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We present a point-by-point determination of the Sivers distributions from hadron leptoproduction data.
The method, which relies on some simple assumptions, is based on the combined analysis of proton and
deuteron observables. We make use of the single-spin asymmetries measured by COMPASS in semi-
inclusive deep inelastic scattering of 160 GeV muons on transversely polarized proton and deuteron targets.
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I. INTRODUCTION

One of the most important achievements of hadronic
physics in the past decades has been the discovery of
significant single-spin asymmetries in leptoproduction of
hadrons from a transversely polarized target, lN↑ → l0hX
(for reviews, see e.g. [1–3]). One of these asymmetries is
associated with a characteristic angular modulation of the
cross section and originates from a correlation between the
transverse spin of the nucleon and the transverse momen-
tum of quarks, described by a leading–twist transverse–
momentum dependent distribution (TMD), the so-called
Sivers function f⊥1T [4–7].
The Sivers asymmetry has been experimentally observed

by the HERMES and COMPASS Collaborations in the case
of pion and kaon production [8–15]. More recently, data on
pion production on a transversely polarized 3He target have
been made available by the Hall A Collaboration at JLab
[16]. Many phenomenological studies of these measure-
ments are available in the literature [17–27]. In most
analyses the Sivers distributions are extracted by fitting
the data with a given functional form for the dependence of
f⊥1T on the Bjorken x variable and on the quark intrinsic
transverse momentum k2T . Here we adopt a different and
simpler approach, similar to the one successfully used for
the Collins asymmetries in a previous paper of ours [28].
The COMPASS measurements with proton and deuteron
targets in the same kinematics allow us to perform a point-
by-point extraction of the Sivers distributions directly from
the data, by properly combining the various asymmetries.
Although we use a Gaussian form for the TMD’s in order
to factorize them from the fragmentation functions, our
extraction is essentially parameter-free. In particular, it does
not require any specific assumption about the average
values of the transverse momenta of quarks. We obtain the
Sivers valence distributions both in the case of pion
production and in the case of kaon production, and we
show that they are compatible with each other.

The plan of the paper is the following. In Sec. II we
present the general formalism and write the asymmetries
for pion and kaon production, showing that some combi-
nations of them directly provide the Sivers distributions. In
Sec. III we extract the valence and sea Sivers distributions
from the asymmetries. Finally, Sec. IV contains some
concluding remarks.

II. SIVERS ASYMMETRIES

A. General formulas

The process we will be considering is semi-inclusive DIS
(SIDIS) with a transversely polarized target, lN↑ → l0hX.
We denote by Ph and Mh the momentum and the mass,
respectively, of the produced hadron. Conventionally, all
azimuthal angles are referred to the lepton scattering
plane, in a reference system in which the z axis is the
virtual photon direction, while the x axis is directed along
the transverse momentum of the outgoing lepton: ϕh is
the azimuthal angle of Ph, ϕS is the azimuthal angle of the
nucleon spin vector S⊥. The transverse momenta are defined
as follows: kT is the transverse momentum of the quark
inside the nucleon, pT is the transverse momentum of the
hadron with respect to the direction of the fragmenting
quark, Ph⊥ is the measurable transverse momentum of the
produced hadron with respect to the z axis.
The Sivers term in the cross section, which couples the

distribution f⊥1Tðx; k2T; Q2Þ to the transverse-momentum
dependent unpolarized fragmentation functionD1ðz;p2

T;Q
2Þ,

is characterized by a sinðϕh − ϕSÞ modulation. The corre-
sponding asymmetry is [29,30]

