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Unpolarised distributions

d/u ratio and nuclear effects (tested in ed QE scattering)

new “CJ” global analysis (including high-x, low-Q  region)2

Outlook

Outline

implications of PDF uncertainties for high-energy colliders

Introduction to PDFs

Spin structure of the nucleon

new “JAM” global analysis of polarised PDFs

          behavior of polarised to unpolarised ratiosx → 1 ∆q/q
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x =
Q2

W 2
− M2 + Q2

deep inelastic

resonance
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Parton model

scatter from individual quarks (“partons”) in nucleon

q (x,Q  ) = probability to find quark type “q” in nucleon,
carrying (light-cone) momentum fraction x

2

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2) (q=u,d,s...)

x =
k+

p+
=

k0 + kz

p0 + pz

p

k
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Parton model

at finite energy,  Q   dependence given by 
(perturbatively calculable) QCD evolution equations

2

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

gluon radiation

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2) (q=u,d,s...)

F2 → F2(x, logQ
2)

scatter from individual quarks (“partons”) in nucleon

p
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Parton model - higher twist corrections

scattering from different quarks in nucleon

(a) (b) (c)

“cat’s ears” diagram quark-gluon correlations

F2(x, Q2) = FLT
2 (x,Q2)

�
1 +

C(x)
Q2

�
gives rise to 1/Q   corrections2

important at high x and low Q  2
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Parton model - target mass corrections

kinematical corrections from derivative operators
 ~ Q2/ν2 = 4M2x2/Q2 (hence “target mass”)

target mass corrected structure function

FOPE

2 (x,Q2) =
x2

ξ2γ3
F (0)

2
(ξ, Q2) +

6M2x3

Q2γ4

� 1

ξ
du

F (0)

2
(u, Q2)
u2

+
12M4x4

Q4γ5

� 1

ξ
dv(v − ξ)

F (0)
2 (v,Q2)

v2

TMC

new “Nachtmann” scaling variable ξ =
2x

1 +
�

1 + 4M2x2/Q2

F (0)
2 = structure function in massless (Bjorken) limit•

•
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N = 229. A closer inspection of Fig. 3 does not suggest any systematic disagreement. To assess

the significance of this 2σ effect, we examine in detail the systematic shifts obtained in the fit in

Appendix B.3. We find that they are all quite reasonable, thus giving us confidence that the fit is

indeed of good quality.

The new PDF’s also fit the older fixed-target DIS experiments well—similar to previous

global analyses. Figure 4 shows the comparison to the fixed-target neutral current experiments

BCDMS and NMC. Because we are incorporating the fully correlated systematic errors, the data

sets used for these experiments are those obtained at each measured incoming energy, rather than

the “combined” data sets that are usually shown. This more detailed and quantitative comparison

is important when we try to evaluate the statistical significance of the fits in our uncertainty analysis

(cf. Appendix B).

Fig. 4 : Comparison of the CTEQ6M fit with the BCDMS [19] and NMC [21] data on µp DIS.

Same format as Fig. 2. (The offset for the kth Q value in (b) is 0.2k.)

The χ2 per data point for these data sets are 1.11 (378/339) for BCDMS and 1.52 (305/201) for

NMC. The fit to the BCDMS data is clearly excellent, both by inspection of Fig. 4a and by the

normal χ2 test. For the NMC data, Fig. 4b shows rather good overall agreement, but with some

notable large fluctuations away from the smooth theory curves. The most noticeable fluctuations—

points with almost the same (x,Q) values—are from data sets taken at different incoming energies.5

This is reflected in the χ2 value which is quite a bit larger than expected for a normal probability

distribution. This raises two issues: (i) Is the fit acceptable or unacceptable? (ii) Can the fit be
5These fluctuations are smoothed out by re-binning and other measures in the combined data set [21], which is

not used here.
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Lai et al., EPJ C12, 375 (2000)

describes data over many orders of magnitude in x and Q2

structure function dataF p
2
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Parton distribution functions (PDFs)

determined over large range of x and Q 2

PDFs extracted in global QCD analyses (CTEQ, MSTW, ...)
of structure function data from e,    &    scattering
(also from lepton-pair & W-boson production in hadronic collisions)

