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FIG. 5: 90% C.L. areas in the plane spanned by the truncated
moments of ∆g computed for 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤
0.05 at Q2 = 10GeV2. Results for DSSV, DSSV*, and our
new analysis, with the symbols corresponding the respective
values of each central fit, are shown.

very limited information on ∆g is also available from
scaling violations of the DIS structure function g1 which
is, of course, fully included in our global QCD analy-
sis. Overall, the constraints on ∆g(x) in, say, the regime
0.001 ≤ x ≤ 0.05 are much weaker than those in the
RHIC region, as can be inferred from Fig. 1. Very little
contribution to ∆G is expected to come from x > 0.2.

Figure 5 shows our estimates for the 90% C.L. area
in the plane spanned by the truncated moments of ∆g
calculated in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05
for Q2 = 10GeV2. Results are presented both for the
DSSV* and our new fit. The symbols in Fig. 5 denote
the actual values for the best fits in the DSSV, DSSV*,
and the present analyses. We note that for our new cen-
tral fit the combined integral

∫ 1

0.001
dx∆g(x,Q2) accounts

for over 90% of the full ∆G at Q2 = 10GeV2. Not sur-
prisingly, the main improvement in our new analysis is to
shrink the allowed area in the horizontal direction, corre-
sponding to the much better determination of ∆g(x) in
range 0.05 ≤ x ≤ 0.2 by the 2009 RHIC data. Evidently,
the uncertainty in the smaller-x range is still very signif-
icant, and better small-x probes are badly needed. Data
from the 2013 RHIC run at

√
s = 510GeV may help

here a bit. In the future, an Electron Ion Collider would
provide the missing information, thanks to its large kine-
matic reach in x and Q2 [19].

Conclusions and outlook.— We have presented a new
global analysis of helicity parton distributions, taking
into account new and updated experimental results. In
particular, we have investigated the impact of the new
data on ALL in jet and π0 production from RHIC’s 2009
run. For the first time, we find that the jet data clearly

imply a polarization of gluons in the proton at interme-
diate momentum scales, in the region of momentum frac-
tions accessible at RHIC. This constitutes a new ingre-
dient to our picture of the nucleon. While it is too early
to draw any reliable conclusions on the full gluon spin
contribution to the proton spin, our analysis clearly sug-
gests that gluons could contribute significantly after all.
This in turn also sheds a new light on the possible size of
orbital angular momenta of quarks and gluons. We hope
that future experimental studies, as well as lattice-QCD
computations that now appear feasible [20], will provide
further information on ∆g(x) and eventually clarify its
role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final
and additional information on the quark and antiquark
helicity distributions, in particular from final data on W
boson production at RHIC, has become available. Also,
on the theoretical side, a new study of pion and kaon
fragmentation functions should precede the next global
analysis of polarized parton distributions.
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Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 19). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p0)/2 before and after the scattering, as
shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = x

B

/(2� x
B

) in terms of the usual
Bjorken variable x

B

= Q2/(2p · q). For
the production of a meson with mass
M

V

one finds instead ⇠ = x
V

/(2� x
V

)
with x

V

= (Q2 +M2

V

)/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �

T

= p

0
T

� p

T

to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T

+ 4⇠2M2)/(1 �
⇠2), where M is the proton mass.

• The resolution scale is given by Q2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ 

+Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges e
q

and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

e
q

Z
dxHq(x, ⇠, t) = F p

1

(t) ,
X

q

e
q

Z
dxEq(x, ⇠, t) = F p

2

(t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.

x + ⇠ x� ⇠

p

p

0

x + ⇠ x� ⇠

p

p

0
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⇤
�

⇤
�

V

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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the GPD

GPD (x, ξ, t; Q2)
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A1,0 (≣F1), B1,0 (≣F2),    A2,0 , B2,0 ,   A3,0 , A3,2.. B3,0 , B3,2..

not directly accessible 
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need model extrapolationHq (x, ξ→0, t→0) ⇒ f1q (x)   

moments of GPD
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“Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab”,  E.P.J. A48 (12) 187
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Exclusive Processes and Generalized Parton Distributions
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Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.
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X

q

e
q

Z
dxHq(x, ⇠, t) = F p

1

(t) ,
X

q

e
q

Z
dxEq(x, ⇠, t) = F p

2

(t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.
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Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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DVCS                  DVMP

dσ ~ Σn  Cn( Re[CFF],Im[CFF] ) cos(nΦ)   
          +  Sn( Re[CFF],Im[CFF] ) sin(nΦ)

GPD convoluted in Compton Form Factors

Φ azimuthal angle of  γ / M
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} lattice

