
Summary : meaning some points that caught my eye
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Bakker and Lorcê were given the tasks of explaining

Light Front Dynamics and introducing the whole sub-

ject of the Angular Momentum Controversy.

These tasks ere carried admirably!
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SEATTLE 2011:

Aim: Workshop will resolve controversy about AM of

quarks and gluons

Result: Opened Pandora’s box. Even greater contro-

versy. Masses of papers.

2



TRENTO 2014:

Cedric Lorcé and I feel there has been a convergence.

Less controversy, more agreement.
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Wakamatsu: very clear explanation of beautiful devel-

opments of gauge invariant versions based on splitting

Aµ = A
µ
phys +A

µ
pure (1)

which is an extension of the very old idea

A = A⊥ +A∥. (2)

However:there is an infinite number of ways to do this.
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Main points

1)Out of the infinite number of possibilities there are
two fundamental versions of momentum and angular
momentum: CANONICAL and KINETIC.

Canonicals generate translations and rotations at equal
time, but are NOT gauge invariant.

Kinetics are NOT generators, but are gauge invariant.

Both reflect some aspects of internal structure of the
nucleon.
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Major motivation for the above developments was the

belief:

THE OPERATOR CORRESPONDING TO A

MEASURABLE QUANTITY MUST BE GAUGE

INVARIANT

QCD: Wakamatsu’s comment:
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3.  “Canonical” or “Mechanical” decomposition ? 

Historically, it was a common belief that the canonical OAM appearing in the 

Jaffe-Manohar decomposition would not correspond to observables, because they 

are not gauge-invariant quantities.  

This nebulous impression did not change even after a gauge-invariant version of 

the Jaffe-Manohar decomposition a la Bashinsky and Jaffe appeared. 

However, the situation has changed drastically after Lorcé and Pasquini showed that 

the canonical quark OAM can be related to a certain moment of a quark distribution 

function in a phase space, called the Wigner distribution. 



Bliokh’s talk provided a severe shock!

In Quantum Optics they have, for decades, been hap-

pily MEASURING quantities that most of us considered

not measurable, because not represented by a gauge-

invariant operator.
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SAM and OAM in paraxial beams 

Since 1992: 



Observations of the SAM and OAM 

We clearly see different manifestations of the SAM and 
OAM in paraxial optical beams via spinning and orbital 
motion of a probe particle, determined by the helicity 
and vortex quantum numbers: 
  
 

O’Neil et al., PRL (2002);  Garces-Chavez et al., PRL (2003) 

   Frad ∝ 

  Trad ∝σ



Essential point:

You can measure the value of a gauge-non-invariant

quantity expressed in some particular gauge.

AND that might be interesting.

Moreover, post-Seattle developments tell us that we

can write(
Onon-GI

)∣∣∣
gauge X

=
(
O′
GI

)
O′ = GIE ofO (3)
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Another argument why you should not be unhappy work-

ing in a particular gauge:
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Back to basics 

Gauge theory 

Gauge invariant 

Gauge non-invariant 

[…] in QCD we should make clear what a quark or gluon 

parton is in an interacting theory. The subtlety here is in 

the issue of gauge invariance: a pure quark field in one 

gauge is a superposition of quarks and gluons in another. 

Different ways of gluon field gauge fixing predetermine 

different decompositions of the coupled quark-gluon 

fields into quark and gluon degrees of freedom. 

[Bashinsky, Jaffe (1998)] 

A choice of gauge is a choice of basis 



Why use notation Jkin ?

Gauge invariant version of J due to Belinfante

JBel =
∫

d3xψ
[
x× 1

2 (γ0 iD + γ iD0)
]
ψ︸ ︷︷ ︸

JeBel

+
∫

d3xx× (E ×B)︸ ︷︷ ︸
JγBel

(4)

No electron spin! In Ji’s 1991 paper

JJi? =
∫

d3xψ†1
2Σψ︸ ︷︷ ︸

SeJi

+
∫

d3xψ†(x× iD)ψ︸ ︷︷ ︸
LeJi

+
∫

d3xx× (E ×B)︸ ︷︷ ︸
JγJi

. (5)
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Why not label ”Ji”?

Ji stated that he had found this expression somewhere,

but could not remember where.

We suggest ”kinetic” because pkin points in direction

of motion of a classical particle.

e.g. charge moving in helix in given uniform magnetic

field B:

pkin follows motion.
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Care needed in labelling what you are talking about

Nucleon moving along OZ.
Canonical case: e.g.

ℓ
q
can,z ≡ ⟨⟨P, SL|L

q
can, z|P, SL⟩⟩ (6)

J
q
can,z ≡ ⟨⟨P, SL|J

q
can, z|P, SL⟩⟩, (7)

Kinetic case: e.g.

ℓ
q
kin,z ≡ ⟨⟨P, SL|L

q
kin,z|P, SL⟩⟩ (8)

J
q
kin,z ≡ ⟨⟨P, SL|J

q
kin,z|P, SL⟩⟩. (9)

es
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One more subtlety

Should state somewhere whether you are using

INSTANT form or LIGHT FRONT form dynamics
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Burkardt: very nice interpretation of the difference

ℓ
q
can,z − ℓ

q
kin,z.

