12], while in general RK > Rp is expected as in the case 
of kaons strange quark FFs (DK−

s , DK+
s̄ ) are involved, which are of 

the favoured type contrary to the proton case.
The present analysis is performed in two x-bins, below and 

above x = 0.05. The average values of x and Q 2 are 〈x〉 = 0.023, 
〈Q 2〉 = 2.4 (GeV/c)2 in the first x-bin and 〈x〉 = 0.10, 〈Q 2〉 = 9.8 
(GeV/c)2 in the second one. Based on Eq. (4) and the MSTW08LO 
PDF set from Ref. [17], the expected lower limits on Rp in these 
two x-bins are 0.51 and 0.28. These values are about 10% higher 
if newer PDF sets as in Refs. [18,19] are used instead. Due to the 
above mentioned lack of reliable proton FFs at NLO, presently no 
predictions can be made for the lower limit of Rp at higher per-
turbative order.

We also evaluate Rp with the LEPTO Monte Carlo event gen-
erator [20] (version 6.5), with the result that the LUND string 
fragmentation model [21] used in LEPTO is incapable to model Rp
correctly. For example, for z = 0.5 LEPTO predicts Rp ≈ 1, which is 
definitely not supported by the data as it will be shown below. On 
the other hand, for z > 0.85 the predicted value of Rp falls below 
the LO pQCD lower limit. This is possible as in the LUND model 
the mechanism of string hadronisation does not only depend on 
quark and hadron types and on z, as in pQCD, but also on the type 
of the target nucleon and on x, see Ref. [22] for more details.

Due to different lower momentum limits for particle identifi-
cation at COMPASS, 18 GeV/c for protons and 9 GeV/c for kaons, 
the observed x and Q 2 distributions are slightly different for pro-
tons and kaons. As a result, the lower limit on RK is about 0.47, 
which is obtained for 〈x〉 = 0.03 and 〈Q 2〉 = 1.6 (GeV/c)2. The LO 
pQCD predictions for the lower limit on RK are ν independent, be-
cause they depend on PDFs in the same way as given in Eq. (4) for 
the proton case. However, in our earlier measurement [12] a clear 
ν dependence was observed. With higher values of ν accessible 
in the current measurement, we expect the results to be in better 
agreement with the expectation of (N)LO pQCD. We also note that 
the NLO lower limit for RK turns out to be 10%–15% smaller than 
the LO pQCD lower limit given above, see Ref. [12].

Some phenomenological models [23–25] are able to accommo-
date RK below the pQCD limits presented above, but the predicted 
effect is too small to explain our earlier published results [12]. 
There are also important theoretical efforts ongoing to improve 
the formalism (higher-order corrections, treatment of heavy quarks 
etc.), see e.g. Refs. [26–31], which however do not affect the inter-
pretation of the data shown in Ref. [12] and in the present paper.

3. Experimental set-up and data selection

The present analysis is based on COMPASS data taken in 2006. 
The 160 GeV/c µ+ beam delivered by the M2 beam line of the 
CERN SPS had a momentum spread of about 5%. The beam was 
naturally polarised, but the polarisation is not affecting this analy-
sis since we integrate over azimuthal angle and transverse momen-
tum of the produced hadrons. The 6LiD target has a total length of 
120 cm, which corresponds to about half of a hadron interaction 
length. It is considered to be isoscalar, and the 0.2% excess of neu-
trons over protons due to the presence of additional material in 
the target (3He and 7Li) is neglected. The target was longitudinally 
polarised, but in the present analysis the data are averaged over 
the target polarisation, which leads to a remaining average target 
polarisation below 1%.

The COMPASS two-stage spectrometer has a polar angle accep-
tance of ±180 mrad, and it is capable of detecting charged parti-
cles with momenta as low as 0.5 GeV/c. However, in this analysis 
typical particle momenta are above 20 GeV/c. The ring-imaging Unexpected strong dependence 
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solid and dotted curves) is large, and could be as large as a
factor of five of the LP contribution when zh and PhT
are large, near the edge of phase space. Therefore, in this
regime where the multiplicity is low and there is not much
phase space for radiation (into light hadrons), it is very
important to include the NLP corrections in the QCD global
fitting for extracting PDFs and FFs. It is also an opportunity
for studying QCD power corrections and the formation or
emergence of hadrons from perturbatively produced quarks
and gluons.

