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“Classifica)on”	
  Categories	
  to	
  be	
  Used	
  for	
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  of	
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  to	
  the	
  12	
  GeV	
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  →	
  a	
  la	
  Larry	
  

Cardman,	
  JLab	
  PAC	
  

1.The Hadron spectra as probes of QCD
(GluEx and heavy baryon and meson spectroscopy)

2.The	
  transverse	
  structure	
  of	
  the	
  hadrons	
  
(Elastic and transition Form Factors)  

3.The longitudinal structure of the hadrons 
(Unpolarized and polarized parton distribution functions)

4.The 3D structure of the hadrons
(Generalized Parton and Transverse Momentum Distributions)

5.Hadrons and cold nuclear matter
(Medium modification of the nucleons, quark hadronization,   
N-N correlations, hypernuclear spectroscopy, few-body expts)

6.Low-energy tests of the Standard Model 
   and Fundamental  Symmetries
(Møller, PVDIS, PRIMEX, …..)

5

Spectroscopy

Form 
Factors

PDFs

GPDs & 
TMDs

Nuclear
Effects

SM / FS

* Fragmentation

*



Crash Intro to 
Hadron Structure
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The Quark Model

Hadrons are composed of quarks with :
➊	 flavor: u,c,t (charge +2/3)  d,s,b (charge -1/3) ➋	 color: R,G,B ➌	 spin: 1/2

Each hadron observed in nature is white (”color singlet”)

u

dd

u

u d

➣ Mesons quark + antiquark 
with colors CC

➣ Baryons 3-quark systems, 
with colors RGB

proton neutron

Baryons: 
Spin 1/2

Mesons: Spin 0 Mesons: Spin 1

The spectrum of observed hadrons 
is (roughly) explained:
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Hadronic Multiplets
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Murray Gell-Mann, 1964:

“A search for stable quarks ... at the 
highest energy accelerators would help 

to reassure us of the 
non-existence of real quarks.”
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Electron Scattering and Scaling

Elastic scattering from the proton:

e

e’

proton

virtual photon

Energy ν
Momentum q

σ(Q2)
σpoint(Q2)

Q2 = |q|2 - ν2 = scale 
at which target is probed

e

e’

p

Deep-Inelastic scattering (DIS):

at high energies you see ...

hard, pointlike 
constituents !

SLAC, 
1969

“s
ca

lin
g”
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Parton Distribution Functions

Let’s look inside the proton: Deep-Inelastic Scattering (DIS) with high 
energy beams ⇒ a rich substructure is revealed!  

sea quarks : virtual 
quark-antiquark pairs 
that fluctuate in and 
out of the vacuum!

u

u

ds

s

u
u

ds

s

u
uu

u

gluons : carriers of 
the strong force

3 constituent quarks 
of mass ≈ 350 MeV

∞ many current quarks 
with bare masses ≈ 5 MeV

       fraction of proton 
momentum carried by 

struck quark

        parton distribution funcn

(number density for quark flavor q)
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Quantum Chromodynamics

The Theory of the Strong Interaction

LQCD =�Ψ
⇢
γµ[∂µ�

i
2
gλaAaµ(x)]+M

�
Ψ� 1

4
F a
µνF a

µν

The End.
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Bound States in QED and QCD

Coupling α = 1/137 is weak at 
relevant scales

✔ Perturbation theory works very well

✔ Non-relativistic quantum mechanics ok
e.g. Hydrogen: binding E = 13.6 eV << Melec = 511 keV

QED

Coupling αs blows up  at 
relevant scales !QCD

✘ Perturbation theory impossible

✘ Bound systems inherently relativistic
e.g. Proton: Mass = 938 MeV >> 

bare mquark = 5 MeV !

CONFINEMENT
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Color Anti-Screening
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Color Anti-Screening: C.Quigg, Sci. Am. April 1985

© 1985 SCIENTIFIC AMERICAN, INC

found in a footnote from Griffiths, “Elementary Particles”



Flavor Structure of the Proton

Constituent Quark Model
  Pure valence description: proton = 2u + d

Perturbative Sea  Sea quark pairs from 
                   should be flavor symmetric: g! qq

Non-perturbative models: alternate deg’s of freedom

u= d

E866:
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0.6

0.8

1
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1.4

1.6

1.8

2

2.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

CTEQ4M
MRS(R2)
MRST
NA 51
FNAL E866/NuSea

x

d_  / 
u_

±0.032 Systematic error not shown

d/u> 1

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

d > u

uLRu

dR
dL

instanton

vertex

‘tHooft instanton vertex

⇠ uRuLdRdL

Meson Cloud Models

Quark sea from 
cloud of 0- mesons: d > u

π+ meson

"valence" "sea"

u
u
d d

u
d

u d
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The Puzzle of Proton Spin

Where’s the rest?
Gluon Spin?

L?

The proton: 
spin 1/2

The quarks’ 
spins account for 

only 25%

u d
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What the Detector Sees in a High-Energy Collision ...
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K0

p

Σ−
HADRONS

are formed, in
“JETS”

proton

What Happens in a High Energy Collision

Confinement at Work !

Creation of hadrons from struck quark: Fragmentation

Lund Strin
g

Model
electron



Our Friends, the Hadrons
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Particles you need to know!
SP
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 (↑
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SP
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us sd

du u,u
d,d
ss

su sd

ud
π0 η’ π−π+

K0

K0 −K

K+

η

ρ+ ρ−ρ0

K*0

K*+ K 0*

K −*

φω

The only particles that can make tracks 
in typical detectors : must be charged 

and must live long enough

p+ = ud̄, p� = dū, mp± = 140 MeV

p = uud, p̄ = ūūd̄, mp = 938 MeV

• Pions:
     lightest and most common of mesons

• Kaons:
     lightest mesons with strange quarks

• Protons and antiprotons:

     the only truly stable hadrons in nature

K+ = us̄, K� = sū, mK± = 494 MeV

Other hadrons are observed via their decays, e.g. ρ0 → π+π– 

• Electrons and positrons: e±, me = 0.5 MeV
     lightest charged leptons, also stable

• Muons:                             µ±, mµ = 107 MeV
     heavy electrons → don’t radiate much,
     ∴ easily pass through materials 
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Hadronic Multiplets
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A Wee Bit O’ Jargon-Busting

• baryon jargon: N*s, hyperons, and cascades

• meson classes: pseudoscalar, vector, scalar, ...

- quantum numbers JP = 0– (π),  1– (ρ),  0+ (f0)

- why do pions have negative parity? (S=0, L=0)
∵ quarks & antiquarks have opposite intrinsic parity

• isovector vs isoscalar: mesons and PDF combinations

- isovector (I=1):  π, ρ  ... u(x) – d(x)

- isoscalar (I=0):  η, ω ... u(x) + d(x)

JARGON
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Deep-Inelastic Scattering
& friends : 

Key Processes



m2
e = k · k = k0 · k0

Q2 ⌘�q · q = |~q|2�n2 > 0!
N.C.R. Makins, NNPSS 2015

The virtual photon and Q2

e

e’

protonγ*

Kinematic variables of electron scattering

e
e′

In relativistic quantum mechanics = quantum field 
theory, scattering due to a force between particles 
(e.g. E&M) is treated as if a virtual particle were 

exchanged between beam and target

force carrier
E & M photon γ
strong gluon g
weak W, ZThe virtual photon γ* is just a combination 

of E and B fields ... “virtual” → short-lived

electron beam e
scattered electron e′ 

Virtual photon has imaginary 
mass, unlike a real photon 

virtual photon γ*
 ′k = [ ′E ,


′k ]

 k = [E,

k ]= [E, 0, 0, k]

 q = [ν ,
q]≡ k − ′k = [E − ′E ,


k −

′k ]
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The Bjorken scaling variable x

e

e’

p
At fixed beam energy, electron scattering xsecs 

depend on two variables: Q2 and ν of the γ*
... or E′ and θ of the 

scattered beam:
Q2 = 4EE′sin2(θ/2)