= average change in OAM due to torque caused by

final state interactions as the quark leaves the target.
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Key question: how to measure ℓqcan,z and ℓ
q
kin,z

Pasquini (1) Approach via GMTDs and then (2) mod-

els of the GTMDs.

Courtoy Criticizes the starting point ie the approach

via GTMDs

Liuti Agrees with Courtoy

Lorcé and Pasquini disagree
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Partonic interpretation 

Phase-space «density» 

2+3D 

Longitudinal 
momentum 

Transverse 
momentum 

Transverse 
position 

[Ji (2003)] 
[Belitsky, Ji, Yuan (2004)]  

[C.L., Pasquini (2011)] 



~k?

~b?

⇢(~b?, x,~k?)



Results of model calculations

Light Front Constituent Quark Model (LFCQM): sim-

ilar to Ma

Light Front Chiral Quark Soliton Model (LFχQSM)
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A puzzle

Lorcéand Pasquini use only one term in the Fock ex-

pansion:
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fixed light-cone time (x+=0)

+ · · ·++

✦ Fock expansion of Nucleon state: 

|Ni =  3q|qqqi+ 3q qq̄|3q qq̄i+ 3q g|qqqgi+ · · ·

Light-Front Wave Functions (LFWFs)



In Fock states the quanta are FREE particles, so would

expect no difference between Canonical and Kinetic

OAM for quarks
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Bacchetta was pessimistic about ever being able to

test the Jaffe-Manohar sum rule. The least tractable

part is the gluon spin term ∆G(x). The error corridor

is large, especially at small x, leading to large errors in

the integral.

I think the same problem arises in every relation or sum

rule in QCD e.g. the Bjorken sum rule and we simply

have to try to continuously improve the data.
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Bacchetta also discussed the lensing formula relating

TMDs to GPDs:
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Sivers function 
and dynamical AM

Constraining quark angular momentum through semi-inclusive measurements

Alessandro Bacchetta1, 2, � and Marco Radici2, †

1Dipartimento di Fisica Nucleare e Teorica, Università di Pavia, and
2INFN Sezione di Pavia, via Bassi 6, I-27100 Pavia, Italy

The determination of quark angular momentum requires the knowledge of the generalized par-
ton distribution E in the forward limit. We assume a connection between this function and the
Sivers transverse-momentum distribution, based on model calculations and theoretical considera-
tions. Using this assumption, we show that it is possible to fit at the same time nucleon magnetic
moments and semi-inclusive single-spin asymmetries. This imposes additional constraints on the
Sivers function and opens a plausible way to quantifying quark angular momentum.

PACS numbers:

Nucleons are spin-1/2 composite particles made by
partons (i.e., quarks and gluons). Determining how
much of the nucleons’ spin is carried by each parton
is a critical endeavour towards an understanding of the
microscopic structure of matter. In this work, we pro-
pose a way to constrain the angular momentum Ja of
a (anti)quark with flavor a. To do this, we adopt an
assumption, motivated by model calculations and the-
oretical considerations, that connects Ja to the Sivers
transverse-momentum distribution (TMD) measured in
semi-inclusive deep-inelastic scattering (SIDIS) [1]. The
Sivers function f⇥a

1T [2] is related to the distortion of the
momentum distribution of an unpolarized parton a when
the parent nucleon is transversely polarized. We show
that this assumption of relating Ja to f⇥a

1T is compatible
with existing data, and we derive estimates of Ja.

The total angular momentum of a parton a (with
a = q, q̄) at some scale Q2 can be computed as a spe-
cific moment of generalized parton distribution functions
(GPD) [3]

Ja(Q2) =
1

2

⌃ 1

0
dx x

�
Ha(x, 0, 0;Q2) + Ea(x, 0, 0;Q2)

⇥
.

(1)
The GPD Ha(x, 0, 0;Q2) corresponds to the familiar
collinear parton distribution function (PDF) fa

1 (x;Q
2),

which gives the probability of finding at the scale Q2

a parton with flavor a and fraction x of the (longitu-
dinal) momentum of the parent nucleon. The forward
limit of the GPD Ea does not correspond to any collinear
PDF [4]. It is possible to probe the function Ea in
experiments, but never in the forward limit (see, e.g.,
[5]). Assumptions are eventually necessary to constrain
Ea(x, 0, 0;Q2). This makes the estimate of Ja partic-
ularly challenging. The only model-independent con-
straint is the scale-independent sum rule

⇧

q

⌃ 1

0
dxEqv (x, 0, 0) = �, (2)

�Electronic address: alessandro.bacchetta@unipv.it
†Electronic address: marco.radici@pv.infn.it

where Eqv = Eq�E q̄ and � denotes the anomalous mag-
netic moment of the parent nucleon.
Inspired by results of spectator models [6–10] and theo-

retical considerations [1], we propose the following simple
relation at a specific scale QL,

f⇥(0)a
1T (x;Q2

L) = �L(x)Ea(x, 0, 0;Q2
L), (3)

where we define the n-th moment of a TMD with respect
to its transverse momentum pT as

f⇥(n)a
1T (x;Q2) =

⌃
d2pT

⇤
p2T
2M2

⌅n

f⇥a
1T (x, p2T ;Q

2), (4)

and M is the nucleon mass.
In Eq. (3), L(x) is a flavor-indepedent function, repre-

