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Outline

• Spin at the Heart of Matter: 
the restless world within the atom

• Single-spin asymmetries: 
a key to the spin kingdom 

• Inside the proton:  
quark spin & orbital motion

• A coherent picture:
Are we there yet?

see other 
talks for 

proton-beam 
stories!

Lepton Beam



The Strange Nature of Matter

10–10 m
10–14 m

10–15 m

<10–19 m  

<10–19 m

Fields and points in empty space … 

… and at every level, there is motion: 

S

S

L

L

pointlike particles, forever spinning and orbiting ...



Orbital Shells
of definite L

in atoms ...

in nuclei ...

… and within the proton? ...



d

u u
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Parton Distribution Functions
Look inside the proton with high energy beams ...  

                                    ⇒ a rich substructure is revealed!  
sea quarks : virtual 
quark-antiquark pairs 

that fluctuate in and out 
of the vacuumu

u

ds

s

u
u

ds

s

u
uu

u

gluons : the color 
fields of the strong force

3 constituent quarks 
of mass ≈ 350 MeV

many bare quarks of 
tiny mass ≈ 5 MeV, and 

gluons account for 
> 40% of the momentum, 

~all of the mass ...

       fraction of proton 
momentum carried by 

struck quark

        parton distribution funcn
(number density for quark flavor q)
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ū
s

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1

x

q(x)



N.C.R. Makins, Spin Physics Symposium, U Michigan, Nov 14, 2009

The Puzzle of Proton Spin

Where is the
other 80% ?
gluon spin?

ORBITAL MOTION?

The proton: 
spin 1/2

The quarks’ 
spins account for 

only 20%

u d
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Whence comes the proton spin?

q(x) = q↑(x)+q↓(x) Δq(x) = q↑(x)−q↓(x)

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)) ≈ 20% only

➋ Gluon polarization
ΔG≡

Z
dx Δg(x)

Lz ≡ Lq+Lg

➌ Orbital angular momentum

?
?

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

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



Single-Spin Asymmetries
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Single-Spin Asymmetries in Elastic pp Scattering

Analyzing Power AN
left-right asymmetry

Induced Polarization PN

Neal & Longo, 1967Crab, Krisch et al, 1990
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The Spin-Orbit Interaction 

 Spin S // Magnetic Moment
of beam polarized

B Field of
“moving” target //
L = r x p of beam

particles

U =−!µ·!B

particles on left / right sides 
head for stronger / weaker B

!B′ =−γ!v
c2
×!E =

!p
mc2

×!r
r
dV
dr

!r×!p=!lh̄

U =−!µ·!B′ ∼ −!s ·!B′

Us−o =
const
r

dV
dr

!s ·!l

Let V(r) = target’s potential field,
in target rest frame.

Lorentz boost to beam frame:

Using and

➡ spin-orbit interaction

Note: The origin of the underlying 
potential V(r) doesn’t matter

➡ the result follows from relativity



!l ·!s> 0!l ·!s< 0

ψscat ∼ (U1 + iU2)eikr−Us−oeik(r−Rθ) +Us−oeik(r+Rθ)

dσ
dΩ

∼ |ψscat|2 ∼U2
1 +U2

2 +4U2
s−o sin2 kθR

+4U2Us−o sinkθR
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Spin-Orbit Interaction for the short-range Nuclear Force

!ki
POLARIZED

SSA: AN in      
→ sin(θ) term in xsec

!k f θ

• Interference, between an imaginary,                 
spin-independent term U2 in volume 
potential and a spin-dependent
spin-orbit term Us-o

• Surfaces where target density has a 
gradient → target with structure

p↑p→ pp

With ρ(r) = target density, 
nuclear spin-orbit interaction 

active at target surfacesUs−o ∼
dV
dr

!s ·!l ∼ dρ
dr

!s ·!l

= (U1 + iU2 +2iUs−o sinkθR)eikr



Krisch, Crabb, Lin, Raymond, Roser, 
Wong, et UMich-al, PRL 65 (1990) 3241

While many theoretical models have been suggested to 
explain the large spin effects found in strong interactions, 

models based on perturbative QCD imply that the analyzing 
power should be zero at high energy and large P⊥2. 

Our new high-precision data make it difficult to assume that 
this disagreement between theory and experiment will 

disappear because the nonzero AN is a statistical fluctuation. 
Perhaps one should now try to gain some new theoretical 

understanding of strong interactions that is consistent with 
this and other large and unexpected spin effects. 