ν = E – E′

At high enough Q2 and W2 we scatter not from the whole proton, 
but from a collection of pointlike, nearly-massless quarks

Elastic electron-quark scattering:
k + pq = k′ + p′q      →      p′q = q + pq

Suppose the struck quark carries a fraction x of the target proton’s 4-momentum P 

→  pq = xP  = [xMp, 0] in lab frame
→ Q 2 = 2q·pq = 2q·P x = 2νMp  x

 pq = xP

→    2q·pq = –q2 = Q2(p′q)2 = mq2 = (q+pq)2 = q2 + pq2 + 2q·pq

DIS experiments measure this for every event

(also define y ≡ ν/E = fractional energy of γ*, range 0 → 1)

kµ

′k µ

qµ

x = −q ⋅q
2P ⋅q

= Q2

2Mpν



ds
dxdQ

2

=
✓

ds
dxdQ

2

◆

point(eq!eq)
· Â

q=u,d,s,ū, ¯

d,s̄

e

2

q

q(x,Q2)
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Deep-inelastic scattering : PDFs and Q2

“scaling”

x =
Q

2

2M

p

n

 pq = xP

When we are scattering from individual pointlike quarks within 
the target, we are in the regime of deep-inelastic scattering 

 q(x,Q2)
The interesting, proton substructure 

part of the xsec is described by 
parton distribution functions q(x)

• PDFs describe number density of quarks at 
different momentum-fractions x

• one PDF per quark flavour

• PDFs depend only very weakly on Q2

{q(x)} = u(x),d(x),s(x), ū(x), d̄(x), s̄(x)

σ(Q2)
σpoint(Q2)

DIS regime: Q2 > 1 GeV
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Deep-inelastic scattering and W2

hadronic final 
state: total 
invariant- 
mass W

In DIS, the proton breaks up into 
many hadrons → fragmentation

W2 = (q+P)2 = (ν+Mp)2–|q|2

      = Mp2 – Q2 + 2 Mp ν   

elastic scattering
ep → ep

resonance region
ep → eΔ, eN*, ...

DIS regime: W > 2 GeV
ep → e(X = many hadrons)

e

e’

p
q
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Example kinematics : HERMES

Beam energy 27.6 GeV

10
-1

1

10

10 -3 10 -2 10 -1 1
x

Q
2

θmin = 40 mrad

θ max =
 220 mrad

W
2  > 

4 G
eV

2

Q2 > 1 GeV2

y max
 = 

1

y max
 = 

0.8
5

e+/e– beam of energy 27.6 GeV   –on–   fixed targets 



momentum distribution of hadrons h
formed from quark q 

➡ not even lattice can help ...

The Fragmentation Function

momentum distribution of quarks q 
within their proton bound state  

 ➡ lattice QCD progressing steadily 

The Distribution Function

The perturbative part
Cross-section for elementary 
photon-quark subprocess  

Large energies ➡ asymptotic freedom
➡ can calculate!

Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

dσh ⇠∑
q
e2q q(x) · σ̂ · Dq!h(z)



momentum distribution of hadrons h
formed from quark q 

➡ not even lattice can help ...

The Fragmentation Function

momentum distribution of quarks q 
within their proton bound state  

 ➡ lattice QCD progressing steadily 

The Distribution Function

The perturbative part
Cross-section for elementary 
photon-quark subprocess  

Large energies ➡ asymptotic freedom
➡ can calculate!

Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

dσh ⇠∑
q
e2q q(x) · σ̂ · Dq!h(z)

Many distribution and 
fragmentation 

functions to explore!
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N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

Leptons: clean, surgical tools

SIDIS

e+e–

Drell-Yan

Disentangle distribution (f) and fragmentation (D)
       functions → ideally measure all processes

Â
q

e

2
q

f (H)
q (x) Dh0

q (z)

These are the only processes where 
TMD factorization is proven

The Big Three
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Hadron-Hadron → LeptonsDrell-Yan

E866

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

CTEQ4M
MRS(R2)
MRST
NA 51
FNAL E866/NuSea

x

d_  / 
u_

±0.032 Systematic error not shown

e.g.  d (x) /u (x) @ Fermilab

q

q

e.g.  Δu (x), Δd (x) @RHIC 
W production
“Drell-Yan 2.0”

• Cleanest access to sea quarks
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Hadron-Hadron → Hadrons

• Powerful + large cross-sections but more complex

ALL→  π0 + X @ PHENIX
ALL→ jet + X @ STAR      

+ ...

STAR Mass Dependence of AN

• Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

• There  is  an  “asymmetry  
valley”  in  between  0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

12

e.g. Δg “workhorse” processes at RHIC :

+
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More Jargon-Busting

• u-quark dominance

• off-shell vs on-shell and poles in xsecs/amplitudes

• longitudinal vs transverse photons

• helicity conservation

• Vector Meson Dominance (VMD)  ... any more ?

JARGON
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Helicity Conservation & L,T Photons

Write DIS xsec to reveal contributions from L and T photons: 

 

dσ
d ′E dΩ

~σ L +σ T 1+ 2
q 2

Q2 tan
2 θ
2

⎛

⎝⎜
⎞

⎠⎟
F1 ~σ T

F2 ~ σ L +σ T( )2x / (1+ Q2

ν 2 )

Fact : Fermions with E >> m conserve helicity in any EM interaction,
which requires Transv = Spin 1 photons   ... unless transv momentum significant

λ = +1

λ = +1

spin 1

TRANSVERSE PHOTON
λ = –1

λ = +1 Jz = 0

LONGITUDINAL PHOTON

R = σ L

σ T

→ 0 as Q2 → ∞ = key evidence that quark is spin 1/2 !●

●  R ≈ 0 → Callan-Gross relation:
    (only one structure function) 

eq
2

q
∑ xq(x) = F2 (x) ≈ 2 xF1(x)



The Hadron Physics Landscape :
Next 10 Years



• 120 GeV p from Main Injector on
p,d,A targets → high-x Drell-Yan

• Production running declared Mar’14
N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

The Facilities : Today

• 12 GeV polarized e : first beam 2013, commissiong 2014, producn 2015

• Complementary capabilities in 4 Halls 
→ broad physics program

STAR Mass Dependence of AN

• Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

• There  is  an  “asymmetry  
valley”  in  between  0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

12

• Transv (T) & Longit (L) polarized p beams
colliding at √s = 200 GeV or 500 GeV

• L core : ALLπ0 (PHENIX) & ALLjet (STAR) → Δg(x)
           : ALW± at √s = 500 GeV → Δqbar(x)

• T core : AN π0 ,η ,jet ,... → Sivers/Collins/Twist-3 mix

• 190 GeV π– beam on T-polarized 
H target → polarized Drell-Yan

• First beam expected end of 2014

COMPASS-II

2013: 300 pb–1 
@ √s=500 GeV!

Lu
m

i [
pb

–1
] 
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Beam Commissioning to Hall A
Jefferson Lab in Newport News hits major milestone in accelerator upgrade
April	
  30,	
  2014|By	
  Tamara	
  Dietrich,	
  tdietrich@dailypress.com	
  |	
  Daily	
  Press
Jefferson	
  Lab	
  in	
  Newport	
  News	
  has	
  reached	
  a	
  "major	
  milestone"	
  in	
  its	
  drive	
  to	
  double	
  the	
  
energy	
  of	
  its	
  electron	
  accelerator	
  and	
  become	
  the	
  only	
  facility	
  in	
  the	
  world	
  capable	
  of	
  
answering	
  key	
  ques?ons	
  about	
  quarks,	
  the	
  building	
  blocks	
  of	
  maAer.

0R2R

Beam	
  on	
  carbon	
  target	
  in	
  Hall	
  A	
  	
  ;	
  	
  Ebeam	
  =	
  6.1	
  GeV
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12 GeV CEBAF: Three Year Schedule

Pushing to Physics



N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

The Facilities : 2020+

✚ SOLID detector in Hall A → large acceptance & high rate for
          parity violation (PVDIS) & polarized SIDIS programs

STAR Mass Dependence of AN

• Yellow beam asymmetry 
clearly reveals the shape of two 
mass resonances. 