Ahðx; z; Q2Þ ¼
P

ae
2
ax

R
d2Ph⊥C

h
Ph⊥·kT
MPh⊥ f⊥1TD1

i
P

ae
2
ax

R
d2Ph⊥C½f1D1�

; ð1Þ

where the convolution C is defined as (w is a function of
transverse momenta typical of each structure function)
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C½wfD� ¼
Z

d2kT

Z
d2pTδ2ðzkT þ pT − Ph⊥Þ

×wðkT; pTÞfaðx; k2T; Q2ÞDaðz; p2
T; Q

2Þ: ð2Þ

If we adopt a Gaussian model for the transverse-
momentum dependent distribution and fragmentation
functions

f1ðx; k2T; Q2Þ ¼ f1ðx;Q2Þ e
−k2T=hk2T i

πhk2Ti
; ð3Þ

f⊥1Tðx; k2T; Q2Þ ¼ f⊥1Tðx;Q2Þ e
−k2T=hk2TiS

πhk2TiS
; ð4Þ

D1ðz; p2
T; Q

2Þ ¼ D1ðz;Q2Þ e
−p2

T=hp2
Ti

πhp2
Ti

; ð5Þ

the Sivers asymmetry (1) takes the form [17,18,30]

Ahðx; z;Q2Þ ¼ G

P
q;q̄e

2
qxf

⊥ð1Þq
1T ðx;Q2ÞzD1qðz;Q2ÞP

q;q̄e
2
qxf

q
1ðx;Q2ÞD1qðz;Q2Þ : ð6Þ

Here the first k2T moment of the Sivers function is defined as

f⊥ð1Þ
1T ðx;Q2Þ≡

Z
d2kT

k2T
2M2

f⊥1Tðx; k2T; Q2Þ; ð7Þ

andD1ðz;Q2Þ is the fragmentation function integrated over
the transverse momentum. The G factor, resulting from the
Gaussian integrations, is given by [17,18]

G ¼
ffiffiffi
π

p
Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hp2
Ti þ z2hk2TiS

p ; ð8Þ

where hk2TiS is the width of the Sivers distribution. In the
Gaussian model the average transverse momentum of the
produced hadrons is

hPh⊥i ¼
ffiffiffi
π

p
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hp2

Ti þ z2hk2Ti
q

; ð9Þ

where hk2Ti is the width of the unpolarized f1 distribution.
The positivity bound for the Sivers function implies that
hk2TiS must be smaller than hk2Ti, but with an error which is

well within the overall (experimentalþmodel) uncertain-
ties, we can identify G with

G≃ πM
2hPh⊥i

: ð10Þ

hPh⊥i is experimentally found to have a very mild
dependence on x and z. For simplicity we take its value
averaged over z, so that the G factor used in our calcu-
lations will slightly depend on x only.
Since our aim is to extract the k2T moment of the Sivers

distribution, we integrate over z

~D1ðQ2Þ ¼
Z

dzD1ðz;Q2Þ;

~Dð1Þ
1 ðQ2Þ ¼

Z
dzzD1ðz;Q2Þ; ð11Þ

and consider the integrated asymmetry,

Ahðx;Q2Þ ¼ G

P
q;q̄e

2
qxf

⊥ð1Þq
1T ðx;Q2Þ ~Dð1Þ

1q ðQ2ÞP
q;q̄e

2
qxf

q
1ðx;Q2Þ ~D1qðQ2Þ : ð12Þ

B. Pion production

It is convenient to distinguish favored and unfavored
fragmentation functions. For pions they are defined as

Dπ
1;fav ≡Dπþ

1u ¼ Dπ−
1d ¼ Dπ−

1ū ¼ Dπþ
1d̄

ð13Þ

Dπ
1;unf ≡Dπ−

1u ¼ Dπþ
1d ¼ Dπþ

1ū ¼ Dπ−

1d̄
: ð14Þ

As for the strange sector, we take

Dπ�
1s ¼ Dπ�

1s̄ ¼ NDπ
1;unf ; ð15Þ

where N is a constant coefficient. In the fragmentation
function parametrization of Ref. [31],N is found to be 0.83.
The denominators of the asymmetries

P
q;q̄e

2
qxf

q
1
~D1q,

for a proton and a deuteron target (p, d) and for charged
pions, multiplied by 9, are given by (we ignore the charm
components of the distribution functions, which are neg-
ligible in the kinematic region we are interested in)

p; πþ∶ x½4ðfu1 þ βπfū1Þ þ ðβπfd1 þ fd̄1Þ þ Nβπðfs1 þ fs̄1Þ� ~Dπ
1;fav ≡ xfπ

þ
p

~Dπ
1;fav; ð16Þ

d; πþ∶ x½ð4þ βπÞðfu1 þ fd1Þ þ ð1þ 4βπÞðfū1 þ fd̄1Þ þ 2Nβπðfs1 þ fs̄1Þ� ~Dπ
1;fav ≡ xfπ

