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• Accessible in Polarized SIDIS, Drell-Yan.

SIVERS PDF
D. Sivers: PRD 41, 83 (1990).
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• Sivers Effect describes the 
correlation of the unpolarized 
quark’s TM with the transverse 
spin of the nucleon
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Sivers Effect in
 One Hadron SIDIS
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• NEED TMD Fragmentation Function to access Sivers PDF from SIDIS!

SIDIS POLARIZED CROSS-SECTION
A. Bacchetta et. al.: JHEP08, 023 (2008).
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• Extract the specific harmonics:

chiral-odd Collins fragmentation function [8]. This Letter
presents a measurement of the associated signal.
In semi-inclusive DIS, lN → l′hX , where a hadron h is

detected in the final state in coincidence with the scattered
lepton, the cross section depends on, among other variables,
the hadron transverse momentum and its azimuthal orien-
tation with respect to the lepton scattering plane about the
virtual-photon direction. If the target is polarized and the
polarization of the final state is not measured, the semi-
inclusive DIS cross section can be decomposed in terms of
18 semi-inclusive structure functions (see, e.g, Ref. [9]).
When the transverse momentum of the produced hadron

is small compared to the hard scale Q, semi-inclusive DIS
can be described using transverse-momentum-dependent
factorization [10,11]. The semi-inclusive structure func-
tions can be interpreted in terms of convolutions involv-
ing transverse-momentum-dependent parton distribution
and fragmentation functions [12]. The former encode in-
formation about the distribution of partons in a three-
dimensional momentum space, and the latter describe the
hadronization process in a three-dimensional momentum
space. Hence, the study of semi-inclusive DIS not only
opens the way to the measurement of transversity, but
also probes new dimensions of the structure of the nu-
cleon and of the hadronization process, thus offering new
perspectives to our understanding of QCD.
When performing a twist expansion, eight semi-inclusive

structure functions contain contributions at leading order,
related to the eight leading-twist transverse-momentum-
dependent PDFs [9]. One of these structure functions is
interpreted as the convolution of the transversity distri-
bution function hq

1(x, p
2
T) (not integrated over the trans-

verse momentum) and the Collins fragmentation function
H⊥q→h

1 (z, k2T), which acts as a polarimeter being sensitive
to the correlation between the transverse polarization of
the fragmenting quark and kT [8]. Here, z in the target-
rest frame denotes the fraction of the virtual photon energy
carried by the produced hadron h, pT denotes the trans-
verse momentum of the quark with respect to the parent
nucleon direction, and kT denotes the transverse momen-
tum of the fragmenting quark with respect to the direc-
tion of the produced hadron. This structure function mani-
fests itself as a sin(φ+φS) modulation in the semi-inclusive
DIS cross section with a transversely polarized target. Its
Fourier amplitude, henceforth named Collins amplitude, is

denoted as 2〈 sin(φ+φS)〉
h

UT, where φ (φS) represents the
azimuthal angle of the hadron momentum (of the trans-
verse component of the target spin) with respect to the
lepton scattering plane and about the virtual-photon direc-
tion, in accordance with the Trento Conventions [13] (see
Fig. 1). The subscript UT denotes unpolarized beam and
target polarization transverse with respect to the virtual-
photon direction. Other azimuthal modulations have dif-
ferent origins and involve other distribution and fragmen-
tation functions. They can be disentangled through their
specific dependence on the two azimuthal angles φ and φS

k′k

ST

Ph

Ph⊥
q

φ

φS

Fig. 1. The definition of the azimuthal angles φ and φS relative to
the lepton scattering plane.

(see, e.g, Refs. [9,14,15]). Results on, e.g., the sin(φ − φS)
modulation of this data set were reported in Ref. [16].
Non-zero Collins amplitudes were previously published

for charged pions from a hydrogen target [17], based on
a small subset (about 10%) of the data reported here,
consisting of about 8.76 million DIS events. Collins am-
plitudes for unidentified hadrons were measured on pro-
tons [18] and for pions and kaons, albeit consistent with
zero, on deuterons [19–21] by the Compass collaboration.
In Refs. [22,23] the first joint extraction of the transversity
distribution function and the Collins fragmentation func-
tion was carried out, under simplifying assumptions, using
preliminary results from a subset of the present data in com-
bination with the deuteron data from the Compass collab-
oration [19–21] and e+e− annihilation data from theBelle

collaboration [24,25]. Recently, significant amplitudes for
two-hadron production in semi-inclusive DIS, which con-
stitutes an independent process to probe transversity, were
measured at the Hermes experiment [26] providing ad-
ditional evidence for a non-zero transversity distribution
function.
In this Letter, in addition to much improved statistical

