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• The 1D world of nucleon collinear structure:
– Take a nucleon
– Move it real fast along z
⇒ light cone momentum 

P+ = P0 + Pz (>>M)
– Select a “parton” (quark, gluon) inside
– Measure its l.c. momentum

p+ = p0 + pz (m≈0)
– ⇒ Momentum Fraction x = p+/P+ 

*)

– In DIS **): p+/P+ ≈ x = (qz - n)/M  
≈ xBj = Q2/2Mn

– Probability: 

Collinear Parton Distribution 
Functions - (still) highly relevant!

In the following, will often write “qi(x)” for f1i(x)

*) Advantage: Boost-independent along z

3

**) DIS = “Deep Inelastic (Lepton) Scattering; here assuming target rest frame

f i1(x), i = u,d, s,...,G

z



“1-D” Parton Distributions (PDFs)
(integrated over many variables) 

q(x;Q2 ), h ⋅H q(x;Q2 )

h = ±1

F1(x) = 1
2 ei

2

i
∑ qi (x) and F2 (x) ≈ 2xF1(x)( )Parton model: DIS can access

g1(x) = 1
2 ei

2

i
∑ Δqi (x) and g2 (x) ≈ −g1(x)+

g1(y)
y

dy
x
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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,…

1
Qn

⇒ access to gluons.

SIDIS: Tag the flavor of the struck quark with the 
leading FS hadron ⇒ separate qi(x,Q2), Dqi(x,Q2)

Inclusive lepton scattering

Q2 ≈ M 2

R = F2
2xF1

4M 2x2

Q2 +1
!

"
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%
&−1, g2

HT (x) = g2 (x)− g2
WW (x)
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Moments of Structure Functions

ChPT

GDH sum rule

DIS
pQCD

operator 
product 
expansion

quark models
Lattice QCD?

Q2 (GeV2)1

G1

Related to matrix elements of local operators (OPE) - in principle 
accessible to lattice QCD calculations
Sum rules relate moments to the total spin carried by quarks in the 
nucleon (and b-decay matrix elements), sea quark asymmetries etc.
At low Q2: Higher Twist, Parton-Hadron Duality, Chiral Perturbation 
Theory, GDH Sum Rule all make predictions for moments
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Γ1 Q
2( ) = g1

0

1

∫ x,Q2( )dx

Bjorken Sum Rule: 

€ 

Γ1
p − Γ1

n =
gA
6

+  QCD corr.

GDH Sum Rule: Γ1 Q
2 → 0( )→−

Q2

2M 2
κ 2

4…and g0, dLT

Gottfried Sum Rule: 
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Importance of high x!



Unpolarized PDFs
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Figure 1: Scatter plot for the datapoints entering the NNPDF4.0 PDF determination and future
tests in the unpolarized case, listed in Table 1. The data are shown color-coded by future test
grouping (left), and the full dataset is also shown color-coded by physics process (right).

momentum fraction of their parent hadron which is larger than the minimal value needed in
order to produce the desired final state can contribute. However, they must at least carry the
minimal required momentum fraction. Therefore, for any given process, there is a minimal
value of x, though in principle no maximal value.

In Fig. 1 we show a scatter plot of data used for a current determination of unpolarized
PDFs: each point corresponds to the value of x and Q2 at which the PDF contributes to
each datapoint, determined using leading-order kinematics, whenever the kinematics of the
leading-order process completely fixes them, and the minimum value of x, whenever it does
not fix them completely (such as for single-inclusive jets). Note that, as already mentioned,
the region of x smaller than the smallest x datapoints of Fig. 1 is completely inaccessible.
The larger x region is in principle accessible at higher orders, though in practice this is hardly
the case for sufficiently large x (say x & 0.5). Indeed, PDFs vanish at x = 1 and drop quite
fast as x increases (typically as a power of (1 � x)) so, for many processes, not only the
contribution from larger x arises at higher perturbative orders, but also, it rapidly becomes
much smaller than that from the smallest value of x, thus being in practice unobservable.

Inspection of Fig. 1 immediately shows that the PDF determination, and its validation,
entails two rather distinct issues, related to the fact that data points are localized in a well-
defined, connected kinematic region — the “data region”, henceforth. On the one hand,
the problem of determining PDFs in the region probed by the data remains mathematically
ill-posed, because one is determining a function from a piece of discrete information. Yet,
because of the convolution integral, PDFs are not probed at a single point, but rather
in a region, and also, even in the polarized case, where data are more scarce, datapoints
are typically dense in the experimentally accessible kinematic region, because experimental
collaborations strive to measure physical observables with as fine a binning as possible.
Consequently, whereas lack of knowledge of the PDF functional form entails that a population
of equally likely best-fits to any given set of data is possible, assumptions of smoothness,
which are physically justified, and built in standard machine-learning interpolants (such as
neural networks) ensure that a reasonably narrow set of results follow.