þ
d

~Dπ
1;fav; ð17Þ

p; π−∶ x½4ðβπfu1 þ fū1Þ þ ðfd1 þ βπfd̄1Þ þ Nβπðfs1 þ fs̄1Þ� ~Dπ
1;fav ≡ xfπ

−
p

~Dπ
1;fav; ð18Þ

d; π−∶x½ð1þ 4βπÞðfu1 þ fd1Þ þ ð4þ βπÞðfū1 þ fd̄1Þ þ 2Nβπðfs1 þ fs̄1Þ� ~Dπ
1;fav ≡ xfπ

−

d
~Dπ
1;fav; ð19Þ
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with

βπðQ2Þ ¼
~Dπ
1;unfðQ2Þ

~Dπ
1;favðQ2Þ : ð20Þ

Similar expressions can be written for the numerator of Eq. (12),
P

q;q̄e
2
qxf

⊥ð1Þq
1T

~Dð1Þ
1q , with the replacements ~D1 → ~Dð1Þ

1 ,

f1 → f⊥ð1Þ
1T , and βπ → βð1Þπ , where

βð1Þπ ðQ2Þ ¼
~Dπð1Þ
1;unfðQ2Þ

~Dπð1Þ
1;favðQ2Þ

: ð21Þ

Introducing the ratio of the first to the zeroth moment of the fragmentation functions,

ρπðQ2Þ ¼
~Dπð1Þ
1;favðQ2Þ

~Dπ
1;favðQ2Þ ; ð22Þ

we find for the pion asymmetries with a proton target

Aπþ
p ¼ Gρπ

4ðf⊥ð1Þu
1T þ βð1Þπ f⊥ð1Þū

1T Þ þ ðβð1Þπ f⊥ð1Þd
1T þ f⊥ð1Þd̄

1T Þ þ Nβð1Þπ ðf⊥ð1Þs
1T þ f⊥ð1Þs̄

1T Þ
fπ

þ
p

; ð23Þ

Aπ−
p ¼ Gρπ

4ðβð1Þπ f⊥ð1Þu
1T þ f⊥ð1Þū

1T Þ þ ðf⊥ð1Þd
1T þ βð1Þπ f⊥ð1Þd̄

1T Þ þ Nβð1Þπ ðf⊥ð1Þs
1T þ f⊥ð1Þs̄

1T Þ
fπ

−
p

; ð24Þ

and for the deuteron target

Aπþ
d ¼ Gρπ

ð4þ βð1Þπ Þðf⊥ð1Þu
1T þ f⊥ð1Þd

1T Þ þ ð1þ 4βð1Þπ Þðf⊥ð1Þū
1T þ f⊥ð1Þd̄

1T Þ þ 2Nβð1Þπ ðf⊥ð1Þs
1T þ f⊥ð1Þs̄

1T Þ
fπ

þ
d

; ð25Þ

Aπ−
d ¼ Gρπ

ð1þ 4βð1Þπ Þðf⊥ð1Þu
1T þ f⊥ð1Þd

1T Þ þ ð4þ βð1Þπ Þðf⊥ð1Þū
1T þ f⊥ð1Þd̄

1T Þ þ 2Nβð1Þπ ðf⊥ð1Þs
1T þ f⊥ð1Þs̄

1T Þ
fπ

−

d
: ð26Þ

The combinations

fπ
þ

p Aπþ
p − fπ

−
p Aπ−

p ¼ Gρπð1 − βð1Þπ Þð4f⊥ð1Þuv
1T − f⊥ð1Þdv

1T Þ ð27Þ

fπ
þ

d Aπþ
d − fπ

−

d Aπ−
d ¼ 3Gρπð1 − βð1Þπ Þðf⊥ð1Þuv

1T þ f⊥ð1Þdv
1T Þ ð28Þ

select the valence Sivers distributions. From Eqs. (27) and (28), we get the valence distributions for u and d quarks
separately,

