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TRANSVERSE MOMENTUM DISTRIBUTIONS



OUTLOOK

✦ What are TMD PDFs?

✦ How to Access Them Experimentally?

✦ Empirical Extractions.

✦ Sivers Effect in Two Hadron SIDIS and       
Modified Full Event Generators.

✦ Conclusions.
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Covers only a small fraction of topics! Apologies for not 
mentioning a particular work, e.g. Talk by A. Szabelski



COLLINEAR PDFs



NUCLEON PARTON DISTRIBUTION FUNCTIONS

• The momentum and the spin of the partons are 
correlated  with the polarization of the nucleon!
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•Unpolarized quark in Unpolarized nucleon.

•Longitudinally polarized quark in Longitudinally polarized nucleon.

•Transversely polarized quark in Transversely polarized nucleon.

Chiral-odd: Suppressed in Inclusive DIS
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3-D PICTURE OF NUCLEON:
TRANSVERSE MOMENTUM DEPENDENCE



PDFS WITH TRANSVERSE MOMENTUM DEPENDENCE

❖The transverse momentum (TM) of the parton can couple 
with both its own spin and the spin of the nucleon!
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❖ Leading Order TMD PDFs
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❖TMDs: Momentum Space ❖GPDs: Impact Parameter
Talk by F.-X. Girod
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PDFs FROM QUARK-QUARK CORRELATOR
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•Quark-Quark Correlation Function

L[0, x; path] = Pexp
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◆•Gauge Link

•Hermiticity of Fields, P and C invariance

•Leading-order in           (twist two) expansion M/P+

•Traces of the correlator with a Dirac operators
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FACTORIZATION AND UNIVERSALITY
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• SEMI INCLUSIVE DIS (SIDIS)
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TMDs from SIDIS
A. Bacchetta et al., JHEP08 023 (2008).
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‣Access the structure functions  via specific modulations.

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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TMDs from DRELL-YAN
S. Arnold et al., PRD 79, 034005 (2009).
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✦For polarized DY there 
are 48 terms in the leading 
twist expansion.

‣ LO Matching to convolutions of PDFs of both hadrons
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ẑ

ΦS

Figure 23: Definition of the azimuthal angle �S of transverse target spin ST in the target
rest frame.
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Figure 24: Definition of polar and azimuthal angles ✓ and � of the lepton momenta in the
Collins–Soper frame.

The dependence of the DY cross section on the target spin and on the polar and
azimuthal angles of the out-going leptons is commonly described using two coordinate
systems:

1. The target rest frame (TF) is defined by the unit vectors ẑ along the momentum
of the beam hadron, x̂ along the transverse component qT of the virtual photon
momentum and finally ŷ = ẑ ⇥ x̂ (Fig. 23), yielding

P µ
a,TF =

�

P 0
a,TF , 0, 0, P 3

a,TF

�

, (23)

P µ
b,TF =

�

Mb, 0, 0, 0
�

, (24)

qµ
TF =

�

q0
TF , qT , 0, q3

TF

�

, (25)

Sµ
TF =

�

0, ST cos �S, ST sin �S, SL

�

, (26)

where the polarisation vector is normalised as S2 = �1.
2. The Collins–Soper frame (CS) is the rest frame of the virtual photon. It is obtained

from the TF by boosting first along ẑ and then along x̂ so that both the longitudinal
and the transverse momenta of the virtual photon vanish (Fig. 24). Neglecting the
lepton mass, the lepton and antilepton momenta in this frame are given as

lµCS =
q

2
(1, sin ✓ cos �, sin ✓ sin �, cos ✓) , (27)

l0µCS =
q

2
(1, � sin ✓ cos �, � sin ✓ sin �, � cos ✓) . (28)
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ŷ

ẑ
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TMD EVOLUTION
J. Collin, Foundations of Perturbative QCD (2011)
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Aybat and Rogers, PRD83 114042 (2011)
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j
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e

gK(bT ) ln µ
µ0

f̂

i
NP (x, bT )

PerturbativeCollinear PDF

✦ Various Prescriptions/Models for NP.
✦Evolution of polarized TMD PDFs/FFs.

Brock et al., PRD 67 (2013), 073016 Sun, Yuan, PRD88 (2013), 114012

Mantry, Petriello, PRD84 (2011), 014030Echevarria et al.: PRD89 (2014), 074013
...
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•TMD PDFs •TMD FFs (unpolarized)

q/h U
U
L
T

D1

H?
1

N/q U L T
U
L
T

f1
g1L

h?
1Th1

h?
1L

h?
1

g?1Tf?
1T

‣ FFs are poorly determined, even in the collinear case.

zC[f g ...] ⌘
X

q

e2q

Z
d2~kT d2 ~P? f g ... �2(~PT � ~P? � z~kT )

‣Need: TM dependent FFs to extract TMDs from SIDIS.
‣Many types of final hadrons and different targets.



Hadron Multiplicities 

Unfavored FFs NOT well known!

  

Comparison to parameterisations

● The existence of discrepancies 

   are evident (especially for K)

● Data can be used to improve 
    our knowledge on FFs (also 

    good for Δs) and also on poorly
    known PDFs (like s(x)) 

● It will contribute significantly 
    to our knowledge of the
    hadronisation process

‣Preliminary from COMPASS
12
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FIG. 9. Comparison of the vector-meson-corrected mul-
tiplicities measured on the proton for various hadrons with
LO calculations using CTEQ6L parton distributions [45] and
three compilations (see text) of fragmentation functions. Also
shown are the values obtained from the HERMES Lund
Monte Carlo. The statistical error bars on the experimen-
tal points are too small to be visible.

charge. The multiplicities in this LO approximation are
a reasonable starting point for comparing the HERMES
results with predictions based on fragmentation functions
resulting from global QCD analyses of all relevant data.

A comparison of the multiplicities measured by HER-
MES for SIDIS on the proton and deuteron with LO pre-
dictions is presented in Figs. 9 and 10. The multiplicities
are calculated from Eq. 8 (though integrated only over
the accepted range in x

B

of 0.023 to 0.600) using val-
ues for the FFs taken from three widely used analyses,
that of de Florian et al. (DSS) [22], that of Hirai et
al. (HKNS) [12], and that of Kretzer [9], together with
parton distributions taken from CTEQ6L [45]. For pos-
itively charged pions and kaons, the results for a proton
target using FFs from the analysis of DSS are in reason-
able agreement with the HERMES results. For negative
charges, the discrepancies between data and the results
based on FFs from DSS are substantial, particularly for
K

� where the curve predicted lies below the observed
multiplicity over most of the measured range of z. For
⇡

� the results from the DSS analysis agree with mea-
surement at low z. For both ⇡

� and K

�, fragmenta-
tion is less a↵ected by u-quark dominance. Uncertainties
in the less abundant production by strange and anti-u
quarks may have a larger impact on the predictions than
for the positively charged hadrons. Alternatively, next-
to-leading-order (NLO) processes may be proportionally
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FIG. 10. As in Fig. 9 but for deuterons.

more important for ⇡

� and particularly K

�, and the
discrepancies observed here may signal the importance
of calculating multiplicities at NLO. For kaons the DSS
results give a better representation of the data than the
Kretzer and HKNS curves. This is to be expected, since
the DSS analysis included a preliminary version of the
HERMES proton data in its database. The Kretzer and
HKNS results are in substantial disagreement with the
multiplicities measured forK�. The results on deuterons
are in general in somewhat better agreement with the
various predictions, in particular for pions. However, the
discrepancy between the measured K

� multiplicities and
the various predictions is also apparent here. In Figs. 9
and 10 the multiplicities obtained from the HERMES
Lund Monte Carlo, in which the fragmentation parame-
ters have been tuned for HERMES kinematic conditions
[20], are also shown. Inclusion of the data reported here
in future global analyses should result in higher precision
in the extraction of FFs, particularly those describing
less abundant fragmentation processes.

VI. SUMMARY

HERMES has measured the multiplicity of charge-
separated pions and kaons as a function of z, P

h?