senting the e�ect of the QCD interaction of the outgoing
quark with the rest of the nucleon. The name “lens-
ing function” has been proposed by Burkardt to denote
L(x) [11]. Computations of the lensing function beyond
the single-gluon approximation have been proposed in
Ref. [12]. It is likely that in more complex models the
above relation is not preserved, at least not as a simple
product of x-dependent functions [8]. Nevertheless, it is
useful and interesting to speculate on the consequences
of this simple assumption. As a more refined picture of
TMD and GPD emerges, it will be possible to improve
the reliability of this assumption or eventually discard it.
The present attempt should be considered as a “proof of
concept” for further studies in this direction.
The advantage of adopting the Ansatz of Eq. (3) is

twofold: first, it allows us to use the value of the anoma-
lous magnetic moment to constrain the integral of the
valence Sivers function; second, it allows us to obtain
flavor-decomposed information on the x-dependence of
the GPD E and ultimately on the quark total angular
momentum. This is an enticing example of how assum-
ing model-inspired connections between GPD and TMD
can lead to powerful outcomes.
The Sivers function has been extracted from SIDIS

measurements by three groups [13–16]. All of
them assume a flavor-independent Gaussian transverse-
momentum distribution of the involved TMD. Although
this is an oversimplification, we adopt the same choice.
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Unfortunately there seems to be no way to establish

such a relation beyond models.
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Liu presented beautiful results of a quenched lattice

calculation of kinetic angular momentum.

Most noteworthy points are:

1) There is a considerable contribution from Discon-

nected Insertions (DI).

Previously

Lu ≈ −Ld (1)

so that the total quark orbital contribution was zero.

Now DI shifts them upwards, but does not alter the

surprising result that Lu is negative.
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2) For the first time it was possible to measure JG which

is far from negligible in value.
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Interesting to compare with results presented by textbfKroll,

based on the Ji relation between Jkin and GPDs.

The GPDs are parametrized so as to respect key prop-

erties and are fitted to EM form factor data.

This means that only valence quark information can be

obtained.
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Application: Angular momenta of partons

Jq =
1

2

[
q20 + eq20

]
Jg =

1

2

[
g20 + eg20

]
(ξ = t = 0)

q20, g20 from ABM11 (NLO) PDFs

eqv20 from form factor analysis Diehl-K. (13)

es20 ≈ 0 · · · − 0.026 from AUT in DVMP GK(09) and DVCS KMS(13)

and saturation of pos. bound (flavor symm. sea assumed for E)

eg20 from sum rule for e20

Ju+ū = 0.261 ; Jd+d̄ = 0.035 ; Js+s̄ = 0.017 ; Jg = 0.188 (es20 = 0)

= 0.235 ; = 0.009 ; = −0.009 ; = 0.266 (es20 = −0.026)

J i quoted at scale 2GeV
∑

J i = 1/2 spin of the proton

need better determ. of Es (smaller errors of AUT in DVCS)

PK 17



Strange and Gluon are in fair agreement

u+ ū of Kroll is considerably smaller

Sign of small contribution d+ d̄ is different.
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Several experimental talks: the field is full of promise

Hyde: GPDs at Jefferson lab
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Bethe-­‐Heitler	
  (BH)	
  and	
  Virtual	
  Compton	
  ScaVering	
  (VCS)	
  

•  BH-­‐DVCS	
  interference	
  
  Access	
  to	
  DVCS	
  amplitude,	
  linear	
  in	
  GPDs	
  

e p e p γ	



p’=p-Δ p 

k k' 

q' = + 

+ 

Bethe-Heitler (BH) 

VCS q 

Δ	



25-­‐29	
  Aug	
  2014	
   CHyde,	
  ECT*	
  QCD-­‐Spin2014	
   4	
  



H1, ZEUS H1, ZEUS 
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G
eV

 

0.7 

Study of high xB 
domain requires 
high luminosity  

25-29 Aug 2014 9 CHyde, ECT* QCD-Spin2014 



Hall	
  A	
  	
  Helicity	
  Dependent	
  
Cross	
  SecDons	
  E00-­‐110	
  

Q2 = 2.3 GeV2 
4 bins, Δt = 0.055 GeV2 

! 

h" d# (h) =
s1 sin($%% )&s1 + s2 sin(2$%% )&s2

P1($%% )P1($%% )

Twist-2(GPD)+… Twist-3(qGq)+… 
Q

2 =
2.

3 
G

eV
2  

Γs1,2 = kinematic 
factors 

PRL97:262002 (2006) 
C. MUNOZ CAMACHO, 
et al., 

25-­‐29	
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  ECT*	
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The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Beam	
  helicity-­‐independent	
  cross	
  secDons	
  at	
  Q2=2.3	
  GeV2,	
  xB=0.36	
  
d4
σ

 (
nb

/G
eV

4 )
 

  

! 

d" = d" (| BH |2 )+ 2Re[DVCS*BH ]+ |DVCS |2

= d" (| BH |2 )+
c0#0 + c1 cos($%% )#1 + c2 cos(2$%% )#2 +…

P1($%% )P1($%% )

c0,1(t) & Re[C
I (GPD)]±CDVCS GPD2( )...+ Re 'CI (GPD)[ ]

c2(t) = Twist ( 3= (qGq)

! 

t = "0.17

! 

t = "0.23

! 

t = "0.28

! 

t = "0.33

• Contribution of Re[DVCS*BH] + |DVCS|2 large. 
• Measurements at multiple incident energies to separate 
these two terms and isolate Twist 2 from Twist-3 
contributions 

PRL97:262002 (2006) C. 
MUNOZ CAMACHO, et al., 
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Leading	
  Order	
  (LO)	
  QCD	
  FactorizaDon	
  of	
  DVES	
  

P-Δ/2 

Δµ 

x+ξ x-ξ 

P +Δ/2 GPD(x,ξ ,t=Δ2) 

DA(z) 
z 

Gluon	
  and	
  quark	
  GPDs	
  enter	
  to	
  same	
  
order	
  in	
  αS.	
  	