IV. DISCUSSIONS AND FUTURE
OPPORTUNITIES

As emphasized earlier, it is not our goal of this paper to
fit the COMPASS data to extract the NLP contributions,
since the precise LP and NLP contributions to one physical
observable, or more precisely, to the differential multiplic-
ity in Eq. (41), depend on more than one unknown,
nonperturbative function. In principle, we need theoretical
calculations for more physical observables, which are also
sensitive to the same quark-antiquark FFs, and correspond-
ing data to perform QCD global analyses to extract
both PDFs and FFs, as well as these new quark-antiquark
FFs, which could provide much more insights to the color
neutralization and formation of light hadrons, complimen-
tary to what we have learned from the LP single-parton
FFs. The predictive power of this QCD factorization
approach beyond the LP is our ability to calculate the
short-distance hard parts and the universality of these new
multiparton FFs.

In this section, we will discuss the source of possible
contributions to these new quark-antiquark FFs to gain
some insights into their potential structure and functional
forms, and to identify new physical observables that could
also be sensitive to the same quark-antiquark FFs, so that
we could test the universality of these new multiparton FFs
and QCD dynamics beyond the LP contributions in the
future work.
The quark-antiquark FFs are nonperturbative functions

and cannot be calculated within QCD perturbation theory.
However, like PDFs and FFs, we might be able to gain
some insights into these nonperturbative functions’ asymp-
totic behavior as the variables of these functions approach
to an extreme limit, such as z → 1 (or x → 1 or 0 in the
case of PDFs). With the operator definition in Eq. (36), in
principle, we could represent these quark-antiquark FFs in
terms of Feynman diagrams—a Feynman diagram repre-
sentation. For example, the FFs for a ud̄ pair to fragment
into a πþ could be represented by an infinite number
of Feynman diagrams, as shown in Fig. 6. The first
diagram on the right of the “≈” sign is effectively the
lowest order diagram in power of αs in the approximation,
jhðPhÞXi ≈ jhðPhÞi, which led to the approximated expres-
sion of D½qq̄0ð1aÞ%ðz; ξ; ζ; μ0Þ in Eq. (40). With additional
radiation of gluons, other diagrams in Fig. 6 could also
contribute to D½qq̄0ð1aÞ%ðz; ξ; ζ; μ0Þ, but, cannot be propor-
tional to δð1 − zÞ, instead, proportional to ð1 − zÞn as
z → 1. Although the power of n is a nonperturbative
number and depends on the scale at which the FFs are
measured, the power n should be positive that leads to a
powerlike suppression to the NLP contribution from these
diagrams, similar to the suppression from LP single parton
FFs when z → 1 as discussed earlier in this paper. In
addition, a quark-gluon pair could also fragment into a
meson as illustrated by Feynman diagrams in Fig. 7, which
is suppressed by the power of 1 − z as z → 1. In general, in
a confining theory, like QCD, the neutralization of color of

u u

+ +

d d u u

+ +

d d

u u

+ +

d d u u

+ +

d
d

FIG. 6. Feynman diagram representation of the FFs for a pair
of ud̄ to fragment into a πþ meson.

FIG. 5. Comparison of COMPASS data [11] on the differential
multiplicity with LO contribution from both LP and NLP
contributions.
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Probing transversity by measuring ⇤ polarisation in SIDIS 7
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Fig. 4: Spin transfer S⇤(⇤̄) for the full phase-space (top) and for the current fragmentation region (bottom), as a
function of x, z and pT . The bands show the systematic uncertainties, while the error bars represent statistical
uncertainties. The values in x, z and pT are staggered for clarity.

transversity distribution h
s
1(x,Q

2).

Following Eq.(3) and Eq.(10), in the current fragmentation region the spin transfer S⇤(⇤̄) reads

S⇤(⇤̄) =

P
q e

2
qh

q
1H

⇤(⇤̄)
1,q

P
q e

2
qf

q
1D

⇤(⇤̄)
1,q

, (11)

where the dependences on x, z and Q
2 are omitted for simplicity.

4.1 Interpretation of the measured ⇤̄ polarisation

Considering the case of ⇤̄ hyperons, the favoured fragmentation functions H
⇤̄
1,ū, H ⇤̄

1,d̄
and H

⇤̄
1,s̄ only

appear in combination with the sea-quarks ū, d̄ and s̄. As hs̄1 ⇡ 0 can be assumed in analogy to h
ū
1 and

h
d̄
1, transversity is coupled only to unfavoured fragmentation functions. Here H

⇤̄
1,u and H

⇤̄
1,d dominate,

as the s-quark contribution h
s
1H

⇤̄
1,s can be neglected because also h

s
1 is expected to be small. This yields

X

q

e
2
qh

q
1H

⇤̄
1,q / 4hu1H

⇤̄
1,u + h

d
1H

⇤̄
1,d . (12)

⇤(⇤̄)
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         polarization in e+e– annihilation

might cancel the s quark contribution and cause the
reversed pt dependence. However, it should also be noted
that there is a larger charm contribution in the two
intermediate zΛ bins [28].
Considering associated production of a light hadron on

the opposite side, four zh bins with boundaries at zh ¼
½0.2; 0.3; 0.4; 0.5; 0.9# are adopted, where zh ¼ 2Eh=

ffiffiffi
s

p
.

