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Overview
• Valence structure of the nucleon

– Why do we care?
– Where are we right now?

• Spin structure at high x
– Existing world data
– Recent results (Exp. and Theory)
– Upcoming experiments

• JLab at > 20 GeV – what more can we do?
– General considerations
– Example: projections for A1n

• Conclusions



“1-D” Parton Distributions (PDFs)
(integrated over many variables) 
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At finite Q2: pQCD evolution (q(x,Q2), Dq(x,Q2) ⇒
DGLAP equations),  and gluon radiation

Fixed target kinematics:                ⇒ target mass effects,
higher twist contributions and resonance excitations

§ Non-zero

§ Further Q2-dependence (power series in      )
§ Ultra-low Q2: cPT, EFT,…
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Valence Region: Structure Functions for x®1
• Dominated by up and down valence quarks –> quantum numbers of the nucleon
• Important for higher power xn moments -> Mellin Moments, LQCD
• Related to high-Q2, lower x through DGLAP -> LHC

• MANY predictions based on pQCD and quark models:
SU(6)-symmetric proton wave function in the “naïve” quark model:

In this model: d/u = 1/2, Du/u = 2/3, Dd/d = -1/3 for all x Þ

Relativistic Correction: lower component reduces axial charge, adds to orbital angular 
momentum (p-wave) Þ

Hyperfine structure effect in QM: S=1 suppressed => d/u = 0, Du/u = 1, Dd/d = -1/3
for x ® 1 => A1p = 1, A1n = 1, A1D = 1
pQCD: helicity conservation (qp) => d/u -> 2/(9+1) = 1/5, Du/u -> 1, Dd/d -> 1 for x ® 1
Other approaches: Dyson-Schwinger Equation, statistical models, …



Unpolarized PDFs– high x
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Nucleon Model F2
n/F2

p
X	→	1

d/u
X	→	1

SU(6) Symmetry 2/3 0.5
Scalar diquark dominance 1/4 0
DSE contact interaction 0.41 0.18
DSE realistic interaction 0.49 0.28
PQCD 
(helicity conservation) 3/7 0.2

SU(6)

DSE

DSE
helicity

Phys. Rev. D 93, 114017 (2016)

Figure 8. Comparison between the global-base, global-ite2-dw and global-ite2-sh global fits of proton
PDFs. The up, antiup, down and antidown PDFs, normalised to the global-base fit (left) and the
corresponding relative uncertainties (right) are shown at Q = 10 GeV. Dashed lines denote one sigma
uncertainties, while plain bands 68% confidence level intervals. The ReportEngine software [36] was
used to generate this figure.
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Scalar	
diquark

Parton Distribution Functions

• Large  at low  due to 
LHC data 

•  well constrained, except at 
very high  

• Suppressed , enhanced 
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BONuS12 with CLAS12

RTPC

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

F2n/F2p through spectator tagging



Projected JLab@12 GeV d/u Extractions 
Marathon and BONuS12

Dark Symbols: W* > 2 GeV (x* up to 0.8, bin centered x* = 0.76)

Open Symbols: “Relaxed cut”W* > 1.8 GeV (x* up to 0.83)

…also: Additional data from ALERT and TDIS

Figure 18: Projected statistics of tagged neutron events for Fn
2 (left) and projected results for Fn

2 /F p
2 (right) in the

DIS region (Q2 > 1 (GeV/c)2, W 2 > 3.5 GeV2) with 5 days of beamtime (statistical uncertainties only).

comparison of F d
2 to F p

2 + Fn
2 , as shown in Ref. [24] and Fig. 3. Up to x ⇡ 0.7, we project a factor of 7

higher statistics than the projected BoNuS12 measurement [2].

5.3.2 Resonance region data

Figure 19: Estimated statistics of tagged neutron events in resonance region with 5 days of beam at various Q2 range;
spectra are with and without estimated resolution e↵ects.

Figure 19 shows the projected Fn
2 measurements as a function of W ⇤2 for 3 bins in Q2 to illustrate

23

Courtesy Arun Tadepalli

BONuS12 
Expected Statistical Uncertainties

� BONuS12 
Relaxed W cut

BONuS12 syst. unc.

BONuS12:



Spin Structure Functions 
in the last 40 years
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Kinematic coverage –

World DIS data on g1p

A1p

“EG1 fit” of the World 
Data

Nobuo Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, and A. 
Accardi:”Iterative Monte Carlo analysis of spin-dependent parton 
distributions”, Phys. Rev. D 93, 074005 (5 April 2016).

A. Deur, Y. Prok, V. Burkert, D. Crabb, F.-X. Girod, K. A. 
Griffioen, N. Guler, S. E. Kuhn, and N. Kvaltine: “High precision 
determination of the Q2 evolution of the Bjorken sum”, Phys. Rev. 
C 90, 012009 (July 2014). 

distribution illustrates the point that in the Monte Carlo
approach there is noguarantee that the final posteriorswill be
clustered in a specific region of parameter space. For
example, two distinct solutions can describe the same PDF
insomeneighborhoodofx,whiledeviatinginotherx regions;
data cannot distinguish the two solutions due to correlations.
Such apicture ofmultiple regions and error bands is absent in
traditional single-fit analyses, where the effect of adding
more data means that the χ2 is steeper around the minimum.
While this is also true for Monte Carlo fits, in the IMC
approach, however, the error bands in practice cover more
than one minimum, if multiple solutions are present.
The Δsþ PDF is also indirectly impacted by the different

Q2 evolution of the singlet and nonsinglet distributions,
especially with the greater statistics at lower Q2 values
afforded by the Jefferson Lab data. The Q2 evolution also
provides a way of indirectly constraining the polarized
gluon distribution Δg, in the absence of jet data from
polarized pp collisions [5] in the current analysis. Indeed,
as Fig. 15 indicates, the new Jefferson Lab results actually
prefer a more positive Δg distribution at intermediate x
values, x ≈ 0.1–0.5, with a smaller spread of possible
behaviors, but with still large uncertainties at lower x.