  

SCHC: 	
  σL~	
  [Q2]-3 	
  σT~	
  [Q2]-4	
  
Spin/Flavor	
  selecDvity	
   	
  	
  

+ 

+ 

[Diffractive channels only] 

GPD(x,ξ ,t=Δ2) 

DA(z) 
z 

x+ξ x-ξ 

γ* 

x+ξ x-ξ 

GPD(x,ξ ,t=Δ2) 

DA(z) 
z 

25-­‐29	
  Aug	
  2014	
   CHyde,	
  ECT*	
  QCD-­‐Spin2014	
   34	
  



Bland: TMDs from hadron-hadron collisions: RHIC
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8/28/2014 3 

ANDY 

Schematic of Measurement Apparatus 
RHIC for Spin 

BRAHMS & PP2PP  

STAR 

PHENIX 

AGS 

LINAC 
BOOSTER 

Pol. H
-
 Source 

Spin Rotators 

(longitudinal polarization) 

Siberian Snakes 

200 MeV Polarimeter 

RHIC pC Polarimeters Absolute Polarimeter (H jet) 

AGS pC Polarimeter 

Strong AGS Snake 

Helical Partial Siberian Snake 

PHOBOS 

Spin Rotators 

(longitudinal polarization) 

Siberian Snakes 
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Measured Quantity 
STAR 

arXiv:1405.5134 

• Helicity asymmetry for inclusive jet 

production is measured as a 

function of pT. 

• Measurements are sensitive to 

<x>~2pT/s 
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Implications of Measurement 

de Florian, Sassot, Stratmann, Vogelsang 

PRL 113 (2014) 012001 / arXiv:1404.4293 

Evidence for polarization of gluons 

from global NLO fit to preliminary 

version of inclusive jet data from 

STAR, neutral pion data from 

PHENIX and polarized deep 

inelastic scattering  
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Forward Pion Transverse SSA Versus s 

RHIC  

s=62.4 GeV  

FNAL  

s=19.4 GeV  

BNL  

s=6.6 GeV  

ANL  

s=4.9 GeV  

Forward pion analyzing power in p+p collisions exhibits similar xF dependence 

over a broad range of s 

Aidala, Bass, Hasch, Mallot  RMP 85 (2013) 655 / arXiv:1209.2803 



Schnell: TMDs via DIS and SIDIS

HERMES, COMPASS and JLab 6 GeV

Sivers, Collins, Boer-Mulders etc

1
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The Nucleon Spin Pizzas 11

Ji decomposition

1

2

=
P

q

1

2

�q + L
q

+ J
g

1

2

�q = 1

2

R
d3x hP, S| q†(~x)⌃3q(~x) |P, Si

L
q

=
R
d3xhP,S|q†(~x)

⇣
~x⇥ i ~D

⌘
3

q(~x)|P,Si
J
g

=
R
d3x hP, S|

h
~x⇥

⇣
~E ⇥ ~B

⌘i
3

|P, Si
i ~D = i~@ � g ~A

Ja↵e-Manohar decomposition

light-cone framework & gauge A+ = 0

1

2

=
P

q

1

2

�q + L
q

+�G+ L
g

L
q

=
R
d3rhP,S| q̄(~r)�+

⇣
~r ⇥ i~@

⌘
z

q(~r)|P,Si
�G="+�ij

R
d3r hP, S|TrF+iAj |P, Si

L
g

=2
R
d3rhP,S|TrF+j

⇣
~x⇥ i~@

⌘
z

Aj |P,Si
manifestly gauge invariant definition
for each term exists (! Hatta)

[M. Burkardt]

Access to angular momentum in (SI)DIS

4

(semi-)inclusive 
longitudinal double-spin 

asymmetries

evolution

evolution

TMDs? (SIDIS):

+ -

�Lq = ±1(or 2)

TMD
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Polarized SF g1

19
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only 1/3 of nucleon spin from quarks
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Saturation 
➠ close to full integral?