xf⊥ð1Þuv
1T ¼ 1

5Gρπð1 − βð1Þπ Þ

�
ðxfπþp Aπþ

p − xfπ
−

p Aπ−
p Þ þ 1

3
ðxfπþd Aπþ

d − xfπ
−

d Aπ−
d Þ

�
; ð29Þ

xf⊥ð1Þdv
1T ¼ 1

5Gρπð1 − βð1Þπ Þ

�
4

3
ðxfπþd Aπþ

d − xfπ
−

d Aπ−
d Þ − ðxfπþp Aπþ

p − xfπ
−

p Aπ−
p Þ

�
: ð30Þ
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A particular combination of proton and deuteron asymmetries selects the sea component of the Sivers function, namely

xf⊥ð1Þū
1T − xf⊥ð1Þd̄

1T ¼ 1

15Gρπð1 − βð1Þ2π Þ
½2ð1 − 4βð1Þπ Þxfπþp Aπþ

p þ 2ð4 − βð1Þπ Þxfπ−p Aπ−
p

− ð1 − 4βð1Þπ Þxfπþd Aπþ
d − ð4 − βð1Þπ Þxfπ−d Aπ−

d Þ�: ð31Þ

In Sec. III we will apply Eqs. (29), (30), and (31) to extract the Sivers valence and sea distributions.

C. Kaon production

In the case of kaons we have two favored fragmentation functions, which largely differ from each other,

DK
1;fav ≡DKþ

1u ¼ DK−

1ū ð32Þ

D0K
1;fav ≡DKþ

1s̄ ¼ DK−

1s : ð33Þ

Since it is more difficult to excite from the vacuum a heavy ss̄ pair than a light uū pair,D0K
1;fav is expected to be (and in fact is)

much larger than DK
1;fav. The unfavored fragmentation functions are defined as usual,

DK
1;unf ≡DK�

1d ¼ DK�
1d̄

¼ DKþ
1ū ¼ DK−

1u ¼ DKþ
1s ¼ DK−

1s̄ : ð34Þ

Proceeding as before, the denominators of the asymmetries
P

q;q̄e
2
qxf

q
1
~D1q, for kaon production from a proton and a

deuteron target (p, d), multiplied by 9, are given by

p;Kþ∶ x½4ðfu1 þ βKfū1Þ þ βKðfd1 þ fd̄1Þ þ ðβKfs1 þ γKfs̄1Þ� ~DK
1;fav ≡ xfK

þ
p

~DK
1;fav; ð35Þ

d;Kþ∶ x½ð4þ βKÞðfu1 þ fd1Þ þ 5βKðfū1 þ fd̄1Þ þ 2ðβKfs1 þ γKfs̄1Þ� ~DK
1;fav ≡ xfK

þ
d

~DK
1;fav; ð36Þ

p;K−∶ x½4ðβKfu1 þ fū1Þ þ βKðfd1 þ fd̄1Þ þ ðγKfs1 þ βKfs̄1Þ� ~DK
1;fav ≡ xfK

−
p

~DK
1;fav; ð37Þ

d;K−∶ x½5βKðfu1 þ fd1Þ þ ð4þ βKÞðfū1 þ fd̄1Þ þ 2ðγKfs1 þ βKfs̄1Þ� ~DK
1;fav ≡ xfK