In the hadron frame, the detector smearing effects are found
to be negligible because of the much better resolution of
−p̂h compared to that of T̂. Also, less than 5% of events are
falsely reconstructed in the wrong zΛ or zh bins. Thus, svd
unfolding is not applied here. The efficiency-corrected
cos θ distributions are fit in the same way as those in the
thrust frame. Because of particle misidentifications, the
purity of the πþ (π−) is about 91.8% (94.8%) and that of
Kþ (K−) is 87.4% (69.8%), based on MC simulations.
The contributions from misidentified h% are included in the
results without further correction. The amplitudes of the
transverse polarization of Λ hyperons as a function of zΛ
and zh calculated in the hadron frame are shown in Fig. 2.
These results can give additional insight into the quark
flavor fragmenting into the Λ. In particular, in the low zΛ
region, the polarization in ΛhþX and Λh−X is significantly
different, even showing opposite sign and a magnitude that
increases with higher zh. In contrast, in the region zΛ > 0.5,
the differences between ΛhþX and Λh−X are modest,
although deviations can still be seen.
We investigate the flavor of the (anti-)quark going into

the same hemisphere with the Λ particles using MC
simulations. We find that the flavor tag of the light hadron
depends on zh and zΛ [28]. At low zΛ [29], the contribu-
tions of the various quark flavors for Λ are nearly charge
symmetric in processes ΛhþX and Λh−X. In general,
the results suggest that the Λ polarization from s quark

fragmentation is negative because, in ΛKþX at high zΛ,
where s to Λ fragmentation absolutely dominates, the
observed asymmetries are negative. In Λπ−X and ΛK−X
at low zΛ, u toΛ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmentation
to Λ is positive. In Λπ−X and ΛK−X at high zΛ, there is a
larger contribution from s compared to low zΛ, resulting in
negative polarizations. For ΛπþX at low zΛ, ū fragmenting
into a Λ dominates, and the observed polarizations are
negative. At high zΛ, s fragmenting into Λ is dominant,
resulting in negative polarization. The sign of the Λ polari-
zation fragmenting from d quarks is not well determined.
The results presented in Figs. 1 and 2 show the transverse

polarization for inclusive Λ particles, including those
directly produced from qq̄ fragmentations and those
indirectly produced from decays. Based on MC simula-
tions, about 30% of Λ candidates come from charm, mainly
via c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We note
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ%X (a),
ΛK%X (b), Λ̄π%X (c), and Λ̄K%X (d), as a function of zΛ and zh
in the hadron frame. The different panels show the different zΛ
regions as labeled on the plots. Error bars indicate the sum of
statistical and systematic uncertainties added in quadrature. The
shaded areas show the uncertainties from α.
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s as a
function of zΛ and pt in the thrust frame. The top (a) and bottom
(b) plots display the results for Λ and Λ̄, respectively. The sum of
statistical and systematic uncertainties are indicated by the error
bars and the shaded areas show the uncertainties from α.
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might cancel the s quark contribution and cause the
reversed pt dependence. However, it should also be noted
that there is a larger charm contribution in the two
intermediate zΛ bins [28].
Considering associated production of a light hadron on

the opposite side, four zh bins with boundaries at zh ¼
½0.2; 0.3; 0.4; 0.5; 0.9# are adopted, where zh ¼ 2Eh=

ffiffiffi
s

p
.

In the hadron frame, the detector smearing effects are found
to be negligible because of the much better resolution of
−p̂h compared to that of T̂. Also, less than 5% of events are
falsely reconstructed in the wrong zΛ or zh bins. Thus, svd
unfolding is not applied here. The efficiency-corrected
cos θ distributions are fit in the same way as those in the
thrust frame. Because of particle misidentifications, the
purity of the πþ (π−) is about 91.8% (94.8%) and that of
Kþ (K−) is 87.4% (69.8%), based on MC simulations.
The contributions from misidentified h% are included in the
results without further correction. The amplitudes of the
transverse polarization of Λ hyperons as a function of zΛ
and zh calculated in the hadron frame are shown in Fig. 2.
These results can give additional insight into the quark
flavor fragmenting into the Λ. In particular, in the low zΛ
region, the polarization in ΛhþX and Λh−X is significantly
different, even showing opposite sign and a magnitude that
increases with higher zh. In contrast, in the region zΛ > 0.5,
the differences between ΛhþX and Λh−X are modest,
although deviations can still be seen.
We investigate the flavor of the (anti-)quark going into