• There  is  an  “asymmetry  
valley”  in  between  0 and 
mass regions.

1. Nphoton = 2
2. Etotal > 40GeV
3. No Center Cut
4. Average Yellow Beam 

Polarization = 56%

STAR 2006 PRELIMINARY

12

Polarized Beam and/or Target w SeaQuest detector

✚ STAR Forward Calorimeter System = EMCal + HCal
        → forward jets & e/h separaton for Drell-Yan 

✚ fsPHENIX = forward spectrom w EMCal, HCal, RICH, tracking
        → forward jets + identified hadrons and Drell-Yan

Forward! Forward! → higher η = higher xbeam, lower xtarget

we hope ...

✚ E-1027 MI p↑ beam w polarized source + 1 Siberian Snake
✚ E-1039 SeaQuest with polarized p↑ target

A high-luminosity facility for polarized Drell-Yan



Color Glass 
Condensate

x→0

Highlights

Form 
Factors PDFs

Spectro-
scopy TMDs

Medium 
Modificns GPDs

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

The Physics 
Landscape

EMC Effect

x→1

DVCS:
Jq

Exotics

Sivers:
behavior

Sivers:
sign change

DVCS:
imaging

Δq(sea)

Δg



The Proton Spin Puzzle:
Quark and Gluon Polarization



N.C.R. Makins, NNPSS 2015

The Pieces of the Spin Puzzle

only three possibilities
1
2

=
1
2
ΔΣ+ΔG+Lq+Lg

➊	 Quark polarization
ΔΣ⌘

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

➋ Gluon polarization
ΔG⌘

Z
dx Δg(x)

Lz ⌘ Lq+Lg

➌	 Orbital angular momentum
small…?

State of the art: DSSV global fit
                to Δq and ΔG
     full next-to-leading order QCD

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

World Data: polarized eN and pp scattering

q(x) =�!q (x)+ �q (x) Dq(x) =�!q (x)� �q (x)



N.C.R. Makins, NNPSS 2015

• ΔΣ is around 20-30 %

• some indication that Δs may be negative ... (-10% ??)

• some indication that ΔG may be positive ... ?

Spin-Dependent 
Deep Inelastic 

Scattering (DIS)

The story so far ...  from inclusive measurements of g1(x,Q2)

Double spin 
asymmetries 

are measured :
A1 =

σ1/2�σ3/2
σ1/2+σ3/2

' g1
F1

=
∑q e2q Δq(x,Q2)
∑q e2q q(x,Q2)

polarized e polarized nucleon

e’
virtual photon

... goes to ...

IMPOSSIBLE
for a spin 1/2

quark!
... goes to ...

The polarized photon 
selects certain quark 

polarizations :



N.C.R. Makins, NNPSS 2015

Semi-Inclusive DIS (SIDIS) 

N

(E, p)

h
h

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

Ah1(x,Q2) =
R 1
zmin dz∑q e2q Δq(x,Q2) ·Dh

q(z,Q2)
R 1
zmin dz∑q e2q q(x,Q2) ·Dh

q(z,Q2)

In SIDIS, a hadron h is 
detected in coincidence 
with the scattered lepton

Flavor Tagging   
in LO QCD:

Measures probability for struck 
quark q to produce a hadron h with

: Fragmentation functionDh
q(z,Q2)

z⌘ Eh
ν

Energy fraction



The Proton Spin Puzzle:
What results might we expect?



N.C.R. Makins, NNPSS 2015

Spin from the SU(6) Proton Wave Function

The 3 quarks are identical fermions ⇒ ψ antisymmetric under exchange 

ψ = ψ(color) * ψ(space) * ψ(spin) * ψ(flavor)

➋ Space: proton has l = l’ = 0 →	 ψ(space) = symmetric

➊ Color: All hadrons are color singlets = antisymmetric

ψ(color) = 1/√6 (RGB - RBG + BRG - BGR + GBR - GRB)

➌ Spin: 2 ⊗ 2 ⊗ 2 = ( 3S ⊕ 1A ) ⊗ 2 = 4S ⊕ 2MS ⊕ 2MA

● 2MS and 2MA have spin 1/2 and mixed symmetry: S or A
     under exchange of first 2 quarks only. For proton: 

● 4S symmetric states have spin 3/2,  e.g.               = ↑↑↑
����
3
2
,+
3
2

�

����
1
2
,+
1
2

�

MS = (↑↓↑ + ↓↑↑ – 2↑↑↓)/√6
����
1
2
,+
1
2

�

MA = (↑↓↑ – ↓↑↑)/√2

Constitu
ent 

Quarks



⇒ ΔΣ = Δu + Δd + Δs = 1 All spin present & accounted for!
N.C.R. Makins, NNPSS 2015

SU(3)-flavor gives 3 ⊗ 3 ⊗ 3 = 10S ⊕ 8MS ⊕ 8MA ⊕ 1A

● strong force is flavor blind

➍ Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...

● constituent q masses similar: mu,md ≈ 350 MeV,  ms ≈ 500 MeV

➡ SU(3)-flavor is approximate for u, d, s

➤ Count the number 
of quarks with spin 
up and spin down:

hp"|N̂(u")|p"i =
30
18

=
5
3

hp"|N̂(d")|p"i =
6
18

=
1
3

hp"|N̂(u#)|p"i =
6
18

=
1
3

hp"|N̂(d#)|p"i =
12
18

=
2
3

➤ Quark contributions 
to proton spin are:

Δu= N(u")�N(u#) = +
4
3

Δd = N(d")�N(d#) =�1
3

➤ Proton:  ψ(s=1/2) from spin 2MS,2MA  ⊗   ψ(uud) from flavor 8MS,8MA

|p"i= (u"u#d"+u#u"d"�2u"u"d#+ 2 permutations)/
p
18

u d



Proton Spin 
Structure: the Sea

Meson Cloud Models
Li, Cheng, hep-ph/9709293

5

+

"sea""valence"

γ

0- meson

“Higher-order” cloud of 
vector mesons can generate 

a small polarization.

Δqvalence > 0

Δqsea < 0

Δq= 0

Chiral-Quark Soliton Model

Δu'�Δd > 0

Light sea quarks
polarized:

Goeke et al, hep-ph/0003324

0.0 0.2 0.4 0.6 0.8 1.0
x

−0.10

−0.05

0.00

0.05

0.10

xΔu−

xΔd−

xΔs−

uLRu

dR
dL

instanton

vertex

Instanton Mechanism

‘tHooft instanton vertex
⇠ uRuLdRdL transfers
helicity from valence u

quarks to dd pairs

Constituent 
Quark Model Δu= +

4
3
, Δd =�1

3
!

No gluons 
in these models

Δq ≡ 
N↑ – N↓



What results do we get?



A Wealth of Spin Data

Polarized Deep-Inelastic Scattering

polarized e polarized nucleon

e’
virtual photon

electron / muon beams → Δq

ALL ! !þþ # !þ#

!þþ þ !þ# (36)

for pp ! "0X at RHIC, where the superscripts denote the
helicities of the incoming protons, computed with both the
Lagrange multiplier and the improved Hessian approaches.
As can be seen, the two give very similar results. This
feature can be traced back to correlations between the
parameters, in the sense that some of them can compensate
variations forced in the others. We note that such kinds of
correlations are fully accounted for in the Lagrange multi-
plier approach, whereas it is not generally clear how well
are they represented by the approximated Hessian matrix.
We shall investigate the distinctive features between the
two methods later, but will focus first on the physics
aspects related to our extracted polarized PDFs.