AN =
1

Pbeam

Nπ
left−Nπ

right

Nπ
left+Nπ

right
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π+

π-

Single-spin asymmetries in  p↑p → πX Analyzing Power 

Huge single-spin asymmetry 
for forward meson production

!Sbeam · (!pbeam×!pπ) odd under naive Time-ReversalObservable

STAR Run 6

STAR !"#$%&'()'!* +),'-.+'/+00'123(4)0

1. Nphoton = 2

2. Center Cut (" and #)

3. Pi0 or Eta mass cuts

4. Average Yellow Beam 

Polarization = 56%

0.361 0.064NA
"
$ %

0.078 0.018NA
!
$ %

.55 .75FX& &

For                        , the

asymmetry in the " mass 

region is greater than 5 sigma 

above zero, and about 4 sigma 

above the asymmetry in the !0

mass region.

.55 .75FX& &

p p M X' ( ) (
M * *) ( 200s GeV$

!"

STAR !"##$%&'&()&(*&$+,$-.

! Yellow beam asymmetry 

clearly reveals the shape of two 

mass resonances. 

! "#$%$&'(&)*&+)(,--$.%,&

/)00$,1&'*&2$.3$$*&!0 and "
mass regions.

1. Nphoton = 2

2. Etotal > 40GeV

3. No Center Cut

4. Average Yellow Beam 

Polarization = 56%

p p M X# $ % $
M & &% $ 200s GeV'

STAR 2006 PRELIMINARY

!"
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Single-Spin Asymmetries at Hard Scales

E704: p↑p→ πX
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T-odd observables

SSA observables ∼ "J · ( "p1 × "p2)
⇒ odd under naive time-reversal

Since QCD amplitudes are T-even, must arise
from interference between spin-flip and
non-flip amplitudes with different phases

Suppressed in pQCD hard-scattering

• q helicity flip suppressed by mq/
√

s

• need αs-suppressed loop-diagram to
generate necessary phase

At hard (enough) scales, SSA’s must
arise from soft physics: T-odd distribution /

fragmentation functions

Can’t come from perturbative subprocess xsec:

STAR Run 6

SSA’s at high-energies
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Single-Spin Asymmetries at Hard Scales

E704: p↑p→ πX
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T-odd observables

SSA observables ∼ "J · ( "p1 × "p2)
⇒ odd under naive time-reversal

Since QCD amplitudes are T-even, must arise
from interference between spin-flip and
non-flip amplitudes with different phases

Suppressed in pQCD hard-scattering

• q helicity flip suppressed by mq/
√

s

• need αs-suppressed loop-diagram to
generate necessary phase

At hard (enough) scales, SSA’s must
arise from soft physics: T-odd distribution /

fragmentation functions

Can’t come from perturbative subprocess xsec:

STAR Run 6

Must be a spin-orbit structure 
either in the fragmentation process 

or within the proton itself

SSA’s at high-energies



transversity

q(x) Δq(x) h1(x)
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E704 Mechanism #1: The “Collins Effect”

Need an ordinary distribution function ...

spin-orbit in fragmentation

h1(x) ⊗ H⊥1 (z, pT)

+π
uu

E704 effect:

u

... with a new, T-odd “Collins” fragmentation function H⊥1 (z, pT)

π+

π−



... with a new, T-odd “Sivers” distribution function f⊥1T(x,kT)

D1(z)
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E704 Mechanism #2: The “Sivers Effect”

Need the ordinary fragmentation function

quark orbital motion!

u

f⊥1T(x,kT) ⊗ D1(z)

E704 effect:

π+

uv
d

Phenomenological model of Meng, Boros, Liang:
Forward π+ produced from orbiting valence-u quark by 

recombination at front surface of beam protons

π+
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Electro-Production of Hadrons with Tranvserse Targets

Electron beam defines 
scattering plane

Target spin 
transverse to beam

Azimuthal angles measured 
around q vector ...

with respect to 
scattering plane

Measure dependence of hadron production on two azimuthal angles

= target spin orientationφS φh = hadron direction

lepton 
beams!
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Electroproduction of Pions with Transverse TargetT-odd Distribution vs Fragmentation Function

SIDIS xsec with transverse target polarization
has two similar terms:

sin(φl
h + φl

S)⇒ h1 = ⊗ H⊥
1 =

sin(φl
h − φl

S)⇒ f⊥1T = ⊗ D1 =

seperate Sivers and Collins mechanisms

!

"
S

!

" c

"
h

p
h

qT

S

S
'

x ( e-e
'
 plane )

y

# 
*

• (φl
h − φl

S) = angle of hadron
relative to initial quark spin

• (φl
h + φl

S) = π + (φl
h − φl′

S) =
hadron relative to final quark spin

both 

observed!
separate Sivers and Collins mechanisms  

transverse target



Results from lepton beams: 
Collins, Sivers, and friends



The  Collins 
Fragmentation Function

u

π+

H⊥
1 (z, pT)

S·L in 
fragmentation



N.C.R. Makins, Spin Physics Symposium, U Michigan, Nov 14, 2009

Collins Moments for pions from H↑ 
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IHERMES PRELIMINARY 2002-2005
lepton beam asymmetry, Collins amplitudes
8.1% scale uncertainty

Magnificent agreement at very 
different scales!
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Understanding the Collins Effect

The Collins function exists! ➡ spin-orbit correlations in π formation
Is the Artru mechanism responsible?

