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Chiral-Quark Soliton Model
● quark degrees of freedom
      in a pion mean-field
● nucleon = chiral soliton
● one parameter:
      dynamically-generated
      quark mass
● expand in 1/Nc
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The Puzzle of Proton Spin

Where is the
other 75% ?

The proton: 
spin 1/2

The quarksʼ 
spins account for 

only 25%

u d
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Fig. 1. The inclusive asymmetry A1,p [20] and the semi-inclusive asymmetries A!+
1,p , AK+

1,p , A!!
1,p , AK!

1,p from the present measurements (closed circles). The bands at the

bottom of each plot show the systematic errors. The A1,p , A!+
1,p and A!!

1,p measurements from HERMES [14,26] open circles) are shown for comparison. The curves show the
predictions of the DSSV fit [1].

Table 1
Unfolded asymmetries for charged pions and kaons produced on a proton target. The first error is statistical, the second is systematic.

"x# "Q 2#
(GeV/c)2

A!+
1,p A!!

1,p AK+
1,p AK!

1,p

0.0052 1.16 0.008± 0.029± 0.016 0.020± 0.029± 0.016 0.078± 0.067± 0.038 !0.112±0.069±0.039
0.0079 1.46 0.041± 0.018± 0.010 0.016± 0.018± 0.010 0.126± 0.036± 0.021 !0.040±0.039±0.022
0.0142 2.12 0.040± 0.014± 0.008 0.049± 0.015± 0.009 0.046± 0.028± 0.016 0.038±0.031±0.018
0.0245 3.22 0.122± 0.022± 0.014 0.055± 0.023± 0.013 0.117± 0.041± 0.024 0.092±0.048±0.028
0.0346 4.36 0.156± 0.030± 0.019 0.060± 0.032± 0.018 0.196± 0.054± 0.033 0.074±0.066±0.037
0.0487 5.97 0.141± 0.029± 0.018 0.118± 0.031± 0.019 0.174± 0.051± 0.031 0.027±0.064±0.036
0.0765 8.96 0.230± 0.031± 0.022 0.053± 0.033± 0.019 0.215± 0.054± 0.033 0.029±0.071±0.040
0.121 13.8 0.243± 0.041± 0.027 0.096± 0.047± 0.027 0.315± 0.072± 0.044 0.212±0.101±0.058
0.172 19.6 0.392± 0.058± 0.040 0.165± 0.066± 0.038 0.355± 0.099± 0.059 0.195±0.147±0.083
0.240 27.6 0.518± 0.060± 0.046 0.233± 0.069± 0.041 0.450± 0.101± 0.063 0.264±0.157±0.089
0.341 40.1 0.549± 0.097± 0.064 0.134± 0.113± 0.064 0.512± 0.163± 0.097 0.375±0.259±0.147
0.480 55.6 0.871± 0.122± 0.086 0.520± 0.142± 0.085 0.726± 0.207± 0.124 0.654±0.339±0.194

Table 2
Correlation coe!cients " of the unfolded asymmetries in bins of x.

x-bin 0.004–0.006 0.006–0.01 0.01–0.02 0.02–0.03 0.03–0.04 0.04–0.06 0.06–0.10 0.10–0.15 0.15–0.20 0.2–0.3 0.3–0.4 0.4–0.7

"(A!+
1,p , A1,p) 0.29 0.34 0.37 0.38 0.39 0.40 0.41 0.42 0.43 0.43 0.45 0.46

"(A!!
1,p , A1,p) 0.30 0.34 0.37 0.38 0.38 0.39 0.39 0.39 0.38 0.38 0.39 0.40

"(A!!
1,p , A!+

1,p ) 0.12 0.15 0.17 0.16 0.15 0.16 0.16 0.15 0.16 0.16 0.19 0.20

"(AK+
1,p , A1,p) 0.26 0.28 0.28 0.26 0.27 0.28 0.29 0.30 0.29 0.29 0.30 0.30

"(AK+
1,p , A!+

1,p ) !0.17 !0.09 !0.04 !0.02 !0.02 !0.01 !0.02 !0.01 !0.01 !0.02 !0.02 !0.01

"(AK+
1,p , A!!

1,p ) 0.03 0.04 0.04 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.04 0.03

"(AK!
1,p , A1,p) 0.12 0.15 0.17 0.17 0.17 0.18 0.17 0.17 0.16 0.16 0.16 0.15

"(AK!
1,p , A!+

1,p ) 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.04 0.02 0.03 0.02 0.05

"(AK!
1,p , A!!

1,p ) !0.16 !0.09 !0.05 !0.03 !0.03 !0.03 !0.03 !0.03 !0.02 !0.03 !0.04 !0.02

"(AK!
1,p , AK+

1,p ) 0.05 0.08 0.10 0.10 0.10 0.11 0.11 0.12 0.11 0.11 0.13 0.16

test on the asymmetries made on 23 subsets of data. At the level
of one standard deviation the upper bound of the error due to
these time-dependent effects is found to be 0.56#stat .

The experimental double-spin asymmetries for a proton target
are shown in Fig. 1. They are compared to the predictions of the
DSSV fit [1] at the (x, Q 2) values of the data. The HERMES inclu-
sive [26] and semi-inclusive [14] measurements for !+ and !!

are also displayed. The agreement with the DSSV parameterisation
is good, even for the kaon asymmetries for which no data were
available when the prediction was made. In spite of the different
kinematic conditions, the agreement between the COMPASS and
the HERMES values for the pion asymmetries is also good. This
observation illustrates the fact that the Q 2 dependence at fixed x
is small for semi-inclusive asymmetries.
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test on the asymmetries made on 23 subsets of data. At the level
of one standard deviation the upper bound of the error due to
these time-dependent effects is found to be 0.56#stat .

The experimental double-spin asymmetries for a proton target
are shown in Fig. 1. They are compared to the predictions of the
DSSV fit [1] at the (x, Q 2) values of the data. The HERMES inclu-
sive [26] and semi-inclusive [14] measurements for !+ and !!

are also displayed. The agreement with the DSSV parameterisation
is good, even for the kaon asymmetries for which no data were
available when the prediction was made. In spite of the different
kinematic conditions, the agreement between the COMPASS and
the HERMES values for the pion asymmetries is also good. This
observation illustrates the fact that the Q 2 dependence at fixed x
is small for semi-inclusive asymmetries.
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Fig. 1. The inclusive asymmetry A1,p [20] and the semi-inclusive asymmetries A!+
1,p , AK+

1,p , A!!
1,p , AK!

1,p from the present measurements (closed circles). The bands at the

bottom of each plot show the systematic errors. The A1,p , A!+
1,p and A!!