Table IV shows the evolution of the central values for the

truncated first moments !f1;½0:001!1%
i with Q2. !" denotes

the quark singlet combination, i.e., the sum of all quarks
and antiquarks. We also show the evolution of the full first
moments !f1i . These obviously rely on an extrapolation of
the PDFs to x values outside the measured region, and it is
difficult to estimate the uncertainty associated with this.
Total up and down distributions: !uþ!#u and !dþ

! #d, which inclusive DIS probes primarily, are by far the
best determined distributions. Their uncertainty bands are
very narrow (see Fig. 3) and also our results agree very well
with the determinations in previous analyses [31–34,36].
We note that recent lattice QCD results [70] of the full first
moments !"u ! !u1 þ !#u1 and !"d ! !d1 þ! #d1 (al-
beit excluding disconnected diagrams) also agree very well
with the values we extract, which may shed light on the
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SMC Ap,h-SMC A1 HERMES Ap,h-HERMES A1 HERMES Ap,π-HERMES A1 HERMES AHe3,h-HERMES A1 COMPASS Ad,h-COMPASS A1

xSMC Ad,h+SMC A1 HERMES Ad,h+HERMES A1 HERMES Ad,π+HERMES A1 HERMES Ad,K+HERMES A1
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DNS
w/ DSS frag.

SMC Ad,h-SMC A1

x

HERMES Ad,h-HERMES A1

x

HERMES Ad,π-HERMES A1

x

HERMES Ad,K-HERMES A1

x

HERMES

Ad,(K+ + K-)A1

x10 -1

FIG. 2 (color online). Same as Fig. 1, but for the semi-inclusive DIS asymmetries [10,14–16]. In all calculations the fragmentation
functions of [37] have been used.

EXTRACTION OF SPIN-DEPENDENT PARTON DENSITIES . . . PHYSICAL REVIEW D 80, 034030 (2009)

034030-13

a sample ...



A Wealth of Spin Data

Polarized Deep-Inelastic Scattering

polarized e polarized nucleon

e’
virtual photon

Polarized p-p Scattering

electron / muon beams → Δq

at RHIC →  ΔG

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

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

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

where !F ( &!f1
j $ ! "f1

j '#Q2
0%, F$D " 1:269) 0:003,

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

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

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

Z xmax

xmin

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

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

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

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

i of the individual data sets for
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FIG. 1 (color online). Comparison of RHIC data [4] and our
fit. The shaded bands correspond to !"2 " 1 and !"2="2 "
2% (see text).
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FIG. 2 (color online). Our DSSV polarized sea and gluon
densities compared to previous fits [6,8]. The shaded bands
correspond to alternative fits with !"2 " 1 and !"2="2 "
2% (see text).
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FIG. 3 (color online). The "2 profile (a) and partial contribu-
tions !"2

i (b) of the data sets for variations of !g1;&0:05!0:2' at
Q2 " 10 GeV2.
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DSSV NLO global fit: Δq & Δg

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

We have mentioned earlier that in our fit Ru ! ð!uþ
!"uÞ=ðuþ "uÞ and Rd ! ð!dþ! "dÞ=ðdþ "dÞ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
towardþ1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2ð1& xÞ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;½0:001!1(
j at Q2 ¼ 10 GeV2 and their uncertainties for !!2 ¼ 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ¼ 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to ½0:05 ! 0:2(.

Lagrange multiplier !!2 ¼ 1 Hessian Lagrange multiplier !!2=!2 ¼ 2%

!uþ!"u 0:793þ0:011
&0:012 0:793* 0:012 0:793þ0:028

&0:034

!dþ! "d &0:416þ0:011
&0:009 &0:416* 0:011 &0:416þ0:035

&0:025

!"u 0:028þ0:021
&0:020 0:028* 0:022 0:028þ0:059

&0:059

! "d &0:089þ0:029
&0:029 &0:089* 0:029 &0:089þ0:090

&0:080

!"s &0:006þ0:010
&0:012 &0:006* 0:012 &0:006þ0:028

&0:031

!# 0:366þ0:015
&0:018 0:366* 0:017 0:366þ0:042

&0:062

!g 0:013þ0:106
&0:120 0:013* 0:182 0:013þ0:702

&0:314

!gRHIC 0:005þ0:051
&0:058 0:005* 0:056 0:005þ0:129

&0:164
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ¼ 10 GeV2 in the MS scheme, along with their !!2 ¼ 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.
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FIG. 4 (color online). Uncertainties of the calculated A"0

LL at
RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].
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validity of assumed extrapolations of the parton distribu-
tion functions to small x.

We have mentioned earlier that in our fit Ru ! ð!uþ
!"uÞ=ðuþ "uÞ and Rd ! ð!dþ! "dÞ=ðdþ "dÞ become con-
stant in the ‘‘valence region’’ as x ! 1, where the sea
quark contributions become small. Figure 5 shows the
ratios Ru, Rd along with the most relevant experimental

data. The information at the highest values of x comes from
the Jefferson Laboratory Hall A experiment [12]. As one
can see, our Ru goes to unity at high x, which is consistent
with expectations in relativistic constituent quark models
[71], but also in perturbative QCD, using power counting
and hadron helicity conservation [72]. We furthermore find
that Rd remains negative in the region where it is con-
strained by data and presently shows no tendency to turn
towardþ1 at high x. The latter behavior would be expected
for the pQCD based models. We note that it has recently
been argued [73] that the upturn of Rd in such models could
set in only at relatively high x, due to the presence of
valence Fock states of the nucleon with nonzero orbital
angular momentum that produce double-logarithmic con-
tributions %ln2ð1& xÞ in the limit of x ! 1 on top of the
nominal power behavior. The corresponding expectation is
also shown in the figure. In contrast to this, relativistic

TABLE III. Truncated first moments !f1;½0:001!1(
j at Q2 ¼ 10 GeV2 and their uncertainties for !!2 ¼ 1 obtained with the Lagrange

multiplier and the Hessian methods. For future reference, we also recall the results for the Lagrange multiplier method obtained in [28]
under the assumption !!2=!2 ¼ 2%, which are to be considered more realistic estimates of the uncertainties. In the last line, !gRHIC

represents the first moment but truncated to ½0:05 ! 0:2(.

Lagrange multiplier !!2 ¼ 1 Hessian Lagrange multiplier !!2=!2 ¼ 2%

!uþ!"u 0:793þ0:011
&0:012 0:793* 0:012 0:793þ0:028

&0:034

!dþ! "d &0:416þ0:011
&0:009 &0:416* 0:011 &0:416þ0:035
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FIG. 3 (color online). Our polarized PDFs of the proton at
Q2 ¼ 10 GeV2 in the MS scheme, along with their !!2 ¼ 1
uncertainty bands computed with Lagrange multipliers and the
improved Hessian approach, as described in the text.
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FIG. 4 (color online). Uncertainties of the calculated A"0
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RHIC in our global fit, computed using both the Lagrange
multiplier and the Hessian matrix techniques. We also show
the corresponding PHENIX data [23].
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Rather than imposing the standard SU(2) and SU(3)
symmetry constraints on the first moments of the quark
and antiquark distributions, we allow for deviations

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

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

where !F ( &!f1
j $ ! "f1

j '#Q2
0%, F$D " 1:269) 0:003,

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

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

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

Z xmax

xmin

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

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

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

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

i of the individual data sets for
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FIG. 1 (color online). Comparison of RHIC data [4] and our
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2% (see text).
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that we show both the !!2 ¼ 1 and the more conservative
!!2=!2 ¼ 2% uncertainty bands here.