precision on the charged pion results, the Collins ampli-
tudes for identified K+, K−, and π0 are presented for the
first time for a proton target. The data reported here were
recorded during the 2002–2005 running period of the Her-

mes experiment with a transversely nuclear-polarized hy-
drogen target stored in an open-ended target cell internal
to the 27.6GeV Hera polarized positron/electron storage
ring at Desy. The two beam helicity states are almost per-
fectly balanced in the present data, and no measurable con-
tribution arising from the residual net beam polarization
to the amplitudes extracted was observed. The target cell
was fed by an atomic-beam source [27], which uses Stern–
Gerlach separation combined with radio-frequency transi-
tions of hyperfine states. The target cell was immersed in
a transversely oriented magnetic holding field. The effects
of this magnetic field were taken into account in the recon-
struction of the vertex positions and the scattering angles
of charged particles. The nuclear polarization of the atoms
was flipped at 1–3 minutes time intervals, while both the
polarization and the atomic fraction inside the target cell
were continuously measured [28]. The average magnitude
of the proton-polarization component perpendicular to the
beam direction was 0.725±0.053. Scattered leptons and co-
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•For polarized SIDIS 
cross-section  there 
are 18 terms in leading 
twist expansion:
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• Sivers SSAs from SIDIS 
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• Use LO expression for 
factorized cross-section.

• Parametrize PDFs and FFs.
• Use Gaussian TMD dependence. 
• Also TMD evolution in 2012.

EMPIRICAL EXTRACTIONS OF SIVERS

• Fits to HERMES and COMPASS:

• Large uncertainties, esp. for 
sea. 

• Approximations: TM and 
flavor dependence of FF, etc.

M. Anselmino et al.: Sivers effect for pion and kaon production in semi-inclusive deep inelastic scattering 95
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Fig. 6. The Sivers distribution functions for u, d and s flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our simul-
taneous fit of HERMES and COMPASS data (see text for de-
tails). On the left panel, the first moment x ∆Nf (1)(x), eq. (17),
is shown as a function of x for each flavour, as indicated. Simi-
larly, on the right panel, the Sivers distribution x ∆Nf(x, k⊥) is
shown as a function of k⊥ at a fixed value of x for each flavour,
as indicated. The highest and lowest dashed lines show the
positivity limits |∆Nf | = 2f .

Sivers distribution. In particular, we definitely find

∆Nfs̄/p↑ > 0 (18)

and confirm the previous findings for valence
flavours [2,7–9],

∆Nfu/p↑ > 0, ∆Nfd/p↑ < 0. (19)

There are simple reasons for the above results. The
Sivers distribution function for s̄ quarks turns out to
be definitely positive, due to the large positive value

of Asin(φh−φS)
UT for K+; notice that the value of Ns̄ sat-

urates the positivity bound |Nq| ≤ 1. Similarly, the
positive sign of ∆Nfu/p↑ is, essentially, driven by the
positive π+ and K+ SSAs and the opposite sign of
∆Nfd/p↑ by the small SSA measured by COMPASS
on a deuteron target. The u and d Sivers functions are
also predicted to be opposite in the large-Nc limit [29]
and in chiral models [30].
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Fig. 7. The Sivers distribution functions for u and d flavours,
at the scale Q2 = 2.4 (GeV/c)2, as determined by our present
fit (solid lines), are compared with those of our previous fit [2]
of SIDIS data (dashed lines), where π0 and kaon productions
were not considered and only valence quark contributions were
taken into account. This plot clearly shows that the Sivers func-
tions previously found are consistent, within the statistical un-
certainty bands, with the Sivers functions presently obtained.

– The Sivers functions for ū, d̄ and s quarks, instead,
turn out to have much larger uncertainties; even the
sign of the ū and s Sivers functions is not fixed by avail-
able data, while ∆Nfd̄/p↑ appears to be negative. This
could be consistent with a positive contribution from u
quarks, necessary to explain the large K+ asymmetry,
which is decreased, for π+, by a negative d̄ contribu-
tion. One might expect correlated Sivers functions for
s and s̄ quarks: we have actually checked that choosing
∆Nfs/p↑ = ±∆Nfs̄/p↑ slightly worsens the χ2

dof (from
1 up to about 1.1), but still leads to a reasonable fit.