1,p measurements from HERMES [14,26] open circles) are shown for comparison. The curves show the
predictions of the DSSV fit [1].

Table 1
Unfolded asymmetries for charged pions and kaons produced on a proton target. The first error is statistical, the second is systematic.

"x# "Q 2#
(GeV/c)2

A!+
1,p A!!

1,p AK+
1,p AK!

1,p

0.0052 1.16 0.008± 0.029± 0.016 0.020± 0.029± 0.016 0.078± 0.067± 0.038 !0.112±0.069±0.039
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test on the asymmetries made on 23 subsets of data. At the level
of one standard deviation the upper bound of the error due to
these time-dependent effects is found to be 0.56#stat .

The experimental double-spin asymmetries for a proton target
are shown in Fig. 1. They are compared to the predictions of the
DSSV fit [1] at the (x, Q 2) values of the data. The HERMES inclu-
sive [26] and semi-inclusive [14] measurements for !+ and !!

are also displayed. The agreement with the DSSV parameterisation
is good, even for the kaon asymmetries for which no data were
available when the prediction was made. In spite of the different
kinematic conditions, the agreement between the COMPASS and
the HERMES values for the pion asymmetries is also good. This
observation illustrates the fact that the Q 2 dependence at fixed x
is small for semi-inclusive asymmetries.
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DSSV NLO global fit: Δq & Δg

validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! "!u#
!"u$="u# "u$ and Rd ! "!d#! "d$="d# "d$ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
toward#1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2"1& x$ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;'0:001!1(
j at Q2 ) 10 GeV2 and their uncertainties for !!2 ) 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ) 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to '0:05 ! 0:2(.

Lagrange multiplier !!2 ) 1 Hessian Lagrange multiplier !!2=!2 ) 2%

!u#!"u 0:793#0:011
&0:012 0:793* 0:012 0:793#0:028

&0:034

!d#! "d &0:416#0:011
&0:009 &0:416* 0:011 &0:416#0:035

&0:025

!"u 0:028#0:021
&0:020 0:028* 0:022 0:028#0:059

&0:059

! "d &0:089#0:029
&0:029 &0:089* 0:029 &0:089#0:090

&0:080

!"s &0:006#0:010
&0:012 &0:006* 0:012 &0:006#0:028

&0:031

!# 0:366#0:015
&0:018 0:366* 0:017 0:366#0:042

&0:062

!g 0:013#0:106
&0:120 0:013* 0:182 0:013#0:702

&0:314
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ) 10 GeV2 in the MS scheme, along with their !!2 ) 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.
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valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2"1& x$ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;'0:001!1(
j at Q2 ) 10 GeV2 and their uncertainties for !!2 ) 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ) 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to '0:05 ! 0:2(.

Lagrange multiplier !!2 ) 1 Hessian Lagrange multiplier !!2=!2 ) 2%

!u#!"u 0:793#0:011
&0:012 0:793* 0:012 0:793#0:028

&0:034

!d#! "d &0:416#0:011
&0:009 &0:416* 0:011 &0:416#0:035

&0:025

!"u 0:028#0:021
&0:020 0:028* 0:022 0:028#0:059

&0:059

! "d &0:089#0:029
&0:029 &0:089* 0:029 &0:089#0:090

&0:080

!"s &0:006#0:010
&0:012 &0:006* 0:012 &0:006#0:028

&0:031

!# 0:366#0:015
&0:018 0:366* 0:017 0:366#0:042

&0:062

!g 0:013#0:106
&0:120 0:013* 0:182 0:013#0:702

&0:314

!gRHIC 0:005#0:051
&0:058 0:005* 0:056 0:005#0:129

&0:164

0

0.1

0.2

0.3

0.4

-0.15

-0.1

-0.05

0

0.05

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

10-2 10-1

x(!u + !u
–
) x(!d + !d

–
)

DSSV

x!u
–

x!d
–

x!s
–

x

!"2=1 (Lagr. multiplier)

!"2=1 (Hessian)

x!g

x

Q2 = 10 GeV2
-0.1

-0.05

0

0.05

0.1

10-2 10-1

FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ) 10 GeV2 in the MS scheme, along with their !!2 ) 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.

A!ALL

0

pT [GeV]

"#2=1 (Lagr. multiplier)

"#2=1 (Hessian)
-0.004

-0.002

0

0.002

0.004

2 4 6 8

FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].

DE FLORIAN, SASSOT, STRATMANN, AND VOGELSANG PHYSICAL REVIEW D 80, 034030 (2009)

034030-14

DeFlorian, Sassot, Stratmann, Vogelsang, 
PRL 101 (2008) 071001, PRD 80 (2009) 034030

Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

 !U!!D " #F$D%&1$ "SU#2%'; (6)

 !U$ !D! 2!S " #3F!D%&1$ "SU#3%'; (7)

where !F ( &!f1j $ ! "f1j '#Q2
0%, F$D " 1:269) 0:003,

3F!D " 0:586) 0:031 [2], and "SU#2;3% are free parame-
ters. In total we have fitted 26 parameters [16], setting
! "u; "d;"s;g " 0 in Eq. (4). Positivity relative to the unpolarized
PDFs of Ref. [14] is enforced at Q0. In Fig. 1 we compare
the results of our fit using Q " pT to RHIC data from
polarized p-p collisions at 200 GeV [4], included for the
first time in a NLO global fit. The bands are obtained with
the LM method applied to each data point and correspond
to the maximum variations for ALL computed with alter-
native fits consistent with an increase of !"2 " 1 or
!"2="2 " 2% in the total "2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analyses [6,8].
For brevity, the total !u$!"u and !d$! "d densities are
not shown as they are very close to those in all other fits [6–
8]. Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

 !f1;&xmin!xmax'
j #Q2% (

Z xmax

xmin

!fj#x;Q2%dx; (8)

at Q2 " 10 GeV2 and for [0:001 ! 1]. As in Ref. [8] they
can be taken as faithful estimates of the typical uncertain-
ties for the antiquark densities. For the elusive polarized
gluon distribution, however, we perform a more detailed
estimate, now discriminating three regions in x: [0:001 !

0:05], [0:05 ! 0:2] (roughly corresponding to the range
probed by RHIC data), and [0:2 ! 1:0]. Within each re-
gion, we scan again for alternative fits that maximize the
variations of the truncated moments !g1;&xmin!xmax'. These
sets are allowed to produce a third of the increase in "2 for
each region. In this way we can produce a larger variety of
fits than for a single [0:001 ! 1] moment, and, therefore, a
more conservative estimate. Such a procedure is not nec-
essary for antiquarks whose x shape is already much better
determined by DIS and SIDIS data.