, x
B

and Q

2 produced by SIDIS o↵ a hydrogen and a deu-
terium target. This high statistics data set, which re-
sult from scattering by pure gas targets of protons and
deuterons, provides unique information on the fragmen-
tation of quarks into final state hadrons and will con-
tribute valuable input for the extraction of fragmentation
functions using QCD fits. The comparison of the results

‣Also results from HERMES
Phys. Rev. D 87, 074029 (2013)Talk by C.Franco at CIPANP 2012.
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UNPOLARIZED MULTIPLICITIES IN SIDIS

PRD 87, 074029 (2013)

HERMES COMPASS
Eur.Phys.J. C73 (2013) 2531
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2 in four z bins. Positive charge is on the left and negative charge is on the right of each panel. Uncertainties are as in
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Fig. 4: The p

2
T

dependence of the differential multiplicities d

2
n

h/dzd p

2
T

of positive hadrons (left) and
negative hadrons (right) fitted by an exponential for 1 < Q

2 (GeV/c)2 < 1.5, 0.006 < x

B j

< 0.008 (top)
and 6 < Q

2 (GeV/c)2 < 10, 0.07 < x

B j

< 0.12 (bottom) subdivided into eight z intervals, see legend of
upper pictures. The average values hQ2i and hx

B j

i for the chosen (Q2,x
B j

) intervals are indicated in the
pictures. The systematic error of 5% is not included in the errors.

over the entire p

T

range, i.e. hp

2
T

i
all

. The z-dependence as well as the hadron charge dependence of the
p

2
T

distributions will be further investigated below and is related to the intrinsic transverse momentum of
the partons.

It is interesting to compare the values and W

2-dependence of hp

2
T

i obtained from the fit at small p

T

with the values and W

2-dependence of hp

2
T

i
all

. The W

2-dependence of hp

2
T

i, obtained from the fit in
the bin 0.5 < z < 0.6 is shown in Fig. 8, that one of hp

2
T

i
all

in Fig. 9. In addition to the data points,
Fig. 9 shows lines, which represent fits of the data points assuming a linear function of lnW

2. Because of
the Q

2-dependence, the last points are somewhat below the fit. The authors of Ref. [18] first suggested
that hp

2
T

i
all

should depend linearly on the µN center of mass energy squared s. They have verified their
prediction with results from three fixed target experiments: JLab, HERMES and COMPASS, see Fig. 10.
Fig. 10a shows the p

2
T

distribution of charged hadrons with 0.5 < z < 0.6 and integrated over Q

2 and x

B j

,
measured by COMPASS, which was used to determine the acceptance corrected hp

2
T

i
all

. Fig. 10b taken
from Ref. [18] shows the dependence of hp

2
T

i
all

on s. Their value for COMPASS, represented by the
black dots, was not corrected for acceptance. The new, acceptance corrected COMPASS value hp

2
T

i
all

added to Fig. 10b (red dot) is shown in a recent paper [19], and used to quantify the p

T

broadening [20]
in a model to determine the Sivers and Boer-Mulders asymmetries at COMPASS and HERMES. The
result of the model of Pasquini and Schweitzer was closer to the COMPASS data when p

T

broadening
is included. The authors of Ref. [18] also note that hp

2
T

i
all

may depend linearly on W

2 rather than s.
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Modeling TM dependence...



GAUSSIAN ANSATZ
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2kT f(x, k2T ) 19

‣Only involved collinear PDFs and FFs.

‣Using Gaussian Ansatz For TM dependences of PDFs and FFs:
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T i(z) = hP 2

?i+ z2hk2T i

f

q
1 (x, k

2
T ) = f

q
1 (x)

e

�k2
T /hk2

T,qi

⇡hk2T,qi
Dh

q (z, P
2
?) = D(z)hq

e�P 2
?/hP 2,q!h

? i

⇡hP 2,q!h
? i

FUU =
X

q

e

2
q f

q
1 (x,Q

2)Dh
q (z,Q

2)
e

�P 2
T /hP 2

T i

⇡hP 2
T i

FUU =
X

q

e

2
q f

q
1 (x, k

2
T , Q

2)⌦ d�

lq!lq ⌦D

h
q (z, P

2
?, Q

2)

‣Need to calculate convolution PDFs and FFs:



‣ Fit of both HERMES and COMPASS data.

20

EMPIRICAL EXTRACTIONS OF AVERAGE TM

‣ Use Gaussian for TM dependence of PDFs and FFs.

‣ CTEQ6L collinear PDFs and DSS collinear FFs. 

‣ Only DGLAP evolution of collinear PDFs and FFs.

‣ Constant        and        .hk2T i hP 2
?i

M. Anselmino et. al.: JHEP 1404 (2014) 005.

hP 2
T i(z) = hP 2

?i+ z2hk2T i
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TABLE II: �2 values of our best fits, following Eqs. (12) and (8), of the experimental COMPASS measurements of
the SIDIS multiplicities Mh

n (xB , Q2, zh, PT ) for h+ and h� production, o↵ a deuteron target. We show the total
�2

dof

and, separately, the �2

dof

for h+ and h� data. CTEQ6 PDFs and DSS FFs are used. Notice that the errors
quoted for the parameters are statistical errors only, and correspond to a 5% variation over the total minimum
�2. The two lowest rows of numerical results are obtained allowing for a y-dependent extra normalisation factor,
Eq. (17).

COMPASS

Cuts �2

dof

n. points [�2

point

]h
+

[�2

point

]h
�

Parameters

Q2 > 1.69 GeV2 hk2

?i = 0.61± 0.20 GeV2

0.2 < PT < 0.9 GeV 8.54 5385 8.94 8.15 hp2?i = 0.19± 0.02 GeV2

z < 0.6

Q2 > 1.69 GeV2 hk2

?i = 0.57± 0.21 GeV2

0.2 < PT < 0.9 GeV 9.81 6284 10.37 9.25 hp2?i = 0.19± 0.02 GeV2

z < 0.7

Q2 > 1.69 GeV2 hk2

?i = 0.60± 0.14 GeV2

0.2 < PT < 0.9 GeV 3.42 5385 3.25 3.60 hp2?i = 0.20± 0.02 GeV2

z < 0.6 A = 1.06± 0.06

Ny = A+B y B = �0.43± 0.14

Q2 > 1.69 GeV2 hk2

?i = 0.52± 0.14 GeV2

0.2 < PT < 0.9 GeV 3.79 6284 3.63 3.96 hp2?i = 0.21± 0.02 GeV2

z < 0.7 A = 1.06± 0.07

Ny = A+B y B = �0.46± 0.15

a y-dependent normalisation parameter. Consequently, we re-performed a fit of the COMPASS data by
adding to the multiplicities of Eq. (12) an overall multiplicative normalisation factor, linearly dependent
on y, parameterised as

Ny = A+B y , (17)

which implies two additional parameters A and B, assumed to be universal and flavour independent.
With this parameterisation the quality of our best fit improves very significantly, resulting in a total

�2

dof

of 3.42 (z < 0.6), corresponding to A = 1.06 ± 0.06 and B = �0.43 ± 0.14 and only very slightly
di↵erent values of the Gaussian widths with respect to those previously obtained, Eq. (16), as shown in
the third entry of Table II. A similar improvement is obtained for z < 0.7.

The results of our best fit, for positively and negatively charged hadronic production, are presented in
Fig. 12 and 13 respectively. By comparing these figures with the analogous Figs. 9 and 10, in particular
the plots on the left sides, corresponding to large y (and low xB ) bins, one can see that the huge gain
in �2 is due to the fact that only with this second approach we can reproduce the normalisation of the
data. Further comments on this issue will be made in the conclusions.

To complete our analysis, we finally performed a fit in which we allowed for two individual Gaussian
widths for the favoured and disfavoured fragmentation functions, similarly to what was done for the
HERMES measurements, assuming that the final hadrons are mostly pions. However, in this case,
these two parameters turn out to be roughly the same. For z < 0.6, we find: hk2?i = 0.60 ± 0.15,
hp2?ifav = 0.20±0.04, hp2?idisf = 0.20±0.05, for the Gaussian widths and A = 1.06±0.06, B = �0.43±0.14,
for the normalisation constants. These parameters correspond to �2

dof

= 3.42.
In conclusion, we have found that COMPASS data show the need for an overall y-dependent normali-

sation; having fixed that, then the multiplicities appear to be in agreement with a Gaussian dependence,

4

A. Fit of the HERMES multiplicities

The first step of our analysis consists in using the simple Gaussian parameterisation of Eqs. (5) and (6)
and the expression (12), to perform a two parameter fit of the HERMES multiplicities Mh

n (x, Q
2, z, PT ).

The values of the best fit parameters, the Gaussian widths hk2?i and hp2?i, will fix the TMD distribution
and fragmentation functions respectively. We do not introduce any overall normalisation constant.