−

d
~DK
1;fav; ð38Þ

where βK and γK are defined as

βKðQ2Þ ¼
~DK
1;unfðQ2Þ

~DK
1;favðQ2Þ ; γKðQ2Þ ¼

~D0K
1;favðQ2Þ

~DK
1;favðQ2Þ : ð39Þ

For the numerator of Eq. (12),
P

q;q̄e
2
qxf

⊥ð1Þq
1T

~Dð1Þ
1q , one can write similar expressions with the replacements ~D1 → ~Dð1Þ

1 ,

f1 → f⊥ð1Þ
1T , βK → βð1ÞK and γK → γð1ÞK , where βð1ÞK and γð1ÞK are given by

βð1ÞK ðQ2Þ ¼
~DKð1Þ
1;unfðQ2Þ

~DKð1Þ
1;favðQ2Þ

; γð1ÞK ðQ2Þ ¼
~D0Kð1Þ
1;fav ðQ2Þ
~DKð1Þ
1;favðQ2Þ

: ð40Þ

The resulting K� Sivers asymmetries are

AKþ
p ¼ GρK

4ðf⊥ð1Þu
1T þ βð1ÞK f⊥ð1Þū

1T Þ þ βð1ÞK ðf⊥ð1Þd
1T þ f⊥ð1Þd̄

1T Þ þ ðβð1ÞK f⊥ð1Þs
1T þ γð1ÞK f⊥ð1Þs̄

1T Þ
fK

þ
p

; ð41Þ

AK−
p ¼ GρK

4ðβð1ÞK f⊥ð1Þu
1T þ f⊥ð1Þū

1T Þ þ βð1ÞK ðf⊥ð1Þd
1T þ f⊥ð1Þd̄

1T Þ þ ðγð1ÞK f⊥ð1Þs
1T þ βð1ÞK f⊥ð1Þs̄

1T Þ
fK

−
p

; ð42Þ
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AKþ
d ¼ GρK

ð4þ βð1ÞK Þðf⊥ð1Þu
1T þ f⊥ð1Þd

1T Þ þ 5βð1ÞK ðf⊥ð1Þū
1T þ f⊥ð1Þd̄

1T Þ þ 2ðβð1ÞK f⊥ð1Þs
1T þ γð1ÞK f⊥ð1Þs̄

1T Þ
fK

þ
d

; ð43Þ

AK−

d ¼ GρK
5βð1ÞK ðf⊥ð1Þu

1T þ f⊥ð1Þd
1T Þ þ ð4þ βð1ÞK Þðf⊥ð1Þū

1T þ f⊥ð1Þd̄
1T Þ þ 2ðγð1ÞK f⊥ð1Þs

1T þ βð1ÞK f⊥ð1Þs̄
1T Þ

fK
−

d
; ð44Þ

with the moment ratio ρK defined as

ρKðQ2Þ ¼
~DKð1Þ
1;favðQ2Þ

~DK
1;favðQ2Þ : ð45Þ

By combining the asymmetries, we get

fK
þ

p AKþ
p − fK

−
p AK−

p ¼ GρK½4ð1 − βð1ÞK Þf⊥ð1Þuv
1T

þ ðβð1ÞK − γð1ÞK Þðf⊥ð1Þs
1T − f⊥ð1Þs̄

1T Þ�
ð46Þ

fK
þ

d AKþ
d − fK

−

d AK−

d ¼ GρK½4ð1 − βð1ÞK Þðf⊥ð1Þuv
1T þ f⊥ð1Þdv

1T Þ
þ 2ðβð1ÞK − γð1ÞK Þðf⊥ð1Þs

1T − f⊥ð1Þs̄
1T Þ�:

ð47Þ

In order to extract uV and dV separately, we assume
that the difference of strange sea distributions, s − s̄, is
negligible. Thus we obtain

xf⊥ð1Þuv
1T ¼ 1

4GρKð1 − βð1ÞK Þ
½ðxfKþ

p AKþ
p − xfK

−
p AK−

p Þ�; ð48Þ

xf⊥ð1Þdv
1T ¼ 1

4GρKð1 − βð1ÞK Þ
½ðxfKþ

d AKþ
d − xfK

−

d AK−

d Þ

− ðxfKþ
p AKþ

p − xfK
−

p AK−
p Þ�: ð49Þ

These two relations will be used to extract the valence
Sivers distributions from kaon data.
We note that by using the full set of eight asymmetries

experimentally measured (proton and deuteron targets, π�

and K� productions) one could in principle obtain more
information on the distributions, in particular on the strange
and nonstrange sea, but we prefer to consider only the
functions that can be directly determined by linear combi-
nations of the asymmetries.