Provide basic information on structure of QCD
bound states

Needed to understand backgrounds in searches for
physics beyond the Standard Model in high-energy colliders
e.g. the LHC

Q  evolution feeds low x, high Q   from high x, low Q 2 22

µ ν

xf(x,Q2
0) = Nxα(1− x)β(1 + �

√
x+ η x)
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Most direct connection between quark distributions
and models of nucleon structure is via valence quarks 
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most cleanly revealed at x > 0.4

structure of hadron
or structure of probe? sea

most u quarks carry ~ 20% of 
proton’s momentum at Q2 = 10 GeV2

Parton distribution functions (PDFs)

12



PDFs at large x
At large x,  valence u and d distributions extracted
from p and n structure functions

u quark distribution well determined from proton data

d quark distribution requires neutron structure function

d

u
≈ 4− Fn

2 /F
p
2

4Fn
2 /F

p
2 − 1

F p
2 ≈ 4

9
xuv +

1

9
xdv

Fn
2 ≈ 4

9
xdv +

1

9
xuv
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•

• d/u → 1/5

d/u → 0 S = 0  qq dominance

S  = 0  qq dominance (pQCD-inspired)z

• d/u →
4µ2

n/µ
2
p − 1

4− µ2
n/µ

2
p

local quark-hadron duality*
(        magnetic moments)µp,n

  structure function at x    1 given by
   elastic form factor at Q2 ∞
*

Ratio of d to u quark distributions particularly sensitive 
to nonperturbative quark-gluon dynamics in nucleon

• d/u → 1/2 SU(6) symmetry

PDFs at large x

≈ 0.42
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Neutron structure

Absence of free neutron targets       
      deuterium (weakly bound state of p and n) used instead

Arrington, Rubin, WM
PRL 108, 252001 (2012)

SU(6)

hard gluons

S=0 diquarksdifferent models
of deuteron

deuteron model dependence obscures free neutron 
structure information at large x                                                 
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Neutron structure

“Spectator Tagging”
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BONuS: slow spectator tagging

slow backward p

minimize rescattering
neutron nearly on-shell

Need for global analysis to
investigate these aspects of PDFs

e d → e p X
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CJ global analysis of
spin-averaged PDFs

 A. Accardi, J. Owens, WM
E. Christy, C. Keppel, P. Monaghan

    “CJ12”  PDFs:   PRD 87, 094012 (2013)
http://www.jlab.org/CJ
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Next-to-leading order (NLO) analysis of expanded set
of proton and deuterium data (no heavy nuclei)

Systematically study effects of Q  & W cuts2

as low as Q ~ m  and W ~ 1.7 GeVc

Include subleading 1/Q   corrections2

target mass corrections & dynamical higher twists 

Correct for nuclear effects in deuteron (binding + off-shell)

most global analyses assume free nucleons

2include large-x, low-Q  region 
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CJ database

~ 4,000 data points
over large range

of x and Q2
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factor 2 increase in DIS data from cut0      cut3
compared to most global analyses

cut0: Q2 > 4 GeV2, W 2 > 12.25 GeV2

cut3: Q2 > m2
c , W 2 > 3 GeV2

Kinematic cuts
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Larger database with weaker cuts leads to significantly 
reduced errors, especially at large x

up to 40-60% error reduction when cuts 
extended into resonance region

x x

Kinematic cuts

21



d quark suppressed
by ~ 50% for x > 0.5

(driven by nuclear 
corrections)

x

Kinematic cuts
Fits stable with respect to Q   and W cut reduction,
as long as subleading 1/Q   corrections included

2

2
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interplay between TMCs and higher twist
- stable LT when both TMCs and HTs included

x x

(no TMC or
nuc.corr.)

different TMC
prescriptions

Accardi et al., PRD 81, 034016 (2010)

Finite-Q  corrections2

growing importance of HTs as large x
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F d
2 (x, Q2) =

�

x
dy f(y, γ) FN

2 (x/y,Q2)