⇥⇤ MS=
1

⇥CS

�
9�d

1

1� 3
2�D

� 1
4
a8⇥CNS

⇥

theory theory

hyperon-decay data
0.05±0.05

�⇥ MS= 0.330± 0.011theory ± 0.025exp ± 0.028evol

A. Airapetian et al., PRD 75 (2007) 012007

�⌃
MS
= 0.35± 0.03stat ± 0.05sys COMPASS
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Results on A2 and xg2
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d2(Q
2) ⌘ 3

Z 1

0
x

2
ḡ2(x,Q

2) dx =

⇢
0.0148± 0.0096stat ± 0.0048syst HERMES
0.0032± 0.0017 E143+E155

Z 0.9

0.023
g2(x,Q

2) dx =

⇢
0.006± 0.024stat ± 0.017syst HERMES

�0.042± 0.008 E143+E155
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… the neutron case

sizable in the lower-Q2 / -x  region

opposite sign compared to proton case 
(as expected, e.g., by M. Burkardt, PRD 88, 114502 (2013) 
due to “instantaneous transverse color force”)

24

dn2 ¼
d

3He
2 − ð2Pp − 0.014Þdp2

Pn þ 0.056
; ð12Þ

where Pp and Pn are the effective proton and neutron
polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
ð−17.5% 5.3Þ × 10−4 and ð−16.9% 4.7Þ × 10−4 at the
kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.

]2/c2 [GeV2Q
1 2 3 4 5

n 2d

-0.04

-0.03

-0.02

-0.01

0

0.01
E01-012 (Resonance)
E155x
E99-117 + E155x (combined)
This Work

Lattice QCD
Sum Rules
Chiral Soliton
Bag Models
RSS (Resonance)
Elastic Contribution (CN) 3 3.5 4 4.5 5 5.5

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0

0.001

This Work (with low-x)

FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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flavor separation of quark-helicity distribution using DIS data only

[M. Alekseev et al., PLB 693 (2010) 227]
232 COMPASS Collaboration / Physics Letters B 693 (2010) 227–235

Fig. 3. The quark helicity distributions x!u, x!d, x!u, x!d and x!s at Q 2
0 = 3 (GeV/c)2 as a function of x. The values for x < 0.3 (black dots) are derived at LO from the

COMPASS spin asymmetries using the DSS fragmentation functions [30]. Those at x > 0.3 (open squares) are derived from the values of the polarised structure function g1(x)
quoted in [20,35] assuming !q = 0. The bands at the bottom of each plot show the systematic errors. The curves show the predictions of the DSSV fit calculated at NLO [1].

The results for the quark helicity distributions !u, !d, !u,
!d and !s (!s = !s) are shown in Fig. 3. As for the asym-
metries, they are in good qualitative agreement with the results
from HERMES [14]. A quantitative comparison is not made here,
since the HERMES helicity distributions are extracted under dif-
ferent assumptions for the fragmentation functions and for the
unpolarised flavour distributions. In the range 0.3 < x < 0.7 three
additional values of !u and !d, derived from the g p

1 (x) and gd
1(x)

[35] structure functions, are also displayed. The gd
1(x) values in-

clude the target material corrections quoted in [20]. The dominant
contribution to the systematic error of !u and !d comes from
the uncertainty of the beam polarisation, which affects all data
in the same way and leads to an uncertainty of 5% for all fitted
values. The systematic error on the antiquark and strange quark
distributions is mainly due to possible false asymmetries gener-
ated by time-dependent effects on the detector acceptance. The
curves show the results of the DSSV fit at Next-to-Leading Order
(NLO) [1]. The comparison with the experimental results derived
at LO is thus only qualitative. Nevertheless, the curves reproduce
fairly well the shape of the data, confirming a previous observa-
tion that a direct extraction at LO provides a good estimate of the
shape of the helicity distributions [36]. The antiquark distributions,
!u and !d, do not show any significant variation in the x range
of the data, the former being consistent with zero, the latter being
slightly negative.

The values of the strange quark helicity distribution confirm
with slightly reduced errors the results obtained from the deuteron
data [17] alone. With the same fragmentation functions (DSS) no
significant variation of !s(x) is observed in the range of the data.
Only the first point at low x shows a small deviation from zero
(≈ 2.5σ ). This distribution is of special interest due to the appar-
ent contradiction between the SIDIS results and the negative first
moment derived [35] from the spin structure function g1(x). The
DSSV fit includes a negative contribution to !s for x ! 0.03, which
reconciles the inclusive and semi-inclusive results. The evaluation
of the first moment of !s(x) from inclusive measurements relies

Table 4
First moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2 truncated to
the range of the measurements and derived with the DSS fragmentation functions.
The first error is statistical, the second one systematic. The values of the sea quark
distributions for x ! 0.3 are assumed to be zero.

x range 0.004 < x < 0.3 0.004 < x < 0.7

!u 0.47±0.02±0.03 0.69±0.02±0.03
!d −0.27±0.03±0.02 −0.33±0.04±0.03
!u 0.02±0.02±0.01 –
!d −0.05±0.03±0.02 –
!s(!s) −0.01±0.01±0.01 –

!uv 0.46±0.03±0.03 0.67±0.03±0.03
!dv −0.23±0.05±0.02 −0.28±0.06±0.03
!u − !d 0.06±0.04±0.02 –
!u + !d −0.03±0.03±0.01 –
!Σ 0.15±0.02±0.02 0.31±0.03±0.03

on the value of the octet axial charge a8, which is derived from
hyperon weak decays under the assumption of SU(3)f symmetry.
A recent model calculation suggests that a8 may be substantially
reduced and become close to the singlet axial charge a0 extracted
from the data [16]. In this case the inclusive data would no longer
imply a negative value of !s. Finally, as pointed out in our pre-
vious paper [17], one has to keep in mind that the semi-inclusive
results on !s(x) strongly depend on the choice of a set of fragmen-
tation functions. This dependence is quantified in the next section.