In the higher-twist sector, as one might expect, the
greater abundance of lower-Q2 data provides even more
stringent constraints on the twist-3 and twist-4 distribu-
tions. In particular, the global analysis reveals that with the
addition of Jefferson Lab data the twist-3 Du distribution
becomes more positive at x > 0.1, while theDd distribution
effectively switches sign to become negative and smaller
in magnitude. The twist-3 distributions thus acquire the
same signs for the u and d flavors as their twist-2 PDF
analogs.
For the twist-4 distributions, while Hp and Hn are

largely unconstrained in the fit without Jefferson Lab data,
in the full fit the spread is reduced considerably, and the
results for both distributions are consistent with zero. The
dominant contributions of the higher twists to the DIS
asymmetries are therefore driven by the twist-3 terms.

D. JAM15 distributions and moments

The final distributions for the full JAM15 fit are
displayed in Fig. 16 as a function of x at fixed
Q2 ¼ 1 GeV2, with the leading-twist PDFs and the
higher-twist distributions for different flavors shown on
the same graph for comparison. To illustrate the

FIG. 15. Comparison of the JAM15 IMC fits (red curves, with the average indicated by the black solid curve) with corresponding fits
excluding all Jefferson Lab data (yellow curves, with the average given by the black dashed curve) for the twist-2 PDFs Δuþ, Δdþ, Δsþ
and Δg, the twist-3 distributions Du and Dd, and the twist-4 functions Hp and Hn at Q2 ¼ 1 GeV2. Note that x times the distribution is
shown. For illustration each distribution is represented by a random sample of 50 fits.

SATO, MELNITCHOUK, KUHN, ETHIER, and ACCARDI PHYSICAL REVIEW D 93, 074005 (2016)

074005-20



Existing Spin Structure Functions at high x

Valence quark polarization

1

-1

Parno et al., Phy Let B DOI: 10.1016/j.physletb.2015.03.067 
X. Zheng et al., PRL 92, 012004 (2004); PRC 70, 065207 (2004) 
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Present Status on polarized PDFs
• Newest JAM analysis including RHIC 

and COMPASS data
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ū�

�
d̄

asy
m
m
etries.

R
ecen

tly
m
ore

p
rob

es
of

an
tiq

u
ark

p
olarization

h
ave

b
een

p
ossib

le
th
rou

gh
W

-lep
ton

p
ro
d
u
ction

in
p
olar-

ized
pp

collision
s.

In
p
articu

lar,
th
e
S
T
A
R

[42–44]
an

d
P
H
E
N
IX

[45,
46]

collab
oration

s
at

R
H
IC

h
ave

u
sed

p
o-

larized
pp

collision
s
at

cen
ter

of
m
ass

en
ergy

p
s

=
510

G
eV

to
m
easu

re
th
e
lon

gitu
d
in
al

sin
gle–sp

in
asy

m
-

m
etry

A
L
=

(�
+
�
�
�
)/(�

+
+
�
�
),
w
h
ere

�
+
(�

�
)
is
th
e

cross
section

for
p
ositive

(n
egative)

p
roton

h
elicity,

for
th
e
lep

ton
ic

d
ecay

ch
an

n
els

W
+
!

e
+
⌫
an

d
W

�
!

e �
⌫̄
.

A
t
lead

in
g
ord

er,
th
ese

can
b
e
w
ritten

as

A
W

+

L
/

�
d̄(x

1 )u
(x

2 )�
�
u
(x

1 )d̄(x
2 )

d̄(x
1 )u

(x
2 )

+
u
(x

1 )d̄(x
2 )

,
(1a)

A
W

�

L
/

�
ū
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FIG. 3. Light sea quark polarization ratios �q/q at Q2 =
10 GeV2: [top panel] u and d (coral and skyblue 1� bands),
[bottom panel] ū and d̄ (red and blue 1� bands), compared
with results with positivity constraints (hatched bands).

a slight deviation from zero at high values of x. This is
consistent with this fit taking the DSSV result [47] as
the prior for �ū and �d̄, but with 4� uncertainty, and
including the older STAR W data [43] in their reweight-
ing analysis. Our analysis is thus the first data-driven
extraction of a nonzero polarized antiquark asymmetry.

The results for the light quark polarization ratios �q/q
are shown in Fig. 3. As is well known, the polarization is
positive for u quarks and negative for d quarks. Without
positivity constraints, a nonzero ratio can be extracted
for u up to x ⇡ 0.8 and for d up to x ⇡ 0.6. With positiv-
ity constraints this is extended further up to x ⇡ 0.85 and
x ⇡ 0.7 for u and d, respectively. Given the phenomeno-
logical interest in the behavior of �q/q as x ! 1 [67–69],
our simultaneous extraction of unpolarized and helicity
PDFs including the W -lepton data provides the most re-
liable determination of the ratios to date.