One can first of all see in Fig. 2 that !g#x;Q2% comes out
rather small, even when compared to fits with a ‘‘moder-
ate’’ gluon polarization [6,8], with a possible node in the
distribution. This is driven mainly by the RHIC data, which
put a strong constraint on the size of !g for 0:05 & x &
0:2 but cannot determine its sign as they mainly probe !g
squared. To explore this further, Fig. 3 shows the "2 profile
and partial contributions !"2

i of the individual data sets for
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that we show both the !!2 ! 1 and the more conservative
!!2=!2 ! 2% uncertainty bands here.

The pattern of symmetry breaking in the light antiquark
sea polarizations shown by Figs. 3 and 7 has been predicted
at least qualitatively by a number of models of nucleon
structure. A simple intuitive consideration of the Pauli
principle roughly gives the observed picture: if valence-u
quarks primarily spin along the proton spin direction, u "u
pairs in the sea will tend to have the u quark polarized
opposite to the proton. Hence, if such pairs are in a spin
singlet, one expects !"u > 0 and, by the same reasoning,
! "d < 0. Expectations based on the Pauli principle have
been made quantitative in [74] and the ‘‘valence’’ scenario
of [31], and the resulting predictions are shown by the dot-
dashed line in Fig. 7. They tend to lie somewhat higher than
our extracted !"u" ! "d, but are certainly qualitatively
consistent, given the still relatively large uncertainties.
The same is true for the case of the chiral quark soliton
model [75], represented by the dotted line in the figure.
Within the large-Nc limit of QCD on which this model is
based, one in fact expects j!"u"! "dj> j "u" "dj. As com-
parison of our extracted x#!"u"! "d$with the result of [46]
for x# "d" "u$ in Fig. 7 shows, one can presently not yet
decide whether this expectation is fulfilled. Predictions for
!"u"! "d have also been obtained within meson cloud
models [76]; it has been found in [77] that also here a
flavor asymmetry of similar size is possible. Finally, also
statistical parton models [35,78] obtain a similar size of
!"u"! "d. We note that predictions for the individual !"u
and ! "d, where available, agree on !"u > 0, ! "d < 0, con-
sistent with our results in Fig. 3, but may differ in the
relative size of the distributions. For example, the results of

[31,74] have j! "dj> !"u, as in Fig. 3, while the statistical
models find the two distributions to be of more equal
absolute size.
Strange quark polarization: The polarization of strange

quarks has been a focus since the very beginning of the
proton spin crisis. The reason is that in the parton model
and assuming SU#3$ symmetry (see Sec. III A) one has

!# % #u & #d & #s ! #3F"D$ & 3!#s; (37)

where the !#f are as defined in Eq. (31) but now for
arbitrary scale Q, and !# is the total quark and antiquark
spin contribution to the proton spin. If the latter is found to
be small experimentally,!#' 0:25, the implication is that
strange quarks make a significant negative contribution to
the proton spin. Indeed, most fits to only inclusive DIS data
have preferred a large and negative strange quark polariza-
tion. The samewas found in Ref. [36], even though here the
SU#3$ flavor symmetry was not enforced.
At variance with these results, the best fit in our present

analysis has a polarized strange distribution !s that is
positive at large x, but negative at small momentum frac-
tions. Before we discuss the origin and significance of this
result, we note that a prerequisite for it is that we have
adopted a more flexible parametrization for the strange
quark distribution in this work, which permits a node.
This is again in contrast with the previous fits in which
the initial !s always had the same sign for all x. We have
assumed however !s ! !"s, since the fit is unable to
discriminate strange quarks from antiquarks. This is really
an assumption: unlike the spin-averaged case where the
distributions s and "s will be rather similar (the integral of
s" "s has to vanish), there is a priori no need for!s and!"s
to have the same size or even the same sign.
Qualitatively, the main features of our extracted strange

sea distribution arise in the following way: the (kaon)
SIDIS data, within the leading-twist framework we em-
ploy, turn out to prefer a small and likely positive !s at
medium x, while inclusive DIS and the constraints from "
decays demand a negative integral of!s and so force!s to
turn negative at low x. Given the importance of !s, we
address these constraints and their significance and impli-
cations in more detail in the following.
We start by analyzing the behavior of the truncated first

moment, !s1;(0:001!1), around the minimum defining the
best fit. Figure 8 shows the increase of !2 of the fit against
variations of !s1;(0:001!1), along with the partial contribu-
tions of the various data sets. Evidently, the best fit has a
truncated moment close to zero and only slightly negative,
as we also saw in Table III. The shape of !!2 around the
minimum is dominated by the SIDIS data, and here pri-
marily by the data for kaon production. All other data sets,
pion SIDIS, inclusive DIS, and RHIC pp data, play less
important roles, as expected (here one has of course to keep
in mind that the impact of individual data sets seen in the
Lagrange multiplier scans is always estimated in the ‘‘pres-
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FIG. 7 (color online). The difference between x!"u and x! "d at
Q2 ! 10 GeV2, along with the uncertainty bands for !!2 ! 1
and !!2=!2 ! 2%. The dot-dashed and dotted lines show the
predictions of the valence scenario of [31] and the chiral quark
soliton model of [75], respectively. We also show the result
obtained in an earlier global analysis [36] of DIS and SIDIS
data (light dotted line), for which the fragmentation functions of
[37] were not yet available. The dashed line displays for com-
parison the flavor asymmetry x# "d" "u$ in the spin-averaged case,
using the PDFs of [46].
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DSSV NLO global fit: Δq & Δg

validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! "!u#
!"u$="u# "u$ and Rd ! "!d#! "d$="d# "d$ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
toward#1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2"1& x$ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;'0:001!1(
j at Q2 ) 10 GeV2 and their uncertainties for !!2 ) 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ) 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to '0:05 ! 0:2(.

Lagrange multiplier !!2 ) 1 Hessian Lagrange multiplier !!2=!2 ) 2%

!u#!"u 0:793#0:011
&0:012 0:793* 0:012 0:793#0:028

&0:034

!d#! "d &0:416#0:011
&0:009 &0:416* 0:011 &0:416#0:035

&0:025
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&0:020 0:028* 0:022 0:028#0:059

&0:059

! "d &0:089#0:029
&0:029 &0:089* 0:029 &0:089#0:090

&0:080

!"s &0:006#0:010
&0:012 &0:006* 0:012 &0:006#0:028

&0:031

!# 0:366#0:015
&0:018 0:366* 0:017 0:366#0:042

&0:062
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ) 10 GeV2 in the MS scheme, along with their !!2 ) 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.

A!ALL

0

pT [GeV]

"#2=1 (Lagr. multiplier)

"#2=1 (Hessian)
-0.004

-0.002

0

0.002

0.004

2 4 6 8

FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].