N=p+n

+ δ(off)F d
2

nucleon momentum

(“smearing function”)
distribution in d off-shell

correction

= light-cone momentum fraction of d carried by N

A����k ,q ��i�q2���k���k2�m2����q�

�2�k��kq���k��kq����, �8c�

A�����k ,q ���im�q2g��g���2q��k�g���k�g����.
�8d�

Here k is the interacting quark four-momentum, and m is its

mass. We use the notation ���kq������k
�q�. �The com-

plete forward scattering amplitude would also contain a

crossed photon process which we do not consider here, since

in the subsequent model calculations we focus on valence

quark distributions.� The function H(k ,p) represents the soft
quark-nucleon interaction. Since one is calculating the

imaginary part of the forward scattering amplitude, the inte-

gration over the quark momentum k is constrained by �
functions which put both the scattered quark and the nonin-

teracting spectator system on-mass-shell:

dk̃�
d4k

�2��4
2����k�q �2�m2�2����p�k �2�mS

2�

�k2�m2�2
,

�9�

where mS
2�(p�k)2 is the invariant mass squared of the

spectator system.

Taking the trace over the quark spin indices we find

Tr�Hr����A���H
��A����H

��, �10�

where H� and H�� are vector and tensor coefficients, respec-

tively. The general structure of H� and H�� can be deduced

from the transformation properties of the truncated nucleon

tensor Ĝ�� and the tensors A��� and A���� . Namely, from

A���* (k ,q)�A���(k ,q) and A���( k̃ , q̃)��A���(k ,q), we

have

H��p ,k ���PH�� p̃ , k̃ �P†, �11a�

H��p ,k ���TH�� p̃ , k̃ �T †�*, �11b�

H��p ,k ���0H
�†�p ,k ��0 . �11c�

Similarly, since A����* (k ,q)�A����(k ,q) and A
����( k̃ , q̃ )

�A����(k ,q), one finds

H���p ,k ��PH��� p̃ , k̃ �P†, �12a�

H���p ,k ����TH��� p̃ , k̃ �T†�*, �12b�

H���p ,k ���0H
��†�p ,k ��0 . �12c�

With these constraints, the tensors H� and H�� can be pro-

jected onto Dirac and Lorentz bases as follows:

H��p��5�p” g1�k”g2��k��5�p” g3�k”g4�
�i�5���p

�k��p�g5�k�g6�����5g7

�i�5����p�g8�k�g9�, �13a�

H����p�k��p�k�����p
�k� f 1��p�����p�����

��p� f 2�k� f 3���k�����k������p� f 4�k� f 5�

���� f 6������p
�k��5�p” f 7�k” f 8�

�������5�
��p� f 9�k� f 10�, �13b�

where the functions g1•••9 and f 1•••10 are scalar functions of
p and k .

Performing the integration over k in Eq. �7� and using
Eqs. �13�, we obtain expressions for the truncated structure
functions G (i) in terms of the nonperturbative coefficient

functions f i and gi . The explicit forms of these are given in

Appendix I. From Eq. �4� we then obtain the leading twist
contributions to the truncated nucleon tensor Ĝ�� . It is im-

portant to note that at leading twist the non-gauge-invariant

contributions to Ĝ�� vanish, so that the expansion in Eq. �4�
is the most general one which is consistent with the gauge

invariance of the hadronic tensor.

III. NUCLEAR STRUCTURE FUNCTIONS

Our discussion of polarized deep-inelastic scattering from

nuclei is restricted to the nuclear impulse approximation, il-

lustrated in Fig. 1. Nuclear effects which go beyond the im-

pulse approximation include final state interactions between

the nuclear debris of the struck nucleon �17�, corrections due
to meson exchange currents �18–20� and nuclear shadowing
�see �21–24� and references therein�. Since we are interested
in the medium- and large-x regions, coherent multiple scat-

tering effects, which lead to nuclear shadowing for x�0.1,
will not be relevant. In addition, it has been argued �6� that
meson exchange currents are less important in polarized

deep-inelastic scattering than in the unpolarized case since

their main contribution comes from pions.