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

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

quarks has been a focus since the very beginning of the
proton spin crisis. The reason is that in the parton model
and assuming SUð3Þ symmetry (see Sec. III A) one has

!# % #u þ #d þ #s ¼ ð3F"DÞ þ 3!#s; (37)

where the !#f are as defined in Eq. (31) but now for
arbitrary scale Q, and !# is the total quark and antiquark
spin contribution to the proton spin. If the latter is found to
be small experimentally,!#' 0:25, the implication is that
strange quarks make a significant negative contribution to
the proton spin. Indeed, most fits to only inclusive DIS data
have preferred a large and negative strange quark polariza-
tion. The samewas found in Ref. [36], even though here the
SUð3Þ flavor symmetry was not enforced.
At variance with these results, the best fit in our present

analysis has a polarized strange distribution !s that is
positive at large x, but negative at small momentum frac-
tions. Before we discuss the origin and significance of this
result, we note that a prerequisite for it is that we have
adopted a more flexible parametrization for the strange
quark distribution in this work, which permits a node.
This is again in contrast with the previous fits in which
the initial !s always had the same sign for all x. We have
assumed however !s ¼ !"s, since the fit is unable to
discriminate strange quarks from antiquarks. This is really
an assumption: unlike the spin-averaged case where the
distributions s and "s will be rather similar (the integral of
s" "s has to vanish), there is a priori no need for!s and!"s
to have the same size or even the same sign.
Qualitatively, the main features of our extracted strange

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

moment, !s1;½0:001!1), around the minimum defining the
best fit. Figure 8 shows the increase of !2 of the fit against
variations of !s1;½0:001!1), along with the partial contribu-
tions of the various data sets. Evidently, the best fit has a
truncated moment close to zero and only slightly negative,
as we also saw in Table III. The shape of !!2 around the
minimum is dominated by the SIDIS data, and here pri-
marily by the data for kaon production. All other data sets,
pion SIDIS, inclusive DIS, and RHIC pp data, play less
important roles, as expected (here one has of course to keep
in mind that the impact of individual data sets seen in the
Lagrange multiplier scans is always estimated in the ‘‘pres-
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FIG. 7 (color online). The difference between x!"u and x! "d at
Q2 ¼ 10 GeV2, along with the uncertainty bands for !!2 ¼ 1
and !!2=!2 ¼ 2%. The dot-dashed and dotted lines show the
predictions of the valence scenario of [31] and the chiral quark
soliton model of [75], respectively. We also show the result
obtained in an earlier global analysis [36] of DIS and SIDIS
data (light dotted line), for which the fragmentation functions of
[37] were not yet available. The dashed line displays for com-
parison the flavor asymmetry xð "d" "uÞ in the spin-averaged case,
using the PDFs of [46].
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Flavour Symmetry of the Light Sea

Unpolarized PDF’s for u and d: 
Strong isospin-symmetry breaking

results between meson cloud & chiral-quark soliton models
Weak isospin-asymmetry observed in the light sea polarization

Polarized PDF’s for u and d ...
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that we show both the !!2 ¼ 1 and the more conservative
!!2=!2 ¼ 2% uncertainty bands here.

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

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

quarks has been a focus since the very beginning of the
proton spin crisis. The reason is that in the parton model
and assuming SUð3Þ symmetry (see Sec. III A) one has

!# % #u þ #d þ #s ¼ ð3F"DÞ þ 3!#s; (37)

where the !#f are as defined in Eq. (31) but now for
arbitrary scale Q, and !# is the total quark and antiquark
spin contribution to the proton spin. If the latter is found to
be small experimentally,!#' 0:25, the implication is that
strange quarks make a significant negative contribution to
the proton spin. Indeed, most fits to only inclusive DIS data
have preferred a large and negative strange quark polariza-
tion. The samewas found in Ref. [36], even though here the
SUð3Þ flavor symmetry was not enforced.
At variance with these results, the best fit in our present

analysis has a polarized strange distribution !s that is
positive at large x, but negative at small momentum frac-
tions. Before we discuss the origin and significance of this
result, we note that a prerequisite for it is that we have
adopted a more flexible parametrization for the strange
quark distribution in this work, which permits a node.
This is again in contrast with the previous fits in which
the initial !s always had the same sign for all x. We have
assumed however !s ¼ !"s, since the fit is unable to
discriminate strange quarks from antiquarks. This is really
an assumption: unlike the spin-averaged case where the
distributions s and "s will be rather similar (the integral of
s" "s has to vanish), there is a priori no need for!s and!"s
to have the same size or even the same sign.
Qualitatively, the main features of our extracted strange

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

moment, !s1;½0:001!1), around the minimum defining the
best fit. Figure 8 shows the increase of !2 of the fit against
variations of !s1;½0:001!1), along with the partial contribu-
tions of the various data sets. Evidently, the best fit has a
truncated moment close to zero and only slightly negative,
as we also saw in Table III. The shape of !!2 around the
minimum is dominated by the SIDIS data, and here pri-
marily by the data for kaon production. All other data sets,
pion SIDIS, inclusive DIS, and RHIC pp data, play less
important roles, as expected (here one has of course to keep
in mind that the impact of individual data sets seen in the
Lagrange multiplier scans is always estimated in the ‘‘pres-
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FIG. 7 (color online). The difference between x!"u and x! "d at
Q2 ¼ 10 GeV2, along with the uncertainty bands for !!2 ¼ 1
and !!2=!2 ¼ 2%. The dot-dashed and dotted lines show the
predictions of the valence scenario of [31] and the chiral quark
soliton model of [75], respectively. We also show the result
obtained in an earlier global analysis [36] of DIS and SIDIS
data (light dotted line), for which the fragmentation functions of
[37] were not yet available. The dashed line displays for com-
parison the flavor asymmetry xð "d" "uÞ in the spin-averaged case,
using the PDFs of [46].
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... more data coming from RHIC
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Δg at RHIC → 2020
√s L* (pb–1)

2006 200 7
2009 200 25

“ 500 10
2011 500 12
2012 500 82
2013 500 300

Longitudinal Data

L* recorded at STAR

(1) Δg workhorses:
ALL→  π0 + X @ PHENIX
ALL→ jet + X @ STAR      

... 2009
prelim

pQCD Fits :

DIS + RHIC ≤ 06 

+ RHIC 09-13 projec

+ RHIC 09 
prelim

2020+
upgrades
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Δg 2020+ 

+ RHIC 09 prelim

(2) reduce xmin from 0.05 → 0.02 via √s = 500 GeV & 
         new/near-term forward detectors (e.g. PHENIX MPC)

(3) constrain x-dependence of Δg(x) via ≈exclusive final states
     → dijets at STAR & di-π0 at PHENIX
     → reconstruct initial-state parton kinematics dijets

(4) forward upgrades : reduce xmin → 0.001 



L + Relativity = Weirdness

1
2
=
1
2
ΔΣ + ΔG + Lq + Lg

What’s left?



Orbital Shells
of definite L

in atoms ...

in nuclei ...

… and within the proton? ...
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The Pieces of the Spin Puzzle

only three possibilities
1
2

=
1
2
ΔΣ+ΔG+Lq+Lg

➊	 Quark polarization
ΔΣ⌘

Z
dx (Δu(x)+Δd(x)+Δs(x)+Δu(x)+Δd(x)+Δs(x)) ≈ 30% only

➋ Gluon polarization
ΔG⌘

Z
dx Δg(x)

Lz ⌘ Lq+Lg

➌	 Orbital angular momentum

?
small...?

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

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

q(x) =�!q (x)+ �q (x) Dq(x) =�!q (x)� �q (x)
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Boosting a Dirac Spinor
Dirac free plane-
wave particle with 

spin Sz = +1

at rest

ψ =

1
0
0
0

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

 e− imt

BOOST
in –x direcn with 

′ψ = N

1
0
0
′p

′E + m

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

 ei( ′p ′x − ′E ′t )

β = p '/ E ' = tanhφ

 
B̂(x̂,φ) = e

φ
2
α ⋅ x̂

= coshφ
2
 1 + sinhφ

2
 α x

What’s its spin?