Lund Strin
g

Model

http://localhost/~gnome/josh-collins.swf
http://localhost/~gnome/josh-collins.swf
http://localhost/~gnome/josh-collins.swf


The Sivers Function

f⊥1T(x,kT)

π+

uv
d

Lq within 
the proton
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Sivers Moments for pions from H↑ Data
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f⊥1T must arise from
interference ... but a distribution function
is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere
with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be

process dependent ! new universality issues e.g. Drell-Yan
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Global Fit to Sivers 
Asymmetries 
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the theoretical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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corresponds to the theoretical uncertainty of the parameters, see Appendix A for further details. For completeness, we also
show the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers
function and the assumed fragmentation functions of Eq. (16).
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uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

obtain χ2 = 1.20 per data point for K+ production at HERMES [10], while for pions we have χ2 = 0.94 per data
point, and a total χ2

dof = 1.00.
The quality of our results is shown in Figs. 3 and 4 where our best fits to the SSA is compared with the experimental

data from Refs. [10] and [11]: the SSAs are plotted as a function of one variable at a time, either z or x or PT , while an
integration over the other variables has been performed consistently with the cuts of the corresponding experiment.
The shaded area in Figs. 3 and 4 corresponds to 95.45% Confidence Level (CL) and is determined according to the
procedure described in Appendix A.

Notice that in Fig. 4 we also show the results for π0 at COMPASS, for which no data is so far available, computed

using our extracted Sivers functions as given in Table I. Similarly we have computed Asin(φh−φS)
UT for K0

S production
at HERMES and COMPASS and show them respectively in Fig. 3 and 4. As the K0

S is an equal mixture of K0 = ds̄
and K̄0 = d̄s, we have assumed isospin invariance, writing the K0

S FFs in terms of the K+ ones – which are taken
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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, 
arXiv:0805.2677

d

u

antiquark
orbital L ≠ 0
favoured!

E. Boglione, 
Transversity2008

x f⊥(1)
1T (x)
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Phenomenology: Sivers Mechanism

M. Burkardt: Chromodynamic lensing

π+

u mostly over here

FSI kick

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

〈sin(φlh−φlS)〉π
+

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

Jet Shadowing

Many models 
predict Lu > 0 ...



The Boer-Mulders function

h⊥1 (x,kT)

u

Lq within 
the proton

... now correlated with 

the quark’s own spin ...
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First charge-separated data on <cos(2Φ)>UU
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h⊥1 (x,kT)⊗H⊥1 (z, pT) → cos(2φ) modulation

deuterium ≈ hydrogen values → indicate Boer-Mulders functions of 
same sign for u and d quarks (both negative & similar magnitudes)
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A Coherent Picture?

• Transversity: h1,u > 0   h1,d < 0 
     → same as g1,u and g1,d in NR limit

• Sivers:        f1T⊥,u < 0    f1T⊥,d > 0

     → relatn to anomalous magnetic moment*
f1T⊥,q ~ κq  where  κu ≈ +1.67   κd ≈ –2.03

 values achieve κp,n = Σq eq κq with u,d only

• Boer-Mulders: should follow that h1⊥,u  and h1⊥,d < 0  ?

     → relatn to tensor magnetic moment*
     → possible analogue to Sokolov-Ternov?

u d

du

   * Burkardt PRD72 (2005) 094020; 

   Barone et al PRD78 (1008) 045022;
  

u d

but these 
TMDs are all 
independent

〈!su ·!Sp〉 = +0.5 〈!lu ·!Sp〉 = +0.5 〈!su ·!lu〉 = 0
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Lattice QCD



the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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FIG. 5 (color online). Second moment (n ! 2) of transverse
spin densities. For details, see caption of Fig. 4.

 

FIG. 4 (color online). Lowest moment (n ! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.
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Transverse spin on the lattice

Compute quark densities in impact-parameter space via GPD formalism

Sivers Boer-MuldersLu > 0

Ld < 0

Lu // Su

Ld // Sd

Hagler et al, 
PRL98 (2007)

Expected 
picture from 
relativistic 

quark models

nucleon coming out of page ... 
spatial shifts → infer Lq direction via chromodynamic lensing

u
d

u

d



small at the model scale but they very rapidly cross and
settle down inverted above 1 GeV2. The reason for this
behavior is easily understood because asymptotically Lu

and Ld tend to 0:06!!u=2 and 0:06!!d=2, or !0:36
andþ0:28, respectively. This is a model independent result
and it is simply a matter of how fast QCD evolution takes
one from the familiar physics at the model scale to the
asymptotic limit.