A. Bacchetta & M. Radici, arXiv:1206.2565 [hep-ph]  
“Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab”, E.P.J. A48 (12) 187

Jq results 
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q(x,b) is a density in b ↔ q=P’⊥-P⊥ 

⊥ plane 
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valid for all x ⇒ 

b
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         and    position    b 

tomography of N
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G.A. Miller, P.R.L. 99 (07) 112001

GPD limit :   ξ→0   ( P+=P’+ ) ;   t→ −(P’⊥ −P⊥)2= −q2

Dirac form factor 
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 !!b" #
Z 1

0

dQQ
2"

J0!Qb"
GE!Q2" $ #GM!Q2"

1$ # ; (11)

with # # Q2

4M2 and J0 a cylindrical Bessel function.
A straightforward application of Eq. (11) to the proton

using the parameterizations [16,17] yields the results
shown in the upper panel of Fig. 1. The curves obtained
using the two different parameterizations overlap. Further-
more, there is negligible sensitivity to form factors at very
high values of Q2 that are currently unmeasured. The
density is peaked at low values of b, but has a long positive
tail, suggestive of a long-ranged, positively charged pion
cloud.

The neutron results are shown in the lower panel of
Fig. 1. The curves obtained using the two different param-
eterizations seem to overlap, but see below. The surprising
result is that the central neutron charge density is negative.
If the neutron is sometimes a proton surrounded by a
negatively charged pionic cloud, one would expect to
obtain a positive central density [7]. Another mechanism
involving correlations in the nucleonic wave function in-
duced by one gluon exchange would also lead to a positive
central density because the interaction between two iden-
tical d quarks [6] is repulsive. The values of the integral of
Eq. (11) are somewhat sensitive to the regime 2< #< 4
for whichGE is as yet unmeasured. About 30% of the value
of !!0" arises from this region.

The negative central density deserves further explana-
tion. The upper panel of Fig. 2 shows F1 for the neutron
obtained using the two different parameterizations which
are observably different. However, in both cases F1 is

negative [because of the dominance of the GM term of
Eq. (11)] for all values of Q2. This, along with taking b #
0, J0!Qb" # 1 in Eq. (11), leads immediately to the central
negative result. The long range structure of the charge
density is captured by displaying the quantity b!!b" in
the lower panel of Fig. 2. At very large distances from
the center, again suggesting the existence of the long-
ranged pion cloud.

The present analysis provides detailed information
about the location of charge density within the nucleon,
and also incorporates the lore regarding mean-square-radii
(MSR). It has long been known that the MSR defined by
the form factor GE is dominated by the Foldy term
%1:91=!4M2" # %0:126 fm2 [19,20] arising from the
neutron magnetic moment F2!0". The experimental value
of the GE MSR, cited in [17], is !%0:114& 0:003" fm2, so
the MSR associated with F1 (obtained from the integralR
d2bb2!!b") is small and positive ($ 0:012 fm2). This

result is consistent with Figs. 1 and 2. However, knowing
the MRS of F1 does not, by itself, allow one to conclude
that the central neutron charge density is negative, does not
reveal the critical model-independent feature that at the
very largest distances the charge density is negative and
does not imply the oscillatory behavior displayed in Figs. 1
and 2.

One can gain information about the individual u and d
quark densities by invoking charge symmetry [invariance
under a rotation by " about the z (charge) axis in isospin
space] [21] so that the u, d densities in the proton are the
same as the d, u densities in the neutron. We also neglect
the effects of s!s [22] or heavier pairs of quarks. In this case
!u!b" # !p!b" % !n!b"=2, !d!b" # !p!b" % 2!n!b". The
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0.4
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0.2
0.1

0
0.1

b fm 2

neutron

0 0.5 1 1.5 2
b fm

0
0.5

1
1.5

b fm 2 proton

FIG. 1 (color online). Upper panel: proton charge density
!!b". Lower panel: neutron charge density. The solid curves
use the parameterization of [17], and the dashed (red) curve uses
[16].
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0.02
0.01

0
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b b fm 1

0 2 4 6 8 10
Q 2 GeV2

0.04

0.03

0.02

0.01

0

F 1

FIG. 2 (color online). Upper panel: F1. Lower panel: b!!b" in
transverse position space. The solid curves are obtained using
[17] and the dashed curves with [16].