 ′p = ′p x̂

 


Σ =


σ 0
0 

σ
⎛

⎝⎜
⎞

⎠⎟

 


σ =

ẑ x̂ − iŷ
x̂ + iŷ − ẑ

⎛

⎝
⎜

⎞

⎠
⎟

 

′ψ † Σ   ′ψ
′ψ † ′ψ

=   ẑ   1− ′p
′E + m

⎛
⎝⎜

⎞
⎠⎟
2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
 

≈   ẑ   1
γ 2  

 
p = 0

 

ψ † Σ  ψ
ψ † ψ

=   ẑ

for  γ  1

Why there are no transversely polarized electron machines

and Σ isn’t a 
4-vector, oy



N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014

Spin, L, and the free Dirac Hamiltonian 

 Η  = α ⋅ p + β m
 

 =
m1 −i σ ⋅


∇

−i σ ⋅

∇ m1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 

L(x) = 1  x × p

 = −1 i
x ×

∇  

 


Σ =


σ 0
0 

σ
⎛

⎝⎜
⎞

⎠⎟

 [ H, 

L(xi ) ] = −


α  × 


∇

L position-dependent, doesn’t commute w ∂i in H 

[ σ i , σ j  ] = 2iεijk σ k

Pauli matrices in Σ and H don’t commute

L  NOT CONSERVED

 [ H, 

Σ  ] = 2 α  × 


∇

SPIN  NOT CONSERVED

 
 H, 

L + 1

2


Σ  ⎡⎣ ⎤⎦ =   H, 


J ⎡⎣ ⎤⎦ = 0 J  CONSERVED

no shells!

intuition?
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Dirac particle in a central potential

very useful for future experiments. Furthermore, it would 
be interesting to examine in more detail how such x F- 
dependence are related to the spin-dependent structure 
functions of the colliding hadrons. Studies along this line 
are now underway. 

We thank A. Yokosawa for helpful discussions and for correspon- 
dence. 

Appendix A 

The spherical solutions of a Dirac particle in a central potential 
are discussed in some of the text books (see, for example, Landau, 
L.D., Lifshitz, E.M.: Course of theoretical physics. Vol. 4: Rela- 
tivistic quantum theory. New York : Pergamon 1971). The notations 
and conventions we use here are slightly different. In order to avoid 
possible misunderstanding, we list the general form of some of the 
key formulae in the following: 

In terms of spherical variables, a state with given e, j ,  m and P 
can be written as: 

~,:;,~e (r, 0, q~ ) 

( 
k ( -- 1) U-' '  + '>/-g:~, (r) (2/," (0 (9) ] 

(A1) 

Here l=j+_ 1/2, l '= 2 j - I  and P =  ( -  ly; g?/" and f2/,"' are two- 
spinors which, for the possible values of l, are given by: 

= | / / ~ m  y~z:m_,/2(O,O)~(1/2 ) 
V 2 j  

+ Yt, =,,, +,/2 (0, q~ ) ~ ( - 1/2), (n2)  
I/ z j  ' 

f2/_-~+ 1/2 (0, q~ ) 

= _ ]  j / / ~ m + l  yt+ _ ,_,/2 (0, q5 ) ~ (1/2) 
V 2 j + 2  ~- 

+ | ~  Yt, =,,+,/2 (0, ~b ) ~ ( -  1/2). (A3) 
V 2 j + 2  

Here, ~ ( + 1/2) stand for the eigenfunctions for the spin-operator 
d-_ with eigenvalues + 1, and YH:(0, qb ) for the spherical harmonics 
which form a standard basis for the orbital angular momentum 
operators ([2 f:). The function f~/(r) and g~/, (r) are solutions of 
the coupled differential equations: 

1 dr r J f,z(r)=[e+M-g(r)]g~/.(r), (A4) 

dr ~ J g~/' (r)= - [ a - M -  U(r)]f~z(r). (A5) 

where K = - ( j + I / 2 )  for j= l+ l /2  and ~ c = j + l / 2  for j=l  
- 1/2. Here, as well as in the text, we consider only the static vector- 
potential. This is because, the goal of this model calculation is 
merely to demonstrate the significance of the points (1) and (2) 
mentioned in Sect. 1 of the text. Other kinds of potentials can be 
taken into account in a straight forward manner. 
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Appendix B 

First, it can easily be shown that, the definition of the magnetic 
moment of a Dirac particle given in Sect. 2, namely, ~/I = r x 

leads to the usual expression of the magnetic moment of a spin 
1/2 particle in the non-relativistic limit. For a valence quark q in 
a given state q/~ j,,p (r), its magnetic moment, which corresponds to 
the M = e 2 ~ d3r r • J (r) in the classic electrodynamics, is given by 
(l~q (ejmP)}, the expectation value of the operator ~/I in this state 
~u,/,,,p (r). Expressed in terms of the upper or lower component of 
~u~/!,,e(r ), namely two spinor ~0~/,,,p(r) or x ...... p(r), (Mq(ejmP)} 
is gwen by, 

< M q  ( e j m P ) }  

=eq ~ d3r [ O ~ j ' ' e ( r ) ( l + a ) o : j ' ' ( r )  
(. e4-M-U(r) 

~0~j,,e(r)(r•215 ) d U(r) 1 
+ 2r[e + M -  U(r)] 2 dr 

[ e - M -  U(r) 

Z~jmp(r)(r•215 d 
q 2 r [ e - M -  U(r)] 2 " dl ~ u(r) 1 . (B 1) 

Taking the non-relativistic limit: e..~M> U(r), we obtain imme- 
diately, 

eq 
(Mq (ejmP)} ~ ~o+~j mP (r) (l + a)  ~o~/me (r), (B2) 

which is the usual expression for non-relativistic point-like spin- 
1/2 particles. Similarly, we can insert (2.2a) into (2.9) and obtain 
an expression of gq in terms of )Co (r) and U(r) as, 

1 
gq=~ r2dr f~(r) Ie+ M-- U(r) 

r d U(r) l q 3[e+M-U(r)] 2 d~ (B3) 

which reduces to 1/(2 M) in the non-relativistic limit [e ~ M>> U(r)]. 
Now let us find the expressions of the magnetic moments of the 

baryons in terms of those of the quarks in their ground states. In 
the coordinate space, (2.10) can be written as, 

/28 =4 ~ ~ ~d3rld3r2d3r3 
i=1 k = l  

•  r r ~ , r  M ~ r r ~ , r  B (  2' - 3)1 qi'Jqk B( I, _ 3)"  (B4) 

By inserting the ~ ( r  1, r z, r3) given by (2.6) into (B4), and intro- 
ducing the abbreviation 

• ( i , k ) ( • +  rtat ~ t  B v'ol,,'~2,,,o31mj,m2,m3) 

~ d3rl d3r2 d3r3 qJ (r= [ f~, m" ) 
1 

• L ~ ' ( r~l fP 'm~)  ' (BS) 

we can write the magnetic moment ~ e as 
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quarks as Dirac particles, and to describe their states in 
terms of Dirac spinors. In fact, this is usually the case, 
except in non-relativistic (static) quark models. 

It is known that Dirac particles confined in a limited 
space have a number of remarkable properties, and one 
of these features (which is trivial but nevertheless im- 
portant) is the following: independent of the details of 
the confining system, the orbital angular momentum of 
this particle is not a good quantum number - except in 
the non-relativistic limit. That is, except for those cases 
in which the ratio between the kinetic energy and the 
mass of the quark is much less than unity, the eigenstates 
of the quarks cannot be characterized by their orbital 
angular momentum quantum numbers. 

Having this in mind, it seems useful to begin our dis- 
cussion by recollecting some of the key formulae con- 
cerning the spherical solutions of the Dirac equation f o r  
a particle of mass M in a given central field. Here, it is 
envisaged that the valence quark q is such a particle, and 
that the central potential is the zeroth-order approxi- 
mation of the mean field due to other constituents of the 
hadron. (See in this connection also [8].) This seemingly 
rather special case is meant to serve as an illustrative 
example. As we can see in the following explicit calcu- 
lations, our main conclusions are independent of the spe- 
cific form of the potential. In fact, even the assumption 
that the potential is central is a matter of convenience - 
in the sense that the main conclusions remain to be valid, 
even when the model is modified through the inclusion 
of non-central interaction terms. 

