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Outline

Unpolarized PDFs 

Helicity-dependent PDFs

Are (collinear) PDFs relevant for TMDs & nucleon’s 3-D structure?
        ~ 40%  TMD  talks!

Scorecard…

valence, light antiquark, strange, charm, glue

polarized valence, light antiquark, strange, glue

CJ15 global QCD analysis:  Accardi, Brady, WM, Owens, Sato,  PRD 93, 114017 (2016)

JAM17 global QCD analysis:  Ethier, Sato, WM, arXiv:1705.05889
Sato et al., PRD 93, 074005 (2016)
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hard scattering

SIDIS (One of the main programs of JLab12)
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Cross section and structure functions
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Role of PDFs in 3-D structure
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SIDIS: small transverse momentum
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W term formulation in bT space
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Collinear distribution are important in TMDs

Role of PDFs in 3-D structure

collinear PDFs and FFs!

-

4



3 4 5 6 7 8

W 2 (GeV2)

10�1

100

101

F
n 2
/F

d 2
⇥

2
i

Q2 = 4.0 GeV2 (i = 0)
0.65 > x > 0.56

Q2 = 3.4 GeV2

0.62 > x > 0.46

Q2 = 2.9 GeV2

0.58 > x > 0.40

Q2 = 2.4 GeV2

0.53 > x > 0.34

Q2 = 2.0 GeV2

0.49 > x > 0.28

Q2 = 1.7 GeV2 (i = 5)
0.44 > x > 0.24

JLab

CJ15

4 5 6 7

Q2 (GeV2)

10�1

100

F
p 2

⇥
2

i

✓ = 38� (i = 0)
0.48 < x < 0.68

✓ = 41�

0.53 < x < 0.69

✓ = 45�

0.55 < x < 0.70

✓ = 55�

0.60 < x < 0.73

✓ = 60�

0.52 < x < 0.74

✓ = 70�

0.60 < x < 0.75

JLab

CJ15

2 5 10 20 50 100 200 500

Q2 (GeV2)

10�3

10�2

10�1

100

101

102

103

104

105

106

F
p 2

⇥
2

i

x = 0.85 (i = 0)

x = 0.75

x = 0.65

x = 0.55

x = 0.45

x = 0.35

x = 0.28

x = 0.23

x = 0.18

x = 0.14

x = 0.11

x = 0.1

x = 0.09

x = 0.07

x = 0.05

x = 0.036

x = 0.026

x = 0.018

x = 0.013

x = 0.008

x = 0.005 (i = 20) BCDMS

SLAC

NMC

HERMES

CJ15

excellent description over orders of magnitude in x and Q2

Unpolarized PDFs
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nuclear effects in deuterium obscure free-neutron structure 

Unpolarized PDFs
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Valence quark PDFs
Valence d/u ratio at high x
of particular interest

testing ground for
nucleon models
in x     1 limit
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significant reduction of
PDF errors with new
JLab tagged neutron & 
FNAL W-asymmetry data
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Light quark sea
x dependence of           asymmetry established in Fermilab 
E866 pp/pd  Drell-Yan experiment
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Rigorous connection with QCD established via chiral EFT
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pion rainbow and tadpole contributions
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Light quark sea
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E866 data have driven successful phenomenology through
interplay of PDFs and chiral physics

… but lingering question of possible sign change of           at high xd̄� ū

sign change cannot be accommodated within chiral EFT framework
since (negative)     contribution <<  (positive)  N  contribution�

evidence for other mechanisms?

Light quark sea

McKenney et al.
PRD93, 054011 (2016)
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conclusions based on LO analysis … how robust?

“Independent evidence for           sign change at x ~ 0.3”  from NMC d̄� ū

Peng et al., PLB 736 (2014) 411
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Light quark sea
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At higher order can easily generate zero crossing in
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“sign change”
for NMC data

no evidence of sign change from DIS data!