To make sure we work in the region of validity of our simple version of TMD factorisation, Eq. (12),
we further restrict the kinematical range explored by the HERMES experiment. In fact, previous studies
of the HERMES Collaboration [15] showed that the LO collinear SIDIS cross sections (obtained by
integration of Eq. (12) over P T ), agree reasonably well with data only in regions of moderate values of z.
The collinear distribution and fragmentation functions which perform best are the CTEQ6L PDF set [32]
and the DSS [33] FFs, which we use here. We then consider two possible data selections: z < 0.7 and
z < 0.6. Notice that these choices also avoid contaminations from exclusive hadronic production processes
and large z re-summation e↵ects [35]. We also fix the same minimum Q2 as in the CTEQ6L analysis,
Q2 > 1.69 GeV2, that amounts to excluding the first two HERMES Q2 bins. Low PT HERMES data
show peculiar deviations from the Gaussian behaviour, which instead are not visible in the COMPASS
and JLab [12, 13] data: for this reason we prefer not to consider the lowest PT bin in order to explore
the regions which exhibit the same kind of behaviour for all experiments. Finally, we apply an additional
cut on large PT , requiring PT < 0.9 GeV, as multiplicities at large PT values fall in the domain of the
onset of collinear perturbative QCD [36]. In the considered Q2 range, this implies PT /Q < 0.7. Notice
that recent analyses of the same experimental data [26, 28] have adopted similar cuts.

Summarising, we limit the analysis of HERMES SIDIS data to the kinematical regions defined by:

z < 0.7 Q2 > 1.69 GeV2 0.2 < PT < 0.9 GeV (13)

z < 0.6 Q2 > 1.69 GeV2 0.2 < PT < 0.9 GeV . (14)

Moreover, in our fit we do not include the kaon production data points; in fact, the precision and accuracy
of the kaon data sample, at present, do not help in constraining the values of the free parameters. When
taken into account, the kaon data have little or no impact on the fit and are compatible with the
assumption of the same Gaussian width as for pion production. This will be explicitly shown below by
computing, using the parameters extracted from pion data, the kaon multiplicities and comparing them
with the HERMES results.

The above selections reduce the number of fitted HERMES data points to either 576 for z < 0.7, or
497 for z < 0.6.

TABLE I: �2 values of our best fits, following Eqs. (12) and (8), of the experimental HERMES measurements of
the SIDIS multiplicities Mh

n (xB , Q2, zh, PT ) for ⇡
+ and ⇡� production, o↵ proton and deuteron targets. We show

the total �2

dof

and, separately, the �2

point

for ⇡+ and ⇡� data. CTEQ6 PDFs and DSS FFs are used. Notice that
the errors quoted for the parameters are statistical errors only, and correspond to a 5% variation over the total
minimum �2.

HERMES

Cuts �2

dof

n. points [�2

point

]⇡
+

[�2

point

]⇡
�

Parameters

Q2 > 1.69 GeV2 hk2

?i = 0.57± 0.08 GeV2

0.2 < PT < 0.9 GeV 1.69 497 1.93 1.45 hp2?i = 0.12± 0.01 GeV2

z < 0.6

Q2 > 1.69 GeV2 hk2

?i = 0.46± 0.09 GeV2

0.2 < PT < 0.9 GeV 2.62 576 2.56 2.68 hp2?i = 0.13± 0.01 GeV2

z < 0.7

HERMES

COMPASS

M. Anselmino et. al.: JHEP 1404 (2014) 005.
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EMPIRICAL EXTRACTIONS OF AVERAGE TM

‣ Unable to access flavor dependence in TMD.

‣ Slightly better fit to COMPASS when allowing 
favored and disfavored TM to be different.

‣ Need more high precision data with different 
targets  and many detected hadrons to extract 
flavor dep. Need a wide range of Q2 for testing 
TMD evolution.

‣ Extracted average TMs of PDF and FF highly 
correlated!

M. Anselmino et. al.: JHEP 1404 (2014) 005.
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‣ Fit azimuthal asymmetries in unpolarized SIDIS 
from COMPASS and HERMES.

V. Barone et. al.: arXiv:1502.04214 (2015).

F cos�h

UU F cos 2�h

UU

Boer-MuldersCahn

F

cos�h

UU |Cahn ⇠
X

q

e

2

qxf
q
1

(x)Dq!h
1

(z)
zhk2T i
hP 2

T i
e

�P 2
T /hP 2

T i

⇡hP 2

T i

‣ Combined fit with multiplicities yields
hk2T i ' 0.03� 0.04 GeV2

‣ Possible higher-twist effects,etc, but demonstrates the lack 
of constraints on quark TM from multiplicities alone.
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Use Gaussian Ansatz and allow TM dependencies
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Signori et al.: JHEP 1311, 194 (2013)
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✦Use HERMES multiplicity data 
for P and D target.
✦MSTW08 LO for PDF.
✦DSS LO for FF.
✦200 replicas of data by 
Gaussian smearing are fitted.

1) Dynamic. 2) Quark and Hadron type.
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Figure 3. Data points: Hermes multiplicities mh
p(x, z,P

2
hT ;Q

2) for pions and kaons o↵ a proton
target as functions of P 2

hT for one selected x and Q

2 bin and few selected z bins. Shaded bands:
68% confidence intervals obtained from fitting 200 replicas of the original data points in the scenario
of the default fit. The bands include also the uncertainty on the collinear fragmentation functions.
The lowest P 2

hT bin has not been included in the fit.

the fact that the collinear description of this channel is poor (see table 2). We point out

also that the systematic errors in D ! K

� are significantly smaller than p ! K

� [21].

The second worst agreement is for p ! ⇡

+, which is not unexpected since statistical errors

are smallest in this channel. The ⇡

� channels are described decently, which is at odds

with the poor description of their collinear multiplicities (see table 2). We do not have a

reasonable explanation for this feature yet. Maybe, it could be ascribed to the cuts in PhT

that we implemented in our fit.

Figures 3 and 4 illustrate the agreement between our fit and the Hermes data. For

each figure, the upper panels display the results for pions (⇡� on the left and ⇡

+ on the

right), the lower panels for kaons. The results show the multiplicities m

h
N (x, z,P 2

hT , Q
2)

for N = p proton and N = D deuteron targets, respectively, as functions of P 2

hT for one

selected bin hxi ⇠ 0.15 and hQ2i ⇠ 2.9GeV2 (out of the total five x bins we used), and

for four di↵erent z bins (out of the total seven z bins we used). The lowest P 2

hT bin

was excluded from the fit, as explained in section 3.1. The theoretical band is obtained

by rejecting the largest and lowest 16% of the replicas for each P 2

hT bin. The theoretical

uncertainty is dominated by the error on the collinear fragmentation functionsD
1

(z), which

induces an overall normalization uncertainty in each z bin. The di↵erent values of the fit

parameters in each replica are responsible for the slight di↵erences in the slopes of the

upper and lower borders of the bands.

– 13 –



25

Signori et al.: JHEP 1311, 194 (2013)

J
H
E
P
1
1
(
2
0
1
3
)
1
9
4
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Figure 5. (a) Distribution of the values of the ratios hk2
?,dv

i/hk2
?,uv

i vs. hk2
?,seai/hk2

?,uv
i obtained

from fitting 200 replicas of the original data points in the scenario of the default fit. The white
squared box indicates the center of the 68% confidence interval for each ratio. The shaded area
represents the two-dimensional 68% confidence region around the white box. The dashed lines
correspond to the ratios being unity; their crossing point corresponds to the result with no flavor
dependence. For most of the points, hk2

?,dv
i < hk2

?,uv
i < hk2

?,seai. (b) Same as previous panel,
but for the distribution of the values of the ratios hP 2

?,unfi/hP 2
?,favi vs. hP 2

?,uKi/hP 2
?,favi. For all

points, hP 2
?,favi < hP 2

?,unfi ⇠ hP 2
?,uKi.

4.2 Fit with Q

2

> 1.6 GeV

2

In this scenario, we restrict the Q

2 range compared to the default fit by imposing the cut

Q

2

> 1.6GeV2. The set of data is reduced to 1274 points. The mean value of the �

2/d.o.f

is smaller, since we are fitting less data. Moreover, the disregarded Q

2 bin contains high

statistics. As for the default fit, the behavior of transverse momenta over the 200 replicas

is summarized in figure 6. The exclusion of low-Q2 data leads to partial di↵erences in

the features of the extracted TMD PDFs: the average width of valence quarks slightly

increases, while the distribution for sea quarks becomes narrower. In the left panel, most

of the replicas are in the lower left quadrant, i.e., we have hk2

?,seai . hk2

?,dv
i < hk2

?,uv
i.