III. EXTRACTION OF THE SIVERS
DISTRIBUTIONS

As we have seen, it is possible to obtain directly the
valence and the sea components of the Sivers function by
combining different asymmetries. The data we use are from

COMPASS measurements of semi-inclusive deep inelastic
scattering on proton [15] and deuteron targets [12].
We treat deuteron as the incoherent sum of a proton and a

neutron. Nuclear shadowing may affect the lowest-x points
of the data set, but it can safely be neglected as it represents
at most a few-percent effect [32–35], well within the
uncertainties of the measurements.
In order to extract f⊥ð1Þ

1T we need two extra ingredients:
the unpolarized distribution functions fq1 , which are taken
from the CTEQ5D global fit [36], and the unpolarized
fragmentation functions, which are taken from the DSS
parametrization [31]. Notice that in the DSS fit of pion
fragmentation functions Dπþ

1u is not assumed to be equal to
Dπþ

1d̄
, but their difference is rather small. Thus, we identify

D1;fav with ðDπþ
1u þDπþ

1d̄
Þ=2 as given by DSS.

The normalization of the Sivers distributions is deter-
mined by the quantity G ¼ πM=2hPh⊥i. The values of
hPh⊥i, measured by COMPASS, slightly depend on x, so
that G ranges from 2.8 to 3.1 for pions, and from 2.4 to 2.6
for kaons.
We can now use Eqs. (29) and (30) to extract point-

by-point the valence Sivers distributions from pion data.
The results are tabulated in Table I and displayed in
Fig. 1. The error bars are computed from the statistical
errors of the measured asymmetries, and no attempt has
been made to try to assign a systematic error to the results.
Notice also that the x points correspond to different Q2

values, ranging from 1.2 GeV2 to 20 GeV2, with an
average value hQ2i ≈ 4 GeV2.
The uv distribution is determined much more precisely

than the dv distribution, due to the fact that the asymmetry

TABLE I. Sivers valence distributions extracted from pion
asymmetries.

x Q2 (GeV2) xf⊥ð1Þuv
1T xf⊥ð1Þdv

1T

0.007 1.22 −0.003� 0.010 −0.022� 0.029
0.011 1.43 0.003� 0.007 −0.023� 0.020
0.016 1.66 0.016� 0.006 0.004� 0.017
0.026 1.96 0.017� 0.006 0.002� 0.016
0.040 2.57 0.021� 0.007 −0.014� 0.020
0.063 4.01 0.032� 0.009 −0.017� 0.028
0.101 6.38 0.021� 0.012 −0.037� 0.039
0.162 9.91 0.019� 0.017 −0.096� 0.055
0.281 20.23 0.015� 0.022 0.042� 0.076
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measurements on the proton are considerably more
accurate than the corresponding ones on the deuteron,
in particular in the valence region (the COMPASS
Collaboration has taken much less data on deuterons
than on protons). Still, the dv Sivers function is reasonably
well determined and turns out to be negative and approx-
imately specular to the uv function.
Equation (31) allows us to determine directly the

isotriplet ū − d̄ component of the Sivers sea. The results
are shown in Fig. 2 and have errors comparable to those of
the uv function. In the large Nc limit, the isotriplet (ū − d̄)
Sivers combination is expected to dominate over the

isosinglet one (ūþ d̄) [37]; thus, the vanishing of xf⊥ð1Þū
1T −

xf⊥ð1Þd̄
1T is not due to a cancellation of the two terms, but

rather signals the smallness of the ū and d̄ separately.
A similar procedure has been applied to extract the