On the other hand, in the small and large x regions which are not probed by the data
— the “extrapolation region”, henceforth — the uncertainty is a priori infinite, unless one
introduces some assumptions allowing for generalization of the behavior observed in the re-
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T
IF-U

N
IM

I-2021-1

Future
tests

of
parton

distributions

Juan
C

ruz-M
artinez

a,Stefano
Forte

a
and

E
m

anuele
R

.N
ocera

b

aT
if

Lab,
D

ipartim
ento

di
Fisica,

U
niversità

di
M

ilano
and

IN
FN

,
Sezione

di
M

ilano,
V

ia
C

eloria
16,

I-20133
M

ilano,
Italy

bT
he

H
iggs

C
entre

for
T

heoreticalP
hysics,

U
niversity

of
E
dinburgh,

JC
M

B
,
K

B
,
M

ayfield
R
d,

E
dinburgh

E
H

9
3JZ,

Scotland

A
bstract

W
e

discuss
a

test
ofthe

generalization
pow

er
ofthe

m
ethodology

used
in

the
determ

ination
of

parton
distribution

functions
(P

D
Fs).

T
he

“future
test”

checks
w

hether
the

uncertainty
on

P
D

Fs,in
regions

in
w

hich
they

are
not

constrained
by

current
data,are

com
patible

w
ith

future
data.

T
he

test
is

perform
ed

by
using

the
current

optim
ized

m
ethodology

for
P

D
F

determ
ination,but

w
ith

a
lim

ited
dataset,as

available
in

the
past,and

by
checking

w
hether

results
are

com
patible

w
ithin

uncertainty
w

ith
the

result
found

using
a

current
m

ore
exten-

sive
dataset.

W
e

use
the

future
test

to
assess

the
generalization

pow
er

of
the

N
N

P
D

F4.0
unpolarized

P
D

F
and

the
N

N
P

D
Fpol1.1

polarized
P

D
F

m
ethodology.

Specifically,w
e

inves-
tigate

w
hetherthe

form
erw

ould
predictthe

rise
ofthe

unpolarized
proton

structure
function

F
2

at
sm

all
x

using
only

pre-H
E

R
A

data,and
w

hether
the

latter
w

ould
predict

the
so-called

“proton
spin

crisis”
using

only
pre-E

M
C

data.

P
repared

for
the

60th
anniversary

of
the

C
racow

Schoolof
T

heoreticalP
hysics

to
be

published
in

the
proceedings

1

arXiv:2103.08606v1  [hep-ph]  15 Mar 2021

NNPDF4.0

SIDIS

JL
A

B
-T

H
Y

-21-3304

S
im

u
lta

n
eo

u
s

M
o
n
te

C
a
rlo

a
n
a
ly

sis
o
f
p
a
rto

n
d
en

sities

a
n
d

fra
g
m

en
ta

tio
n

fu
n
ctio

n
s

E
.

M
o↵

at, 1
,⇤

W
.

M
eln

itch
ou

k, 2
,†

T
.

C
.

R
ogers, 1

,2
,‡

an
d

N
.

S
ato

2
,§

1
D
e
p
a
r
tm

e
n
t
o
f
P
h
y
s
ic
s
,
O
ld

D
o
m
in
io
n
U
n
iv
e
r
s
ity

,
N
o
r
fo
lk
,
V
ir
g
in
ia

2
3
5
2
9
,
U
S
A

2
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↵

erso
n

L
a
b

A
n
g
u
la

r
M

o
m

en
tu

m
(J

A
M

)
C

o
lla

b
o
ra

tio
n

(D
ated

:
Jan

u
ary

13,
2021)

A
b
stract

W
e

p
erform

a
com

p
reh

en
sive

n
ew

M
on

te
C

arlo
an

aly
sis

of
h
igh

-en
ergy

lep
ton

-lep
ton

,
lep

ton
-

h
ad

ron
an

d
h
ad

ron
-h

ad
ron

scatterin
g

d
ata

to
sim

u
ltan

eou
sly

d
eterm

in
e

p
arton

d
istrib

u
tion

fu
n
c-

tion
s

(P
D

F
s)

in
th

e
p
roton

an
d

p
arton

to
h
ad

ron
fragm

en
tation

fu
n
ction

s
(F

F
s).

T
h
e

an
aly

sis

in
clu

d
es

all
availab

le
sem

i-in
clu

sive
d
eep

-in
elastic

scatterin
g

an
d

sin
gle-in

clu
sive

e
+
e �

an
n
ih

ilation

d
ata

for
p
ion

s,
kaon

s
an

d
u
n
id

en
tifi

ed
ch

arged
h
ad

ron
s,

w
h
ich

allow
s

th
e

fl
avor

d
ep

en
d
en

ce
of

th
e

fragm
en

tation
fu

n
ction

s
to

b
e

con
strain

ed
.