Light quark sea
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At higher order can easily generate zero crossing in
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Preliminary data from SeaQuest (E906) Drell-Yan experiment
at Fermilab shows no evidence for sign change

SeaQuest data consistent with E866 data up to x ~ 0.2,
remains above unity up to x ~ 0.5

P. Reimer (2016)

Results not significantly affected if
include nuclear corrections
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Light quark sea
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but significant uncertainty from nuclear corrections
and semileptonic branching ratio uncertainty

Strange quark PDFs most directly determined from dimuon 
production in (anti)neutrino-nucleus DIS (W+s ! c / W�s̄ ! c̄)

tension with HERMES semi-inclusive K-production data?
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Strange quarks

        J. Guerrero
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Strange quarks
Fragmentation functions (FFs) determined from single-inclusive 
meson production in e  e  annihilation+ -

new “iterative Monte Carlo” (IMC) global analysis suggests
differences with previous extractions
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SIDIS data also constrain fragmentation functions,
but require simultaneous PDF + FF fit

        J. Ethier

JAM
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(2012)

rs = (s+ s̄)/2d̄

= 1.00+0.25
�0.28

Alternatively, probe strange PDF in W/Z production at LHC
                     free of nuclear effectspp ! W (Z) +X

µ2=1.9 GeV2, nf=3
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surprisingly large strangeness

more recent reanalysis of neutrino
DIS (CHORUS, NOMAD) and ATLAS data 
does not support enhanced 
strange PDF

Alekhin et al. (2015)18



(2012)

rs = (s+ s̄)/2d̄

= 1.00+0.25
�0.28

Strange quarks

surprisingly large strangeness

more recent reanalysis of neutrino
DIS (CHORUS, NOMAD) and ATLAS data 
does not support enhanced 
strange PDF

effect could be related to
underestimated     PDF
from collider data
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Strange quarks
Parity-violating DIS allows strange contribution to be isolated, 
when combined with e.m. p and n DIS data at low/intermediate x
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✓
1

6
� 2

9
sin2 ✓W

◆
(d+ d̄+ s+ s̄) + · · ·

⇡ 1

9
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Strange quarks
Parity-violating DIS allows strange contribution to be isolated, 
when combined with e.m. p and n DIS data at low/intermediate x

PVDIS asymmetry

M. Dalton et al.
JLab PAC45 proposal (2017)

APV / geA Y1
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F �
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+
geV
2
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3
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Is there a large  “intrinsic charm” (IC) component in the nucleon?
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Charm in the nucleon

with standard fitting technology
momentum carried by “IC”              
                 at      CLhxiIC < 0.1% 5�
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Is there a large  “intrinsic charm” (IC) component in the nucleon?
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Spin-dependent PDFs
Polarized DIS data on protons similarly constrain       PDF�u
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Polarized deuterium &  He data more sensitive to       PDF�d3

uncertainties still larger because |�d| ⌧ |�u|
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Spin-dependent PDFs

twist-3 PDFs large,

twist-4 negligible

same sign as twist-2
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g1 = g⌧2(TMC)
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Spin-dependent PDFs
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Assuming SU(3) symmetry, can extract polarized strangeness
                                                  from inclusive DIS analysis

s-quark polarization negative,

as in previous DIS fits…
what if relax SU(3) constraint?

�s ⇠ �0.1

some (weak) constraint on
at intermediate x 

�g

To distinguish between q and q  need SIDIS data

⇠
X

q

e

2
q

⇥
�q(x)Dh

q (z) +�q̄(x)Dh
q̄ (z)

⇤

need fragmentation functions…

_

        J. Ethier
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NEW FIT
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Spin-dependent PDFs
Polarized glue has most sensitivity in jet production in       at RHIC~p~p

�g      positive in measured region 
but large uncertainty at smaller

(x & 0.05)
x

do not know   -integrated value, or its uncertainty!x

de Florian et al.,  PRL 113, 012001 (2014)
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Scorecard

uv

dv
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�dv

�d̄, �ū
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�s

stay tuned for rest of story…
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