We denote the solution of the above-mentioned equa- 
tion by the Dirac four-spinor ~u and/or  its upper- and 
lower-component, the corresponding two-spinors ~0 and 
Z. The stationary states are characterized by the following 
set of quantum numbers e, j ,  m and P which are respec- 
tively the eigenvalues of the operators I2 (the Hamilto- 
nian), j2, s (total angular momentum and its z-compo- 
nent) and /~ (the parity). Since every eigenstate of the 
valence quark characterized by e, j ,  m and P corresponds 
to two different orbital angular momenta l and l '  = l _  1, 
(see Appendix A), it is clear that orbital motion is involved 
in every stationary state. This is true also when the valence 
quark is in its ground state (q/~j,~p where e = e  0, j =  1/2, 
m =  __+ 1/2, P =  +2). This state can be expressed as fol- 
lows: 

0 ''-/f~ f2~/2 m(o,m(0'49))49 ) (2.1) , e )  - kg ' 

The angular part of the two-spinors can be written in 
terms of spherical functions Yll:(0,49) and (non- 
relativistic) spin-eigenfunctions which are nothing else 
but the Pauli-spinors g ( _ 1/2): 

m(0, 49) = Yoo(0, 49 ) (m), 

2 This is obviously consistent with the usual assumption [see, for 
example, Lichtenburg, D.B.: Unitary symmetry and elementary 
particles, 2nd edn., p. 216. New York: Academic Press 1978] that  
all the quarks are spin 1/2 particles with the same parity - defined 
as positive 

= -1//3"/ ~ 2 m 

/ / /3  + 2m 
+ 6 

Ylm_~/2(O,O ) ~ (1/2) 

Ylm+l/2(0,49 ) ~ (--1/2). 

The radial part, fo (r) and gl (r), of the two-spinors are 
solutions of the differential equations" 

fo' (r) = [e + M -  U(r)] gl (r), (2.2a) 

g{ (r) + 2 gl (r) = - [e - M -  U(r)] f0 (r), 
r 

(2.2b) 

where r is the distance between the quark and the center 
of mass of the hadron. The general form of these formulae 
are listed in Appendix A. 

The average orbital angular momentum of the va- 
lence-quark in its ground state given by (2.1) can be read- 
ily calculated. For those in the Jz = m = + 1/2 state, it is, 

(4  (go, 1/2, 1/2, + )) _2_x ~ g~ (r) r 2 dr > 0 , (2.3) 
o 

while the corresponding x- and y-components are zero. 
This explicitly shows that, even in the ground state 
( j =  1/2, m =  + 1/2, P =  +) ,  the valence quark is per- 
forming orbital motion, and that the direction of the 
effective orbital motion is counter-clockwise with respect 
to the polarization axis (which is the z-axis in this case). 
Such a conclusion can also be clearly seen by evaluating 
the current density of the valence-quark at a given r. We 
recall that, the four-current density J~ ~ (p, 3) o fa  Dirac 
particle is defined as, ju  ~ qTyu ~, (where yu,p---0, 1, 2, 
3 are the Dirac matrices), and we obtain, 

1 
P(e0, 1/2, 1/2, + [ r ) = ~  [foa(r)+g2(r)], (2.4a) 

Jx(e0, 1/2, 1/2, + Ir)= +2@r f~ (2.4b) 

Jy(eo, 1/2,1/2,  + I r ) -  
x 

2nr f~ (r), (2.4c) 

J~(eo, 1/2, 1/2, + I r ) = 0 .  (2.4d) 

By inserting (2.2a) into (2.4b), (2.4c) and (2.4d), we ob- 
tain, 

Jx(eo, 1/2, 1/2, + [r) 

sin 49 sin 0 1 d 
- 4re c o + M -  U(r) d~ f~ (2.5a) 

Jy(eo, 1/2, 1/2, + Ir) 

cos ~b sin 0 
4~  

1 d 
e o + M -  U(r) d-~ f2( r ) ;  (2.5b) 

J~(e0, 1/2, 1/2, + I r ) = 0 .  (2.5c) 

Liang, Meng, 
ZPA 344 (1992)
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3 Classes of Parton Distribution Functions

f1,q(x) =�!q (x)+ �q (x)

g1,q(x) =�!q (x)� �q (x)

h1,q(x) = q

"(x)�q

#(x)

➊ Traditional PDFs

➋ TMDs: Transverse Momentum Dependent PDFs

h

?
1,q(x,kT

)⇠~
L
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q

f

?
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One T-odd function required to produce 
single-spin asymmetries in SIDIS

Sivers

Collins

Blue boxes: Functions 
surviving on integration over 

transverse momentum

The others are sensitive to intrinsic kT in 
the nucleon & in the fragmentation process

transversity
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Distribution Functions Fragmentation Functions
Mulders & Tangerman, NPB 461 (1996) 197

Polarizing FF
Boer-Mulders
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Measuring: Azimuthal Asymmetries

N.C.R. Makins, Collab Mtg, DESY, Apr 02

Azimuthal Moments

“The Bible”:
Mulders & Tangerman,
PLB 461 (1996) 197 k
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q
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at leading order in 1/Q:
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π+

uv
d

Photo-Album of our New Friends

+π
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Transversity
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= ...
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● t:  4-momentum transfer2 to target
● ξ: “skewing parameter” = x1 – x2

● x: average quark momentum fracn

N.C.R. Makins, NNPSS 2015

➌ Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributions

Scattering at high Q2 and W2 
... but create only one particle 

in final-state!

ξ ξ

ξ ξ

Q
t = Δ

2
2γ∗ γ

x + x −

P (1 +   ) P (1 −   )

Four new distributions = “GPDs”

helicity conserving
helicity flip ! H̃(x,ξ, t), Ẽ(x,ξ, t)

! H(x,ξ, t),E(x,ξ, t)

1/Q

T
z

P

xP

X
b

Y
b

b
T

Fourier transform of t-dependence ...

spatial distribution of partons !

“Femto-photography” of the proton

meson
(π,ρ,...)

The Other Road to L
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Fq
1 (t) =

Z 1

�1
dx Hq(x,ξ, t) Fq

2 (t) =
Z 1

�1
dx Eq(x,ξ, t)

model-independent access to L !

q(x) = Hq(x,ξ = 0, t = 0)

Δq(x) = H̃q(x,ξ = 0, t = 0)

● DIS structure func’s: 
   forward limit (ξ = 0, t = 0)

● Elastic form factors: 
    first moments in x

Jq =
1
2

Z 1

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

Jq =
1
2
ΔΣ+Lq

● Ji sum rule:  

FN
1 (0)+FN

2 (0) = µN

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

and their connection to 
nucleon magnetic moment:

Connection to 
many observables

H(x,  ,0)ξ



Transverse-momentum dependent PDFs (TMDs)

● 3D-densities in momentum 
space

● Gaussian distributions with a 
width of ~ 0.6 GeV

● flavor dependence: d-quark 
TMDs are larger than u-quark 
TMDs

 
● transversely polarized nucleon:

● u-quarks (d-quarks) moving 
preferentially to the right (left)

● TMDs are distorted in 
opposite ways for u and d-
quarks  20

73

: (x, kTx, kTy)

 in kT

slide: M. Diefenthalerkx (GeV)  

ky 

kx (GeV)  

low x valence x



Longitudinal 

Transverse

Wigner Distributions

[Wigner (1932)]
[Belitsky, Ji, Yuan (04)]

[Lorce’, BP (11)]

QM
QFT (Breit frame)
QFT (light cone)

GPDs

TMDs

Heisenberg’s 
uncertainty relations Quasi-probabilistic

Fourier conjugate 

Fourier conjugate 

Barbara Pasquini, IWHSS’12

• x: longitudinal
       momentum
• kT: transverse
        momentum
• bT: transverse
        position 

Impact-parameter picture of GPDs: correlation between 
transverse position and longitudinal momentum → r x p!