On average, dv quarks are 15% narrower than uv quarks, which are in turn more than 20%

wider than sea quarks. In a relevant number of replicas dv can be more than 40% narrower

than the uv, and the sea can be even 50% narrower than uv. In this scenario, it is unlikely

that the sea is wider than uv, but it is possible that dv is wider than uv.

In the right panel, the behavior of transverse momenta in fragmentation processes

is qualitatively unchanged with respect to the default fit, apart from the fact that the

unfavored Gaussian function becomes now more than 25% larger than the favored one.

The crossing point again indicates no flavor dependence and lies just outside the 68%

confidence region for TMD PDFs and completely outside the same region for TMD FFs.
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Figure 6. Same content and notation as in the previous figure, but for the scenario with the cut
Q

2
> 1.6.

We conclude that the low-Q2 data, being also characterized by low x, can have a

significant impact on the analysis of TMD PDFs, in particular the sea components. More

data at low x (but possibly at high Q

2) are necessary to better constrain the sea quarks

TMD PDFs [2, 27, 57].

4.3 Fit with pions only

We also choose to fit data related only to pions in the final state, in order to explore the

importance of the kaons data set. In this framework, we are left with two independent frag-

mentation processes: favored and unfavored ones. Accordingly, the number of fit parame-

ters for TMD FFs reduces from 7 to 5 (hP̂ 2

?,favi, hP̂ 2

?,unfi, �, �, �; see eqs. (2.15)–(2.19)).

The agreement between data and the model is the worst (see table 2). This is due

to at least two reasons. First of all, the fit of collinear multiplicities was poor in all the

target-hadron combinations involving pions in the final state. Moreover, the high statistics

collected for pions (mostly in the low-Q2 region) leads to higher values of �2.

On average, dv quarks are equally distributed as uv quarks, which are in turn more

than 20% wider than sea quarks. In the default fit sea quarks were wider than valence

ones and there was a remarkable di↵erence between uv and dv, not evident in this scenario.

In any case, in a relevant number of replicas dv can be more than 15% narrower than the

uv, but also more than 10% wider than uv. The sea can be even 50% narrower than uv,

but it is also not unlikely that the sea is wider than uv. Once again, the crossing point for

flavor independence lies at the boundary of the 68% confidence region, due to the di↵erence

between the distributions of sea quarks and valence quarks.

As in the other scenarios, TMD FFs for unfavored processes are wider than favored

ones. The di↵erence is comparable to the default fit, with unfavored functions about 20%

larger than favored ones.

– 16 –

✦TMD: Flavor dep. ✦FF: Quark and Hadron type dep.

hP 2
?iu!⇡+

< hP 2
?iu!K+

⇠ hP 2
?iunf

✓ Indications:
hk2T idv < hk2T iuv < hk2T isea

0.1 < z < 0.80.04 . x . 0.4

EMPIRICAL EXTRACTIONS OF AVERAGE TM II
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Figure 18. Qualitative picture of the emergence of nonperturbative parton short-range correlations
in QCD (details see text). (a) Slow-moving nucleon in the presence of chiral symmetry-breaking
vacuum fields (indicated by the red blobs). (b) Fast-moving nucleon (parton picture).

which move with a momentum much larger than the scale of the vacuum fluctuations,

P ! ρ−1. Following Gribov [98], in this limit one can separate the quanta carrying a finite

fraction of the hadron momentum from those “left behind” in the vacuum, and the hadron

becomes a closed system in the quantum-mechanical sense, amenable to a wave function

description. When we imagine approaching the regime of large momentum P ! ρ−1 grad-

ually, it is clear that some of the quark-antiquark pairs in the vacuum will be “dragged

along” and become the sea quarks in the nucleon’s partonic wave function (see figure 18b).

These pairs remember the size distribution with which they existed in the vacuum (or,

equivalently, the range of the effective interactions which created them) and thus induce

nonperturbative short-range correlations in the nucleon’s partonic wave function. In this

argument we implicitly assume that the nonperturbative wave function is defined “at a

scale of the order ρ−2,” and that configurations with transverse momenta p2T ! ρ−2 will be

built up by perturbative QCD radiation. While leaving aside many important questions

(UV divergences, renormalization) this simple picture qualitatively explains how parton

short-range correlations emerge from chiral symmetry breaking in QCD. A similar picture

of the role of QCD instantons in partonic structure was discussed in ref. [103].

The picture described here implies that the small-size qq̄ pairs in the nucleon wave

function are generally accompanied by strong gauge fields with transverse momenta of the

order ρ−1. These gauge fields need not necessarily project onto physical gluon states in

the limit P → ∞ (e.g., they can correspond to unphysical polarization states), but can

exert forces on the quark and antiquark corresponding to higher-twist effects. A transverse

momentum-dependent hard scattering process involving sea quarks with pT ∼ ρ−1 thus

generally takes place in the presence of a strong gluon field. One should therefore expect

sizable corrections to the impulse approximation, in which one takes into account the

pT ∼ ρ−1 of the initial quark/antiquark but not the equally strong final-state interaction

with the small-size gluon field. For this reason we cannot use our calculated pT distributions

directly to make numerical predictions for the transverse momentum distributions in hard

processes. Our conclusions regarding semi-inclusive DIS presented below assume only on

the existence of the short-distance scale and do not rely on the impulse approximation.
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Figure 14. Transverse momentum distributions of flavor-singlet unpolarized valence and sea quarks
at x = 0.1. Panel (a) shows fu+d−ū−d̄

1 and f ū+d̄
1 as functions of p2T on a logarithmic scale; panel

(b) shows the radial distribution 2πpT f
u+d−ū−d̄
1 and 2πpT f

ū+d̄
1 on a linear scale, such that the

area under the curves corresponds to the integral over pT . Dashed lines: valence quark distribution
fu+d−ū−d̄
1 (see figure 6). Solid lines: sea quark distribution f ū+d̄

1 (PV regularization). (Self-
consistent soliton profile eq. (A.4) with M = 0.35GeV,MN = 3.26M .)
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✦ Very different TM dep. 
of valence vs sea.

✦ Nucleon as constituent quarks 
and antiquarks moving in self-
consistent chiral field.
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Figure 5. Average transverse momentum squared of the valence quark distribution, 〈p2T 〉val(x),
eq. (4.5), as a function of x. Solid line: flavor-singlet unpolarized distribution fu+d−ū−d̄

1 . Dashed
line: flavor-nonsinglet polarized distribution, gu−d−ū+d̄

1 .

the flavor-singlet unpolarized distribution, which again is a relativistic effect.6 Similar

behavior is found in relativistic bound state models of the valence quark distributions with

fixed particle number; see e.g. refs. [76–81].

It is interesting to note that the unpolarized and polarized quark distributions resulting

from the bound-state level, eqs. (4.2) and (4.7), satisfy the general large-Nc inequality for

the transverse momentum distribution, eq. (3.51). Because numerically gu−d
1,lev(x, pT ) > 0,

and also fu+d
1,lev(x, pT ) > 0, we may replace the absolute values of the distributions by

the distributions themselves when testing the inequality. If we then form the difference

between the left- and right-hand sides of eq. (3.51) with the expressions eqs. (4.2) and (4.7),

we obtain

fu+d
1,lev(x, pT ) − 3gu−d

1,lev(x, pT ) =
2NcMN

(4πp2)

[
1− (p3/p)2

]
j2(p), (4.8)

which is manifestly positive because |p3| ≤ p. The inequality for the corresponding sea

quark distributions, which are dominated by the contribution of the Dirac continuum of

single-particle quark states, is discussed in section 5.10.

6A smaller value of the polarized 〈p2T 〉 compared to the unpolarized one is also obtained in phenomeno-

logical models based on Gaussian distributions. For a Gaussian distribution 〈p2T 〉 is proportional to the

width, and a larger width for the polarized distribution would lead to a violation of positivity at large pT .

While certainly not rigorous, this argument makes plausible why for near-Gaussian shapes the polarized

〈p2T 〉 should be smaller than the unpolarized one.

– 27 –

✦ Sizable x dependence of 
average TM for valence quarks.
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Figure 8. Distribution of the values of hk2
?i (at x = 0.1) and hP 2

?i (at z = 0.5) obtained from
fitting 200 replicas of the original data points in the scenario of the flavor-independent fit. The white
squared box indicates the center of the one-dimensional 68% confidence interval for each parameter.
The shaded area represents the two-dimensional 68% confidence region around the white box. The
transverse momenta are manifestly anti-correlated.