E
m

p
loy

in
g

a
n
ew

m
u
lti-step

fi
ttin

g
strategy

an
d

m
ore

fl
ex

ib
le

p
aram

etrization
s

for
b
oth

P
D

F
s

an
d

F
F
s,

w
e

assess
th

e
im

p
act

of
d
i↵

eren
t

d
ata

sets
on

sea

q
u
ark

d
en

sities,
an

d
con

fi
rm

th
e

p
rev

iou
sly

ob
served

su
p
p
ression

of
th

e
stran

ge
q
u
ark

d
istrib

u
tion

.

T
h
e

n
ew

fi
t,

w
h
ich

w
e

refer
to

as
“JA

M
20-S

ID
IS

”,
w

ill
allow

for
im

p
roved

stu
d
ies

of
u
n
iversality

of
p
arton

correlation
fu

n
ction

s,
in

clu
d
in

g
tran

sverse
m

om
en

tu
m

d
ep

en
d
en

t
(T

M
D

)
d
istrib

u
tion

s,

across
a

w
id

e
variety

of
p
ro

cess,
an

d
th

e
m

atch
in

g
of

collin
ear

to
T

M
D

factorization
d
escrip

tion
s.

⇤
em

o↵
003@

o
d
u
.ed

u
†

w
m

eln
itc@

jlab
.org

‡
trogers@

o
d
u
.ed

u
-

O
R

C
ID

:
0000-0002-0762-0275

§
n
sato@

jlab
.org

1

arXiv:2101.04664v1  [hep-ph]  12 Jan 2021

x*
f(x

,Q
)

x

CT18 at 2 GeV
s
g/5
u
d–d–u
c

0.0

0.5

1.0

1.5

2.0

10-6 10-4 10-3 10-2 10-1 0.2 0.5 0.9

x*
f(x

,Q
)

x

CT18 at 100 GeV
s
g/5
u
d–d–u
c
b

0.0

0.5

1.0

1.5

2.0

10-6 10-4 10-3 10-2 10-1 0.2 0.5 0.9

x*
f(x

,Q
)

x

CT18Z at 2 GeV
s
g/5
u
d–d–u
c

0.0

0.5

1.0

1.5

2.0

10-6 10-4 10-3 10-2 10-1 0.2 0.5 0.9

x*
f(x

,Q
)

x

CT18Z at 100 GeV
s
g/5
u
d–d–u
c
b

0.0

0.5

1.0

1.5

2.0

10-6 10-4 10-3 10-2 10-1 0.2 0.5 0.9

FIG. 2. Upper panels: The CT18 parton distribution functions at Q ¼ 2 GeV and Q ¼ 100 GeV for u; ū; d; d̄; s ¼ s̄, and g. Lower
panels: the analogous curves, but obtained for CT18Z. In all instances, the gluon PDF has been scaled down as gðx;QÞ=5. The charm
distribution, cðx;QÞ, which is perturbatively generated by evolving from Q0 ¼ 1.3 and 1.4 GeV, respectively, in CT18 and CT18Z, is
also shown.
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NEW CTEQ GLOBAL ANALYSIS OF QCD PHYS. REV. D 103, 014013 (2021)
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PHYS. REV. D 103, 014013 (2021) 
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SEAQUEST COMPARED WITH GLOBAL FITS

d2⇤

dxbdxt
=

4⇥�2

xbxts

X

q�{u,d,s,... }

e2q [q̄t (xt)qb (xb) + q̄b (xb)qt (xt)]

q+

q-

l+g*

l-

DRELL-YAN CROSS SECTION—
SENSITIVITY TO SEA QUARKS

Cross Section
§Point-like scattering of spin-1/2 particles
§Convoluted of beam and target parton distributions

Paul E Reimer 18 March 2021

u-quark dominance
(2/3)2 vs. (1/3)2

Acceptance limited 
(Fixed Target, Hadron Beam)

�pd

2�pp
=

1

2


1 +

d̄(x)

ū(x)

�

Drell-Yan in pp-collisions at FermiLab Fixed Target 

Beam lines

Tevatron 800 GeV
Main Injector 120 GeV

Paul E Reimer 18 March 2021Courtesy Paul Reimer, ANL

Nature 590, 561–565 (2021).



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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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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d/u from…
• F2n/F2p, but

• Free neutron targets don’t exist
• Extraction from D data complicated 

by Binding, Fermi Motion, FSI
• 3H/3He, but

• Still only smeared SF ratios
• Requires assumptions about 

isospin-dependence of EMC effect
• PVDIS, but limited by statistics

Scalar	
diquark

https://arxiv.org/abs/2011.00009


Spectator Tagging – BONuS12

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

pn = MD −E S ,−
pS( ) ;αn = 2−αS

W *2 = pn + q( )2 =M *2 +2 (MD −Es )ν −
pn ⋅
q( )−Q2

≈ M *2 +2Mν (2−αS )−Q
2

€ 

x =
Q2

2pn
µqµ

≈
Q2

2Mν (2−αS )