the same hemisphere with the Λ particles using MC
simulations. We find that the flavor tag of the light hadron
depends on zh and zΛ [28]. At low zΛ [29], the contribu-
tions of the various quark flavors for Λ are nearly charge
symmetric in processes ΛhþX and Λh−X. In general,
the results suggest that the Λ polarization from s quark

fragmentation is negative because, in ΛKþX at high zΛ,
where s to Λ fragmentation absolutely dominates, the
observed asymmetries are negative. In Λπ−X and ΛK−X
at low zΛ, u toΛ fragmentation dominates, and the observed
positive asymmetries suggest that the u quark fragmentation
to Λ is positive. In Λπ−X and ΛK−X at high zΛ, there is a
larger contribution from s compared to low zΛ, resulting in
negative polarizations. For ΛπþX at low zΛ, ū fragmenting
into a Λ dominates, and the observed polarizations are
negative. At high zΛ, s fragmenting into Λ is dominant,
resulting in negative polarization. The sign of the Λ polari-
zation fragmenting from d quarks is not well determined.
The results presented in Figs. 1 and 2 show the transverse

polarization for inclusive Λ particles, including those
directly produced from qq̄ fragmentations and those
indirectly produced from decays. Based on MC simula-
tions, about 30% of Λ candidates come from charm, mainly
via c → Λc, and in light quarks (uds) about 20% of the Λ
candidates come from Σ0 and 10% from Ξ decays. We note
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FIG. 2. Transverse polarizations of Λ’s observed in Λπ%X (a),
ΛK%X (b), Λ̄π%X (c), and Λ̄K%X (d), as a function of zΛ and zh
in the hadron frame. The different panels show the different zΛ
regions as labeled on the plots. Error bars indicate the sum of
statistical and systematic uncertainties added in quadrature. The
shaded areas show the uncertainties from α.
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FIG. 1. Transverse polarization amplitudes of inclusive Λ’s as a
function of zΛ and pt in the thrust frame. The top (a) and bottom
(b) plots display the results for Λ and Λ̄, respectively. The sum of
statistical and systematic uncertainties are indicated by the error
bars and the shaded areas show the uncertainties from α.
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         polarization in pp collision
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𝑫𝑻𝑻 vs. z results from STAR 2015 data

z =
𝒑𝜦 ∙ 𝒑𝒋𝒆𝒕
|𝒑𝒋𝒆𝒕|2

• First measurement of 𝑫𝑻𝑻 vs. 𝐳 for Λ(ഥΛ)
in p+p collisions. 

• Results are consistent with zero within 
uncertainties.

• 𝐷𝑇𝑇 vs. z directly probes the transversely 
polarized FF of the Λ(ഥΛ) .
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Kinematics with radiative effect

5

• Djangoh is used to simulate charged current deep-inelastic scattering including radiative effects. 
• Kinematics are smeared after including radiative corrections.

Data sample : Int L = 10 fb-1, Kinematics settings: 0.01<y<0.95, 102 GeV2 <Q2<105 GeV2

initial                   final vacuum                            loops

Kinematics with radiative effect

5

• Djangoh is used to simulate charged current deep-inelastic scattering including radiative effects. 
• Kinematics are smeared after including radiative corrections.

Data sample : Int L = 10 fb-1, Kinematics settings: 0.01<y<0.95, 102 GeV2 <Q2<105 GeV2

initial                   final vacuum                            loops

Kinematic experienced 
by the parton

Kinematic reconstructed 
from observed momenta6=
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QED radiation will have significant impact due to kinematic shift, although α is small.



Tianbo Liu

0 0.2 0.4 0.6 0.8 1

qT/Q

10�4

10�3

10�2

10�1

Q2 = 25 GeV2

y = 0.4, zh = 0.5

F h
UU,T

Ftail

F h (mod)

UU,T

Figure 17. Unpolarized SIDIS structure function Fh
UU,T as a function qT /Q, where qT = PhT /z,

at fixed values of Q2 = 25 GeV2, y = 0.4, and zh = 0.5. The unmodified function (dotted blue
line) is taken from the JAM3D20 global QCD analysis [60], while the additional power-law tail
contribution (dashed green line) distorts the region qT /Q > 0.5 by enhancing the modified Fh (mod)

UU,T

(solid red line) to mimic QCD radiation e↵ects in collinear factorization.