Within the impulse approximation, deep-inelastic scatter-

ing from a polarized nucleus with spin 1/2 or 1 is then de-

scribed as a two-step process, in terms of the virtual photon-

nucleon interaction, parametrized by the truncated

antisymmetric nucleon tensor Ĝ��(p ,q), and the polarized

nucleon-nucleus scattering amplitude Â(p ,P ,S). The anti-

FIG. 1. DIS from a polarized nucleus in the impulse approxima-

tion. The nucleus, virtual nucleon, and photon momenta are denoted

by P , p , and q , respectively, and S stands for the nuclear spin

vector. The upper blob represents the truncated antisymmetric

nucleon tensor Ĝ�� , while the lower one corresponds to the polar-

ized nucleon-nucleus amplitude Â .
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γ
∗

d

N

Nuclear structure function at            dominated by
incoherent scattering from individual nucleons

x � 0

y

at finite     , smearing function depends also on parameter

γ = |q|/q0 =
�

1 + 4M2x2/Q2

Q2

Nuclear corrections

24



Smearing function in the deuteron computed in
“weak binding approximation” - expand in powers of �p 2/M2

effectively more smearing for larger x and lower Q 2
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+
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�

d3p
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M

�
= d wave functionψd(p)
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greater wave function dependence at large y (     large x)

Nuclear corrections
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flexible parametrization
for           behaviorx → 1
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CJ12min: WJC-1 + mild off-shell (0.3% nucleon swelling)
CJ12mid: AV18 + medium off-shell (1.2% swelling)
CJ12max: CD-Bonn + large off-shell (2.1% swelling)
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allows finite, nonzero
x = 1 limit

•

•

d/u → 0.22

± 0.20 (PDF)

± 0.10 (nucl)

Nuclear corrections

Owens, Accardi WM
PRD 87, 094012 (2013)

. d → d + a xb u
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Quasi-elastic ed scattering

Ethier, Doshi, Malace, WM
arXiv:1402.3910

Smearing functions can be tested in quasi-elastic (QE)
electron-deuteron scattering

σ(QE) ∼ fN/d(y, γ)

× GN (Q2)

elastic eN
form factors
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Quasi-elastic ed scattering

Ethier, Doshi, Malace, WM
arXiv:1402.3910

Smearing functions can be tested in quasi-elastic (QE)
electron-deuteron scattering
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Quasi-elastic ed scattering

Ethier, Doshi, Malace, WM
arXiv:1402.3910

Smearing functions can be tested in quasi-elastic (QE)
electron-deuteron scattering
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Quasi-elastic ed scattering

Ethier, Doshi, Malace, WM
arXiv:1402.3910

Smearing functions can be tested in quasi-elastic (QE)
electron-deuteron scattering
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Implications for colliders

p

p

q

q’

_
W, Z,γ

l

l’
x1

x2lepton pair production
in pp collisions
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x1,2 =
M√
s
e±yy =

1

2
ln

�
E + pz
E − pz

�

Large-x PDF uncertainties affect observables at large 
rapidity   , withy

e.g.         asymmetryW±

Implications for colliders

≈ d(x2)/u(x2)− d(x1)/u(x1)

d(x2)/u(x2) + d(x1)/u(x1)

AW (y) =
σW+ − σW−

σW+ + σW−

[x1 � x2]

σW+ ≡ dσ

dy
(pp → W+X) =

2πGF

3
√
2
x1x2

�
u(x1)d̄(x2) + · · ·

�
where 
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Brady, Accardi, WM, Owens
JHEP 1206, 019 (2012)

Implications for colliders

e.g.         asymmetryW±
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Uncertainty in d-quark feeds into larger uncertainty
in gluon at high x (relevant for LHC physics)

observation of new physics signals requires accurate 
determination of QCD backgrounds      depend on PDFs!

> 100% uncertainty
at large y !

Brady et al.
JHEP 1206, 019 (2012)
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Several planned experiments at JLab with 12 GeV will
measure d/u to x ~ 0.85 with minimal nuclear corrections

Accardi et al., PRD 84, 014008 (2011)

SIDIS from D with slow backward proton (“BoNuS”);
inclusive   He /  H ratio;  and PVDIS from proton3 3

JLab 12 GeV plans
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Spin-dependent PDFs

 P. Jimenez-Delgado,  A. Accardi,  WM
H. Avakian,  B. Sawatzky, ...

    “JAM”  PDFs:   arXiv:1310.3734,  to appear PRD (2014)
http://www.jlab.org/JAM
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Nucleon spin structure

fewer data cf. unpolarised

1

2
=

1

2
∆Σ+ Lq +∆G+ Lg

(DIS)

(DIS + pp)

Lq,g = ?