The first moments of the helicity distributions truncated to the
range of the measurements are listed in Table 4. The missing con-
tributions at low and at high x have been evaluated by extrap-
olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are

COMPASS Collaboration / Physics Letters B 693 (2010) 227–235 233

Fig. 4. The flavour asymmetry of the helicity distribution of the sea x(!u − !d) at Q 2
0 = 3 (GeV/c)2. The shaded area displays the systematic error. The dashed curve is the

result of the DSSV fit at NLO. The other curves are model predictions from Wakamatsu [33] (long dash-dotted line), Kumano and Miyama [39] (short dash-dotted line) and
Bourrely, Soffer and Buccella [10] (dotted line). The solid curve shows the MRST parameterisation for the unpolarised difference x(d − u) at NLO.

Table 5
Full first moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2. The un-
measured contributions at low and high x were estimated by extrapolating the data
towards x = 0 and x = 1 and by using the DSSV parameterisation [1].

Extrapolation DSSV

!u 0.71±0.02±0.03 0.71±0.02±0.03
!d −0.34±0.04±0.03 −0.35±0.04±0.03
!u 0.02±0.02±0.01 0.03±0.02±0.01
!d −0.05±0.03±0.02 −0.07±0.03±0.02
!s(!s) −0.01±0.01±0.01 −0.05±0.01±0.01

!uv 0.68±0.03±0.03 0.68±0.03±0.03
!dv −0.29±0.06±0.03 −0.28±0.06±0.03
!Σ 0.32±0.03±0.03 0.22±0.03±0.03

listed in Table 5. The sum of the quark and antiquark contribu-
tions !Σ = 0.32 ± 0.03(stat.), obtained by linearly extrapolating
the data, is nearly identical to the value of a0 = 0.33±0.03(stat.)17

derived [35] from the first moment of gd
1(x) using the octet ax-

ial charge a8. Not surprisingly, the extrapolation with the DSSV
parameterisation results in a much smaller value for !Σ . The ob-
served difference comes mainly from the negative behaviour of !s
assumed at small x. The sum of the valence quark contributions
!uv + !dv = 0.39 ± 0.03(stat.) is also consistent with our previ-
ous determination based on the difference asymmetry of positive
and negative hadrons in a subsample of the present deuteron data
(0.41 ± 0.07(stat.) at Q 2

0 = 10 (GeV/c)2) [37].
The flavour asymmetry of the helicity distribution of the sea,

!u − !d, is shown in Fig. 4. Although compatible with zero,
the values indicate a slightly positive distribution. The DSSV fit
at NLO [1] and the unpolarised asymmetry d − u are shown for
comparison. The first moment !u − !d truncated to the range
0.004 < x < 0.3 is 0.06±0.04(stat.)±0.02(syst.). It is worth noting
that the polarised first moment is about one standard deviation
smaller than the unpolarised one truncated to the same range
(≈ 0.10 for the MRST parameterisation [29]). The data thus dis-
favour models predicting !u − !d ≫ d − u (see Refs. [9,38] and
references therein). Three model predictions are shown in Fig. 4.
The statistical model of Ref. [10] and the SU(3) version of the Chi-
ral Quark–Soliton model of Ref. [33] both predict positive distribu-
tions, while the Meson Cloud model of Ref. [39] predicts a slightly

17 The admixture of 7Li and 1H in the target material reduces the value of a0
quoted in Ref. [35] by 0.02 [20].

negative distribution. Within the statistical errors, the COMPASS
data are compatible with all three predictions. The sum of the
light quark helicity distributions, !u + !d, is mainly constrained
by the deuteron data and nearly identical to the result published
in Ref. [17]. The first moment truncated to the range of the data is
found to be −0.03 ± 0.03(stat.) ± 0.01(syst.).

5. Influence of the fragmentation functions on the helicity
distributions

The relation between the semi-inclusive asymmetries and the
quark helicity distributions (Eq. (2)) depends only on the ratios
of fragmentation functions integrated over the selected range of
z (0.2 < z < 0.85). Relevant for the kaon asymmetries are the
unfavoured-to-favoured FF ratio, RUF , and strange-to-favoured FF
ratio, RSF :

RUF =
∫

D K +
d (z)dz

∫
D K +

u (z)dz
, RSF =

∫
D K +

s (z)dz
∫

D K +
u (z)dz

. (3)

In the DSS parameterisation, the RUF and RSF ratios are equal
to 0.13 and 6.6 respectively. In the earlier EMC parameterisation
[32] RSF is substantially smaller, RSF = 3.4, whereas RUF is larger,
RUF = 0.35. Since the pion fragmentation functions are better con-
strained by the data than the kaon ones, the effect of the corre-
sponding ratios on the final result is expected to be much smaller.
The dependence of the truncated moments quoted in Table 4 was
evaluated by varying RSF from RSF = 2.0 to RSF = 7.0. In order to
keep the K + multiplicity approximately constant, the value of RUF
was simultaneously varied from 0.45 to 0.10 according to the re-
lation RUF = 0.35 − 0.07(RSF − 3.4). The resulting truncated first
moments !u, !u, !d, !d, !s and !u − !d are shown in Fig. 5
as a function of RSF . We observe that the values of !u (!u) in-
crease (decrease) by more than one standard deviation when the
ratios evolve from the DSS to the EMC values. In contrast both
!d and !d remain nearly constant. The variation of !s is much
more pronounced: its value evolves from −0.01 to −0.04, although
with a much larger error. The difference !u −!d follows the same
trend as !u. It slightly decreases with RSF , down to one standard
deviation from zero at RSF = 3.4. We note that the simultaneous
changes of the two ratios, while leaving the K + rate practically
unchanged, affect the K − rate only for x ! 0.1. Precise values of
RUF and RSF may thus be difficult to extract from the data.
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caveat: potentially large dependences on knowledge of FFs!