The inclusion of the latest W data also provides unam-
biguous signs for �ū and �d̄, leading to a positive �ū/ū
and a negative �d̄/d̄, matching their quark counterparts.
Without (with) positivity constraints, �ū/ū can be dis-
tinguished from zero up to values of x ⇡ 0.25 (x ⇡ 0.35),
while for �d̄/d̄ it can be distinguished from zero up to
x ⇡ 0.35 (x ⇡ 0.4). As with the asymmetry, the inclu-
sion of positivity constraints makes little di↵erence below
x = 0.1 for both the quarks and antiquarks but reduces

FIG. 4. Truncated integrals
R 1

0.01
dx�q(x) at Q2 = 4 GeV2

for �u+, �d+, �ū and �d̄ from this analysis (red rectangles)
compared with the fit without the RHIC W/Z data (cyan)
and with positivity constraints (small hatched squares with-
out RHIC, and black squares with RHIC). The vertical height
of the bands represents 1� uncertainty.

the uncertainties at larger x.

Finally, in Fig. 4 we show the truncated integralR 1
0.01 dx�q(x) at Q2 = 4 GeV2 for the light quarks and
antiquarks before and after including the RHIC W data.
The lower limit of integration is chosen to roughly match
the lower x limit of the data. We see an improvement for
�u+ and �d+ of roughly 25 to 50%, while for the light
antiquarks the improvement is as much as 80%. While
prior to the inclusion of RHIC W data the sign of the an-
tiquark contributions to the proton spin was unknown,
after including these data we find that �ū (�d̄) provides
a small but unambiguously positive (negative) contribu-
tion to the proton spin. Prior to the inclusion of the
RHIC data, the results for �ū and �d̄ depend heav-
ily on the inclusion of positivity constraints. When the
RHIC data are included, however, this dependence is sig-
nificantly reduced, allowing for an extraction that is far
less dependent on theoretical assumptions.

Our truncated moments for �u+ and �d+, with val-
ues 0.779(34) and �0.370(40), respectively, are only
slightly smaller in magnitude than the corresponding
full moments from lattice QCD calculations, which find
0.864(16) for �u+ and �0.426(16) for �d+ [70]. This
comparison suggests that the contributions to the light
quark moments below x = 0.01 must be small. Inter-
estingly, we note that the contributions from �ū and
�d̄ (+0.061(30) and �0.065(35), respectively) approxi-
mately cancel in the sum.

Outlook.— Our analysis provides the first data-driven
extraction of a nonzero polarized sea asymmetry, using
the latest W -lepton data from RHIC, within a simultane-
ous global QCD analysis of polarized PDFs, unpolarized
PDFs, and pion and kaon FFs. This also provides the
first self-consistent extraction of the light quark polariza-
tions and shows a nonzero contribution to the proton’s
spin from the light antiquarks.
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FIG. 6. Expectations values for spin-dependent �u+, �d+, �s+, and �g PDFs at Q2 = 10 GeV2

fitted under various theory assumptions according to the SU(2) (yellow 1� bands), SU(3) (blue

1� bands) and SU(3)+positivity (red 1� bands) scenarios, as well as with the SU(2) scenario but

filtered to ensure ALL positivity at large x (dashed lines).

to the relatively larger uncertainties on the helicity PDFs in the absence of the SU(3) fla-

vor symmetry constraint. Conversely, the more restrictive SU(3)+positivity scenario yields

narrower error bands for pT & 30 GeV as a result of the significant suppression of the �g

solution space from the positivity constraints, as we discuss next.

To illustrate more explicitly the influence of theoretical assumptions on the PDFs and

their uncertainties, we compare in Fig. 6 the �u
+, �d

+, �s
+ and �g distributions at

Q
2 = 10 GeV2 for the di↵erent scenarios with SU(2), SU(3), or SU(3)+positivity constraints.

For the least constrained fit with only the SU(2) relation in Eq. (12a) imposed, the �u
+ and

�d
+ PDFs are reasonably well determined, while the �s

+ and �g distributions have very

large uncertainties and are consistent with zero. The imposition of the SU(3) relation in

Eq. (12b) has a dramatic e↵ect on the polarized quark PDF uncertainties, especially for the

�s
+ distribution, but also on the nonstrange spin PDFs which have reduced uncertainties.

Interestingly, the uncertainty on the gluon polarization �g is not a↵ected significantly and

22

JL
A

B
-T

H
Y

-22-3462

H
o
w

w
e
ll

d
o

w
e

k
n
o
w

t
h
e

g
lu

o
n

p
o
la

r
iz

a
t
io

n
in

t
h
e

p
r
o
t
o
n
?

Y
.

Z
h
ou

, 1
,2

,3
,4

,5
N

.
S
ato, 5

an
d

W
.