Using the fitted parameters from ref. [23], the PhT spectrum was found [48] to be

significantly modified in the presence of QED e↵ects. Since the fitted Gaussian ansatz for

F h
UU,T is only valid for small transverse momenta, it is instructive to see how the QED e↵ects

depend on its shape in the large transverse momentum region, where the Gaussian behavior

is expected to transform into a power law-like dependence. To explore this transition, we

augment the original function F h
UU,T by modifying its large-PhT behavior,

F h
UU,T ! F h (mod)

UU,T = F h
UU,T R + (1 � R)Ftail, (4.6)

where

R = exp


� N

⇣qT
Q

⌘3
�
, Ftail =

Ctail

q2T
, (4.7)

with qT = PhT /z, and the parameters set to N = 20 and Ctail = 0.01 GeV2. The modifica-

tion mimics the enhancement of the structure function at large PhT stemming from hard

QCD radiation, which overwhelms the e↵ects from intrinsic transverse momentum in this

region.

In figure 17 we illustrate our modification to F h
UU,T , showing the dependence on qT /Q

for fixed values of Q2 = 25 GeV2, y = 0.3, and zh = 0.5, using for the unmodified

F h
UU,T structure function the result extracted from the recent JAM3D20 global analysis in

the TMD framework [60]. The specific parameters used for the modification are simply

illustrative, but chosen to approximate a typical scenario for the large-PhT region within

collinear factorization. Note that when implementing the QED e↵ects described in the

previous sections, eqs. (4.5)–(4.7) are utilized by replacing the arguments of F h
UU,T with

the corresponding variables x̂B, bQ2, ẑh and bPhT .

In figure 18 we show the impact of the QED radiative e↵ects on the ratios of unpolar-

ized SIDIS cross sections, calculated at the Born level and with RCs, as a function of qT /Q
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Figure 18. Ratios of unpolarized SIDIS cross sections without radiation (“no RC”) to those
including QED e↵ects, as a function of qT /Q, for the Fh

UU,T structure function from ref. [60] using

the Gaussian ansatz in the TMD framework (left) and with the modified Fh (mod)
UU,T as in eq. (4.6)

(right), for
p

s = 140 GeV, y = 0.4 and zh = 0.5, at Q = 3 GeV (blue lines) and 10 GeV (red lines).
The full calculation with QED radiation (“RC+rot”, solid lines) is compared with that removing
the QED rotational e↵ects induced to the transverse momentum in Breit frame (“RC”, dashed
lines).

at fixed values of
p

s = 140 GeV, y = 0.4 and zh = 0.5, for Q = 3 and 10 GeV, typical

of those expected at the EIC. The QED radiative e↵ects are observed to be stronger in

the absence of hard QCD radiation enhancements in F h
UU,T at large PhT , and relatively

mild otherwise. To isolate the rotational e↵ects induced by the QED radiation in relating

the true Breit frame transverse momentum and the one computed with external kinemat-

ics, we set bPhT ! PhT , but keep the other (⇠, ⇣)-dependent variables unmodified. This

e↵ectively removes the rotational e↵ect, and reveals its suppressed role for the power-law

enhanced F h (mod)
UU,T structure function compared with the unmodified function. The striking

dependence of the QED radiative e↵ects on the specific behavior of F h
UU,T indicates the

di�culty in establishing a universal QED correction that can be applied to extract the

pure QED, “free” SIDIS structure function from the data. Since the corrections depends

on the behavior of F h
UU,T itself, one is confronted with an inverse problem that can only be

solved within a QCD analysis framework that incorporates QED e↵ects simultaneously.

Turning now to the QED radiative e↵ects on the leading-twist spin modulations in

SIDIS, we note that for scattering of unpolarized leptons (U) from nucleons with trans-

verse (T ) polarization ST there are three contributions that enter in the sum
P

n ŵnF h
n

in eq. (3.34). These UT modulations depend on the relative angles �̂h and �̂S in the

combinations given by [10]
X

n

ŵnF h
n (x̂B, bQ2, ẑh, bP 2

hT )
���
UT

= |ST |
h
sin(�̂h � �̂S)F sin(�h��S)

UT ,T + sin(�̂h + �̂S)F sin(�h+�S)
UT

+ sin(3�̂h � �̂S)F sin(3�h��S)
UT

i
, (4.8)

where the first and second terms correspond to the Sivers and Collins asymmetries, re-

spectively, and the third term contains the pretzelosity TMD function in the small-PhT

region.
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Figure 19. QED radiation e↵ects for sin(�h ��S) (top), sin(�h +�S) (middle) and sin(3�h ��S)
(bottom) SIDIS UT spin modulations versus qT /Q at

p
s = 140 GeV, xB = 0.01, zh = 0.5, and

Q2 = 25 GeV2
(left) and 100 GeV2

(right), with |ST | = 1. The cross sections with no QED e↵ects
(“LO”, dotted lines) are compared with the QED resummed cross sections (“RES”, dashed lines)
for the Sivers (green lines) and Collins (blue lines) asymmetries. The total spin modulations (solid
red lines) include the full QED contribution along with leakage e↵ects.