PRL 99, 112001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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112001-3

G.A. Miller,                         
PRL99 (07) 112001

neutron  core  with   negative charge 
      plus  π cloud  with   positive  charge   !

inside neutron

revolutionize  the  neutron

ρ0
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polarization 
Sy

↑
Ex  ~ dipole deformation

polarized N → deformation

proton

A. Bacchetta & M. Contalbrigo,                     and                                    C. Carlson & M. Vanderhaeghen,  
Il Nuovo Saggiatore 28 (12) n.1,2                                                            P.R.L. 100 (08) 032004

⇢(b) = ⇢0(b) + cos�b

Z 1

0

d|q|
2⇡

q2

2M
J1(|q|b)F2(Q
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FIG. 6. Pie charts for the quark and gluon contributions to the (a) momentum fraction, (b)
angular momenta, and (c) orbital angular momenta. The left panels show the quark contributions
separately for CI and DI, and the right panels show the quark contributions for each flavor with
CI and DI summed together for u and d quarks.
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FIG. 6. Pie charts for the quark and gluon contributions to the (a) momentum fraction, (b)
angular momenta, and (c) orbital angular momenta. The left panels show the quark contributions
separately for CI and DI, and the right panels show the quark contributions for each flavor with
CI and DI summed together for u and d quarks.
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M. Deka et al. (χQCD), arXiv:1312.4816 [hep-lat]

range of uncertainty of hxi
s

from the CTEQ fitting of the parton distribution function from
experiments which is 0.018 < hxi

s

< 0.040 [75]. The glue momentum fraction of 0.334(56)
is smaller than, say, the CTEQ4M fit of 0.42 at µ = 1.6 GeV [76]. The smallness of our
value of hxi

g

in comparison to the experiment could be in part due to the fact that ours is a
quenched calculation. We expect the glue momentum fraction to be larger than the present
result when dynamical configurations with light fermion are used in the calculation.

From Figs. 2(b) and 5(c) and Table III, we find that
⇥

T u

2

(0) + T d

2

(0)
⇤

(CI) is positive and
T g

2

(0) is negative, so that the total sum including the small
⇥

T u

2

(0) + T d

2

(0) + T s

2

(0)
⇤

(DI)
can be naturally constrained to be zero (See Eq. (19)) with the normalization constants
ZL

q

= 1.05 and ZL

g

= 1.05 close to unity. In analogy to F
2

(0), the anomalous magnetic
moment of the nucleon, T

2

(0) is termed as anomalous gravitomagnetic moment and has
been shown to vanish for composite systems by Brodsky et al. [36]. As we explained in
Sec. II, the vanishing of the total T

2

(0) is the consequence of the momentum and angular
momentum conservation.

CI(u) CI(d) CI(u+d) DI(u/d) DI(s) Glue

hxi 0.416(40) 0.151(20) 0.567(45) 0.037(7) 0.023(6) 0.334(56)

T2(0) 0.283(112) -0.217(80) 0.061(22) -0.002(2) -0.001(3) -0.056(52)

2J 0.704(118) -0.070(82) 0.629(51) 0.035(7) 0.022(7) 0.278(76)

gA 0.91(11) -0.30(12) 0.62(9) -0.12(1) -0.12(1) –

2L -0.21(16) 0.23(15) 0.01(10) 0.16(1) 0.14(1) –

TABLE III. Renormalized values in MS scheme at µ = 2 GeV.

The flavor-singlet g0
A

which is the quark spin contribution to the nucleon has been cal-
culated before on the same lattice [2]. We can subtract it from the total quark angular
momentum fraction 2J to obtain the orbital angular momentum fraction 2L for the quarks.
As we see in Table III, the orbital angular momentum fractions 2L for the u and d quarks in
the CI have di↵erent signs and they add up to zero, i.e. 0.01(10). This is the same pattern
seen with dynamical fermions configurations with light quarks [11–15]. The large 2L for the
u/d and s quarks in the DI is due to the fact that g0

A

in the DI is large and negative, i.e.
�0.12(1) for each of the three flavors. All together, the quark orbital angular momentum
constitutes a fraction of 0.47(13) of the nucleon spin. The majority of it comes from the
DI. The quark spin fraction of the nucleon spin is 0.25(12) and glue angular momentum
contributes a fraction of 0.28(8). We show all the di↵erent contributions to the momentum,
angular momenta and orbital angular momenta in Figs. 6(a), 6(b) and 6(c). The left panels
show the combinations of u and d contributions from CI and DI separately while the right
panels show the contributions from the u and d quarks (both CI and DI combined together).