M
eln

itch
ou

k
5

1
G
u
a
n
g
d
o
n
g
P
r
o
v
in
c
ia
l
K
e
y
L
a
b
o
r
a
to
r
y
o
f
N
u
c
le
a
r
S
c
ie
n
c
e
,
I
n
s
titu

te
o
f
Q
u
a
n
tu
m

M
a
tte

r
,

S
o
u
th

C
h
in
a
N
o
r
m
a
l
U
n
iv
e
r
s
ity

,
G
u
a
n
g
z
h
o
u
5
1
0
0
0
6
,
C
h
in
a

2
G
u
a
n
g
d
o
n
g
-
H
o
n
g
K
o
n
g
J
o
in
t
L
a
b
o
r
a
to
r
y
o
f
Q
u
a
n
tu
m

M
a
tte

r
,
S
o
u
th
e
r
n
N
u
c
le
a
r

S
c
ie
n
c
e
C
o
m
p
u
tin

g
C
e
n
te
r
,
S
o
u
th

C
h
in
a
N
o
r
m
a
l
U
n
iv
e
r
s
ity

,
G
u
a
n
g
z
h
o
u
5
1
0
0
0
6
,
C
h
in
a

3
D
e
p
a
r
tm

e
n
t
o
f
P
h
y
s
ic
s
a
n
d
A
s
tr
o
n
o
m
y
,

U
n
iv
e
r
s
ity

o
f
C
a
lifo

r
n
ia
,
L
o
s
A
n
g
e
le
s
,
C
a
lifo

r
n
ia

9
0
0
9
5
,
U
S
A

4
D
e
p
a
r
tm

e
n
t
o
f
P
h
y
s
ic
s
,
W
illia

m
a
n
d
M
a
r
y
,
W
illia

m
s
b
u
r
g
,
V
ir
g
in
ia

2
3
1
8
7
,
U
S
A

5
J
e
↵
e
r
s
o
n

L
a
b
,
N
e
w
p
o
r
t
N
e
w
s
,
V
ir
g
in
ia

2
3
6
0
6
,
U
S
A

J
e
↵
e
r
s
o
n

L
a
b

A
n
g
u
la

r
M

o
m

e
n
t
u
m

(
J
A

M
)

C
o
lla

b
o
r
a
t
io

n

(D
ated

:
Jan

u
ary

7,
2022)

A
b
stract

W
e

p
erform

th
e

fi
rst

sim
u
ltan

eou
s

glob
al

Q
C

D
an

aly
sis

of
sp

in
-averaged

an
d

sp
in

-d
ep

en
d
en

t

p
arton

d
istrib

u
tion

fu
n
ction

s
(P

D
F
s),

in
clu

d
in

g
sin

gle
jet

p
ro

d
u
ction

d
ata

from
u
n
p
olarized

an
d

p
olarized

h
ad

ron
collision

s.
W

e
critically

assess
th

e
im

p
act

of
S
U

(3)
fl
avor

sy
m

m
etry

an
d

P
D

F

p
ositiv

ity
assu

m
p
tion

s
on

th
e

q
u
ark

an
d

glu
on

h
elicity

P
D

F
s,

an
d

fi
n
d

stron
g

b
ias

from
th

ese,

p
articu

larly
on

th
e

glu
on

p
olarization

.
T

h
e

sim
u
ltan

eou
s
an

aly
sis

allow
s
for

th
e

fi
rst

tim
e

ex
traction

of
in

d
iv

id
u
al

h
elicity

-align
ed

an
d

an
tialign

ed
P

D
F
s

w
ith

a
con

sisten
t

treatm
en

t
of

u
n
certain

ties.

1

arXiv:2201.02075v1  [hep-ph]  6 Jan 2022



Present Status on polarized PDFs
• NNDPFpol1.1+RHIC W data analysis

5

P(↵), where ↵ is the factor by which the uncertainty on
the new data must be rescaled in order for both the prior
and the reweighted sets to be consistent with each other
(see Eq. (12) in Ref. [31]). If the modal value of ↵ is close
to unity, the new data is consistent with the old, and its
uncertainties have been correctly estimated.

I perform a simultaneous reweighting of the NNPDF-
pol1.1 parton set with all the data sets listed in Tab. I. In
Tab. II, I show the values of the �2 per data point after
reweighting, �2

rw/Ndat, the number of e↵ective replicas,
Ne↵ , and the modal value of the P(↵) distribution, h↵i.
The corresponding asymmetries, after reweighting with
the new data, are displayed in Figs. 1-2-3, on top of their
counterparts before reweighting.

The value of the �2 per data point always decreases
after reweighting. The improvement is marked for the
W -boson production data, moderate for the di-jet pro-
duction data and only slight for the neutral pion pro-
duction data. This is expected, since the first data set
has the smallest uncertainties, among all, in compari-
son to the PDF uncertainties on the theoretical predic-
tions. This suggests that this data is bringing in a sig-
nificant amount of new information. After reweighting,
the �2 per data point is of order one for all the new data
sets. However, in the case of W -boson and neutral pion
production asymmetries, these numbers should be taken
with care, because a complete information on correlated
systematics is not available. This is the reason why the
reweighted �2 is smaller than one for these sets, except
for the W+ production data. In this case, the value of
the �2 is raised by a sizable contribution coming from the
point with the largest positron rapidity, which disagrees
by about two sigma with the reweighted theoretical pre-
diction and the previous STAR measurement from run
2010-2011 (see also Fig. 4 in ref [19]).