Typically, the measured di↵erential cross sections are integrated over the physical

angles �h and �S . In the absence of QED radiative e↵ects, the Sivers asymmetry, for

instance, would be isolated via the external sin(�h � �S) projecting phase,

d6�`P (ST )!`0PhX

dxBdy d dzh dP 2
hT

�����

sin(�h��S)

UT,T

=

Z
d�h d�S sin(�h � �S)

d6�`P (ST )!`0PhX

dxBdy d dzh d�hdP 2
hT

, (4.9)
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FIG. 17. RC e↵ects in SIDIS with LT UT

As a natural choice, we set

C
(0)
f (�) = �(1 � �), (118)

C
(0)
D (⌘) = �(1 � ⌘). (119)
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FIG. 17. RC e↵ects in SIDIS with LT UT

As a natural choice, we set
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Figure 19. QED radiation e↵ects for sin(�h ��S) (top), sin(�h +�S) (middle) and sin(3�h ��S)
(bottom) SIDIS UT spin modulations versus qT /Q at

p
s = 140 GeV, xB = 0.01, zh = 0.5, and

Q2 = 25 GeV2
(left) and 100 GeV2

(right), with |ST | = 1. The cross sections with no QED e↵ects
(“LO”, dotted lines) are compared with the QED resummed cross sections (“RES”, dashed lines)
for the Sivers (green lines) and Collins (blue lines) asymmetries. The total spin modulations (solid
red lines) include the full QED contribution along with leakage e↵ects.

Typically, the measured di↵erential cross sections are integrated over the physical

angles �h and �S . In the absence of QED radiative e↵ects, the Sivers asymmetry, for

instance, would be isolated via the external sin(�h � �S) projecting phase,

d6�`P (ST )!`0PhX

dxBdy d dzh dP 2
hT

�����

sin(�h��S)

UT,T

=

Z
d�h d�S sin(�h � �S)

d6�`P (ST )!`0PhX

dxBdy d dzh d�hdP 2
hT

, (4.9)
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Figure 19. QED radiation e↵ects for sin(�h ��S) (top), sin(�h +�S) (middle) and sin(3�h ��S)
(bottom) SIDIS UT spin modulations versus qT /Q at

p
s = 140 GeV, xB = 0.01, zh = 0.5, and

Q2 = 25 GeV2
(left) and 100 GeV2

(right), with |ST | = 1. The cross sections with no QED e↵ects
(“LO”, dotted lines) are compared with the QED resummed cross sections (“RES”, dashed lines)
for the Sivers (green lines) and Collins (blue lines) asymmetries. The total spin modulations (solid
red lines) include the full QED contribution along with leakage e↵ects.

Typically, the measured di↵erential cross sections are integrated over the physical

angles �h and �S . In the absence of QED radiative e↵ects, the Sivers asymmetry, for

instance, would be isolated via the external sin(�h � �S) projecting phase,

d6�`P (ST )!`0PhX

dxBdy d dzh dP 2
hT

�����

sin(�h��S)

UT,T

=

Z
d�h d�S sin(�h � �S)

d6�`P (ST )!`0PhX

dxBdy d dzh d�hdP 2
hT

, (4.9)
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Multi-Hall SIDIS Program @ JLab-12

22
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E12-09-018: 64 days

neutron (3He) target

3D mapping example

SBS SIDIS Program
SuperBigbite Spectrometer

Projected data of E12-09-018
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E12-09-007, E12-09-008

E12-09-009, E12-07-107
NH3 and ND3 targets

CLAS12 SIDIS Program

C12-11-111, HDice target

Projected data of C12-11-111
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Hall C SIDIS Program (typ. x/Q2 ~ constant)
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factorization framework 
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SoLID SIDIS Program
Solenoidal Large Intensity Device
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EM Calorimeter 
(large angle) 
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(forward angle) 
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Light Gas 
Cherenkov 

Heavy Gas 
Cherenkov 

 Coil and Yoke 

Scint 

SoLID (SIDIS He3) 

Collimator 
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MRPC 

Scint 

Beamline 

• High luminosity ~ 1037 cm-2 s-1


• Large acceptance, full azimuthal coverage

• In beam polarization: ~60% (3He), ~70% (NH3)

• 4D bins with high precision

E12-10-006: Transversely polarized 3He, 90 days.