We note from Table III that the orbital angular momenta contribution from each quark
flavor is strongly dependent on the corresponding quark spin, particularly in the case of DI.
As opposed to earlier calculations [2–4], the recent lattice calculations with light dynamical
fermions [5–7] have obtained smaller quark spin contributions from DI. However, preliminary
study [8] of the anomalous Ward identity with light valence overlap fermion on 2 + 1-flavor
dynamical domain wall fermion sea configurations suggests that the DI contributions are not
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Here the subscript i stands for the spatial direction of the energy-momentum operator, and
l is the direction of polarization of the nucleon.
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FIG. 1. Quark line diagrams of the three-point function with current insertion in the Euclidean
path integral formalism. (a) Connected insertions (CI), and (b) disconnected insertions (DI).

The three-point functions for quarks have two topologically distinct contributions in the
path-integral diagrams: one from connected insertions (CI) and the other from disconnected
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Here the subscript i stands for the spatial direction of the energy-momentum operator, and
l is the direction of polarization of the nucleon.
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FIG. 1. Quark line diagrams of the three-point function with current insertion in the Euclidean
path integral formalism. (a) Connected insertions (CI), and (b) disconnected insertions (DI).

The three-point functions for quarks have two topologically distinct contributions in the
path-integral diagrams: one from connected insertions (CI) and the other from disconnected
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Figure 6. The CSS resummed cross sections in Z boson production at the Tevatron. The curves are

computed in several models for the CSS form factor W (b) at large impact parameters (b > 1 GeV−1):

(a) W (b) at large b is given by extrapolation of its perturbative part from b < 1 GeV−1 (solid); (b) the

same as (a), multiplied by a Gaussian smearing term e−0.8b
2

(short-dashed); (c) a phenomenologicalBLNY

form, which shows good agreement with the Run-1 Z data (dot-dashed) [24]; (d) an updated Ladinsky-

Yuan form, which shows worse agreement with the Run-1 Z data (long-dashed) [24]. Note that the

extrapolationmodel (curves (a) and (b)) must include a Gaussian smearing term e−gb
2

,with g∼ 0.8 GeV2,
in order to be close to the BLNY form (and, hence, to the data).

of the perturbation series cures the instability of the theory at q2T ≪ Q2 by summing

the troublesome qT logarithms through all orders of αs into a soft (Sudakov) form

factor [30]. The validity of such re-arrangement is proved by a factorization theorem

in the method by Collins, Soper, and Sterman (CSS) [31]. The resummation in vec-
tor boson production is a special case of a more general problem, and essentially the

same method applies to hadroproduction in e+e− scattering [32], and semi-inclusive

hadroproduction in deep-inelastic scattering [33, 34, 35]. The CSS formalism automat-

ically preserves the fundamental symmetries (renormalization- and gauge-group invari-

ance, energy-momentum conservation) and is convenient in practice. The qT resumma-

tion can be extended to include effects of particle thresholds [36], heavy quark masses

[37], and hadronic spin [38, 39]. RESBOS [23, 24] is a Monte-Carlo integrator program

that quickly and accurately evaluates the CSS resummed cross sections in Drell-Yan-like

processes.

All small-qT logarithms arise in the CSS method from the form factor W (b) in im-
pact parameter (b) space, composed of the Sudakov exponential and b-dependent parton
distribution functions. The resummed qT distribution is obtained by taking the Fourier-

Bessel transform ofW (b) into qT space (realized numerically in RESBOS). The alterna-
tive approaches evaluate the Fourier-Bessel transform of the leading logarithmic towers

analytically, with the goal to improve transition from the resummed cross section to the

finite-order cross section at intermediate qT [40, 41]. The integration over all b in the

Fourier-Bessel transform introduces sensitivity to the nonperturbative QCD dynamics

P. Nadolski, hep-ph/0412146

impact of TMD on  
Z0 peak → W mass

7.5%

30%

uncertainty
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the Sivers effect in semi-incl. DIS (SIDIS)
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and “all” K0
S’s sample from the 2002–2004 data.

significance was observed.
Also, the correlation between the measured Collins and Sivers asymmetries which

originates from the non-uniform φh/φS acceptance of the spectrometer has been studied
and the corresponding systematic error has been evaluated to be negligible as compared
with the statistical error. The smallness of the asymmetries makes the systematic error
due to the uncertainties on PT and f totally negligible. These studies altogether lead to
the final conclusion that the systematic errors are considerably smaller (well below 30%)
than the statistical errors.

All the measured asymmetries are small, a trend which was already observed in the
published data of the non-identified hadrons. Small asymmetries are not a surprise, it was
expected that transverse spin effects be small in the deuteron due to the opposite sign
which was predicted for the u- and d-quark distributions, very much like in the helicity
case.