– We notice that the Burkardt sum rule [31]

∑

a

∫

dxd2k⊥ k⊥ fa/p↑(x,k⊥) ≡
∑

a

〈ka
⊥〉 = 0, (20)

where, from eqs. (2) and (17),

〈ka
⊥〉 =

[

π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥ ∆Nfa/p↑(x, k⊥)

]

(S×P̂ ) =

mp

∫ 1

0
dx ∆Nf (1)

q/p↑(x) (S×P̂ )≡〈ka
⊥〉 (S×P̂ ), (21)

is almost saturated by u and d quarks alone at Q2 =
2.4 (GeV/c)2:

〈ku
⊥〉 + 〈kd

⊥〉 = −17+37
−55 (MeV/c),

〈kū
⊥〉 + 〈kd̄

⊥〉 + 〈ks
⊥〉 + 〈ks̄

⊥〉 = −14+43
−66 (MeV/c).

(22)

The individual contributions for quarks are:

〈ku
⊥〉=96+60

−28 (MeV/c), 〈kd
⊥〉=−113+45

−51 (MeV/c),

〈kū
⊥〉=2+24

−11 (MeV/c), 〈kd̄
⊥〉=−28+20

−60 (MeV/c), (23)

〈ks
⊥〉=−4+11

−15 (MeV/c), 〈ks̄
⊥〉=17+30

−8 (MeV/c),

M. Anselmino et. al.: PRD 72, 094007 (2005). PRD 86, 014028 (2012).
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Sivers Effect in
 Two Hadron SIDIS
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TWO-HADRON SIDIS

‣Correlations of quark’s TM 
transferred to two hadrons.

8

‣Unpolarized fully unintegrated dihadron Fragmentation Function
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TWO-HADRON SIDIS

‣Correlations of quark’s TM 
transferred to two hadrons.
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‣Unpolarized fully unintegrated dihadron Fragmentation Function
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TWO-HADRON SIDIS
‣Cross Section in terms of Total and Relative Momenta

9

‣The Sivers term:
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• mLEPTO and mPYTHIA agree pretty well.

EVENT GENERATORS + SIVERS EFFECT

• Sivers effect modulates quark’s azimuthal angle:  
relatively easy to include in MC generators.
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• Use Sivers PDF extraction from Torino group.
• mLPETO used for COMPASS. Earlier 
studies + Cahn effect, also for CLAS.
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• Two-hadron Sivers SSA need dihadron FF: yet unknown. 
• Event generators allow to study exp. kinematics effects.



DIHADRON SIVERS  USING MLEPTO MC
✦COMPASS Results in One Hadron Sivers and mLEPTO MC
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✦ mLEPTO Predictions for DiHadron Sivers in COMPASS kinematics
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✦ Asymmetric Cuts on hadron 
pair momenta enhances the signal ! P1T > 0.3 GeV

z1 > 0.3



Simulations for CLAS12 and EIC
12

mPYTHIA 6.4

in collaboration with E.-C. Aschenauer and H. Avakian



•  Include the kinematical cuts on 

CLAS12 @ JLAB 12GeV
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•             electron off polarized proton target.11 GeV

•  We use mPYTHIA for SIDIS predictions.

0.075  x  0.532

1 GeV  Q2  6.3 GeV

W � 2 GeV

MMis(ep)�(e0hX) � 1.5 GeV

MMis(ep)�(e0h1h2X) � 1.5 GeV

•Access to large x region of nucleon structure.

•  Upcoming SIDIS experiment, 1H and 2H

x,Q

2
,W, ✓e0 , ✓h,MMis, z, ...

DIS kinematics



Sivers SSAs at CLAS12
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❖ Exploring the large x (HiX) region.

✦ Both Single and Dihadron SSAs are comparable in size!
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✦ Single hadron SSAs.

✦ Dihadron SSAs for pion pairs: identical pairs via z-ordering z1 � z2



• We use mPYTHIA for SIDIS predictions.

EIC: eRHIC

15

White Paper -- Accardi et. al. : 1212.1701(2012).

• Various proposed beam momenta: le ⇥ PN

SIDIS ⇡+

• EIC using RHIC + electron ring. eSTAR
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Figure 1.8: Top: The schematic of eRHIC at BNL, which would require construction of an
electron beam facility (red) to collide with the RHIC blue beam at up to three interaction points.
Botton: The schematic of ELIC at JLab, which would require construction of the ELIC complex
(red, black/grey) and its injector (green on the top) around the 12 GeV CEBAF.
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EIC: 5⇥ 50 GeV



EIC  TOY MODEL STUDIES
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• What can we learn about Sivers PDF at EIC?
• Use a TOY model for Sivers PDF to explore.

• Interplay of valence and sea quarks, at different CM energies.
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• Access Sivers PDF at small x, and for sea quarks.