M *2 = pn
µ pnµ

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

9

SLOW, backward spectator – minimize FSI, 
Offshell effects, target fragmentation

*



BONuS12
10

- CLAS12 Forward Detector:
→ Superconducting Torus magnet.  
→ 6 independent sectors:

→ HTCC
→ 3 regions of DCs
→ LTCC /RICH
→ FTOF Counters
→ PCAL and ECs

- Central Detector:
→ Solenoid (3.5 - 4 T)
→ Target: D gas @ 6 atm, 293 K
→ BONuS12 RTPC
→ FMT
→ CTOF, and CND

RTPC

February – March 2020 | MEDCON6 | August-September 2020
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BONuS12 - 2.1 GeV Data

BONuS12 – 10.4 GeV Data



Projected JLab@12 GeV d/u Results
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Projected 12 GeV d/u Extractions

x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d/
u
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1 CJ12 - PDF + nucl uncert.
He DIS3H/ 3Hall A  

CLAS12 BoNuS
CLAS12 BoNuS, relaxed cuts
SoLID PVDIS

SU(6)

pQCD

DSE

Broken SU(6)
BoNuS sys. uncert.

Projected 12 GeV d/u Extractions
2015 LRP



Polarized Structure 
Functions

13

Kinematic coverage –
World DIS data on g1p

A1p

“EG1 fit” of the 
World Data



Polarized Structure Functions - Duality
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Compare 4-6 GeV g1p data (eg1b) to JAM DGLAP fits in the DIS 
region (W>2).



Low Q2 – testing cPT

Q2
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Bernard et al.

GDH slope

Burkert et al.

Soffer et al.

Parameterization
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FIG. 3. Results on �1(Q
2) for the proton. Integrals over the experimentally covered x range are shown as open circles. Full integrals

are shown as solid circles. The inner and the outer error bars (sometimes too small to be seen) are for statistical and total uncertainties,
respectively. Results from a previous experiment [14] are shown as solid triangles whose error bars display the statistical and systematic
uncertainties added in quadrature. The solid and the vertically-hatched bands show the experimental and the parameterization uncertainties,
respectively. Also shown are the latest �EFT predictions by Bernard et al. [36] (diagonally hatched band) and Alarcón et al. [37] (cross-
hatched band), phenomenological models by Burkert et al. [41] (solid curve) and Soffer et al. [42] ( dashed curve), as well as our spin structure
function parameterization [14] (dotted curve). The dash-dotted line is the slope predicted by the GDH sum rule as Q2 ! 0.
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FIG. 4. Results on I(Q2) for the proton. Integrals over the experimentally covered x range are shown as open circles. Full integrals are shown
as solid circles. The inner and the outer error bars (sometimes too small to be seen) are for statistical and total uncertainties, respectively.
The solid and the vertically-hatched bands show the experimental and the parameterization uncertainties, respectively. Also shown are the
latest �EFT predictions by Bernard et al. [36] ( diagonally hatched band) and Alarcón et al. [37] (cross-hatched band), and our spin structure
function parameterization [14] (dotted curve). The dash-dotted line is the slope predicted by the GDH sum rule as Q2 ! 0. The GDH value
is shown by the arrow at IGDH = �0.804. The experimental photoproduction result [27, 28] is shown by the solid square with the error bar
providing the statistical and systematic uncertainties added in quadrature.

17

Bernard et al.Parameterization
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FIG. 5. Results on �0(Q
2) for the proton. Integrals over the experimentally covered x range are shown as open circles. Full integrals are shown

as solid circles. The inner and the outer error bars (sometimes too small to be seen) are for statistical and total uncertainties, respectively. The
solid and the vertically-hatched bands show the experimental and the parameterization uncertainties, respectively. Results from a previous
experiment [14] are shown as solid triangles whose error bars display the statistical and systematic uncertainties added in quadrature. Also
shown are the latest �EFT predictions by Bernard et al. [36] ( diagonally hatched band) and Alarcón et al. [37] (cross-hatched band), and our
spin structure function parameterization [14] (dotted curve). The photoproduction data point [27, 28, 44] is shown as the solid square with the
error bar providing the statistical and systematic uncertainties added in quadrature.
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experiments EG4 (polarized proton and deuteron tar-58