DE FLORIAN, SASSOT, STRATMANN, AND VOGELSANG PHYSICAL REVIEW D 80, 034030 (2009)

034030-14

validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! "!u#
!"u$="u# "u$ and Rd ! "!d#! "d$="d# "d$ become con-
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data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
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with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
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for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
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nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;'0:001!1(
j at Q2 ) 10 GeV2 and their uncertainties for !!2 ) 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ) 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to '0:05 ! 0:2(.

Lagrange multiplier !!2 ) 1 Hessian Lagrange multiplier !!2=!2 ) 2%

!u#!"u 0:793#0:011
&0:012 0:793* 0:012 0:793#0:028

&0:034

!d#! "d &0:416#0:011
&0:009 &0:416* 0:011 &0:416#0:035

&0:025

!"u 0:028#0:021
&0:020 0:028* 0:022 0:028#0:059

&0:059

! "d &0:089#0:029
&0:029 &0:089* 0:029 &0:089#0:090

&0:080

!"s &0:006#0:010
&0:012 &0:006* 0:012 &0:006#0:028

&0:031

!# 0:366#0:015
&0:018 0:366* 0:017 0:366#0:042

&0:062

!g 0:013#0:106
&0:120 0:013* 0:182 0:013#0:702

&0:314

!gRHIC 0:005#0:051
&0:058 0:005* 0:056 0:005#0:129

&0:164

0

0.1

0.2

0.3

0.4

-0.15

-0.1

-0.05

0

0.05

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

10-2 10-1

x(!u + !u
–
) x(!d + !d

–
)

DSSV

x!u
–

x!d
–

x!s
–

x

!"2=1 (Lagr. multiplier)

!"2=1 (Hessian)

x!g

x

Q2 = 10 GeV2
-0.1

-0.05

0

0.05

0.1

10-2 10-1

FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ) 10 GeV2 in the MS scheme, along with their !!2 ) 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.

A!ALL

0

pT [GeV]

"#2=1 (Lagr. multiplier)

"#2=1 (Hessian)
-0.004

-0.002

0

0.002

0.004

2 4 6 8

FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].

DE FLORIAN, SASSOT, STRATMANN, AND VOGELSANG PHYSICAL REVIEW D 80, 034030 (2009)

034030-14

DeFlorian, Sassot, Stratmann, Vogelsang, 
PRL 101 (2008) 071001, PRD 80 (2009) 034030

Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

 !U!!D " #F$D%&1$ "SU#2%'; (6)

 !U$ !D! 2!S " #3F!D%&1$ "SU#3%'; (7)

where !F ( &!f1j $ ! "f1j '#Q2
0%, F$D " 1:269) 0:003,

3F!D " 0:586) 0:031 [2], and "SU#2;3% are free parame-
ters. In total we have fitted 26 parameters [16], setting
! "u; "d;"s;g " 0 in Eq. (4). Positivity relative to the unpolarized
PDFs of Ref. [14] is enforced at Q0. In Fig. 1 we compare
the results of our fit using Q " pT to RHIC data from
polarized p-p collisions at 200 GeV [4], included for the
first time in a NLO global fit. The bands are obtained with
the LM method applied to each data point and correspond
to the maximum variations for ALL computed with alter-
native fits consistent with an increase of !"2 " 1 or
!"2="2 " 2% in the total "2 of the fit.

Our newly obtained antiquark and gluon PDFs are
shown in Fig. 2 and compared to previous analyses [6,8].
For brevity, the total !u$!"u and !d$! "d densities are
not shown as they are very close to those in all other fits [6–
8]. Here, the bands correspond to fits which maximize the
variations of the truncated first moments,

 !f1;&xmin!xmax'
j #Q2% (

Z xmax

xmin

!fj#x;Q2%dx; (8)

at Q2 " 10 GeV2 and for [0:001 ! 1]. As in Ref. [8] they
can be taken as faithful estimates of the typical uncertain-
ties for the antiquark densities. For the elusive polarized
gluon distribution, however, we perform a more detailed
estimate, now discriminating three regions in x: [0:001 !

0:05], [0:05 ! 0:2] (roughly corresponding to the range
probed by RHIC data), and [0:2 ! 1:0]. Within each re-
gion, we scan again for alternative fits that maximize the
variations of the truncated moments !g1;&xmin!xmax'. These
sets are allowed to produce a third of the increase in "2 for
each region. In this way we can produce a larger variety of
fits than for a single [0:001 ! 1] moment, and, therefore, a
more conservative estimate. Such a procedure is not nec-
essary for antiquarks whose x shape is already much better
determined by DIS and SIDIS data.

One can first of all see in Fig. 2 that !g#x;Q2% comes out
rather small, even when compared to fits with a ‘‘moder-
ate’’ gluon polarization [6,8], with a possible node in the
distribution. This is driven mainly by the RHIC data, which
put a strong constraint on the size of !g for 0:05 & x &
0:2 but cannot determine its sign as they mainly probe !g
squared. To explore this further, Fig. 3 shows the "2 profile
and partial contributions !"2

i of the individual data sets for
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FIG. 1 (color online). Comparison of RHIC data [4] and our
fit. The shaded bands correspond to !"2 " 1 and !"2="2 "
2% (see text).
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that we show both the !!2 ! 1 and the more conservative
!!2=!2 ! 2% uncertainty bands here.

The pattern of symmetry breaking in the light antiquark
sea polarizations shown by Figs. 3 and 7 has been predicted
at least qualitatively by a number of models of nucleon
structure. A simple intuitive consideration of the Pauli
principle roughly gives the observed picture: if valence-u
quarks primarily spin along the proton spin direction, u "u
pairs in the sea will tend to have the u quark polarized
opposite to the proton. Hence, if such pairs are in a spin
singlet, one expects !"u > 0 and, by the same reasoning,
! "d < 0. Expectations based on the Pauli principle have
been made quantitative in [74] and the ‘‘valence’’ scenario
of [31], and the resulting predictions are shown by the dot-
dashed line in Fig. 7. They tend to lie somewhat higher than
our extracted !"u" ! "d, but are certainly qualitatively
consistent, given the still relatively large uncertainties.
The same is true for the case of the chiral quark soliton
model [75], represented by the dotted line in the figure.
Within the large-Nc limit of QCD on which this model is
based, one in fact expects j!"u"! "dj> j "u" "dj. As com-
parison of our extracted x#!"u"! "d$with the result of [46]
for x# "d" "u$ in Fig. 7 shows, one can presently not yet
decide whether this expectation is fulfilled. Predictions for
!"u"! "d have also been obtained within meson cloud
models [76]; it has been found in [77] that also here a
flavor asymmetry of similar size is possible. Finally, also
statistical parton models [35,78] obtain a similar size of
!"u"! "d. We note that predictions for the individual !"u
and ! "d, where available, agree on !"u > 0, ! "d < 0, con-
sistent with our results in Fig. 3, but may differ in the
relative size of the distributions. For example, the results of