TOY MODEL : TARGET FRAGMENTATION
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• What can we learn about Sivers PDF at EIC?
• Use a TOY model for Sivers PDF to explore.

f
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• Sivers SSA changes sign, fragmentation of nucleon remnant!
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• Explore Target Fragmentation Regions             .xF < 0



• Is this justified at COMPASS energies?

LO APPROXIMATION FOR SSA

18

• Fits for Sivers PDF from HERMES and COMPASS data 
utilize LO DIS-only expressions for SSAs.

• Test using mPYTHIA: turn on non-DIS effects (VMD, GVMD, 
“direct”) and parton showering (QCD+QED).

• Significant effects, but still agrees with data!
• Current Sivers PDF extractions may be underestimated.

M. Anselmino et. al.: PRD 86, 014028 (2012).
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Asinð!h"!SÞ
UT ¼ 2

R
d!Sd!h½d"" " d"#& sinð!h "!SÞR

d!Sd!h½d"" þ d"#& (

(34)

This transverse single spin asymmetry embeds the azi-
muthal modulation triggered by the correlation between
the nucleon spin and the quark intrinsic transverse

momentum. The ‘‘weighting’’ factor sinð!h "!SÞ in
Eq. (34) is appropriately chosen to single out, among
the various azimuthal dependent terms appearing in
½d"" " d"#&, only the contribution of the Sivers mecha-
nism [18,19]. By properly taking into account all intrin-
sic motions this transverse single spin asymmetry can be
written as [1]

Asinð!h"!SÞ
UT ¼

P
q

R
d!Sd!hd

2k?!
Nf̂q=p"ðx; k?; QÞ sinð’"!SÞ d"̂

‘q!‘q

dQ2 D̂h
qðz; p?; QÞ sinð!h "!SÞ

P
q

R
d!Sd!hd

2k?f̂q=pðx; k?; QÞ d"̂‘q!‘q

dQ2 D̂h
qðz; p?; QÞ

( (35)

With respect to the leptonic plane, !S and !h are the
azimuthal angles identifying the transverse directions of
the proton spin S and of the outgoing hadron h respec-
tively, while ’ defines the direction of the incoming
(and outgoing) quark transverse momentum, k? ¼
k?ðcos’; sin’; 0Þ; d"̂‘q!‘q=dQ2 is the unpolarized cross
section for the elementary scattering ‘q ! ‘q.

The aim of our paper is to analyze the available polar-
ized SIDIS data from the HERMES and COMPASS
Collaborations in order to understand whether or not they
show signs of the TMD evolution proposed in Ref. [9] and
described in Sec. I A. Our general strategy is that of adopt-
ing the TMD evolution in the extraction of the Sivers
functions, with the same parametrization and input func-
tions as in Refs. [5,13], and see if that can improve the
quality of the fits. In doing so we will make use of the
HERMES reanalysis of SIDIS experimental data on Sivers
asymmetries for pion and kaon production and the newest
SIDIS COMPASS data off a proton target, which cover a
wider range of Q2 values, thus giving a better opportunity
to check the TMD evolution.

In particular we perform three different data fits:
(i) a fit (TMD fit) in which we adopt the TMD-evolution

equation discussed in Secs. I A and IB, Eqs. (23)–(25)
and (8)–(10);

(ii) a second fit (TMD analytical fit) in which we apply
the same TMD evolution, but using the analytical
approximation discussed in Sec. I C, Eqs. (27), (30),
and (32);

(iii) a fit (DGLAP fit) in which we follow our previous
work, as done so far in Ref. [5,13], using the
DGLAP evolution equation only in the collinear
part of the TMDs.

As a result of the fit we will have explicit expressions of all
the Sivers functions and their parameters. However, the
goal of the paper is not that of obtaining a new extraction of
the Sivers distributions, although we will show, for com-
ment and illustration purposes, the Sivers functions for u
and d valence quarks, with the relative parameters. The
procedure followed here aims at testing the effect of the
TMD evolution, as compared with the simple DGLAP

evolution so far adopted, in fitting the TMD SIDIS data.
If it turns out, as it will, that this improves the quality of the
fit, then a new extraction of the Sivers distributions, en-
tirely guided by the TMD evolution, will be necessary.
That will require a different approach from the very begin-
ning, with different input functions and parametrizations.
Here, we parametrize the Sivers function at the initial

scaleQ0 ¼ 1 GeV, as in Ref. [5,13], in the following form:

!Nf̂q=p"ðx; k?; Q0Þ ¼ 2N qðxÞhðk?Þf̂q=pðx; k?; Q0Þ;
(36)

with

N qðxÞ ¼ Nqx
#qð1" xÞ$q

ð#q þ $qÞð#qþ$qÞ

#
#q
q $

$q
q

; (37)

hðk?Þ ¼
ffiffiffiffiffi
2e

p k?
M1

e"k2?=M
2
1 ; (38)

where f̂q=pðx; k?; Q0Þ is defined in Eq. (15) andNq, #q, $q

and M1 (GeV) are (scale-independent) free parameters to
be determined by fitting the experimental data. Since
hðk?Þ ) 1 for any k? and jN qðxÞj ) 1 for any x (notice
that we allow the constant parameterNq to vary only inside
the range ½"1; 1&), the positivity bound for the Sivers
function,

j!Nf̂q=p"ðx; k?Þj
2f̂q=pðx; k?Þ

) 1; (39)

is automatically fulfilled. Similarly to PDFs, the FFs at
the initial scale are parametrized with a Gaussian shape,
Eq. (17).
As in Refs. [5,20], the average values of k? and p? are

fixed as

hk2?i ¼ 0:25 GeV2 hp2
?i ¼ 0:20 GeV2: (40)

We take the unpolarized distributions fq=pðx;Q2
0Þ from

Ref. [21] and the unpolarized fragmentation functions
Dh=qðz;Q2

0Þ from Ref. [22], with Q2
0 ¼ 1:0 GeV. As in

Ref. [5], we adopt 11 free parameters,

STRATEGY TOWARDS THE EXTRACTION OF THE SIVERS . . . PHYSICAL REVIEW D 86, 014028 (2012)
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•Ratios are very similar: can use mPYTHIA 
with DIS-only channel to predict EIC SSAs.

HOW ABOUT EIC?
• Ratios of full(+nonDIS+showers) to DIS-only SSAs 
for EIC and COMPASS.
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mPYTHIA RESULTS FOR EIC: ONE H
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✦ Average number of hadrons by struck quark flavor.

✦ SSAs for charged pions and kaons from proton target.
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✦        multiplicities larger than       , but 
kaon SSAs are larger. Up quark dominates 
the multiplicities.
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DIHADRON SIVERS  FOR EIC
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✦ Identical pairs via z-ordering: z1 � z2 (so            )�R 6= 0
π -π -
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• Dihadron SSAs are comparable to single hadron ones!           
(the one- and two-hadron FFs should mostly cancel in the ratios)



CONCLUSIONS - I
• Sivers Effect allows us to explore the momentum correlations 

of partons and the transverse spin of the nucleon.

• One-hadron SIDIS has long been one of the key processes to 
access Sivers PDF.  

• Two-hadron SIDIS will provide complementary information 
and wider basis for extracting flavor and TM dependencies. 
(Together with one hadron SIDIS and Drell-Yan measurements at COMPASS). 
Can be extracted from the same data used for IFF analyses 
(different variables).  Such analysis proposal E12-10-006A for IFF 
+ 2H Sivers at SoLID has been approved.  
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• LEPTO and PYTHIA MC event generators have been modified 
to predict Sivers SSAs for both one and two hadrons:

‣ mLEPTO for COMPASS: dihadron SSA ≅ single hadron SSA.

‣ CLAS12 and SoLID predictions.

‣ EIC: Measurable SSAs, non-DIS processes and showers should be 
considered in the extractions of the Sivers PDF .

23

• Future Plans:

‣ Feasibility study for CLAS12 (with detector effects, integrated luminosity, etc).

‣ Explore the target fragmentation.

‣ Include TMD evolution (using TMDlib ?).

CONCLUSIONS - II
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BACKUP SLIDES
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ASYMMETRIC CUTS FOR HADRON PAIR
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✦ Enhancement in SSA, but decrease of the average multiplicities. 
(especially R mods are enhanced, due to our choice of R)

✦ Should be chosen to maximize signal/noise for a specific experiment!

P1T > 0.3 GeV
z1 > 0.3✦ Asymmetric Cuts on hadron 

pair momenta enhances the signal !



RATES FOR PAIR PRODUCTION AT EIC
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✦ Average number of hadron pairs for given struck quark flavor.
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✦ Pure pion pairs dominate, but mixed pion-kaon pairs are also large 
enough.

✦ Different pairs allow to enhance the contributions of different 
quark flavors! Needed for flavor decomposition.



Study at EIC
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✦ Positive pion and kaon multiplicities by quark flavor .

✦ SSAs for positive pion and 
kaon with SSAs for various 
flavors turned off.
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