Longitudinal 

Transverse

Wigner Distributions

[Wigner (1932)]
[Belitsky, Ji, Yuan (04)]

[Lorce’, BP (11)]

QM
QFT (Breit frame)
QFT (light cone)

GPDs

TMDs

GTMDs Third 3D picture with probabilistic 
interpretation !

No restrictions from Heisenberg’s 
uncertainty relations

Heisenberg’s 
uncertainty relations Quasi-probabilistic

Fourier conjugate 

Fourier conjugate 

Barbara Pasquini, IWHSS’12



L so far : the Sivers Function

f?1T(x,kT)
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Global Fits to 
SIDIS data

(binned in three different ways: in x; z; Ph?), we consider
all three projections but we multiply their statistical errors
by a factor

ffiffiffi
3

p
and we divide by 3 the number of these

bins (105 and 104) when counting the number of degrees
of freedom. The anomalous magnetic moments are known
to a precision of 10!7 or higher [35]. However, given
the typical uncertainties on PDF extractions, our compu-
tation of ! is affected by a theoretical error of the order
of 10!3. Therefore, for our present purposes we take !p ¼
1:793# 0:001, !n ¼ !1:913# 0:001.

We started from considering 15 free parameters. They
are C !q; Cqv ;"qv , with q ¼ u; d; s, the gluon coefficient Cg,
M1, the lensing parameters K and #, and the scales Q0 and
QL. However, after some explorations, we made a common
set of assumptions in all attempted fits. In all cases, we
fixed "dv;sv ¼ 0 (no nodes in the valence down and strange
Sivers functions, as suggested in Refs. [9,10,23,24]). We
also set Cg ¼ 0 (the influence of the gluon Sivers function
through evolution is anyway limited). Finally, all fits in-
dicated that Q0 ¼ QL ¼ 1 GeV was an acceptable choice.
Therefore, the actual number of free parameters is at most
10. In this framework, we conclude that it is possible to
give a simultaneous description of the SIDIS data and of
the nucleon anomalous magnetic moments assuming the
relation in Eq. (3).

We explored several scenarios characterized by different
choices of the parameters related to the strange quark. We
considered fits with fixed C!s ¼ 0, or with fixed Csv ¼ 0, or
with both parameters free (but constrained within positiv-
ity limits), or with both fixed Csv ¼ C !s ¼ 0. In all cases,
we obtained very good values of $2 per degree of freedom
($2=d:o:f:) between 1.323 and 1.347. All fits lead to a
negative Sivers function for uv and large and positive for
dv, in agreement with previous studies [13–16] and with
some models [36–38]. The data are compatible with van-
ishing sea-quark contributions (with large uncertainties).
However, in the x range where data exist, large Sivers
functions for !u and !d are excluded, as well as large and
negative for !s. The Sivers function for sv is essentially
unconstrained. The parameter M1 is quite stable around
0.34 GeV, as well as the strength of the lensing function K
around 1.86 GeV. The parameter # is typically around 0.4
but can vary between 0.03 and 2. The node "uv appears
only above x $ 0:78.

We now discuss in detail the case with fixed Csv ¼
C !s ¼ 0, because it gives the best $2=d:o:f: (1.323) and
suggests that it is possible to fit the present SIDIS data

for Sivers asymmetries in kaon emission without the
strange contribution to the Sivers function. The best-fit
values of the parameters are listed in Table I together
with their statistical errors corresponding to "$2 ¼ 1.
In Fig. 1, we show the corresponding outcome for

xf?ð1Þa
1T ðx;Q2

0Þ with a ¼ u; d; !u; !d. The Sivers functions
for s; !s vanish identically. The uncertainty bands are pro-
duced by propagation of the statistical errors of the fit
parameters including their correlations, and correspond to
"$2 ¼ 1. Our results are comparable with other extrac-
tions of the Sivers function [13,15,16]. They are also
qualitatively similar to the forward limit of the GPD E
extracted from experiments [30,31,39,40].
We can now compute the contribution to the anomalous

magnetic moment of each valence quark flavor qv using
Eq. (14). We obtain

TABLE I. Best-fit values of the 8 free parameters for the case Csv ¼ C !s ¼ 0. The final
$2=d:o:f: is 1.323. The errors are statistical and correspond to "$2 ¼ 1

Cuv Cdv C !u C
!d

!0:229# 0:002 1:591# 0:009 0:054# 0:107 !0:083# 0:122

M1 (GeV) K (GeV) # "uv

0:346# 0:015 1:888# 0:009 0:392# 0:040 0:783# 0:001
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FIG. 1. The function xf?ð1Þa
1T ðx;Q2

0Þ (see text) as a function of x
at the scale Q0 ¼ 1 GeV for a ¼ u; d; !u; !d from top panel to
bottom, respectively. The uncertainty bands are produced by the
statistical errors on the fit parameters listed in Table I.
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FIG. 6: The Sivers distribution functions for u, d and s flavours as determined by our simultaneous fit of HERMES and
COMPASS data (see text for details). On the left panel, the first moment x ∆Nf (1)(x), Eq. (17), is shown as a function of x
for each flavour, as indicated. Similarly, on the right panel, the Sivers distribution x∆Nf(x, k⊥) is shown as a function of k⊥

at a fixed value of x for each flavour, as indicated. The highest and lowest dashed lines show the positivity limits |∆Nf | = 2f .

IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

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

asymmetries Asin(φh−φS)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

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

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

← Anselmino et al, 
EPJA 39 (2009)

d

u

... antiquark
Sivers now ≈ 0

−x f1T
⊥ (1) (x)

final data

antiquark
orbital L ≠ 0

favoured



N.C.R. Makins, NNPSS 2015

Phenomenology: The SIGN of L

M. Burkardt: Chromodynamic lensing

π+

u mostly over here

FSI kick

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

hsin(φlh�φlS)iπ
+

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

) for φlS = 0, φlh = π/2 preferred

Model agrees!

π+

uv
d

Opposite sign to data ... 

Parton energy loss considerations suggest
quenching of jets from 

“near” surface of target

➡ quarks from “far” surface should dominate

D. Sivers: Jet Shadowing

Nearly all models 
predict Lu > 0 ...
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Meson Cloud on an Envelope → It ORBITS

|p> = p + Nπ + Δπ + ... 

Pions have JP = 0–  = negative parity ...
→ need L = 1 to get proton’s JP = ½+

Nπ cloud:

2/3   n π+

1/3   p π0 ⊗
2/3   Lz = +1 1/3   Lz = 0

πN π N

Δπ cloud:

1/2   Δ++ π–

1/3   Δ+   π0 
1/6   Δ0  π+ 

⊗
1/2   Lz = –1

1/3   Lz = 0
1/6   Lz = +1

π Δ

p

   d, ubar sea =  Δ++ π– with   Lz(π–) < 0
Dominant 
source of:

u, dbar sea =  n π+     with   Lz(π+) > 0
L is in 

the SEA
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Quark Orbital Angular Momentum 
(connected insertion) 

LHPC, S. Syritsyn et al., [111.0718] 
QCDSF, A. Sternbeck et al,  [1203.6579] Keh-Feh Liu 

@ SPIN 2014

Lattice calculations : L(u+ubar) negative ?
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FlavorFlavor--singlet gsinglet gAA

•• Quark spin puzzle (dubbed `proton spin crisis’)Quark spin puzzle (dubbed `proton spin crisis’)
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New: Disconnected 
Insertions → Sea



   
 

Quark Spin, Orbital Angular Momentum, and Gule 
Angular Momentum (M. Deka et al, 1312.4816) 

  

Δq ≈ 0.25;
2 Lq ≈ 0.47 (0.01(CI)+0.46(DI));

2 J g ≈ 0.28

pizza cinque stagioni 

These are quenched results so far. 82

Access → Drell-Yan 
with p or π+ beam &
polarized target

The Sea is 
Orbiting!

add Disconnected Insertions → Pure Sea

Keh-Feh Liu @ SPIN 2014