[31,74] have j! "dj> !"u, as in Fig. 3, while the statistical
models find the two distributions to be of more equal
absolute size.
Strange quark polarization: The polarization of strange

quarks has been a focus since the very beginning of the
proton spin crisis. The reason is that in the parton model
and assuming SU#3$ symmetry (see Sec. III A) one has

!# % #u & #d & #s ! #3F"D$ & 3!#s; (37)

where the !#f are as defined in Eq. (31) but now for
arbitrary scale Q, and !# is the total quark and antiquark
spin contribution to the proton spin. If the latter is found to
be small experimentally,!#' 0:25, the implication is that
strange quarks make a significant negative contribution to
the proton spin. Indeed, most fits to only inclusive DIS data
have preferred a large and negative strange quark polariza-
tion. The samewas found in Ref. [36], even though here the
SU#3$ flavor symmetry was not enforced.
At variance with these results, the best fit in our present

analysis has a polarized strange distribution !s that is
positive at large x, but negative at small momentum frac-
tions. Before we discuss the origin and significance of this
result, we note that a prerequisite for it is that we have
adopted a more flexible parametrization for the strange
quark distribution in this work, which permits a node.
This is again in contrast with the previous fits in which
the initial !s always had the same sign for all x. We have
assumed however !s ! !"s, since the fit is unable to
discriminate strange quarks from antiquarks. This is really
an assumption: unlike the spin-averaged case where the
distributions s and "s will be rather similar (the integral of
s" "s has to vanish), there is a priori no need for!s and!"s
to have the same size or even the same sign.
Qualitatively, the main features of our extracted strange

sea distribution arise in the following way: the (kaon)
SIDIS data, within the leading-twist framework we em-
ploy, turn out to prefer a small and likely positive !s at
medium x, while inclusive DIS and the constraints from "
decays demand a negative integral of!s and so force!s to
turn negative at low x. Given the importance of !s, we
address these constraints and their significance and impli-
cations in more detail in the following.
We start by analyzing the behavior of the truncated first

moment, !s1;(0:001!1), around the minimum defining the
best fit. Figure 8 shows the increase of !2 of the fit against
variations of !s1;(0:001!1), along with the partial contribu-
tions of the various data sets. Evidently, the best fit has a
truncated moment close to zero and only slightly negative,
as we also saw in Table III. The shape of !!2 around the
minimum is dominated by the SIDIS data, and here pri-
marily by the data for kaon production. All other data sets,
pion SIDIS, inclusive DIS, and RHIC pp data, play less
important roles, as expected (here one has of course to keep
in mind that the impact of individual data sets seen in the
Lagrange multiplier scans is always estimated in the ‘‘pres-
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FIG. 7 (color online). The difference between x!"u and x! "d at
Q2 ! 10 GeV2, along with the uncertainty bands for !!2 ! 1
and !!2=!2 ! 2%. The dot-dashed and dotted lines show the
predictions of the valence scenario of [31] and the chiral quark
soliton model of [75], respectively. We also show the result
obtained in an earlier global analysis [36] of DIS and SIDIS
data (light dotted line), for which the fragmentation functions of
[37] were not yet available. The dashed line displays for com-
parison the flavor asymmetry x# "d" "u$ in the spin-averaged case,
using the PDFs of [46].
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NEW

Sea quark spin: W production @ RHIC

figure from Joe Seele @ DIS2011

Run 9: First 500 GeV data!
only 5 weeks → first glimpse

AW+
L !"!u(x1)d̄(x2)+!d̄(x1)u(x2)



!"#$= 2% uncertainty bands 
              of DSSV analysis 

key measurement at RHIC: parity violating single spin asymmetry 

AW!

L ! "!d(x1)ū(x2)"!ū(x1)d(x2)
d(x1)ū(x2) + ū(x1)d(x2)

$new versatile NLO MC code  
de Florian, Vogelsang, arXiv:1003.4533 

!"#$= 2% uncertainty bands 
              with RHIC data 

simulated impact of RHIC 
W boson data on global fit 

! $reduction of uncertainties 
    for 0.07 < x < 0.4$

! $can test consistency of 
    low Q2 SIDIS data in  
    that x regime  
! $1st PHENIX & STAR data 
    no impact on fit yet 
    “proof of principle”  

!"#Marco Stratmann @ DIS 2011
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AW!

L ! "!d(x1)ū(x2)"!ū(x1)d(x2)
d(x1)ū(x2) + ū(x1)d(x2)

$new versatile NLO MC code  
de Florian, Vogelsang, arXiv:1003.4533 

!"#$= 2% uncertainty bands 
              with RHIC data 

simulated impact of RHIC 
W boson data on global fit 

! $reduction of uncertainties 
    for 0.07 < x < 0.4$

! $can test consistency of 
    low Q2 SIDIS data in  
    that x regime  
! $1st PHENIX & STAR data 
    no impact on fit yet 
    “proof of principle”  

!"#Marco Stratmann @ DIS 2011

Is there a flavor asym in the 
polarized sea? → weʼll find out
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Back to the Spin Puzzle → Enter L

q(x) = q!(x)+q"(x) Δq(x) = q!(x)"q#(x)

only three sources
1
2

=
1
2
ΔΣ+ΔG+Lq+Lg

➊ Quark polarization
ΔΣ!

Z
dx (Δu(x)+Δd(x)+Δs(x)+Δu(x)+Δd(x)+Δs(x)) ≈ 25% only

➋ Gluon polarization
ΔG!

Z
dx Δg(x)

Lz ! Lq+Lg

➌ Orbital angular momentum

?
small...?
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➋ Gluon polarization
ΔG!

Z
dx Δg(x)

Lz ! Lq+Lg

➌ Orbital angular momentum

?
small...?

In friendly, non-relativistic bound states like
     atoms & nuclei (& constituent quark model),
     particles are in eigenstates of L

Not so for bound, relativistic Dirac particles ...
     Noble “l” is not a good quantum number



In Search of L:
Transverse Single-Spin Asymmetries
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Single-spin asymmetries in  p↑p → πX Analyzing Power 

Huge single-spin asymmetry 
for forward meson production
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π-

Single-spin asymmetries in  p↑p → πX Analyzing Power 

Huge single-spin asymmetry 
for forward meson production

!Sbeam · (!pbeam!!pπ) odd under naive Time-ReversalObservable

STAR Run 6

STAR !"#$%&'()'!
* +),'-.+'/+00'123(4)0

1. Nphoton = 2

2. Center Cut (" and #)

3. Pi0 or Eta mass cuts

4. Average Yellow Beam 

Polarization = 56%

For                        , the

asymmetry in the " mass 

region is greater than 5 sigma 

above zero, and about 4 sigma 

above the asymmetry in the !0

mass region.