E12-11-007: Longitudinally polarized 3He, 35 days.

E12-10-008: Transversely polarized NH3, 120 days.

11 GeV beam 8.8 GeV beam

High statistics (example)

Projected data of E12-10-006
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Electron-Ion Colliders
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-

_2pB2r �`iB+H2

T`QiQM #2�Kb �7i2` i?2v �`2 �++2H2`�i2/ iQ i?2 2M2`;v Q7
RNXy3 :2oX h?2 #2�K +QQHBM; rBHH #2 2KTHQv2/ iQ bmT@
T`2bb i?2 BMi`�@#2�K b+�ii2`BM; 2z2+i Qp2` i?2 r?QH2 +QH@
HBbBQM T`Q+2bb- r?B+? Bb i?2 F2v iQ �+?B2p2 i?2 `2[mB`2/
HmKBMQbBivX

h?2 1B+* 2H2+i`QM �++2H2`�iQ` +QKTH2t K�BMHv +QMbBbib
Q7 �M 2H2+i`QM BMD2+iQ` �M/ �M 2H2+i`QM +QHHB/2` `BM; U2_@
BM;VX h?2 2H2+i`QM BMD2+iQ` Bb � bmT2`+QM/m+iBM; `�/BQ 7`2@
[m2M+v Ua_6V HBM�+ r?B+? Bb +QMbB/2`2/ iQ #2 i?2 #2bi
+?QB+2 iQ /2HBp2` i?2 2H2+i`QM #2�Kb rBi? i?2 2M2`;v `�M;2
7`QK kX3 :2o iQ 8Xy :2oX aBM+2 i?2 2_BM; �/QTib i?2 7mHH
2M2`;v BMD2+iBQM b+?2K2 r?B+? K2�Mb i?2`2 Bb MQ �++2H@
2`�iBQM T`Q+2bb- �M/ i?2 2H2+i`QM #2�Kb rBHH 2tT2`B2M+2
i?2 b2H7@TQH�`Bx�iBQM T`Q+2bb- i?2 2_BM; Bb /2bB;M2/ �b �
`�+2i`�+F `BM; r?B+? Bb rB/2Hv mb2/ BM i?2 2H2+i`QM 7�+BH@
BiB2bX J2�Mr?BH2- i?2 TQH�`Bx�iBQM /B`2+iBQM Q7 i?2 2H2+@
i`QM #2�Kb T`Q/m+2/ #v i?2 2H2+i`QM BMD2+iQ` b?QmH/ #2
K�i+?2/ rBi? i?2 2_BM;X

"�b2/ QM i?2 H�vQmi Q7 i?2 1B+* �++2H2`�iQ` 7�+BHBiv- irQ
A_b �`2 �p�BH�#H2 �i irQ BMi2`b2+iBQMb Q7 i?2 HQM; bi`�B;?i
b2+iBQMb Q7 i?2 T_BM; �M/ i?2 2_BM;- �b b?QrM BM i?2
6B;X jXRX h?2b2 irQ B/2MiB+�H A_b rBHH �HHQr mb iQ BMbi�HH
irQ BM/2T2M/2Mi /2i2+iQ` bvbi2Kb 7Q` /Bz2`2Mi b+B2MiB}+
;Q�Hb bBKmHi�M2QmbHv Q` i?2 b�K2 T?vbB+b ;Q�H #mi rBi? /B7@
72`2Mi 2tT2`BK2Mi�H i2+?MB[m2b 7Q` +`Qbb@p�HB/�iBQMX >Qr@
2p2`- i?2 +m``2Mi /2bB;M QMHv +QMbB/2`b QM2 /2i2+iQ` iQ #2
BMbi�HH2/ BM QM2 Q7 i?2b2 A_b- rBi? i?2 Qi?2` QM2 `2b2`p2/
7Q` i?2 7mim`2 mT;`�/2X

h?2 HmKBMQbBiv Bb QM2 Q7 i?2 KQbi BKTQ`i�Mi +?�`�+@
i2`BbiB+b Q7 � +QHHB/2`X .Bz2`2Mi 7`QK Qi?2` 1A* /2bB;Mb
BM i?2 rQ`H/ r?B+? +QKKQMHv +?QQb2 ?B;? +QHHBbBQM 7`2@
[m2M+v �M/ HQr #mM+? BMi2MbBiv- i?2 1B+* �++2H2`�iQ` 7�+BH@