As we have already noted, the lattice QCD data for the
orbital angular momentum carried by the u and d quarks
have a number of systematic errors. Disconnected terms
are as yet uncalculated, and the data need to be extrapo-
lated over a large range in both pion mass and momentum
transfer in order to extract the physical values of Ju and Jd.
Nevertheless, for all these cautionary remarks, the results
just reported are consistent with the latest lattice results of
Hägler et al. [24]. For example, they report Juþd in the
range 0.25 to 0.29 at the physical pion mass, in comparison
with 0.30 in the calculation reported above. They also
report Luþd # 0:06 in comparison with 0.11 in this work.
Of course, given the omission of disconnected terms in the
lattice simulations, the result for Lu!d may be more reli-
able. The LHPC Collaboration reports Lu!d ¼ !0:124%
0:023 in Ref. [33] (where the error is obtained by combin-
ing errors on Lu and Ld in quadrature), while our present
result is!0:16% 0:05 [34]. Finally, the qualitative feature
that Ld is positive and bigger than Lu is, as we have
explained, clearly reproduced in the current work.

Although it is clear that !G is too small to give a major
correction to the spin sum rule through the axial anomaly
[35,36] [e.g., !Nf!s!G=ð2"Þ # 0:05 for !G ¼ 0:3 at
Q2 ¼ 3 GeV2], it can still be nonzero. As just one example
of the effect of a small gluon spin fraction at the model
scale, in Fig. 2, we show the evolution of the angular

momentum on the u and d quarks if !G is set to 0.1 at
the starting scale (and LuðdÞ lowered proportionately to
preserve the proton spin). While the qualitative behavior
is identical, there are nontrivial quantitative changes. In
particular, Lu moves down by about 0.04 and Juþd moves
down to 0.26 at 4 GeV2. We note that the nature of the
QCD evolution is such that the changes in the values of Lu

and Ld at 4 GeV2 are considerably smaller than at the
model scale.
The experimental extraction of information about the

quark angular momentum is still in its very early stage of
development. One needs to rely on a model to analyze the
experimental data, which are still at sufficiently low Q2

that one cannot be sure that the handbag mechanism really
dominates. Nevertheless, the combination of deeply virtual
Compton scattering (DVCS) data on the proton from
Hermes [37,38] and the neutron from JLab [39] (both at
a scale Q2 # 2 GeV2), provides two constraints on Ju and
Jd, within the model of Goeke et al. [40,41], as shown in
Fig. 3. Also shown there is the prediction of the present
work [34]. Note that the error bands are the purely experi-
mental (predominantly statistical) errors, and there is, as
yet, no information on the possible systematic variation
corresponding to a change of model. The exploration of the
model dependence is clearly a high priority for future
work. Nevertheless, within the present uncertainties,
most notably the relatively low Q2 of the data and the
unknown model dependence of the extraction of JuðdÞ,
there is a remarkable degree of agreement.
In summary, we have shown that the resolution of the

spin crisis proposed by Myhrer and Thomas, which implies
that the majority of the spin of the proton resides on u and "u
quarks, after QCD evolution is consistent with current
determinations from lattice QCD and experimental data
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FIG. 2 (color). Evolution of the total angular momentum and
the orbital angular momentum of the up and down quarks in the
proton—from top to bottom (at 4 GeV2): Ju (solid line), Ld

(smallest dashed line), Lu (largest dashed line), and Jd (middle
length dashed line). In this case, it is assumed that the gluons
carry 0.1 units of angular momentum at the model scale
(0.4 GeV).
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FIG. 1 (color). Evolution of the total angular momentum and
the orbital angular momentum of the up and down quarks in the
proton—from top to bottom (at 4 GeV2): Ju (solid line), Ld

(smallest dashed line), Lu (largest dashed line), and Jd (middle
length dashed line). In this case, it is assumed that the gluons
carry no spin or orbital angular momentum at the model scale
(0.4 GeV).
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... and longitudinal spin on the lattice ... Thomas, 
PRL101 (2008)

lattice, expt
scale

quark 
model scale

Lu

Ju

Jd

Ld

→ no disconnected graphs, evolution applied via Ji, Hoodbhoy

ΔG(Q02=0.4) = 0 ΔG(Q02=0.4) = 0.1

→ lattice shows Lu < 0 and Ld > 0 in longitudinal case at expt’al scales!

Evolution might explain disagreement with quark models, 
but not with lattice calculations of transverse spin. 

lattice, 
expt

Are disconnected graphs – sea quarks – the reason for apparent
 Lu & Ld sign change from longitudinal to transverse ?

Lu

Ld
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u

u

d

With spin 
around, there’s 

never a dull 
moment ☺

Congratulations,
 Prof. Krisch, and 

Thank You!
               the Spin Kids