!"

STAR !"##$%&'&()&(*&$+,$-.

! Yellow beam asymmetry 

clearly reveals the shape of two 

mass resonances. 

! "#$%$&'(&)*&+)(,--$.%,&

/)00$,1&'*&2$.3$$*&!0 and "

mass regions.

1. Nphoton = 2

2. Etotal > 40GeV

3. No Center Cut

4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

!"



N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

Single-Spin Asymmetries at Hard Scales

E704: p!p! !X
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Single-Spin Asymmetries at Hard Scales
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h1(x) ! H"1 (z, pT)

The “Collins Effect”     The “Sivers Effect”   

f!1T(x,kT) " D1(z)

+π
uu ...   

π+

uv
d

⊗
⊗

Collins Frag Funcn Sivers FuncnTransversity

⊗ denotes convolution over intrinsic quark kT & fragmentation pT
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h1(x) ! H"1 (z, pT)

The “Collins Effect”     The “Sivers Effect”   

f!1T(x,kT) " D1(z)

sensitive to transversity and
spin-orbit effects in fragmentation

+π
uu ...   

π+

uv
d

⊗
⊗

Collins Frag Funcn Sivers FuncnTransversity

⊗ denotes convolution over intrinsic quark kT & fragmentation pT
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h1(x) ! H"1 (z, pT)

The “Collins Effect”     The “Sivers Effect”   

f!1T(x,kT) " D1(z)

sensitive to quark orbital motionsensitive to transversity and
spin-orbit effects in fragmentation

+π
uu ...   

π+

uv
d

⊗
⊗

Collins Frag Funcn Sivers FuncnTransversity

⊗ denotes convolution over intrinsic quark kT & fragmentation pT
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Leptoproduction of Pions with Transverse TargetT-odd Distribution vs Fragmentation Function

SIDIS xsec with transverse target polarization
has two similar terms:
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Leptoproduction of Pions with Transverse TargetT-odd Distribution vs Fragmentation Function
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PRL 103 (2009)

NPB 765 (2007) 31

Sivers Moments for π and K from H↑& D↑



• COMPASS 2007 H↑→ h±

N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

COMPASS proton data: confirmation!

◦ HERMES H↑→ π±

COMPASS final 2003-04 D↑

!""#$%#&'("$ !"#$%&&'%&()(

Sivers asymmetry - proton

*+,-./01+#%2034%34$%HERMES &((&5&((6%70#.8%/$1"831

h+ COMPASS asymmetry: 1.,$%109#

1,.88$/%:;%.%7.*3+/%<%&

NEW

New COMPASS analysis confirms 
non-zero Sivers effect in SIDIS

π+

π–
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f!1T must arise from
interference ... but a distribution function
is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere
with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be
process dependent ! new universality issues e.g. Drell-Yan

It looks like higher-twist ... but no, these are soft gluons: 
“gauge links” required for color gauge invariance
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f!1T must arise from
interference ... but a distribution function
is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere
with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be
process dependent ! new universality issues e.g. Drell-Yan

It looks like higher-twist ... but no, these are soft gluons: 
“gauge links” required for color gauge invariance

Such soft-gluon reinteractions with 
the soft wavefunction are

final / initial state interactions 
... and process-dependent ...

e.g. Drell-Yan: →
Sivers effect
should have

opposite sign
cf. SIDIS
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (!h!!S)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (!h!!S)
UT for

pion (left panel) and kaon (right panel) production [11] o! a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The !0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0
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IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(!h!!S)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS

Anselmino et al, 
arXiv:0805.2677

d

u

E. Boglione, 
Transversity2008

x f!(1)
1T (x)



N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

Global Fit to Sivers 
Asymmetries 

6

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

0

0.05

0.1

0.15 0" HERMES 2002-2005

0

0.05

0.1

0.15 +"

0 0.1 0.2 0.3 0.4 0.5

-0.1

0

0.05

0.1 -"

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

-0.2

-0.1

0

0.1

0.2

S
0K HERMES 2002-2005

-0.2

-0.1

0

0.1

0.2 +K

0 0.1 0.2 0.3 0.4 0.5

-0.2

-0.1

0

0.1

0.2 -K

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1

FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (!h!!S)
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corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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uncertainty of the parameters, as explained in Appendix A. The !0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(!h!!S)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS
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show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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obtain !2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have !2 = 0.94 per data
point, and a total !2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for "0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(!h!!S)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(!h!!S)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS
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Phenomenology: Sivers Mechanism

M. Burkardt: Chromodynamic lensing

π+

u mostly over here

FSI kick

Electromagnetic coupling  ~ (J0 + J3) stronger for oncoming quarks 

!sin(φlh"φlS)#π
+

UT > 0We observe 
π!(and opposite for      )

! for φlS = 0, φlh = π/2 preferred

Model agrees!

π+

uv
d

Opposite sign to data … assuming Lu > 0 ... 

Parton energy loss considerations suggest
quenching of jets from 

“near” surface of target

➡ quarks from “far” surface should dominate

D. Sivers: Jet Shadowing

Nearly all models 
predict Lu > 0 ...
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A Coherent Picture?

• Transversity: h1,u > 0   h1,d < 0 
     → same as g1,u and g1,d in NR limit

• Sivers:        f1T⊥,u < 0    f1T⊥,d > 0
     → relatn to anomalous magnetic moment*
f1T⊥,q ∼ κq  where  κu ≈ +1.67   κd ≈ –2.03
 values achieve κp,n = Σq eq κq with u,d only

• Boer-Mulders: follows that h1⊥,u  and h1⊥,d < 0  ?
     → new results on <cos(2Φ)>UU  suggest yes:

u d

du

   * Burkardt PRD72 (2005) 094020; 
   Barone et al PRD78 (1008) 045022;
  

u d
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but these 
TMDs are all 
independent

!!su ·!Sp" = +0.5 !!lu ·!Sp" = +0.5 !!su ·!lu" = 0



N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

Lattice QCD



N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

Fq
1 (t) =

Z 1

!1
dx Hq(x,ξ, t) Fq

2 (t) =
Z 1

!1
dx Eq(x,ξ, t)

model-independent access to L 

q(x) = Hq(x,ξ = 0, t = 0)

Δq(x) = H̃q(x,ξ = 0, t = 0)
● PDFs: 
   forward limit (ξ = 0, t = 0)

● Elastic form factors: 
    first moments in x

Jq =
1
2

Z 1

!1
xdx [Hq(x,ξ, t = 0)+Eq(x,ξ, t = 0)]

Jq =
1
2
ΔΣ+Lq

● Ji sum rule:  

FN
1 (0)+FN

2 (0) = µN

Note connection of H, E to 
Dirac, Pauli form factors ... 

and their connection to 
nucleon magnetic moment:

GPDs: connection 
to many 

observables

H(x,  ,0)ξ



the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
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FIG. 4 (color online). Lowest moment (n ! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
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(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).