Sivers functions from the measured kaon asymmetries. The
Sivers valence distributions, extracted using Eqs. (48) and
(49), are shown in Table II and Fig. 3. Notice that the Q2

values in each x bin are slightly larger than for pions.
Again, the uv distribution is well determined, whereas in

this case the dv distribution is affected by large uncertain-
ties and does not exhibit a clear behavior.
The valence Sivers distributions extracted from pion and

kaon leptoproduction data are compared in Fig. 4. In the
case of uv the two sets of points are compatible with each
other, as they should be, representing the same universal
property of the target (minor differences in theQ2 values of
pion and kaon points can be practically ignored). The dv
functions are also similar to each other, although affected
by much larger errors.
In Fig. 5 we show the weighted averages of the Sivers

distributions obtained from pion and kaon data. For
comparison we plot the results (central values and uncer-
tainty bands) of the fit of Ref. [25] based on DGLAP
evolution. Note that these results refer toQ2 ¼ 4 GeV2, the
average momentum transfer of COMPASS measurements,
whereas our points correspond to different Q2 values, as
explained above. However, except for the first few points at
low x and small momentum transfer, the Q2 evolution is
not expected to affect the results significantly. The TMD
evolution [38,39] has also been applied to the analysis
of the Sivers data, but in this scheme the perturbative
evolution is driven by a factor which cancels out in the
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FIG. 3. The first k2T moments of the Sivers valence distribu-

tions, xf⊥ð1Þuv
1T (red solid squares) and xf⊥ð1Þdv

1T (black open
squares), extracted from kaon asymmetries.

TABLE II. Sivers valence distributions extracted from kaon
production.

x Q2 (GeV2) xf⊥ð1Þuv
1T xf⊥ð1Þdv

1T

0.007 1.21 −0.003� 0.016 0.000� 0.057
0.011 1.43 −0.006� 0.010 0.015� 0.036
0.016 1.75 0.015� 0.009 0.020� 0.033
0.026 2.31 0.011� 0.010 0.046� 0.034
0.040 3.34 0.021� 0.012 0.086� 0.043
0.063 5.16 0.026� 0.015 −0.015� 0.052
0.101 8.01 0.054� 0.018 −0.100� 0.062
0.162 12.78 0.060� 0.023 −0.061� 0.078
0.281 26.47 0.030� 0.024 −0.028� 0.096
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FIG. 2. The isotriplet Sivers sea xf⊥ð1Þū
1T − xf⊥ð1Þd̄

1T extracted
from pion asymmetry data.
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FIG. 1. The first k2T moments of the Sivers valence distribu-

tions, xf⊥ð1Þuv
1T (red solid circles) and xf⊥ð1Þdv

1T (black open
circles), extracted from pion asymmetries.
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asymmetry ratio. Thus, a fit to the asymmetry data based on
the TMD evolution is not able to constrain the absolute
normalization of the Sivers distributions (see the discussion
in Ref. [25]).

IV. CONCLUDING REMARKS

In summary, we extracted in a simple and direct way the
Sivers distributions from the COMPASS measurements of
pion and kaon leptoproduction on proton and deuteron
targets. The main assumption we made in order to factorize
the Sivers functions from the fragmentation functions was
the Gaussian behavior in the transverse momenta. As
expected, the uv and dv distributions extracted from the

pion data are well compatible with the corresponding
ones extracted from the kaon data, and the final results
have been obtained by averaging the two partial results.
The distributions are roughly mirror-symmetric and of
similar magnitude, the uv being positive and the dv
negative. They are in good agreement with the results of
previous fits which assumed a functional form for the
distributions from the very beginning.
While the uv distribution is determined with a satisfac-

tory accuracy, the dv distribution is more uncertain. To
improve its knowledge more data are needed, in particular
on the deuteron. The long-term solution would be the
planned Electron Ion Collider, but in the near future the
proposed new COMPASS run on a deuteron target [40]
would certainly provide new precious information.
Another interesting result from our work is the extraction

of the Sivers sea ū − d̄. This is found to be compatible with
zero, but it is interesting to notice that the accuracy of this
result is comparable to that of the valence distributions.
We conclude by recalling that the Sivers function can be

disentangled from the transverse momentum convolution
and extracted in a fully model-independent way (i.e., with
no Gaussian assumption) by considering the asymmetries
Aw
h weighted with Ph⊥ [30]. The COMPASS Collaboration

is currently working on the analysis of the weighted Sivers
asymmetries. The method illustrated in the present paper
can be applied to those observables in a straightforward
way.
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