[M. Alekseev et al., PLB 680 (2009) 217]

224 COMPASS Collaboration / Physics Letters B 680 (2009) 217–224

Fig. 7. The strange quark spin distribution x!s(x) at Q 2 = 3 (GeV/c)2 derived from
the charged kaon asymmetry AK ++K −

1,d using DSS FFs and from A1,d , compared to
the result of the corresponding least square fit. The quoted errors are statistical only.

Fig. 8. Integral of !s over the measured range of x, as a function of the ratio RSF
for RUF fixed at the DSS value of 0.13 (thick solid curve). The light-grey area shows
the statistical uncertainty and the hatched band inside of it shows the effect of
increasing RUF to 0.35 (EMC value). The horizontal band represents the full moment
of !s derived from the COMPASS value of the first moment of gd

1(x) (Eq. (1)). The
values of RSF corresponding to DSS [22], EMC [23] and KRE [25] parameterisations
of FFs are indicated by arrows.

6. Conclusions

We have presented a first measurement of the longitudinal spin
asymmetries for charged pions and kaons identified with the RICH
detector in the COMPASS experiment. These measurements are
used in combination with the inclusive asymmetries to evaluate
the polarised valence, non-strange sea and strange quark distribu-

tions. The results for valence quarks and non-strange sea quarks
are in good agreement with the DNS parameterisation. They show
weak dependence on the selected parameterisation of the frag-
mentation functions. The distribution of !s is compatible with
zero in the whole measured range, in contrast to the shape of
the strange quark helicity distribution obtained in most LO and
NLO QCD fits. The value of the first moment of !s and its er-
ror are very sensitive to the assumed value of the ratio of the
s̄-quark to u-quark fragmentation functions into positive kaons∫

D K +
s̄ (z)dz/

∫
D K +

u (z)dz.
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Fig. 4. The quark helicity distributions evaluated at common value Q 2 = 3 (GeV/c)2

as a function of x for two sets of fragmentation functions (DSS and EMC). Bands
at bottom of graphs represent systematic uncertainties. Solid markers and bands
correspond to PDFs obtained with DSS parameterisation of FFs. Open markers and
bands are obtained with EMC parameterisation of FFs. The curves represent the LO
DNS parameterisation of polarised PDFs [27].

Fig. 5. Correlation coefficients of PDFs obtained in the fit with DSS parameterisation
as a function of x.

in Eq. (2) is smaller than the other ones, A1,d fixes well the sum
of non-strange densities and forces them to anti-correlate.

The estimates of the truncated first moments !uv + !dv ,
!ū + !d̄ and !s are given in Table 1. The systematic errors have
been estimated by refitting the asymmetries shifted simultane-
ously within the limits of their systematic uncertainty. The value
quoted for valence quarks is in good agreement with the one de-
rived in our previous publication from the difference asymmetries
for non-identified hadrons obtained from a partially overlapping
data sample (0.26 ± 0.07 ± 0.04 at Q 2 = 10 (GeV/c)2) [3].

As stated in the introduction, the evaluation of the first moment
of the strange quark from the Q 2 evolution of g1 data (see e.g.

Table 1
First moments !uv +!dv , !ū +!d̄ and !s at Q 2 = 3 (GeV/c)2 from the COMPASS
data and also from the DNS fit at LO [27] truncated to the range of the measure-
ments (0.004 < x < 0.3).

Measur. (DSS FF) Measur. (EMC FF) DNS

!uv + !dv 0.26 ± 0.06 ± 0.02 0.30±0.08±0.02 0.225
!ū + !d̄ −0.04 ± 0.03 ± 0.01 −0.05±0.04±0.01 −0.009
!s (= !s̄) −0.01 ± 0.01 ± 0.02 −0.05±0.03±0.03 −0.035

Table 2
Values of the inclusive asymmetry A1,d with their statistical and systematic errors
as a function of x, with the corresponding average value of Q 2.

x-bin ⟨x⟩ ⟨Q 2⟩
(GeV/c)2

A1,d ± δAstat ± δAsyst

0.004–0.006 0.0052 1.17 0.001±0.005±0.002
0.006–0.010 0.0079 1.48 −0.001±0.003±0.001
0.010–0.020 0.0141 2.15 −0.002±0.003±0.001
0.020–0.030 0.0244 3.23 0.010±0.005±0.002
0.030–0.040 0.0346 4.33 0.003±0.006±0.003
0.040–0.060 0.0487 5.87 0.016±0.006±0.003
0.060–0.100 0.0765 8.63 0.039±0.007±0.004
0.100–0.150 0.121 12.9 0.090±0.010±0.008
0.150–0.200 0.172 17.8 0.126±0.015±0.011
0.200–0.300 0.240 24.9 0.159±0.017±0.014

Ref. [27]) relies on the assumption of SU(3)F symmetry. It has been
suggested that this symmetry could be broken at a level of 20%
[9]. However recent fits of inclusive and semi-inclusive data have
found a much smaller symmetry breaking, of the order of a few
per mill [10].