Accordingly, the number of fit parameters reduces to 3 for TMD PDFs (hk̂2

?i, ↵, �) and

4 for TMD FFs (hP̂ 2

?i, �, �, �). Their values are summarized in table 4 and 5. The

expression (2.12) for the multiplicities considerably simplifies and the PhT width is the

same for every target-hadron combination:

⌦
P 2

hT

↵
= z

2

⌦
k2

?
↵
+

⌦
P 2

?
↵
. (4.3)

The agreement between data and the flavor-independent model is poorer than in the

(flavor-dependent) default fit: the central value of the �2/d.o.f. is 1.73 (see table 3). This is

not surprising, since we are fitting with the same function data for all the available target-

hadron combinations, which display sensibly di↵erent behaviors. However, these results do

not rule out the flavor-independent ansatz.

Figure 8 clearly shows the anti-correlation between hk̂2

?i and hP̂ 2

?i induced by eq. (4.3).

Similar fits have been performed in the past for semi-inclusive DIS and Drell-Yan

processes [41, 58], also including the e↵ect of gluon resummation [59–61] within the so-

called Collins-Soper-Sterman formalism [32, 62], which is equivalent to taking into account

TMD evolution [35, 36, 38].

The values of our mean square transverse momenta at x = 0.1 and z = 0.5 are

consistent with the values obtained without considering x and z dependence in ref. [58]

(hk2

?
↵
= 0.38±0.06 GeV2 and hP 2

?
↵
= 0.16±0.01 GeV2) and in ref. [63] (hk2

?
↵
= 0.25 GeV2

and hP 2

?
↵
= 0.20 GeV2) using a di↵erent approach based on the so-called Cahn e↵ect [64].

In the Hermes Monte Carlo generator GMCTRANS, the following flavor-independent

parametrization of the mean square transverse momenta, which were tuned to Hermes

– 18 –
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✦Correlations of TM extractions for PDF and FF

z = 0.5 x = 0.1
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Figure 8. Distribution of the values of hk2
?i (at x = 0.1) and hP 2

?i (at z = 0.5) obtained from
fitting 200 replicas of the original data points in the scenario of the flavor-independent fit. The white
squared box indicates the center of the one-dimensional 68% confidence interval for each parameter.
The shaded area represents the two-dimensional 68% confidence region around the white box. The
transverse momenta are manifestly anti-correlated.

Accordingly, the number of fit parameters reduces to 3 for TMD PDFs (hk̂2

?i, ↵, �) and

4 for TMD FFs (hP̂ 2

?i, �, �, �). Their values are summarized in table 4 and 5. The

expression (2.12) for the multiplicities considerably simplifies and the PhT width is the

same for every target-hadron combination:

⌦
P 2

hT

↵
= z

2

⌦
k2

?
↵
+

⌦
P 2

?
↵
. (4.3)

The agreement between data and the flavor-independent model is poorer than in the

(flavor-dependent) default fit: the central value of the �2/d.o.f. is 1.73 (see table 3). This is

not surprising, since we are fitting with the same function data for all the available target-

hadron combinations, which display sensibly di↵erent behaviors. However, these results do

not rule out the flavor-independent ansatz.

Figure 8 clearly shows the anti-correlation between hk̂2

?i and hP̂ 2

?i induced by eq. (4.3).

Similar fits have been performed in the past for semi-inclusive DIS and Drell-Yan

processes [41, 58], also including the e↵ect of gluon resummation [59–61] within the so-

called Collins-Soper-Sterman formalism [32, 62], which is equivalent to taking into account

TMD evolution [35, 36, 38].

The values of our mean square transverse momenta at x = 0.1 and z = 0.5 are

consistent with the values obtained without considering x and z dependence in ref. [58]

(hk2

?
↵
= 0.38±0.06 GeV2 and hP 2

?
↵
= 0.16±0.01 GeV2) and in ref. [63] (hk2

?
↵
= 0.25 GeV2

and hP 2

?
↵
= 0.20 GeV2) using a di↵erent approach based on the so-called Cahn e↵ect [64].

In the Hermes Monte Carlo generator GMCTRANS, the following flavor-independent

parametrization of the mean square transverse momenta, which were tuned to Hermes
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✦Correlations of TM extractions for PDF and FF

z = 0.5 x = 0.1
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The Confined Motion of Partons Inside
the Nucleon
Semi-inclusive DIS (SIDIS) measurements
have two natural momentum scales: the
large momentum transfer from the electron
beam needed to achieve the desired spatial
resolution, and the momentum of the pro-
duced hadrons perpendicular to the direction
of the momentum transfer, which prefers a
small value sensitive to the motion of con-
fined partons. Remarkable theoretical ad-
vances over the past decade have led to a
rigorous framework where information on the
confined motion of the partons inside a fast-
moving nucleon is matched to transverse-
momentum dependent parton distributions
(TMDs). In particular, TMDs are sensitive
to correlations between the motion of par-
tons and their spin, as well as the spin of the
parent nucleon. These correlations can arise
from spin-orbit coupling among the partons,
about which very little is known to date.
TMDs thus allow us to investigate the full
three-dimensional dynamics of the proton,
going well beyond the information about lon-
gitudional momentum contained in conven-
tional parton distributions. With both elec-

tron and nucleon beams polarized at collider
energies, the EIC will dramatically advance
our knowledge of the motion of confined glu-
ons and sea quarks in ways not achievable at
any existing or proposed facility.

Figure 1.3 (Left) shows the transverse-
momentum distribution of up quarks inside
a proton moving in the z direction (out of the
page) with its spin polarized in the y direc-
tion. The color code indicates the probabil-
ity of finding the up quarks. The anisotropy
in transverse momentum is described by the
Sivers distribution function, which is induced
by the correlation between the proton’s spin
direction and the motion of its quarks and
gluons. While the figure is based on a pre-
liminary extraction of this distribution from
current experimental data, nothing is known
about the spin and momentum correlations
of the gluons and sea quarks. The achiev-
able statistical precision of the quark Sivers
function from EIC kinematics is also shown
in Fig. 1.3 (Right). Currently no data exist
for extracting such a picture in the gluon-
dominated region in the proton. The EIC
will be crucial to initiate and realize such a
program.
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Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while
polarized in the y-direction. The color code indicates the probability of finding the up quarks.
Right: The transverse-momentum profile of the up quark Sivers function at five x values
accessible to the EIC, and corresponding statistical uncertainties.

5

✦ Preliminary extractions 
from experimental data 
and projections for EIC.

EIC White Paper, arXiv:1212.1701 (2012).

ST kT sin('k � 'S)

ST
✦ Naively T-odd, gauge-link should be included in the definition.

f?SIDIS
1T = �f?DY

1T

✦ Accessible in Polarized SIDIS, Drell-Yan.
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The Confined Motion of Partons Inside
the Nucleon
Semi-inclusive DIS (SIDIS) measurements
have two natural momentum scales: the
large momentum transfer from the electron
beam needed to achieve the desired spatial
resolution, and the momentum of the pro-
duced hadrons perpendicular to the direction
of the momentum transfer, which prefers a
small value sensitive to the motion of con-
fined partons. Remarkable theoretical ad-
vances over the past decade have led to a
rigorous framework where information on the
confined motion of the partons inside a fast-
moving nucleon is matched to transverse-
momentum dependent parton distributions
(TMDs). In particular, TMDs are sensitive
to correlations between the motion of par-
tons and their spin, as well as the spin of the
parent nucleon. These correlations can arise
from spin-orbit coupling among the partons,
about which very little is known to date.
TMDs thus allow us to investigate the full
three-dimensional dynamics of the proton,
going well beyond the information about lon-
gitudional momentum contained in conven-
tional parton distributions. With both elec-

tron and nucleon beams polarized at collider
energies, the EIC will dramatically advance
our knowledge of the motion of confined glu-
ons and sea quarks in ways not achievable at
any existing or proposed facility.

Figure 1.3 (Left) shows the transverse-
momentum distribution of up quarks inside
a proton moving in the z direction (out of the
page) with its spin polarized in the y direc-
tion. The color code indicates the probabil-
ity of finding the up quarks. The anisotropy
in transverse momentum is described by the
Sivers distribution function, which is induced
by the correlation between the proton’s spin
direction and the motion of its quarks and
gluons. While the figure is based on a pre-
liminary extraction of this distribution from
current experimental data, nothing is known
about the spin and momentum correlations
of the gluons and sea quarks. The achiev-
able statistical precision of the quark Sivers
function from EIC kinematics is also shown
in Fig. 1.3 (Right). Currently no data exist
for extracting such a picture in the gluon-
dominated region in the proton. The EIC
will be crucial to initiate and realize such a
program.
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Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while
polarized in the y-direction. The color code indicates the probability of finding the up quarks.
Right: The transverse-momentum profile of the up quark Sivers function at five x values
accessible to the EIC, and corresponding statistical uncertainties.
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✦ Preliminary extractions 
from experimental data 
and projections for EIC.