gets) and E97110 (polarized 3He target). The experi-59

mental and analysis descriptions, including the extrac-60

tion of the individual integrals �
p,n

1 and �p,n

0 are reported61

in Refs [15, 16]. To reach the x = 0 limit of integrals62

(1) and (2) requires infinite energy. The measurements63

reached down to x ⇡ 10�3, with the lower x contributions64

to �p

1, �
d

1 and �n(3He)
1 estimated using a parameteriza-65

tion of previous data [22]. For �0, the contributions are66

negligible due to the x2 factor in (2). The �
p�n

1 , �p�n

067

and �p+n

0 data are given in Table I.68

The proton and deuteron data, analyzed at common69

Q2 values, are combined as �
p�n

1 = 2�
p

1��
d

1/ (1� 1.5!d)70

with !d = 0.05±0.01 [23] and �
d

understood as “per nu-71

cleus”. The proton and neutron(3He) data were analyzed72

at di↵erent Q2 values. Since the proton data have finer73

Q2-bins, they were first combined into the same number74

of bins as for the neutron(3He) data, and then linearly75

interpolated to the neutron(3He) data Q2 values. The76

two resulting �
p�n

1 are shown in Fig. 1 along with data77

from previous experiments at larger Q2 [3–7]. With the78

new data, the world data set for �
p�n

1 now spans nearly79

3 orders of magnitude in Q2. Also shown in Fig. 1 are80

the latest �EFT calculations [10, 11] and several mod-81

els. The Burkert-Io↵e model (green line) is an extrap-82

olation of deep inelastic scattering (DIS) data based on83

vector meson dominance combined with a parameteri-84

zation of the resonance contribution [24]. The Pasech-85

nik et al. model [25] (dot-dashed line) applies analyti-86

cal perturbation theory (APT) to an earlier model [26]87

that used the smooth Q2-dependence of g1 + g2 to ex-88

trapolate DIS data to low Q2. APT extends the ap-89

plicability of pQCD, whose standard leading-twist ex-90

pansion is shown by the grey band, by suppressing the91

Landau pole of ↵pQCD

s
(Q2) at Q2 = ⇤2

QCD
[27] (↵pQCD

s
92

is ↵s computed perturbatively). Finally, the light-front93

holographic QCD (LFHQCD) method [28] has been used94

to compute ↵g1(Q
2) [29], the e↵ective charge that folds95

into ↵s the higher-twists and hard gluon radiation ef-96

fects on �
p�n

1 [30, 31]. Then, �
p�n

1 is obtained using97

�
p�n

1 = gA

6 (1� ↵g1
⇡

).98

As mentioned earlier, a parametrization is used to99

estimate the unmeasurable low-x part of �1. Since100

�1 / Q2 in the Q2 ! 0 limit, �1 ⇡ 0 at very low101

Q2 and the importance of the low-x contribution can-102

not be assessed using the ratio of the measured inte-103

gral over the estimated full integral. Instead, we can104

assess it by fitting the measured and full integrals, and105

comparing the fit parameters. We fit the EG4 �
p�n

1106

data with a + bQ2 + cQ4 over 0.021  Q2  0.101107

GeV2, the domain where �EFT is tested. For the108

measured �
p�n

1 without low-x estimate, the best fit is109

0.0019±0.1176+(0.15±0.52)Q2�(1.47±4.20)Q4, to com-110

pare to�0.0009±0.0061+(0.28±0.24)Q2�(1.54±2.19)Q4
111

Q
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FIG. 1: (Color online.) The Bjorken Sum �
p�n
1 (Q2) from

EG4 (solid blue circles), E97110/EG4 (solid purple squares),
and the best fits to these data shown by the blue line for
EG4 and the magenta line for E97110/EG4. Also shown
are the �EFT predictions from Bernard et al. [10] (black
line) and Alarcón et al. [11] (red band), several model
predictions [24, 25, 29] (see main text for details). The
embedded figure is a zoom-out to show the earlier data [3–7].

for the full �
p�n

1 . For both fits, �2/d.o.f. = 0.92. Both a112

are compatible with the expected 0 value. In fact, each113

parameter is, within its uncertainty, compatible with its114

pair’s central value (even when ignoring the pair’s uncer-115

tainty, since both parameters have correlated uncertain-116

ties). Therefore, in the domain of interest of �EFT , the117

interpolation contribution is not crucial given the exper-118

imental uncertainties.119

To compare the data to each other and to the pre-

dictions, we fitted the full �
p�n

1 data up to Q2 = 0.244

GeV2. While kinematics dictate that �
p�n

1 (0) = 0, we
allowed for a 6= 0 to account for point-to-point corre-
lated systematic uncertainties. The fit results are given
in table II along with the predictions from theory and
models. For those, a, b and c are obtained by fitting the
theoretical results in the same way as the data, except
for the GDH sum rule and LFHQCD for which we used
actual calculations. The GDH sum rule predicts:

b ⌘ d�
p�n

1 (Q2)

dQ2
����!
Q2!0

1

8

✓
2
n

M2
n

�
2
p

M2
p

◆
=0.0618 GeV�2 (3)

with  the nucleon anomalous magnetic moment.120

LFHQCD predicts that b = gA

12M2
⇢

and c = �gA

24M4
⇢
, with121

M⇢ the ⇢-meson mass. (We checked that the fits to the122
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FIG. 3: �nLT(Q
2) from experiment E97-110, compared to earlier E94-010 data [12], �EFT calcula-

tions [2, 4, 10, 11] and the MAID model [15]. The inner error bars, sometimes too small to be visible,

represent the statistical uncertainties. The outer error bars show the combined statistical and uncorrelated

systematic uncertainties. The correlated systematic uncertainty is indicated by the band at the bottom.