*Electronic address: phaegler@ph.tum.de
[1] V. Barone, A. Drago, and P. G. Ratcliffe, Phys. Rep. 359, 1

(2002).
[2] R. L. Jaffe and X. D. Ji, Phys. Rev. Lett. 67, 552 (1991).
[3] D. W. Sivers, Phys. Rev. D 41, 83 (1990).
[4] D. Boer and P. J. Mulders, Phys. Rev. D 57, 5780 (1998).
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2 Lu

2 Ju

2 Jd

2 Ld

Thomas:  cloudy bag model evolved up to Q2 of expt / lattice

M. Wakamatsu: The role of the orbital angular momentum in the proton spin 299
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Fig. 1. The left panel shows the results of the present semi-phenomenological extraction of the total angular momenta as well
as the orbital angular momenta of up- and down-quarks, while the right panel shows the corresponding results of Thomas [11].
In both panels, the open circle, open triangle, filled circle, and filled triangle, respectively, represent the predictions of the LHPC
lattice simulations for 2Ju, 2 Jd, 2 Lu, and 2 Ld [27].

works to exclude some range of lattice QCD predictions.
In the following, we therefore regard Bu+d

20 (0) as an un-
known constant within this bound. (Note that it is a con-
servative bound since it is actually given at the low-energy
model scale and the magnitude of Bu+d

20 (0) is a decreasing
function of the scale parameter Q2.)

The information on the quark orbital momenta can
be obtained from Ju, Jd and Js by subtracting the cor-
responding intrinsics spin contributions, !"u, !"d and
!"s. Basically, they are all empirically known quantities.
(Note that, at the leading order, any of these three are
scale independent.) Among the three combinations !"Q,
!"u!d, and !"u+d!2s, the flavor singlet one has a largest
uncertainty. For simplicity, here we use the central value
of the recent HERMES analysis, i.e. !"Q = 0.33, by ne-
glecting the error bars.

For completeness, we list below all the initial condi-
tions at Q2 = 4GeV2, which we shall use in the present
analysis:

!x"Q = 0.579, !x"u!d = 0.158, !x"s = 0.041, (3)

Bu!d
20 = 0.274, 0 # BQ

20 = Bu+d!2s
20 # $ 0.12, (4)

!"Q = 0.33, !"u!d =1.27, !"u+d!2s =0.586. (5)

(The inclusion of the strange-quark contributions to the
momentum fractions and the longitudinal quark polariza-
tion appears inconsistent with the neglect of the corre-
sponding contribution to B20. It is, however, clear that the
influence of the strange-quark components is so small that
it never a!ects the main point of the present analysis.)

After preparing all the necessary information, we now
evaluate the total angular momentum as well as the orbital
angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
short-dashed, long-dashed, and dash-dotted curves with

shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
Lu!d(Q2 % &) = $ 1

2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is

quark 
model 
scale
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scale

2 Lu

2 Ju

2 Jd

2 Ld

Thomas:  cloudy bag model evolved up to Q2 of expt / lattice

→ lattice shows Lu < 0 and Ld > 0 in longitudinal case at exptʼal scales!

Evolution might explain disagreement with quark models ... 
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In both panels, the open circle, open triangle, filled circle, and filled triangle, respectively, represent the predictions of the LHPC
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works to exclude some range of lattice QCD predictions.
In the following, we therefore regard Bu+d

20 (0) as an un-
known constant within this bound. (Note that it is a con-
servative bound since it is actually given at the low-energy
model scale and the magnitude of Bu+d

20 (0) is a decreasing
function of the scale parameter Q2.)

The information on the quark orbital momenta can
be obtained from Ju, Jd and Js by subtracting the cor-
responding intrinsics spin contributions, !"u, !"d and
!"s. Basically, they are all empirically known quantities.
(Note that, at the leading order, any of these three are
scale independent.) Among the three combinations !"Q,
!"u!d, and !"u+d!2s, the flavor singlet one has a largest
uncertainty. For simplicity, here we use the central value
of the recent HERMES analysis, i.e. !"Q = 0.33, by ne-
glecting the error bars.

For completeness, we list below all the initial condi-
tions at Q2 = 4GeV2, which we shall use in the present
analysis:

!x"Q = 0.579, !x"u!d = 0.158, !x"s = 0.041, (3)

Bu!d
20 = 0.274, 0 # BQ

20 = Bu+d!2s
20 # $ 0.12, (4)

!"Q = 0.33, !"u!d =1.27, !"u+d!2s =0.586. (5)

(The inclusion of the strange-quark contributions to the
momentum fractions and the longitudinal quark polariza-
tion appears inconsistent with the neglect of the corre-
sponding contribution to B20. It is, however, clear that the
influence of the strange-quark components is so small that
it never a!ects the main point of the present analysis.)

After preparing all the necessary information, we now
evaluate the total angular momentum as well as the orbital
angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
short-dashed, long-dashed, and dash-dotted curves with

shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
Lu!d(Q2 % &) = $ 1

2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is
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Thomas:  cloudy bag model evolved up to Q2 of expt / lattice

→ lattice shows Lu < 0 and Ld > 0 in longitudinal case at exptʼal scales!

Evolution might explain disagreement with quark models ... 
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Fig. 1. The left panel shows the results of the present semi-phenomenological extraction of the total angular momenta as well
as the orbital angular momenta of up- and down-quarks, while the right panel shows the corresponding results of Thomas [11].
In both panels, the open circle, open triangle, filled circle, and filled triangle, respectively, represent the predictions of the LHPC
lattice simulations for 2Ju, 2 Jd, 2 Lu, and 2 Ld [27].

works to exclude some range of lattice QCD predictions.
In the following, we therefore regard Bu+d

20 (0) as an un-
known constant within this bound. (Note that it is a con-
servative bound since it is actually given at the low-energy
model scale and the magnitude of Bu+d

20 (0) is a decreasing
function of the scale parameter Q2.)