The interpretation of the results on the deuteron can be done only in conjunction
with corresponding proton data, measured by the HERMES Collaboration albeit at lower
energy. Proton target data have been collected by COMPASS in 2007, but the results are
not final at the time of writing. As shown in Refs. [8,11] a simple analysis of the HERMES
charged pion data and of the non-identified charged hadron data in COMPASS, assuming
that all the hadrons are pions, led to the following conclusions:

1. the favoured and unfavoured Collins functions have about the same size and the
COMPASS deuteron data are needed for the extraction of the d-quark transversity;

2. the null result for the Sivers asymmetry for the COMPASS data is a clear indication
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x Q2 y z Ph⊥ W W′ fπ+

pair fπ−

pair 1− fπ+

p 1− fπ−

p

GeV2 GeV GeV GeV
0.156 1.38 0.81 0.50 0.435 2.91 2.07 22.0±4.4% 24.0±4.8% 0.212 ± 0.032 (0.027) 0.348± 0.032 (0.022)
0.206 1.76 0.78 0.52 0.38 2.77 1.97 8.0±2.0% 14.0±2.0% 0.144 ± 0.031 (0.029) 0.205± 0.037 (0.027)
0.265 2.16 0.75 0.54 0.32 2.63 1.84 2.5±0.9% 5.0±1.8% 0.171 ± 0.029 (0.028) 0.287± 0.036 (0.024)
0.349 2.68 0.70 0.58 0.24 2.43 1.68 1.0±0.5% 2.0±1.0% 0.107 ± 0.026 (0.030) 0.220± 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2⟨sinφS⟩ and 2⟨sin (2φh − φS)⟩, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2⟨cosφh⟩) and Boer-Mulders (2⟨cos(2φh)⟩) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. 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 pro-
ton. The 2⟨sinφS⟩ term gives the largest effect, followed
by the 2⟨sin(3φh − φS)⟩ and 2⟨sin (2φh − φS)⟩ 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 identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative 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 ≡ 2⟨sin(φh + φS)⟩ and

Sivers AS ≡ 2⟨sin(φh−φS)⟩ moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical 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 π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

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

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in
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ton. The 2⟨sinφS⟩ term gives the largest effect, followed
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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 identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative 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 ≡ 2⟨sin(φh + φS)⟩ and

Sivers AS ≡ 2⟨sin(φh−φS)⟩ moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical 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 π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S
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from the measured 3He moments (AC/S
3He

), we used,

AC/S
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= Pn · (1− fp) ·A
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n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp
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of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-
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“roadmap” to a multi-dim. picture of N
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“Electron Ion Collider: the Next QCD Frontier” 
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future directions ?
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COMPASS- dσ/dt, ACSU, ACST

JLAB12- dσ/dt, ALU, AUL, ALL

Current DVCS data at colliders:
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Figure 2.19: An overview of existing and planned measurements of DVCS in the x,Q2 plane.

A first era of precise parton imaging will
begin with the 12 GeV upgrade at JLab, with
very high statistics and su�ciently high Q2

to probe partons at high-x, including the ef-
fects of polarization. Figure 2.19 gives an
overview of existing and anticipated mea-
surements of DVCS in the x,Q2 plane.

To realize the full physics potential of
parton imaging that we have discussed in the
previous section will require the EIC. Such
a machine will, for the first time, make it
possible to image partons with high statis-
tics and with polarization in a wide range
of small- to moderate-x. At high-x it will
complement the JLab 12 program with mea-
surements at large-Q2, thus opening up the
possibility to extract physics from scaling vi-

olations for high-momentum partons.
Let us finally mention that it is very dif-

ficult to obtain information on GPDs from
exclusive processes in p+p collisions. This is
due to the e↵ect of soft gluon exchange be-
tween spectator partons in the two protons,
which precludes a simple theoretical inter-
pretation of such reactions. Lepton-proton
scattering thus provides a privileged way to
quantify the spatial structure of the pro-
ton via GPDs. On the other hand, the in-
formation gained in lepton-proton scattering
can help to better understand important fea-
tures of proton-proton collisions, in particu-
lar the dynamics of multi-parton interactions
[108, 109].
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can help to better understand important fea-
tures of proton-proton collisions, in particu-
lar the dynamics of multi-parton interactions
[108, 109].
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example :  DVCS data
“Electron Ion Collider:                                            
the Next QCD Frontier”                                       
arXiv:1212.1701 [nucl-ex]



“
”

With 3D projections, we will be entering a new age. 
Something which was never technically possible before: a 
stunning visual experience which ‘turbocharges’ the viewing. 
!
              James Cameron
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