�LT(⌫, Q2
) is used with Eq. (2) to form �nLT(Q

2
), after which nuclear corrections are applied

(see supplemental material). Our data are shown in Fig. 3. They agree with earlier data from

E94-010 at larger Q2 [12] while reaching much lower Q2 where the �EFT is expected to work

well. The measurement can be compared to �EFT calculations [2, 4, 10, 11] and a model pa-

rameterization of the world photo- and electro-production data called MAID [15]. Earlier �EFT

calculations [10, 11] used different approaches (Heavy Baryon and Relativistic Baryon chiral

perturbation theory: HB�PT and RB�PT, respectively), and furthermore either neglected the

�(1232) degrees of freedom, or included it approximately. Newer calculations [2–4] account

for the �(1232) explicitly by using a perturbative expansion, but they differ in their choice of

expansion parameter. Despite this theoretical improvement and the small Q2 reach that places

our data well in the validity domain of �EFT, our �nLT(Q2
) starkly disagrees with the predictions.
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Figure 4: InTT(Q
2
) with (filled circles) and without (open circles) the estimated unmeasured low-x contribution.

The meaning of the inner and outer error bars and of the band is the same as in Fig. 3. Also shown are �EFT
results, MAID (solid line) and earlier E94-010 data [9].

with calculation [42], which predicts the plateauing of the data. The deviation for Q2 & 0.06 GeV2

between data and the calculation from Ref. [41] is expected since, as pointed out in [41], a similar

deviation is seen with proton data but not for the isovector quantity �(p�n)
1 [12]. The issue thus

a↵ects isoscalar combinations and can be traced to the later onset of loop contributions for isoscalar

quantities (3 pions, in contrast with 2 pions threshold to isoscalar quantities) [41].

InTT(Q
2) is shown in Fig. 4. The integration using only our data, and that with an estimate of

the unmeasured low-x part are represented by the open and solid circles, respectively. The open

circles should be compared to the MAID result (solid line), which is larger than the data. Our

data and the earlier E94-010 data [9] are consistent. As Q2 decreases, our results drop to around

�325 µb, agreeing with the �EFT calculation from Bernard et al. [41] and the earlier one from

Ji et al.[27]. The calculation from Lensky et al. [42] displays the same Q2-dependence as the data

but with a systematic shift. Extrapolating the data to Q2 = 0 to check the original GDH sum rule

is di�cult since the calculations that could be used to guide the extrapolation markedly disagree.

Data at lower Q2 or a theoretical consensus on the Q2-dependence of InTT are needed to address

the validity of the original GDH sum rule on the neutron.

�n
2

�
Q2

�
is shown in Fig. 5. The stars show the measured integral without low-x extrapolation

for the neutron, to be compared with MAID. This model underestimates the higher Q2 data but

agrees well at lower Q2. The open circles represent the integral including an estimate for the low-x

contribution assuming g2 = gWW
2 [4], where gWW

2 is the twist-2 part of g2 [45]. This procedure
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�g(x,Q2) for x > 0.05. The theory expectations are
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reweighting procedure of Refs. [36,37] with the 100
publicly available NNPDFpol1.1 PDFs. The results from
this reweighting, taking into account the total uncertainties
of the STAR 2013 data and their correlations [38], are
shown in Fig. 5 as the blue hatched bands. The
NNPDFpol1.1 uncertainties [1] are shown as the green

bands for comparison. Figure 6 shows the corresponding
differences of the light sea-quark polarizations versus x at a
scale of Q2 ¼ 10 ðGeV=cÞ2. The data confirm the exist-
ence of a sizable, positive Δū in the range 0.05 < x < 0.25
[4] and the existence of a flavor asymmetry in the polarized
quark sea.
In addition, AL was determined for Z=γ$ production

from a sample of 274 electron-positron pairs with
70 < meþe− < 110 GeV=c2. The eþ and e− were each
required to be isolated, have jηej < 1.1, and Ee

T > 14 GeV.
The result, AZ=γ$

L ¼ −0.04& 0.07, is consistent with that
in Ref. [4] but with half the statistical uncertainty.

e
η

1− 0 1
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0.5−
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+W

X + ± e→X + ± W→p + p
 = 510 GeVs  50 GeV <e
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3.3% beam pol scale uncertainty not shown
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FIG. 5. Longitudinal single-spin asymmetries, AL, for W&

production as a function of the positron or electron pseudor-
apidity, ηe, for the combined STAR 2011þ 2012 and 2013 data
samples for 25 < Ee

T < 50 GeV (points) in comparison to theory
expectations (curves and bands) described in the text.

 x
2−10 1−10 1

0.04−

0.02−

0
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0.04

0.06

0.08

NNPDFpol1.1
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Sea Asymmetry
)d∆ - u∆x(

2)c10 (GeV/ =2Q

FIG. 6. The difference of the light sea-quark polarizations as a
function of x at a scale of Q2 ¼ 10 ðGeV=cÞ2. The green band
shows the NNPDFpol1.1 results [1] and the blue hatched band
shows the corresponding distribution after the STAR 2013 W&

data are included by reweighting.