∆Σ ∼ 0.25

∆G � 1

(GPDs)
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Nucleon spin structure
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Global PDF analyses
performed by several groups 

focus on small-x region
(sum rules)

Data from many experiments
at JLab recently collected at
low Q  and W2

JAM global analysis

need for synthesis of
results (current & future) 
from Halls A, B & C, 
including finite-Q   
& nuclear corrections

2

∆q+ ≡ ∆q +∆q̄
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Arschenauer (2012)

� 0.2

0.05
dx∆g(x) = 0.10+0.06

−0.07

DSSV extrapolation

important to confirm claim through
independent global analysis

Nucleon spin structure

Recent RHIC pp data claimed to imply large gluon polarisation

40



JAM database

Complete collection of
world’s inclusive polarised
DIS data (interactive database
at http://www.jlab.org/JAM)

several high-statistics
experiments still
being analysed

Fit experimental asymmetries
(longitudinal & transverse) rather 
than derived     and     
structure functions

g1 g2

g1(x,Q
2) =

1

2

�

q

e2q ∆q(x,Q2)

Q2 > 1 GeV2, W 2 > 3.5 GeV2
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JAM database

Complete collection of
world’s inclusive polarised
DIS data (interactive database
at http://www.jlab.org/JAM)

A� =
σ↑⇓ − σ↑⇑

σ↑⇓ + σ↑⇑ = D(A1 + ηA2)

A⊥ =
σ↑⇒ − σ↑⇐

σ↑⇒ + σ↑⇐ = d(A2 − ξA1)

A2 = γ
(g1 + g2)

F1
A1 =

(g1 − γ2g2)

F1
,

Fit experimental asymmetries
(longitudinal & transverse) rather 
than derived     and     
structure functions

g1 g2

Q2 > 1 GeV2, W 2 > 3.5 GeV2
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JAM PDFs

greatest effect on polarised PDFs from
higher twist corrections

significantly larger       at∆d x � 0.3
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JAM PDFs
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significant reduction in       with strong W cut
(to avoid HT corrections) - cf.  “NNPDF” analysis

∆d
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•

•
S = 0  qq dominance

S  = 0  qq dominance (pQCD)z

SU(6) symmetry

•

∆u/u → 2/3

∆d/d → −1/3

∆u/u → 1

∆d/d → −1/3

∆u/u → 1

∆d/d → 1 or  local duality

PDFs at large x
Ratio of polarised to unpolarised PDFs even more sensitive 
to nonperturbative quark-gluon dynamics in nucleon
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PDFs at large x

Impose           pQCD constraint on PDFs “by hand” x → 1

Current data cannot discriminate between different
          behavioursx → 1

“JAM+” fit
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Orbital angular momentum

Avakian, Brodsky, Deur, Yuan
PRL 99, 082001 (2007)

Lz = 1

q↓ ∼ (1− x)5 log2(1− x)

Lz = 0

z
Earlier analysis suggested need for additional nonzero
OAM (L  = 1) component in nucleon wave function

leading (1-x)   behaviour from L  = 0 componentz
3

L  = 1 gives additional log  (1-x) enhancement of 2 q↓z
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Orbital angular momentum
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Orbital angular momentum
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L  = 1 term needed to delay       turnover until larger xz ∆d

Avakian, Brodsky, Deur, Yuan
PRL 99, 082001 (2007)

LO extraction
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Orbital angular momentum

z
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JLab 12 GeV plans

Hall C

An
1

Several upcoming experiments at JLab will measure
                  up to x ~ 0.8A1(p, d,

3
He)
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JLab 12 GeV plans
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will significantly reduce PDF uncertainties at large x
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Outlook

semi-inclusive DIS for flavour/antiflavour separation 

Next phase of JAM analysis will study polarisation of 
sea quarks and gluons

Ongoing  “CJ14” analysis includes new cross section data 
from JLab & collider experiments

allow for different HTs for           & isospin dependenceF2, FL

incorporate LHC (W, Z, jet production), PVDIS data

next release will include parametrisations of electroweak 
structure functions (down to low Q  ) in addition to PDFs2

polarised pp cross sections (inclusive jet & pion production)
sensitive to ∆g
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The End
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