5. Direct evaluation of !s from the charged kaon asymmetry

The dependence of !s(x) on the FFs can be further explored in
relation with the charged kaon asymmetry AK ++K −

1,d . This asymme-

try is a weighted average of AK +
1,d and AK −

1,d with weights given by
the spin-averaged K + and K − cross-sections

AK ++K −
1,d =

σ K +
AK +

1,d + σ K −
AK −

1,d

σ K + + σ K − . (3)

It is found to be very stable with respect to the ratio σ K −
/σ K +

.
Indeed a change of this ratio by ±10% which would cover, for in-
stance, the replacement of the MRST PDFs by those from CTEQ
[28], does not modify AK ++K −

1,d by more than 10% of its statistical
error. At LO, the cross-section ratio only depends on the unpo-
larised PDFs and on the ratios of unfavoured to favoured, RUF, and
strange to favoured, RSF, fragmentation functions

RUF =
∫

D K +
d (z)dz

∫
D K +

u (z)dz
, RSF =

∫
D K +

s̄ (z)dz
∫

D K +
u (z)dz

, (4)

which are respectively equal to 0.13 and 6.6 for the DSS FFs at
Q 2 = 3 (GeV/c)2 (0.35 and 3.4 for the EMC FFs).18 The values
shown in Fig. 6 have been obtained with the MRST PDFs and the
DSS FFs. As for the K + and K − asymmetries, they are in very good
agreement with the HERMES values of Ref. [7].

For an isoscalar target, the charged kaon asymmetry and the
inclusive asymmetry can be written at LO as

AK ++K −
1,d = ξ

!Q + α!s
Q + αs

, A1,d = ξ
!Q + 4

5 !s

Q + 4
5 s

, (5)

18 These values remain practically unchanged when the range of z is limited to
0.85 instead of 1.
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Summary
first round of SIDIS measurements coming to an end

current knowledge on quark- and gluon-spin contribution to nucleon 
spin leaves room for orbital angular momentum

transversity is non-zero and quite sizable

can be measured, e.g., via Collins effect or s-p interference in 
2-hadron fragmentation

Sivers and Boer-Mulders effects are also non-zero

Sivers: opposite sign for up and down quarks in line with their 
contributions to the nucleon’s anomalous magnetic moment

so far no sign of a non-zero pretzelosity distribution

first evidences for non-vanishing worm-gear functions

precision measurements at ongoing and future SIDIS facilities 
needed to fully map TMD landscape
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Wang: Very exciting news. Looks realistically possible

that China will build an EIC several years before a US

machine.

1



Several interesting theory papers:

Gamberg: proposes a different and perhaps more sys-

tematic method of deconvoluting theoretical expres-

sions into factorized form

Zhou: small x behaviour of SSA, based on ODDERON

exchange.

Recall

App = Ap̄p = s log(s)2 Pomeron (1)

In principle can have

App −Ap̄p 9 0 as → 0 Odderon (2)

2



Schlegel: SSA in SIDIS

Very interesting study of 2-photon effects. Motivated

by remarkable JLab EM form factor discovery. Inter-

esting use of qγq correlator. Recall qGq correlator is

really

⟨gψ̄Gψ⟩ (1)

and not considered O(g).

Similarly qγq correlator is

⟨eψ̄Fψ⟩ (2)

and not considered O(e).

1



Some food for thought: theoretical of course

1) Group theory commutation relations like

[Li, Lj] = iϵijkLk (1)

don’t hold if m = 0.

Quite different in case m = 0! PHYSICS! Can never

establish absolutely that mγ = 0.

1



2) How to prove that an OPERATOR is G. Invt.?

Defining theory by fixing Lagrangian we use Classical

variables and demand G. Inv. under

Aµ → Aµ+ ∂µΛ(x) (2)

Λ(x) = classical, ordinary function (3)

2



Chen: If you TEST G.Inv. of an OPERATOR this way

you get contradictions.

3



 

 
 

 
Therefore, for an eigenstate of angular momentum 

 

 



Questioning the path-integral proof of 
gauge-invariant matrix element for 

gauge-dependent operators  
Explicit counter example by perturbative calculation 
P. Hoodbhoy, X. Ji,  W. Lu, PRD 59:074010 (1999);  
P. Hoodbhoy, X. Ji, PRD 60, 114042 (1999). 

11	
  



3) Can we understand the surprising result that in Fock

space models, where the quarks are free, one finds

L
q
kin ̸= L

q
can ? (1)

1



4)Although I now consider Canonical and Kinetic ver-

sions of AM to both be of importance, I feel that AM

operators ought to be the GENERATORS of RO-

TATIONS (at least at equal times). This means the

CANONICAL version.

2



Lastly

As an organiser I am not allowed to say the Workshop

was a success.

But if the speakers have to apologise in order to con-

tinue with their talks, I think that is a good sign!

3