The number of e↵ective replicas after reweighting de-
pends significantly on the data set. The size of the
reweighted parton set is about 90% of the original
NNPDFpol1.1 parton set (made of Nrep = 100 replicas)
for di-jet and pion production data, while it is only about
30%-40% for W -boson production data. This result re-
flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘e

� ⇠ 0.25) with
respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
data point (around ⌘e

+ ⇠ 0.75), which, as already noted,
disagrees by about two sigma with the reweighted theo-
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.

retical prediction. Values of h↵i slightly smaller than one
are found for the neutral pion production data, thus sug-
gesting that experimental uncertainties are likely to be
overestimated, possibly because of the lack of a complete
information on correlations among systematics.
In Fig. 4, I compare the polarized PDFs before and af-

ter the simultaneous reweighting of NNPDFpol1.1 with
the data sets listed in Tab. I. From left to right, top
to bottom, I show the singlet (for nf active flavors),
�⌃ =

Pnf

i=1(�qi +�q̄i), the gluon, �g, and the up and
down sea quarks, �ū and �d̄. Parton distributions are
evaluated at µ2 = 10 GeV2. Bands represent one-sigma
uncertainties, which are also displayed separately in the
lower inset of each panel.
The impact of the wew data on the polarized PDFs of

the proton is twofold. On the one hand, it induces a shift
of the PDF central values, as a consequence of the ad-
justment to the shape of the corresponding asymmetries.
Specifically, the central value of �g increases by about
30% of its original value in the region 0.1 . x . 0.2; the
central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
region of x wher also �g is a↵ected. On the other hand,
the new data induces a reduction of the PDF uncertain-
ties, as a consequence of the improved precision of the
corresponding asymmetries. For �g and �d̄ such a re-
duction is moderate, and not larger than 5% of its orig-
inal value; for �ū it is fairly more pronounced, around
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Model Refs. d/u �d/�u �u/u �d/d An
1 Ap

1

SU(6) [45] 1/2 �1/4 2/3 �1/3 0 5/9
RCQM [47] 0 0 1 �1/3 1 1
QHD (�1/2) [48] 1/5 1/5 1 1 1 1
QHD ( ⇢) [48] 0 0 1 �1/3 1 1
NJL [49] 0.20 �0.06 0.80 �0.25 0.35 0.77
DSE (realistic) [50] 0.28 �0.11 0.65 �0.26 0.17 0.59
DSE (contact) [50] 0.18 �0.07 0.88 �0.33 0.34 0.88
pQCD [54] 1/5 1/5 1 1 1 1

NNPDF (x = 0.7) [16, 20] 0.22± 0.04 �0.07± 0.12 0.07± 0.05 �0.19± 0.34 0.41± 0.31 0.75± 0.07
NNPDF (x = 0.8) [16, 20] 0.18± 0.09 0.12± 0.23 0.70± 0.13 0.34± 0.67 0.57± 0.61 0.75± 0.12
NNPDF (x = 0.9) [16, 20] 0.06± 0.49 0.51± 0.69 0.61± 0.48 0.85± 6.55 0.36± 0.61 0.74± 0.34

Table 2: A collection of several model expectations for various ratios of polarized/unpolarized PDFs and spin-dependent neutron
and proton asymmetries, An

1 and Ap
1, at x ! 0. The NNPDF prediction, obtained using unpolarized NNPDF2.3 [20] and polarized

NNPDFpol1.1 [16] parton sets, is shown at Q2 = 4 GeV2 for di↵erent values of x.
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Figure 4: The ratio of polarized to unpolarized total u (left) and d (right) quark combinations as a function of x. Predictions
obtained with NNPDF and DSSV08 parton sets are compared with expectations provided by various theoretical models, see the text
for details. All results are displayed at Q2 = 4 GeV2.

fails in the description of the ratio of polarized to un-
polarized PDFs: indeed, it assumes zero gluon polar-
ization at the initial input scale Q2 = 4 GeV2, while
recent jet production data in polarized pp collisions
at RHIC [58] have definitely pointed towards a pos-
itive gluon polarization [15, 16]2. The RCQM [47]
slightly overestimates the NNPDF result for the neu-
tron photoabsorption asymmetry An

1 in the x re-
gion covered by experimental data, with which the
NNPDF result is in good agreement. A substantial
discrepancy is also seen between the LSS(BBS) [43]
and the NNPDF predictions, the former always be-
ing larger than the latter. A reasonable agreement

2The original analysis in Ref. [42] has been recently revised [59],
allowing for a nonzero gluon polarization at the initial input scale.
A large gluon polarization, comparable with that of Refs. [15, 16], is
found in Ref. [59].

is finally found between NNPDF and both the NJL
model [49] and the parameterization by Avakian et
al. [55], which explicitly included subleading terms
of the form ln2(1� x) in the PDF parameterization.

• The comparison between predictions obtained from
global QCD analyses, namely NNPDF and DSSV08, is
interesting in two respects. Concerning the ratio of
polarized to unpolarized total u and d quark com-
binations, the two parton sets are in perfect agree-
ment at x . 0.3, while they are slightly di↵erent at
x & 0.3. Interestingly, for d quarks, the NNPDF pre-
diction turns up to positive values around x = 0.75,
while the DSSV08 prediction remains negative. Con-
cerning the ratio of polarized to unpolarized gluon,
the NNPDF prediction is larger than the DSSV08 pre-
diction. This is due to the di↵erent behavior of the
polarized gluon in the two parton sets: indeed, this
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à
d
i
G
e
n
o
v
a
a
n
d
I
N
F
N
,
S
e
z
io
n
e
d
i
G
e
n
o
v
a
,

V
ia

D
o
d
e
c
a
n
e
s
o
,
3
3
I
-
2
0
1
4
6
G
e
n
o
v
a
,
I
t
a
ly

A
b
stra

ct

I
investigate

th
e
b
eh

avior
of

sp
in
-d
ep

en
d
ent

p
arton

d
istrib

u
tion

fu
n
ction

s
in

th
e
region

s
of

sm
all

an
d
large

m
om

entu
m

fraction
s
x
.
I
p
resent

a
system

atic
com

p
arison

b
etw

een
p
red

iction
s
for

relevant
ob

servab
les

ob
tain

ed
w
ith

variou
s
m
od

els
of

nu
cleon

sp
in

stru
ctu

re
an

d
a
recent

glob
al

an
alysis

of
sp
in
-d
ep

en
d
ent

d
istrib

u
tion

s,
N
N
P
D
F
p
o
l
1
.
1.