TABLE I. Longitudinal single- and double-spin asymmetries, AL and ALL, for W& production obtained from the STAR 2013 data
sample, as well as the combination of 2013 with 2011þ 2012 results. The longitudinal single-spin asymmetry is measured for six decay
positron or electron pseudorapidity intervals. The longitudinal double-spin asymmetry was determined in the same intervals and the
results for the same absolute pseudorapidity value were combined. The systematic uncertainties include all contributions and thus also
include the point-by-point correlated uncertainties from the relative luminosity and beam polarization measurements that are broken out
separately in Figs. 4 and 5.

hηei

AL & σstat & σsyst ALL & σstat & σsyst

2013 2011–2013 2013 2011–2013
−1.24 −0.493& 0.181& 0.022 −0.312& 0.145& 0.017
−0.72 −0.255& 0.035& 0.016 −0.251& 0.030& 0.014 ' ' ' ' ' '

Wþ −0.25 −0.327& 0.027& 0.014 −0.331& 0.023& 0.014
0.25 −0.406& 0.027& 0.016 −0.412& 0.023& 0.016 0.039& 0.049& 0.014 0.016& 0.042& 0.011
0.72 −0.557& 0.034& 0.024 −0.534& 0.029& 0.022 0.049& 0.063& 0.014 0.072& 0.054& 0.011
1.24 −0.365& 0.183& 0.023 −0.482& 0.140& 0.022 −0.052& 0.331& 0.044 0.000& 0.262& 0.028

−1.27 0.269& 0.185& 0.010 0.241& 0.146& 0.010
−0.74 0.264& 0.060& 0.010 0.260& 0.051& 0.010 ' ' ' ' ' '

W− −0.27 0.282& 0.066& 0.010 0.281& 0.056& 0.011
0.27 0.254& 0.066& 0.010 0.239& 0.056& 0.010 0.067& 0.120& 0.025 −0.012& 0.101& 0.019
0.74 0.383& 0.059& 0.015 0.385& 0.051& 0.014 −0.096& 0.107& 0.026 −0.028& 0.092& 0.020
1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038
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1.27 0.218& 0.185& 0.009 0.205& 0.148& 0.009 −0.133& 0.331& 0.061 −0.147& 0.260& 0.038

MEASUREMENT OF THE LONGITUDINAL SPIN … PHYS. REV. D 99, 051102 (2019)
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Figure 5: The neutron (left) and proton (right) spin-dependent virtual photoabsorption asymmetry, Ap
1 and An

1 , as a function of
x. Predictions obtained with NNPDF parton sets are compared with expectations provided by various theoretical models and with
available experimental data, see the text for details. All results are displayed at Q2 = 4 GeV2.

PDF set Ref. u ū d d̄ s̄ g

NNPDF2.3 [20] 3.23± 0.21 2.09± 1.07 2.20± 1.46 2.09± 1.07 2.95± 0.74 3.82± 0.37
NNPDFpol1.1 [16] 3.08± 0.64 1.65± 0.55 1.69± 0.99 1.89± 0.66 1.95± 0.63 3.64± 0.47

Table 3: The values of large-x e↵ective exponents, Eq. (8), at x = 0.9 and Q2 = 4 GeV2.

is definitely positive in NNPDFpol1.1, while it has
a node in DSSV08. The reason for this di↵erence is
that jet production data in polarized pp collisions
were included in NNPDFpol1.1, but were not in the
original DSSV08 analysis. Actually, the latter has
been recently updated [15] with the inclusion of these
data, and a gluon polarization comparable to that in
NNPDFpol1.1 was found.

• The possibility to discriminate between models at
very large-x values is limited by the wide uncertain-
ties which a↵ect the NNPDF predictions. Indeed, all
model expectations at x ! 1 provided in Tab. 2 are
compatible, within uncertainties, with the NNPDF re-
sult at x = 0.9 and x = 0.8. At a more moderate
value of x, x = 0.7, uncertainties are well under con-
trol. This suggest that the behavior of PDFs remains
largely uncertain at x & 0.7, where no experimen-
tal data are available. Furthermore, as the endpoint
x = 1 is approached, the accuracy of NLO perturba-
tive evolution is a↵ected by powers of ln(1�x) which
appear in the perturbative coe�cients. Also nonper-
turbative e↵ects, like instantons or axial ghosts, may
become relevant (see e.g. Sec. 9 of Ref. [60]).