EIC White Paper, arXiv:1212.1701 (2012).
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SIVERS SSA MEASUREMENTS IN SIDIS

the amplitudes for Ph? * 0:4 GeV and are consistent with
the predicted linear decrease in the limit of Ph? going to
zero.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed con-

tributions, several studies were performed. Raising the
lower limit of Q2 to 4 GeV2 eliminates a large part of
the vector-meson contribution. Because of strong correla-
tions between x and Q2 in the data, this is presented only
for the z and Ph? dependences. No influence of the vector-
meson fraction on the asymmetries is visible as shown in
Fig. 2. For the x dependence shown in Fig. 3, each bin was
divided into two Q2 regions below and above the corre-
sponding average Q2 (hQ2ðxiÞi) for that x bin. While the
averages of the kinematics integrated over in those x bins
do not differ significantly, the hQ2i values for the two Q2

ranges change by a factor of about 1.7. The asymmetries do

not change by as much as would have been expected for a
sizable 1

Q2 -suppressed contribution, e.g., the one from lon-

gitudinal photons to the spin-(in)dependent cross section.
However, while the !þ asymmetries for the two Q2 re-
gions are fully consistent, there is a hint of systematically
smaller Kþ asymmetries in the large-Q2 region.
An interesting facet of the data is the difference in the

!þ and Kþ amplitudes shown in Fig. 4. On the basis of
u-quark dominance, i.e., the dominant contribution to !þ

and Kþ production from scattering off u quarks, one might
naively expect that the !þ and Kþ amplitudes should be
similar. The difference in the !þ and Kþ amplitudes may
thus point to a significant role of other quark flavors, e.g.,
sea quarks. Strictly speaking, even in the case of scattering
solely off u quarks, the fragmentation function D1, con-
tained in both the numerator and denominator in Eq. (2),
does not cancel in general as it appears in convolution
integrals. This can lead not only to additional
z dependences, but also to a difference in size of the
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identified SIDIS events by the accumulated beam charge
and the data acquisition live time. The data were divided
into !2850 pairs of measurements in opposite target spin
states to extract the raw asymmetries. The false asymmetry
due to luminosity fluctuations was confirmed to be less
than 4" 10#4 by measurements of the SSA in inclusive
(e, e0) scattering with transverse target polarization ori-
ented horizontally, which vanishes due to parity conserva-
tion. The raw Collins or Sivers moments were obtained by
fitting the asymmetries in 2-D (!h, !S) bins according to
Eq. (1). This procedure was confirmed by an unbinned
maximum-likelihood method. The 3He moments were ob-
tained after correcting the directly measured N2 dilution
(!10% contribution).

The dominant background in the SIDIS electron sample
comes from eþ=e# pair production. This background
(listed in Table I) was directly measured by reversing the
polarity of the BigBite magnet to detect eþ in identical
conditions as e#. The contamination was treated as a
dilution effect in the analysis, as the measured asymmetries
were consistent with zero for eþ # " coincidence events,
which mirror the pair-produced e# # " events. Additional
experimental uncertainties in the extracted 3He Collins or
Sivers moments include: (i) K% contamination in the "%

sample, (ii) bin-centering, resolution and radiative effects
estimated using simulations, (iii) the effect of the target
collimator, estimated by varying the scattering vertex cut,
(iv) target density fluctuations, and (v) the false asymmetry
due to yield drift caused by radiation damage to the
BigBite preshower calorimeter. The quadrature sum of all
above contributions is below 25% of the statistical uncer-
tainty in each x bin.

In addition, there are fitting systematic uncertainties
resulting from the neglect of other !h- and
!S-dependent terms, such as 2hsinð3!h #!SÞi, higher-
twist terms including 2hsin!Si and 2hsinð2!h #!SÞi, azi-
muthal modulations of the unpolarized cross section in-
cluding the Cahn (2hcos!hi) and Boer-Mulders
(2hcosð2!hÞi) effects [10], and leakage from the longitu-
dinal SSA (AUL) due to the small longitudinal component
of the target polarization. The effects of these terms were
estimated by varying each term within an allowed range
derived from the HERMES data [34,35], assuming the
magnitude of each term for the neutron is similar to that
of the proton. The 2hsin!Si term gives the largest effect,
followed by the 2hsinð3!h #!SÞi and 2hsinð2!h #!SÞi
terms.

A Monte Carlo simulation of the experiment was
adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic

uncertainties. Additionally, the contamination in identified
SIDIS events from decays of diffractively produced #
mesons was estimated to range from 3%–5% (5%–10%)
for "þ ("#) by PYTHIA6.4 [36]. Consistent with the
HERMES analysis, no corrections for this background
have been applied to our results. The contamination from
radiative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ( 2hsinð!h þ!SÞi and

Sivers AS ( 2hsinð!h #!SÞi moments are shown in
Fig. 1. The error bars represent statistical uncertainties
only. The experimental systematic uncertainties combined
in quadrature are shown as the band labeled ‘‘Exp.’’ The
combined extraction model uncertainties due to neglecting
other allowed terms are shown as the band labeled ‘‘Fit.’’
The extracted 3He Collins and Sivers moments are all
below 5%. The Collins moments are mostly consistent
with zero, except the "þ Collins moment at x ¼ 0:35,
which deviates from zero by 2:3$ after combining the
statistical and systematic uncertainties in quadrature. The
"þ Sivers moments favor negative values, and the "#

Sivers moments are consistent with zero.

To extract the neutron Collins or Sivers SSAs (AC=S
n )

from the measured 3He moments (AC=S
3He

), we used,

AC=S
3He

¼ Pnð1# fpÞAC=S
n þ PpfpA

C=S
p ; (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn ¼
0:86þ0:036

#0:02 (Pp ¼ #0:028þ0:009
#0:004) is the neutron (proton) ef-

fective polarization [38]. The proton dilution fp ¼ 2$p

$3He
of

3He was measured by comparing the yields of unpolarized
hydrogen and 3He targets in the SIDIS kinematics. An addi-
tional model uncertainty from spin-independent FSI was
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FIG. 1 (color online). The extracted Collins or Sivers moments
on 3He are shown together with uncertainty bands (see text) for
both "þ and "# electroproduction.
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Fig. 1. Sivers asymmetry as a function of x, z and ph
T for positive (top) and negative (bottom) hadrons.

Fig. 2. Sivers asymmetry as a function of z and ph
T for positive (top) and negative (bottom) hadrons. The open points (◦, slightly shifted horizontally) are the values obtained

in the range 0.032 < x < 0.70. The closed points (•) refer to the full x range and are the same as in Fig. 1.

of false asymmetries are calculated from the final data sample
assuming wrong sign polarisation for the target cells. Moreover,
the physical asymmetries are extracted splitting the events accord-
ing to the detection of the scattered muon in the spectrometer
(top vs bottom, left vs right). The differences between these phys-
ical asymmetries and the false asymmetries are used to quantify
the overall systematic point-to-point uncertainties, which are eval-
uated to be 0.5 times the statistical uncertainties. The only relevant
systematic scale uncertainty, which arises from the measurement
of the target polarisation, is evaluated to be 3% of the target polar-
isation, and includes the uncertainty in the evaluation of the target
dilution factor.

Fig. 1 shows the Sivers asymmetries for positive and negative
hadrons extracted from the 2010 proton data as a function of x,
z and ph

T , where the other two variables are integrated over. For
negative hadrons the asymmetry is compatible with zero, while for
positive hadrons it is definitely positive and stays positive down
to x " 10−3, in the region of the quark sea. There is good agree-
ment with the published results from the COMPASS 2007 run [25]
but with a considerable reduction of more than a factor of two
in the statistical and in the point-to-point systematic uncertain-

ties. Also, the asymmetry for positive hadrons is clearly smaller
than the corresponding one for positive pions measured by HER-
MES [26]. This fact persists even when considering only events
with x > 0.032, in the same x range as the HERMES experiment.
The asymmetries in this restricted x range are shown as open
points in Fig. 2.

The correlation between the Collins and the Sivers azimuthal
modulations introduced by the non-uniform azimuthal acceptance
of the apparatus as well as the correlations between the Sivers
asymmetries measured when binning the same data alternatively
in x, z or ph

T were already given in Ref. [28]. All correlation coef-
ficients are found to be smaller than 0.2 and are relevant only in
case of simultaneous fits of the various asymmetries.