T
ogeth

er
w
ith

its
u
n
p
olarized

cou
nterp

art,
N
N
P
D
F
2
.
3,

th
ey

form
a
m
u
tu
ally

con
sistent

set
of

p
arton

d
istrib

u
tion

s.
B
ecau

se
th
ey

in
clu

d
e

m
ost

of
th
e
availab

le
exp

erim
ental

in
form

ation
,
an

d
are

d
eterm

in
ed

w
ith

a
m
in
im

ally
b
iased

m
eth

od
ology,

th
ese

are
esp

ecially
su
ited

for
su
ch

a
stu

d
y.

I
sh
ow

h
ow

N
N
P
D
F
p
o
l
1
.
1
can

d
iscrim

in
ate

b
etw

een
d
i↵
erent

th
eoretical

m
od

els,
even

th
ou

gh
N
N
P
D
F
u
n
certainties

rem
ain

large
n
ear

th
e
en

d
p
oints

x
!

0
an

d
x
!

1,
d
u
e
to

th
e
lack

of
exp

erim
ental

in
form

ation
.
I
d
iscu

ss
h
ow

ou
r
kn

ow
led

ge
of

nu
cleon

sp
in

stru
ctu

re
m
ay

b
e
im

p
roved

at
sm

all
x
by

fu
tu
re

m
easu

rem
ents

at
an

E
lectron

-Ion
C
ollid

er,
an

d
at

large
x
by

recent
m
easu

rem
ents

at
Je↵

erson
L
ab

,
also

in
view

of
its

12
G
eV

u
p
grad

e.

K
eyw

ords:
p
arton

d
istrib

u
tion

fu
n
ction

s
(P

D
F
s),

p
olarized

nu
cleon

stru
ctu

re,
R
egge

th
eory,

h
ad

ron
m
od

els
P
A
C
S
:
12.39.-x,

12.40.N
n
,
13.88.+

e

In
trodu

ction
.
T
h
e
b
eh

avior
of

sp
in
-d
ep

en
d
ent,

or
p
olar-

ized
,
P
arton

D
istrib

u
tion

F
u
n
ction

s
(P

D
F
s)

at
sm

all
an

d
large

m
om

entu
m

fraction
s
x
h
as

b
een

recogn
ized

for
a
lon

g
tim

e
to

b
e
of

p
articu

lar
p
hysical

interest
[1,

2].
O
n
th
e

on
e
h
an

d
,
th
e
sm

all-x
region

is
p
ivotal

for
revealin

g
n
ew

asp
ects

of
th
e
nu

cleon
p
ictu

re
d
ep

icted
by

Q
u
antu

m
C
h
ro-

m
od

yn
am

ics
(Q

C
D
),

related
,
for

in
stan

ce,
to

P
D
F

evolu
-

tion
.
O
n
th
e
oth

er
h
an

d
,
th
e
large-x

region
is

d
efi

n
itive

of
h
ad

ron
s:

in
d
eed

,
all

P
oin
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Theoretical predictions

Latest prediction:
1

0

-1

∆
u
/u

NNPDF 2014
DSSV 2008
JAM 2014

E06-014 (2014)

E99-117 (2004)

HERMES SIDIS (2005)
EG1b (2006)

LSS (BBS)
LSS+OAM
Statistical Model
quark-diquark model
Wakamatsu χ soliton

P-H duality 1
P-H duality 2

CQM+hyp. int.

DSE
(contact)

DSE
(realistic)

x
Bj

∆
d
/d

DSE (contact)

DSE (realistic)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

From AdS/QCD determination of GPDs. 
No free parameters.
Predicts !d/d changes sign near x=0.8. 
Reproduces QCD counting rules used for BBS/LSS. 

x

Recent theoretical predictions

Full 12 GeV Data set will significantly 
constrain  valence + sea quark and gluon 
PDF fits, higher twist effects and sum rules

Ji, Yuan and Zhao: arXiv2009.01291 [hep-ph] 2 Sep 2020 



RG-C with CLAS12
❏ Measure DIS inclusive spin structure functions (A1, g1) of the proton and deuteron.

❏ Include tagging with π, K SIDIS to extract flavor-separated Dq

❏ Measure spin- and transverse momentum-dependent (TMD) PDFs (SIDIS).

❏ Deeply Virtual Compton Scattering (DVCS) to access Generalized Parton Distributions 
(GPDs)-Measure target single and beam/target double spin asymmetries in proton and 
neutron DVCS.