Biv rBHH �/QTi i?2 mMB[m2 b+?2K2 Q7 HQr +QHHBbBQM 7`2[m2M+v
�M/ ?B;? #mM+? BMi2MbBiv iQ �+?B2p2 � 7Qm`7QH/ BM+`2�b2 Q7
HmKBMQbBiv iQ `2�+? i?2 `2[mB`2/ HmKBMQbBiv Q7 2 × 1033

+K−2·b−1- b�iBb7vBM; i?2 T?vbB+b ;Q�Hb Q7 i?2 1B+* T`QD2+iX
h?Bb Bb �M 2bb2MiB�H T�`i Q7 i?2 HmKBMQbBiv /2bB;M Q7 i?2
1B+*X 6Q` i?2 +QHHBbBQM #2ir22M � T`QiQM rBi? +QMbi�Mi
+m``2Mi Ip �M/ �M 2H2+i`QM #2�K rBi? +QMbi�Mi +m``2Mi Ie-
i?2 HmKBMQbBiv +�M #2 2tT`2bb2/ �b

Npfc ∝ Ip ≡ +QMbi, UjXRV
Nefc ∝ Ie ≡ +QMbi, UjXkV

L =
NpNefc
4πσxσy

H ∝ IpIe
σxσyfc

. UjXjV

>2`2 Np �M/ Ne �`2 i?2 MmK#2`b Q7 T�`iB+H2b BM QM2 T`QiQM
#mM+? �M/ 2H2+i`QM #mM+?- `2bT2+iBp2HvX fc Bb i?2 +QHHBbBQM
7`2[m2M+vX σx �M/ σy �`2 i?2 i`�Mbp2`b2 #2�K bBx2 BM
?Q`BxQMi�H �M/ p2`iB+�H /B`2+iBQMb- `2bT2+iBp2HvX H Bb i?2
?Qm`;H�bb 7�+iQ`- r?B+? `2K�BMb +QMbi�Mi r?2M i?2 `�iBQ
Q7 i?2 β 7mM+iBQM iQ i?2 #mM+? H2M;i? Bb }t2/X �Hi?Qm;?
i?2`2 Bb � TQbBiBp2 +Q``2H�iBQM #2ir22M σx Q` σy �M/ i?2
MmK#2` Q7 T�`iB+H2b BM i?2 #mM+?- Bi +�M #2 T`Qp2M i?�i
i?2 BM~m2M+2 Q7 σx �M/ σy QM i?2 HmKBMQbBiv Bb H2bb i?�M
i?�i Q7 fcX h?2`27Q`2- � /2+`2�b2 Q7 fc +�M BM+`2�b2 i?2
HmKBMQbBivX AM 7�+i- +QMbi�Mi �p2`�;2 #2�K +m``2Mi �M/
+QMbi�Mi BMi`�@#2�K b+�ii2`BM; BM i?2 #mM+? Bb � K�DQ`
7�+iQ` Q7 +QHHBbBQM HB72iBK2- BX2X-
1

τ
∝ Np

εxεyσδσs
, UjX9V

7`QK r?B+? Bi +�M #2 /2`Bp2/ i?�i B7 i?2 #mM+? BMi2MbBiv
Bb BM+`2�b2/ #v m iBK2b- i?2 BM+`2�b2 Q7 i?2 ?Q`BxQMi�H

6B;X jXR h?2 H�vQmi Q7 1B+* �++2H2`�iQ` 7�+BHBivX

e9dyR@98 .�MB2H2 SX �M/2`H2- 2i �HX- 6`QMiX S?vbX ReUeV- e9dyR UkykRV

!"#$%&'()&*+(.`G(_'HH*a(>'b*&96 !"#$%&'()&*+(.#:G(]D#9'bIb'&6

EIC EicC



Tianbo Liu

Summary
• Lepton-hadron semi-inclusive deep inelastic scattering is a powerful process to 

extract TMDs.

• Many SIDIS measurements were presented in recent years


• double spin asymmetries: LL, LT

• beam spin asymmetry

• target single spin asymmetry for ρ0 production 

• multiplicity ratio of antiparticle and particle

• …


• Complimentary processes, pp and e+e–, are also important for TMD studies

• e.g., Λ polarization, …


• Theoretical framework

• power correction, radiative correction, …


• Future experiments for precise measurement of TMDs

• JLab12, EIC, EicC
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Thank you!