In order to further investigate the kinematic dependence of
the Sivers asymmetry and to understand the reason of the differ-
ence with HERMES, the kinematic domain is enlarged to examine
the events with smaller y values (in the interval 0.05 < y < 0.1),
which correspond to smaller Q 2 and W values. Additionally, the
standard data sample is divided into two parts, corresponding to
0.1 < y < 0.2 and 0.2 < y < 0.9. Since at small y there are no
low-x data, only events with x > 0.032 are used. Fig. 3 shows the

PRL 103, 152002 (2009).

HERMES: P COMPASS: P
PLB 717, 383–389 (2012).
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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 PDF

• Fits to HERMES and COMPASS:

• Large uncertainties, esp. for 
sea. 

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

M. Anselmino et. al.: PRD 72, 094007 (2005). PRD 86, 014028 (2012).
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The shaded area represents the statistical uncertainty of
the fit parameters corresponding to a !!2 ¼ 20 (i.e.) to
95.45% confidence level for 11 degrees of freedom, see
Appendix A of Ref. [5] for further details). Notice that, in
general, the error bands corresponding to the TMD evolu-
tion fit are thinner than those corresponding to the DGLAP
fit: this is caused by the fact that the TMD evolution
implies a ratio Sivers/PDF which becomes smaller with
growing Q2, as shown in Fig. 3, constraining the free
parameters much more tightly than in the DGLAP evolu-
tion fit, where the Sivers/PDF ratio remains roughly con-
stant as Q2 raises from low to large values.

In Fig. 7 we compare, for illustration purposes, the
Sivers function—actually, its first moment, defined in
Ref. [5]—at the initial scaleQ0 for u and d valence quarks,
as obtained in our best fits with the TMD (left panel) and
the DGLAP (right panel) evolution, Table II. Notice that
for this analysis we have chosen to separate valence from
sea quark contributions, while in Ref. [5] the u and d
flavors included all contributions.

This result deserves some comments. The comparison
shows that the extracted u and d valence contributions, at
the initial scale Q0 ¼ 1 GeV, are definitely larger for the
TMD-evolution fit. This reflects the TMD-evolution prop-
erty, according to which the Sivers functions are strongly
suppressed with increasingQ2, which is not the case for the
almost static collinear DGLAP evolution. Thus, in order to
fit the same data atQ2 bins ranging from 1.3 to 20:5 GeV2,
the TMD-evolving Sivers functions must start from higher
values at Q0 ¼ 1 GeV. The Sivers distributions previously

extracted, with the DGLAP evolution, in Refs. [5,13] were
given at Q2 ¼ 2:4 GeV2; one should notice that if we
TMD evolve the Sivers distributions on the left side of
Fig. 7 up to Q2 ¼ 2:4 GeV2 we would obtain a result very
close to that of Refs. [5,13] (and to that of the right side
of Fig. 7).

III. CONCLUSIONS AND FURTHER REMARKS

We have addressed the issue of testing whether or not the
recently proposed Q2 evolution of the TMDs (TMD evo-
lution) can already be observed in the available SIDIS data
on the Sivers asymmetry. It is a first crucial step towards
the implementation, based on the TMD-evolution equa-
tions of Refs. [7–9], of a consistent QCD framework in
which to study the TMDs and their full Q2 dependence.
That would put the study of TMDs—and the related
reconstruction of the three-dimensional parton momentum
structure of the nucleons—on a firm basis, comparable to
that used for the integrated PDFs.
Previous extractions of the Sivers functions from

SIDIS data included some simplified treatment of the
Q2 evolution, which essentially amounted to consider
the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP evolu-
tion). It induced modest effects, because of the slow Q2

evolution and of the limited Q2 range spanned by the
available data. The situation has recently much pro-
gressed, for two reasons: the new TMD evolution [8,9]
shows a strong variation with Q2 of the functional form
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FIG. 7 (color online). The first moment of the valence u and d Sivers functions, evaluated at Q ¼ Q0, obtained from our best fits of

the Asinð"h#"SÞ
UT azimuthal moments as measured by HERMES [11] and COMPASS [12,23] Collaborations. The extraction of the Sivers

functions on the left side takes into account the TMD evolution (left column of Table II), while for those on the right side it does not
(right column of Table II). The shaded area corresponds to the statistical uncertainty of the parameters, see Appendix A of Ref. [5] for
further details.
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EXTRACTIONS WITH TMD EVOLUTION
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Echevarria et al.: PRD.89 074013, (2014)

✦ Sun-Yuan prescription for TMD 
evolution.
✦ Gaussian TM dependence of NP TMD 
dependence at initial scale.
✦ Fit HERMES & COMPASS 
multiplicities and Sivers SSAs.
✦ Predict Sivers SSA and W production 
in COMPASS DY and PP.

Sun, Yuan, PRD88 (2013), 114012

✦ Find non-perturbative Sudakov 
factor that describes  W, Z     
production in        at Fermilab 
+HERMS & COMPAS.
✦ Use it to fit Sivers SSA at 
HERMES, COMPASS, JLAB.
✦ Predict Sivers Effect for DY SSA.
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FIG. 11. Qiu-Sterman function Tq,F (x, x,Q) for u, d, and s flavors at a scale Q2 = 2.4 GeV2, as extracted by our simultaneous
fit of JLab, HERMES, and COMPASS data.

SIDIS and the DY processes

f⊥,q(β)
1T,DY (xa, b;Q) = −f⊥,q(β)

1T,SIDIS(xa, b;Q). (45)

We then use Eq. (23) and Eq. (44) and follow the experimental convention to choose the pair’s transverse momentum
p⊥ along the x-direction, while the spin vector s⊥ is along y-direction [10, 85] and the transversely polarized proton
is moving in the +z-direction. The single transverse spin asymmetry for DY production is given by

AN =
d∆σ

dQ2dyd2p⊥

/

dσ

dQ2dyd2p⊥
. (46)

It is important to realize that the AN defined above is opposite to the so-called weighted asymmetry A
sin(φγ−φs)
N

defined in the literature, see, e.g., Refs. [63, 83].
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FIG. 12. Estimated Sivers asymmetries for DY lepton pair production. Left plot: AN in p↑π− collisions as a function of xF

at COMPASS energy
√
s = 18.9 GeV. Middle plot: AN in p↑p collisions is plotted as a function of xF at Fermilab energy√

s = 15.1 GeV. Right plot: AN in p↑p collisions is plotted as a function of the pair’s rapidity y at RHIC energy
√
s = 510

GeV. We have integrated over the pair’s transverse momentum 0 < p⊥ < 1 GeV in the invariant mass range 4 < Q < 9 GeV.

There are several planned experiments to measure the AN for DY lepton pair production. The COMPASS collab-
oration at CERN will use a 190 GeV π− beam to scatter on the polarized proton target [21], which corresponds to
a CM energy

√
s = 18.9 GeV. At Fermilab, one can use the 120 GeV proton beam in the main injector. There are

two proposals corresponding to either a polarized proton beam [22] or a polarized proton target [23]. In both cases,
the CM energy is

√
s = 15.1 GeV. Finally, a DY measurement is also planned at RHIC [4, 24]. In the following, we

will present an estimate of the Sivers asymmetry based on our evolution approach. For better comparison, we will
always present the asymmetry in the center-of-mass frame of the colliding particles. We further choose the trans-
versely polarized proton to move in the +z direction, while the other unpolarized particle (π− for COMPASS and the
unpolarized proton for Fermilab and RHIC) moves in the −z direction. We define

xF = xa − xb, (47)
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FIG. 12: Predictions for the Sivers single spin asymmetry for the Drell-Yan process at COMPASS,
with π− beam of 190GeV, as function of xp. We have chosen the average xπ ≈ 0.55 and integrate

transverse momentum up to 2GeV.
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FIG. 13: Predictions for the Sivers single spin asymmetry for the Drell-Yan process at Fermilab

fixed target experiments, with proton beam of 120GeV, as function of x for the polarized proton:
polarized beam (left) and polarized target (right).

resonance. The latter process shall provide some information on the gluon Sivers function
in the relevant kinematics.

C. Fermilab Fixed Target Experiments

The proposal of the polarized Drell-Yan experiments at the Fermilab contain two possible
options [35]: polarized beam or polarized target. Both cases can be used to measure the
Sivers single spin asymmetries in the Drell-Yan lepton pair production. In the proposed
experiment, the incoming beam has energy of 120GeV.