• Scheduled from June 2022 
through March 2023 
(240 Calendar Days)

• 10.6 GeV, 10 nA polarized 
electrons on 3 g/cm2 polarized 
NH3 / ND3 (L = 1035 )

• Dynamic Nuclear Polarization at 
1 K, 5 T with 140 GHz µwave on 
irradiated ammonia

• Continuation of EG1, EG1-dvcs, 
EG4 to 12 GeV era

• Could in principle run at 24 GeV 
with somewhat higher 
luminosity (2x)



Longitudinally Polarized Target for CLAS12

Liquid Helium

5T Magnet

Microwaves

Refrigerator

NMR

Electronics

Refrigerator Pumps

13	November	2018
CLAS	Collaboration	Meeting
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1 K Refrigerator
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Photos courtesy of J. Brock



Predicted Data from CLAS12 - DIS
Proton DeuteronW > 2; Q2 > 1

PRECISE DETERMINATION OF THE DEUTERON SPIN . . . PHYSICAL REVIEW C 92, 055201 (2015)
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FIG. 11. (Color online) Continuation of Fig. 10 for the remaining
Q2 bins. In addition to our data and the SLAC data (see above), we
also show the data from the Jefferson Lab RSS experiment [14,84]
(blue open circles).

(light blue) band. Two different curves (labeled BBS) are
based on pQCD models, one under the assumption of pure
quark-hadron helicity conservation [33] and a second one
including the effect of a possible nonzero orbital angular
momentum (BBS + OAM [35]). Finally, we show two recent
NLO parametrizations of the world data (by Soffer et al. [86]
and by Leader, Stamenov, and Sidorov (LSS) [87]).

We note that, on average, the world data including our
own indicate a rise of Ad

1 beyond the SU(6) limit at very
large x, but much slower than expected from pQCD without
the inclusion of orbital angular momenta. Taking a possible
Q2 dependence and systematic uncertainties into account,
our data agree best with the BBS model including orbital
angular momenta [35] and are also compatible with the lower
edge of the range of predictions from the hyperfine-perturbed
quark model [32]. Overall, no firm conclusion can be drawn
yet about the transition of the down quark polarization from
negative values below x ≈ 0.5 to the limit of +1 expected

x
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HERMES (1996)
E155 (1997)

FIG. 12. (Color online) Ad
1 versus x in the DIS region (Q2 >

1 GeV2 and W > 2 GeV) from EG1b and several other experiments:
EG1-dvcs at Jefferson Lab [21], SMC at CERN [85], E143 and
E155 at SLAC [15,17,83], and HERMES at DESY [18]. Statistical
uncertainties are indicated by error bars, and EG1b systematic
uncertainties are shown by the shaded band at the bottom. Various
theoretical predictions and parametrizations are shown as lines and
shaded band and are discussed in the text.

from pQCD. A similar conclusion comes from measurements
on 3He [12,88].

C. The spin structure function g1

In addition to extracting A1, we can also use the measured
asymmetry A|| to extract the spin structure function gd

1
according to Eq. (11). As a first step, we extract the ratio
gd

1 /F d
1 , which is less sensitive to various model inputs.

Figure 13 shows the resulting data, plotted for several x bins
(all with a bin width of !x = 0.05) versus the photon virtuality
Q2. Again, we also show world data for the same quantity.
Our data agree reasonably well with those from E143 [15,83]
within statistical uncertainties, but are somewhat lower than
the very precise data from the recently published follow-up
experiment EG1-dvcs [21]. The difference between these two
experiments is consistent with the known uncertainty on their
overall normalization, which is up to 14% for EG1b and
around 8.5% for EG1-dvcs. These normalization uncertainties
are completely uncorrelated between the two experiments,
because they are dominated by the statistical uncertainties
on the measured values of the product of target and beam
polarization (see Sec. IV D 2).

The Q2 dependence of gd
1 /F d

1 at lower Q2 reflects the effect
of nucleon resonances at W < 2 GeV, while beyond this limit
(indicated by arrows on the x axis) this dependence is mild
but still rising, indicating a smooth but not necessarily fast
transition to the scaling region. We indicate the results for
g1/F1 at Q2 = 5 GeV2 from a recent NLO fit of the world
data [87] for comparison.

We then use models for the unpolarized structure function
F1 (see next section) to convert these ratios to g1. The results
for the product xgd

1 versus Bjorken x for each of our Q2

055201-13
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FIG. 31. A
p
1 vs x for DIS events, W > 2 GeV, compared to world

data. Curves and models are discussed in the text. The difference
between EG1b data and higher energy data is discussed in the main
text. The hatched region at the bottom represents the systematic
uncertainty on the EG1b data.

by the maximum JLab electron energy. The results obtained
with this restriction are compared to world DIS data for A

p
1

in Fig. 31. This plot also displays several predictions and fits
of the x dependence of A

p
1 : a “statistical” model for quark

distribution functions by Soffer et al. [120], an NLO fit to
the world data without constraint at x = 1 by Leader et al.
[121], a range of predictions from a relativistic quark model
with hyperfine interactions due to one-gluon exchange [24],
and two different models based on pQCD expectations, one
without (BBS [25]) and one with (BBS+OAM [27]) quark
orbital angular momentum.

Several features are obvious. Our data tend to lie lower
than the EG1-dvcs data, not because of large discrepancies (as
can be seen in Fig. 33), but due to the significantly different
kinematics between these two data sets, which affects the Q2

range over which we average, and the impact of various models
(in particular, A

p
2 ). Our model fit confirms that indeed even in

the DIS region, A
p
1 (x,Q2) is not completely Q2 independent

(scaling), but rather increases as Q2 increases. Taking this
effect into account, our data are in good agreement with
the world data set. At moderately high x, our data show an
unambiguous increase, as expected, beyond the naive SU(6)
quark model prediction of A

p
1 = 5/9.