The information on the quark orbital momenta can
be obtained from Ju, Jd and Js by subtracting the cor-
responding intrinsics spin contributions, !"u, !"d and
!"s. Basically, they are all empirically known quantities.
(Note that, at the leading order, any of these three are
scale independent.) Among the three combinations !"Q,
!"u!d, and !"u+d!2s, the flavor singlet one has a largest
uncertainty. For simplicity, here we use the central value
of the recent HERMES analysis, i.e. !"Q = 0.33, by ne-
glecting the error bars.

For completeness, we list below all the initial condi-
tions at Q2 = 4GeV2, which we shall use in the present
analysis:

!x"Q = 0.579, !x"u!d = 0.158, !x"s = 0.041, (3)

Bu!d
20 = 0.274, 0 # BQ

20 = Bu+d!2s
20 # $ 0.12, (4)

!"Q = 0.33, !"u!d =1.27, !"u+d!2s =0.586. (5)

(The inclusion of the strange-quark contributions to the
momentum fractions and the longitudinal quark polariza-
tion appears inconsistent with the neglect of the corre-
sponding contribution to B20. It is, however, clear that the
influence of the strange-quark components is so small that
it never a!ects the main point of the present analysis.)

After preparing all the necessary information, we now
evaluate the total angular momentum as well as the orbital
angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
short-dashed, long-dashed, and dash-dotted curves with

shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
Lu!d(Q2 % &) = $ 1

2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is
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Fig. 1. The left panel shows the results of the present semi-phenomenological extraction of the total angular momenta as well
as the orbital angular momenta of up- and down-quarks, while the right panel shows the corresponding results of Thomas [11].
In both panels, the open circle, open triangle, filled circle, and filled triangle, respectively, represent the predictions of the LHPC
lattice simulations for 2Ju, 2 Jd, 2 Lu, and 2 Ld [27].

works to exclude some range of lattice QCD predictions.
In the following, we therefore regard Bu+d

20 (0) as an un-
known constant within this bound. (Note that it is a con-
servative bound since it is actually given at the low-energy
model scale and the magnitude of Bu+d

20 (0) is a decreasing
function of the scale parameter Q2.)

The information on the quark orbital momenta can
be obtained from Ju, Jd and Js by subtracting the cor-
responding intrinsics spin contributions, !"u, !"d and
!"s. Basically, they are all empirically known quantities.
(Note that, at the leading order, any of these three are
scale independent.) Among the three combinations !"Q,
!"u!d, and !"u+d!2s, the flavor singlet one has a largest
uncertainty. For simplicity, here we use the central value
of the recent HERMES analysis, i.e. !"Q = 0.33, by ne-
glecting the error bars.

For completeness, we list below all the initial condi-
tions at Q2 = 4 GeV2, which we shall use in the present
analysis:

!x"Q = 0.579, !x"u!d = 0.158, !x"s = 0.041, (3)

Bu!d
20 = 0.274, 0 # BQ

20 = Bu+d!2s
20 # $ 0.12, (4)

!"Q = 0.33, !"u!d =1.27, !"u+d!2s =0.586. (5)

(The inclusion of the strange-quark contributions to the
momentum fractions and the longitudinal quark polariza-
tion appears inconsistent with the neglect of the corre-
sponding contribution to B20. It is, however, clear that the
influence of the strange-quark components is so small that
it never a!ects the main point of the present analysis.)

After preparing all the necessary information, we now
evaluate the total angular momentum as well as the orbital
angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
short-dashed, long-dashed, and dash-dotted curves with

shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
Lu!d(Q2 % &) = $ 1

2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is

 or not.  Wakamatsu evolves down → insensitive to uncertain scale of quark models
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• ∫ E dx = Pauli F2  →(t=0)  anomalous magnetic moment κ (∵ GPD basics)

• both F2 and κ  require L ≠ 0   (∵ N spin flip amplitudes)

Density shifts seen on lattice due to GPD Eq(x,ξ,t)

E requires L

The Mysterious E

Brodksy, Drell (1980) ; Burkardt, Schnell, PRD 74 (2006)
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• both F2 and κ  require L ≠ 0   (∵ N spin flip amplitudes)
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✔ gauge invariance:  Δq, Lq, Jg

✔ measure Lq: via GPDs & DVCS
✘  interpret Lq: covariant derivative 
       Dµ = ∂µ + igµ brings in 
       gluon interactions 
✘ measure Δg: no gauge-invariant
        decomposition of Jg
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       gluon interactions 
✘ measure Δg: no gauge-invariant
        decomposition of Jg

Ji decomposition Jaffe-Manohar decomposition

Ongoing work of Chen et al  PRL 100 (2008), 103 (2009)
                     & Wakamatsu PRD 81 (2010), 83 (2011) 

New
 Ideas!

✘ gauge invariance: only within 
        lightcone gauges where A+ = 0 
✔  interpret Lq:             at last!
        canonical, field-free OAM
✔ measure Δg: this is whatʼs being
        measured at RHIC, COMPASS
✘ measure Lq: ........ ? TMDs? 

!r!!p



2LJi
q =

!
!x"q +E(2)

q

"

=Jq

#!q

N.C.R. Makins, PANICʼ11, MIT, July 25, 2011

Insights from the χQSM Wakamatsu, EPJA 44 (2010)

300 The European Physical Journal A

!"#$

!$#%

!$#&

!$#'

!$#(

$#$

$#(

$#'

$#&

$#%

"#$

!"#$ !$#% !$#& !$#' !$#( $#$ $#( $#' $#& $#% "#$

)*+,-). /0/1*2,/ 3)..415 67 8,).9:

;<=><?

@A)6 ;)-- B

C,. )*)-7:4:

A;DE($$%

FG0/):

Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
Bu+d

20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
and Bu!d

20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD
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Fig. 3. The sensitivity of the quark orbital angular-momentum
di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
Bu+d

20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
and Bu!d

20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD
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Fig. 3. The sensitivity of the quark orbital angular-momentum
di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree

Compare Jaffe & Ji 
calculate explicitly in χQSM;

at quark-model scale:

Lu–d
Jaffe

Lu–d
Ji

Valence

Sea

Total

+0.147 –0.142

–0.265 –0.188

–0.115 –0.330

Negative model value 
dominated by sea quark L !
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)
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into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
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20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
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20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD
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di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
Bu+d

20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
and Bu!d

20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD
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Fig. 3. The sensitivity of the quark orbital angular-momentum
di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree

Compare Jaffe & Ji 
calculate explicitly in χQSM;

at quark-model scale:
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e.g. spin-dependent Drell-Yan
plans @ COMPASS, SeaQuest, 

RHIC ... stay tuned!

Need direct measurement of 
Sivers for sea quarks:

π+n
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