Different from the Drell-Yan experiments at COMPASS, the Fermilab proposal have
proton-proton scattering. The flavor structure will be very different from that in COMPASS.
This is because in the proposed kinematics, the sea quark contribution to the unpolarized
cross section is not negligible. Therefore, we would expect that the sea quark Sivers functions
will play an important role as well.

In Fig. 13, we plot our predictions for the Sivers single spin asymmetries in the Drell-Yan
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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.

35

‣Unpolarized fully unintegrated dihadron Fragmentation Function
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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
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‣The Sivers term:
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Sivers Effect in PYTHIA and 
Simulations for CLAS12 and EIC 37
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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.
• 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.

Kotzinian, H.M., Thomas: PRL.113, 062003 ; PRD.90, 074006 ; 1407.6572 (2014); 



• Is this justified at COMPASS energies?

LO APPROXIMATION FOR SSA

39

• 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,
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Sivers SSAs at CLAS12

40

❖ Exploring the large x region.

✦ Both Single and Dihadron SSAs are comparable in size!
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‣Sivers SSA changes sign in some channels, 
fragmentation of nucleon remnant (recoil TM)!

‣Explore Target Fragmentation Regions             .xF < 0

K-
K+

π -
π+

CLAS12

A
Si
v

h

−0.15

−0.10

−0.05

0

0.05

0.10

0.15

0.20

xF
−0.5 0 0.5

Sivers SSAs at CLAS12
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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 - low x region.
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Dihadron Sivers SSAs for EIC
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✦ Identical pairs via z-ordering: z1 � z2 (so            )�R 6= 0

• Dihadron SSAs are comparable to single hadron ones!           
(the one- and two-hadron FFs should mostly cancel in the ratios)
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CONCLUSIONS
❖ TMDs describe the spin and momentum correlations of partons 

inside of the nucleon. 

❖ They are essentially non-perturbative objects that should be 
extracted from experiments such as SIDIS and Drell-Yan.

❖ A lot of effort in various areas: Theory (Factorization, 
Universality, Evolution), Experiment (Unfolded multiplicity data, 
SSAs), Phenomenology (Models, Empirical Extractions), Lattice 
QCD (TM widths, Sivers and Boer-Mulders PDFs).

❖ Current empirical extractions suffer from both sizable 
experimental errors, large uncertainties in knowledge of FFs, and 
lack of detailed understanding of some theoretical aspects (NP 
input in evolution, etc).
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CONCLUSIONS II

❖Using new methods, such as Two-Hadron SIDIS will 
provide an additional information for mapping the TM and flavor 
dependences of TMDs.

45

❖Precise data from future experiments: SIDIS (JLab 12GeV, 
EIC),  DY(COMPASS II),         (BELLE II) crucial for reliable 
extraction of both TMD PDFs and FFs in a global fit.

e+e�

❖Development of full Event Generators that incorporate TMD 
physics (spin-orbit correlations, polarized parton 
fragmentation, evolution?, etc) will provide an important 
tool to both phenomenology and experiment for a detailed 
understanding of the experimental results and a reliable 
extraction of TMDs.
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BACKUP SLIDES
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SIVERS SSA MEASUREMENTS IN SIDIS

hsin(�� �S)ihUT ⇠ C[f?,q
1T Dh/q

1 ]

C[fq
1 Dh/q

1 ]

• Sivers Single Spin Asymmetry:

AP
Siv ⌘ 2hsin(�� �S)ihUT

hsin(�� �S)ihUT ⌘
R
d�hd�S sin(�h � �S)[d�(�h,�S)� d�(�h,�S + ⇡)]R
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NAMBU--JONA-LASINIO MODEL 

•Effective Quark Lagrangian

G

LNJL =  q(i/@ �mq) q +G( q� q)
2

Effective Quark model of QCD

•Covariant, has the same 
flavor symmetries as QCD.

•Dynamically Generated 
Quark Mass from GAP Eqn.

•Low energy chiral effective theory of QCD.

Gap Equation & Mass Generation

9 /27
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+ +
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● Quark propagator:
1

/p − m + iε
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● Mass is generated via interaction with vacuum
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effect of gluon cloud
Rapid acquisition of mass is

● Dynamically generated quark masses ⇐⇒ 〈ψψ〉 &= 0

● Proper-time regularization: ΛIR and ΛUV

➞ Z(p2 = M2) = 0 =⇒ No free quarks =⇒ Confinement
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AVERAGE  TRANSVERSE MOMENTA VS Z
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FRAGMENTATION

SIDIS
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NJL: NUCLEON PDFS - TMD RESULTS
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Link to GPDs and Quark

52

• Model assumption: Moment of Sivers PDF relates to 
GPD E via “lensing” function.

Bacchetta, Radici: PRL 107, 212001 (2011).
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• Lensing Function from spectator model calculation.

• Fit Sivers Function parametrization to experimental data.

• Use magnetic moment constraints for GPD E. GPD H from PDF.
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Link to GPDs and Quark
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• Model assumption: Moment of Sivers PDF relates to 
GPD E via “lensing” function.
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•  Include the kinematical cuts on 

CLAS12 @ JLAB 12GeV

53

•             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



• We use mPYTHIA for SIDIS predictions.

EIC: eRHIC

54

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

• Chiral-ODD: Needs to be coupled with another 
chiral-odd quantity to be observed.

• Collins Effect: 

Azimuthal Modulation of 
Transversely Polarized 
Quark’s Fragmentation 
Function.
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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-

3
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• Opposite sign for the charged pions.
• Large positive signal for      .
• Consistent with 0 for      and       .   
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned toHermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.
A Monte Carlo simulation was used to estimate the frac-

tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.
In general, the non-vanishing amplitudes shown in Fig. 2

increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavoredCollins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.
Under the assumption of isospin symmetry, the fragmen-

tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:

〈sin(φ+ φS)〉
π+

UT + C〈sin(φ+ φS)〉
π−

UT

− (1 + C)〈sin(φ+ φS)〉
π0

UT = 0 ,
(5)
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Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Figure 6. Favoured and unfavoured Collins frag-
mentation functions as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].

 d
(x

)
T∆

x
 u

(x
)

T∆
x

  )
 d

(x
, k

T∆
x

  )
 u

(x
, k

T∆
x

x   (GeV)k

−0.1

0

0.1

0.2

0.3

0.4

0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

−0.1

0

0.1

0.2

0.3

0.4

x = 0.1

0 0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

x = 0.1

Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
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Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

EMPIRICAL EXTRACTIONS OF TRANSVERSITY

• Fits to HERMES, COMPASS  and 
BELLE: NPB (Proc. Suppl.) 191 (2009) 98-107.

• Large Uncertainties!
• Simplistic Approximations !
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FIG. 5: The multiplicities MK+

p obtained from Eqs. (12) and (8), with the parameters of Eq. (15), are compared
with HERMES measurements for K+ SIDIS production o↵ a proton target [15]. Notice that these data are not
included in the fit; the shaded uncertainty bands correspond to a 5% variation of the total �2 obtained by fitting
pion data only.
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V. COMPARISON WITH PREVIOUS EXTRACTIONS AND OTHER EXPERIMENTS

The SIDIS multiplicity data used in our present fits result from the most recent analyses of the HER-
MES and COMPASS Collaborations. They represent, so far, the only multivariate analyses available.
Additional measurements are provided by the early EMC results of Ref. [10] or by the more recent

SIDIS studies of JLab CLAS [12] and HALL-C [13, 29] Collaborations. As we will explain below, these
data are not best suited for the extraction of the free parameters of our fit and we have not used them.
However, it is worth and interesting to check whether or not the parameters extracted here are consistent
with the available EMC and JLab measurements.

• The EMC Collaboration [10] measured PT -distributions in eleven di↵erent runs presented in one
merged data set, averaging over four di↵erent beam energies, three di↵erent nuclear targets, without
any identification of the final hadrons (not even their charges), and arranging the data in three
di↵erent bins of z and several ranges of W 2. In Ref. [9] we exploited these measurements, together
with the EMC measurements [42] of the azimuthal dependence of the SIDIS cross section, for
a preliminary study of the Gaussian widths of the unpolarised distribution and fragmentation
functions. The values found there are slightly di↵erent from those we determine in the present fit.
Fig. 14 shows the EMC multiplicities [10] as functions of P 2

T , for three bins of z, 0.1 < z < 0.2,
0.2 < z < 0.4 and 0.4 < z < 1.0, and of the invariant mass, W 2 < 90, 90 < W 2 < 150 and
150 < W 2 < 200 (in GeV2). These data are compared with our predictions, computed at two

✓COMPASS fit.