E. The spin structure function g p
1

Analogous to the case for A
p
1 , the most precise results

for g
p
1 can be extracted from our measurement of A|| using

models for all unmeasured structure functions, including A
p
2

[see Eq. (19)]. Over most of our kinematics |γ − η| " |η|,
which ensures that the uncertainty in our A

p
2 model is even less

important in the extraction of g
p
1 /F

p
1 than for the extraction of

A
p
1 . Consequently, the uncertainties on g

p
1 /F

p
1 are primarily

statistical.
Our complete data set for the quantity xg

p
1 (x,Q2) is shown

in Fig. 32, together with a sample of world data. One can see
a clear transition from the resonance-dominated behavior at

low Q2 with the prominent negative peak in the # resonance
region toward the smooth behavior at high Q2, where most of
the data lie in the DIS region. At intermediate Q2, one can
discern an x dependence that still has some prominent peaks
and dips, but approaches, on average, the smooth DIS curve at
the highest Q2. This is a qualitative indication of quark-hadron
duality, which is discussed below (see Sec. V H).

Plots of g
p
1 /F

p
1 as a function of Q2 for various x bins are

shown in Fig. 33. For comparison, these plots also show data
from the SLAC E143 and E155 experiments. The solid line on
each plot shows the result of our model at the median value
of each bin. The systematic uncertainty is shown as the green
region near the bottom of each plot. Again, a dramatic Q2

dependence at low Q2 (where the low-W region dominates for
fixed x) makes way to the smooth approach toward the DIS
limit at higher Q2. The remaining Q2 dependence at the upper
end of each plot hints at scaling violations of g

p
1 /F

p
1 due to

pQCD evolution.
The quantity g

p
1 was derived for all values of A||/D over

the entire kinematic range using Eq. (19), with model values
used for A

p
2 and F

p
1 . The complete coverage of g

p
1 over the

EG1b kinematic range is displayed in Fig. 34.

F. Moments of g p
1

As discussed in Sec. II G, moments of g
p
1 and g

p
2 with

powers of x play an important role in the theory of nucleon
structure in the form of sum rules and for the determination of
matrix elements within the OPE. The nth moment of a structure
function S is defined by

∫ 1
0 xn−1S(x,Q2) dx. Experimental

data do not cover the complete range in x for each Q2 bin
(see Fig. 34), but the moments can be approximated using a
combination of our data along with a model for low x and high
x. Thus, the calculation can be expressed as

∫ 1

xhigh

xn−1S(x,Q2)model dx +
∫ xhigh

xlow

xn−1S(x,Q2)data dx

+
∫ xlow

0.001
xn−1S(x,Q2)model dx. (59)

At very low values of x, uncertainties in the model become
so large that we have chosen to truncate the lower limit at
x = 0.001. Ignoring the interval [0,0.001] is expected to have
little effect, especially for n > 1.

G. Moments of g p
1

The nth x-weighted moment of g
p
1 was determined from

our data as follows. For each Q2 bin, the data were binned in
W with #W = 10 MeV, so that

Idata(Q2) =
∑

W

xn−1
avg S(Q2,W )|xa − xb|, (60)

where xavg is the average value of x for the events contributing
to each bin, and xa and xb are the lower and upper limits
of the W bin. The statistical uncertainty for each bin was
added in quadrature to obtain the statistical uncertainty on
the integral. Bins with a statistical uncertainty for A‖ greater
than 0.6 were excluded. In kinematic regions where data were
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Example: Dd/d
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From 12 to 
24 GeV

From A. Signori’s 
talk



24 GeV

• Halve distance to x = 1 AND to x = 0
• Increase Q2 range for all x -> DGLAP
• Even for same x, Q2: higher energy -> higher rates -> 

better statistics
• ”SuperRosenbluth” – expand range in e for fixed x, Q2

• Higher Q2: Suppress higher twist, study logarithmic 
resummation

• Extend SIDIS to higher x, Q2: 
high-x sea quarks, gluons,…

• Issues: Still need to avoid nuclear uncertainties.
• Example: A1n at 24 GeV



A1n

• Projection using Hall C’s 

l HMS @ 30 deg, 4.6 GeV
l SHMS @ 20 deg, 7.8 GeV

• “F1F2-21 fit” for 3He →
neutron “nuclear correction”

• 30 days beam time, latest 
polarized 3He target 
performance (40cm, 50%, 
30uA)

• projections (12 and 24 GeV) 
plotted on pQCD

Figure credit: 
Cameron Cotton (UVA/HUGS2021) 
David Flay (JLab)
Thanks to X. Zheng



Kinematic Reach with CLAS12
Credit: H. Avakian

12 
GeV

24 
GeV



Conclusions
• Structure functions in the valence region remain of high interest
• Jefferson Lab at 12 GeV will make significant impact on our 

understanding of this region
• 24 GeV can expand the coverage in x from 0.75 to 0.9, thereby 

minimizing the extrapolation to x -> 1.
• Larger range in Q2 and higher count rates -> minimize theoretical 

uncertainties and increase statistics even at lower x.
• 24 GeV necessary to close the gap with EIC
• Remaining issues: extracting neutron (polarized) structure functions 

from measurements on nuclei (d, 3He).