• The e↵ective exponents �q, defined by Eq. (8), esti-
mate the powerlike behavior of PDFs at su�ciently
large x values, where the latter can be approximated

as q ⇠ (1� x)�q ; q denotes either unpolarized or po-
larized distributions, respectively q = u, ū, d, d̄, s̄, g
or q = �u,�ū,�d,�d̄,�s̄,�g. Results in Tab. 3
and in Fig. 6 suggest that the behavior of e↵ective
exponents for quark and antiquarks distributions is
consistent, within uncertainties, with the expecta-
tion based on QCD counting rules [54, 61]. Indeed,
these predict that, for a nucleon with helicity +1/2,

q
x⇠1���! (1� x)2ns�1 + (1� x)2ns+1 , (9)

�q
x⇠1���! (1� x)2ns�1 � (1� x)2ns+1 , (10)

with ns the number of spectator quarks. Assuming
ns = 2, it follows that the leading behavior of both
unpolarized and polarized PDFs is q ⇠ �q ⇠ (1�x)3

as x ! 1. However, this behavior cannot hold at all
Q2, since evolution causes the power of (1 � x) to
grow like ln2 Q2 as Q2 increases: this may explain
the deviation from �q = 3 observed in Tab. 3 and
Fig. 6.

• At su�ciently large-x values, the e↵ective exponents
for both unpolarized and polarized PDFs tend to co-
incide, and this means that the LO positivity bound
|�q|  q, q = u, ū, d, d̄, s̄, g is saturated. Such a
behavior occurs at very large values of x, typically
x ⇠ 0.85.

8

NNPDFpol1.1 arXiv:1410.7290v2 [hep-ph] 

3He

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.

x

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

)2=4 GeV2(x,Q+/u+u∆

Avakian et al.

Statistical

LSS (BBS)

NJL

Su(6)-breaking

NNPDF

=12χ∆DSSV08 

x

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-1.5

-1

-0.5

0

0.5

1

1.5

2
)2=4 GeV2(x,Q+/d+d∆

Avakian et al.

Statistical

LSS (BBS)

NJL

Su(6)-breaking

NNPDF

=12χ∆DSSV08 

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

7
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68 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS
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Figure 7.16: Simulated EIC measurements of the longitudinal double-spin asymmetry Ak in
polarized deuteron DIS with proton tagging e + d ! e0 + X + p. The asymmetry is shown
as a function of the neutron virtuality t � M2

N , which is kinematically fixed by the tagged
proton momentum (light-cone momenta ap and ppT). In the limit t � M2

N ! 0 (on-shell
extrapolation) the tagged spin asymmetry coincides with the free neutron spin asymmetry
Akn [108, 109]. The uncertainties shown are statistical (Lint = 20 fb�1, PePd = 0.5).

polarizations inferred from non-relativistic nuclear structure [101,110]. Significant
nuclear modifications arise from the presence of D isobars in the 3He nucleus at x &
0.1 [105, 106], and from spin-dependent nuclear antishadowing and shadowing at
x . 0.1. The theoretical uncertainty resulting from these effects is expected to be
the dominant uncertainty and should be reduced by further theoretical studies.
DIS on 3He with spectator proton/neutron tagging has been explored and appears
feasible with the EIC forward detectors (see Sec. 7.3.8). The theoretical analysis of
these measurements requires the modeling of nuclear final-state interactions, for
which corresponding methods have been developed [69, 111–114].

DIS on the polarized deuteron complements the measurements on 3He and of-
fers several advantages [108, 109, 115]. In the deuteron D isobars and other non-
nucleonic degrees of freedom are suppressed in average nuclear configurations
(nucleon momenta . 300 MeV), so that the extraction of neutron spin structure
from inclusive DIS is generally simpler and more accurate than for 3He [116].

In tagged DIS on the deuteron, the measured spectator momentum fixes the nu-
clear configuration and permits a differential treatment of nuclear effects, signifi-
cantly improving the theoretical accuracy. The tagged proton momentum controls
the strength of S and D waves in the deuteron wave function and thus the effec-
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icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, hxic+c̄, at the scale Q = mc. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [hxic+c̄ = 0.1%] and
intermediate [hxic+c̄ = 0.35%]. Precision DIS data in this region, x & 0.3 and
hQ2i ⇠ 20 GeV2, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of Fcc̄

2 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.
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SUMMARY: COMPLETING 
THE PICTURE

Ø d/u, Du/u and Dd/d at high x ?
Ø Nuclear effects on nucleon structure
Ø Understanding the sea – Ds, u - d, Du - Dd?
Ø Axial and Tensor charges of the nucleon
Ø Gluon helicity distribution at large x AND at small x? 

What is the integral DG?
Total contribution of parton helicity to proton spin?

Ø What happens at really small x << 0.01?

JLab @ 
12 GeV

JLab, FNAL, RHIC, AMBER, LHC

JLab + DGLAP, 
RHIC, COMPASS

Q2

x

RHIC

JLab

COMPASS, JLab

Enormous Progress on understanding Collinear PDFs 
fueled by large new data sets and sophisticated 
phenomenology. Still, some questions remain:


