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Proton Spin Crisis (1989)! 

Δ Σ  = (0.12)  +/- (0.17) (EMC, 1989)  
Δ Σ  = 0.58 expected from E-J sum rule…."
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Aftermath of the EMC Spin “Crisis” 
Naïve quark model yields: 
Relativistic effects included quark model: 
After much discussions, arguments an idea that became 
emergent, although not without controversy: “gluon 
anomaly” 
•  True quark spin is screened by large gluon spin:  

• But there were strong alternative scenarios proposed that 
blamed the remaining spin of the proton on: 
•  Gluon spin (same as above) 
•  Orbital motion of quarks and gluons (OAM)  
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∆u = 4/3 and ∆d = −1/3 =⇒ ∆Σ = 1
∆Σ = 0.6

∆Σ(Q2) = ∆Σ� −Nf
αS(Q2)

2π
∆g(Q2

Altarelli, Ross 
Carlitz, Collins 
Mueller et al. 

Jaffe, Manohar  
Ji et al 

It became clear that precision measurements of nucleon spin 
constitution was needed! 
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Natural questions about Nucleon’s Spin 
Do the quarks & anti-quarks really carry so little a spin of the 
proton?:   A better precision on ΔΣ measurement highly 
needed. 
 
ΔΣ  contains quark as well as anti-Quark spin Photons do not 
distinguish between them! Do the quarks and anti-Quarks cancel 
each others spin? i.e. are they anti-aligned for some reason?  
 
Is the gluon’s contribution to nucleon spin large?  Is the 
“anomaly” scenario true?  How would we do a direct 
determination of gluon’s spin? 
 
Is there an orbital motion of the quarks and gluons contributing to 
the nucleon spin? 
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Improved precision of polarized DIS experiments with good 
particle identification promised answers to the 1st question: 

Improve precision on ΔΣ and its quark/anti-quark separation 

 
Gluon’s contribution to nucleon spin: 

Global analysis of DIS data analyses at Next to Leading Order 
Direct determination with photon-gluon (open charm production) 
Launching of a new method: polarized proton-proton scattering  
 

Methods to tag internal motion of partons inside the nucleon 
without breaking the proton:  

Deeply Virtual Compton Scattering experiments 
Will come back to this in later lectures 
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Other spin rule(s) and tests of QCD: 
• Bjorken spin sum rule (1966): Strong test of QCD 

Where  
 
 
 

• Efremov, Leader, Teryaev sum rule:  
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g1�x ,Q2��exp A�ln��x�Q0
2�/�s�Q2��ln�1/x �,

�2.28�

for the nonsinglet and singlet parts of g1 .
Resummation of leading powers of ln(1/x) gives

g1
NS�x ,Q2��x�wNS, wNS�0.4, �2.29�

g1
S�x ,Q2��x�wS, wS�3wNS , �2.30�

for the nonsinglet �33� and singlet �34� parts, respectively.

E. Sum-rule predictions

1. First moment of g1 and the operator product expansion

A powerful tool to study moments of structure functions
is provided by the operator product expansion �OPE�, where
the product of the leptonic and the hadronic tensors describ-
ing polarized deep-inelastic lepton-nucleon scattering re-
duces to the expansion of the product of two electromagnetic
currents. At leading twist, the only gauge-invariant contribu-
tions are due to the nonsinglet and singlet axial currents
�35,36�. If only the contributions from the three lightest
quark flavors are considered, the axial current operator Ak
can be expressed in terms of the SU�3� flavor matrices �k
(k�1, . . . ,8) and �0�2I as �36�

A�
k ��̄

�k

2 �5��� , �2.31�

and the first moment of g1 is given by

s��1
p�n ��Q2��

C1
S�Q2�

9 ��ps�A�
0 �ps���

C1
NS�Q2�

6

����� ��ps�A�
3 �ps��

1
)

�ps�A�
8 �ps�� ,

�2.32�

where C1
NS and C1

S are the nonsinglet and singlet coefficient
functions, respectively. The proton matrix elements for mo-
mentum p and spin s , �ps�A�

i �ps�, can be related to those of
the neutron by assuming isospin symmetry. In terms of the
axial charge matrix element �axial coupling� for flavor qi and
the covariant spin vector s� ,

s�ai�Q2���ps�q̄ i�5��qi�ps� , �2.33�

they can be written as

�ps�A�
3 �ps��

s�

2 a3�
s�

2 �au�ad��
s�

2 �gAgV�, �2.34�

�ps�A�
8 �ps��

s�

2)
a8�

s�

2)
�au�ad�2as�, �2.35�

�ps�A�
0 �ps��s�a0�s��au�ad�as��s�a0�Q2�,

�2.36�

where the Q2 dependence of au , ad , and as is implied from
now on and is discussed in Sec. II F. The matrix element a3

in Eq. �2.34� under isospin symmetry is equal to the neutron
�-decay constant gA /gV . If exact SU�3� symmetry is as-
sumed for the axial flavor-octet current, the axial couplings
a3 and a8 in Eqs. �2.34� and �2.35� can be expressed in terms
of coupling constants F and D , obtained from neutron and
hyperon � decays �3�, as

a3�F�D , a8�3F�D . �2.37�

The effects of a possible SU�3� symmetry breaking will be
discussed in Sec. VIII B.
The first moment of the polarized quark distribution for

flavor qi , that is, �qi���qi(x)dx , is the contribution of
flavor qi to the spin of the nucleon. In the QPM, ai is inter-
preted as �qi and a0 as ����u��d��s . In this frame-
work, the moments of x�u , x�d , and x�s are bound by a
positivity limit given by the corresponding moments of
xu ,xd ,xs , . . . obtained from unpolarized structure functions.
In Sec. II F we will see that the U�1� anomaly modifies this
simple interpretation of the axial couplings.
When Q2 is above the charm threshold (2mc)2, four fla-

vors must be considered and an additional proton matrix el-
ement must be defined,

�ps�A�
15�ps��

s�

2�6
�au�ad�as�3ac��

s�

2�6
a15 ,

�2.38�

while the singlet matrix element becomes s�(au�ad�as
�ac).

2. Bjorken sum rule

The Bjorken sum rule �4� is an immediate consequence of
Eqs. �2.32� and �2.34�. In the QPM where C1

NS�1,

�1
p��1

n�
1
6 �gAgV�. �2.39�

In this form, the sum rule was first derived by Bjorken from
current algebra and isospin symmetry, and has since been
recognized as a cornerstone of the QPM.
The Bjorken sum rule is a rigorous prediction of QCD in

the limit of infinite momentum transfer. It is subject to QCD
radiative corrections at finite values of Q2 �35,37�. These
QCD corrections have recently been computed up to O(�s

3)
�38� and the O(�s

4) correction has been estimated �39�. Since
the Bjorken sum rule is a pure flavor-nonsinglet expression,
these corrections are given by the nonsinglet coefficient
function C1

NS :

�1
p��1

n�
1
6 �gAgV�C1NS . �2.40�

Beyond leading order, C1
NS depends on the number of flavors

and on the renormalization scheme. Table I shows the coef-
ficients ci

NS of the expansion
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C1
NS�1�c1

NS� �s�Q2�

� ��c2
NS� �s�Q2�

� � 2
�c3

NS� �s�Q2�

� � 3�O�c4
NS�� �s�Q2�

� � 4, �2.41�

in the MS scheme.

3. Ellis-Jaffe sum rules

In the QPM the coefficient functions are equal to unity,
and assuming exact SU�3� symmetry �Eq. �2.37�� the expres-
sion �2.32� can be written

�1
p�n ����� � 1

12 �F�D �� 5
36 �3F�D �� 1

3 as . �2.42�

This relation was derived by Ellis and Jaffe �3�. With the
additional assumption that as�0, which in the QPM means
�s�0, they obtained numerical predictions for �1

p and �1
n .

The EMC measurement �2� showed that �1
p is smaller than

their prediction, which in the QPM implied that ��, the
contribution of quark spins to the proton spin, is small. This
result is at the origin of the current interest in polarized deep-
inelastic scattering.
The moments of g1 and the Ellis-Jaffe predictions are also

subject to QCD radiative corrections. The coefficient func-
tion C1

NS �Eq. �2.41�� used for the Bjorken sum rule also
applies to the nonsinglet part. The additional coefficient
function C1

S for the singlet contribution in Eq. �2.32� has
been computed up to O(�s

2) �36� and the O(�s
3) term has

also been estimated for n f�3 flavors �40�:

C1
S�1�c1

S� �s�Q2�

� ��c2
S� �s�Q2�

� � 2�O�c3
S�� �s�Q2�

� � 3,
�2.43�

and the coefficients ci
S are shown in Table I. The QCD-

corrected Ellis-Jaffe predictions for as�0 become

�1
p�n ��C1

NS���� �
1
12 �gAgV�� 1

36 �3F�D ��
�
1
9 C1

S�3F�D �. �2.44�

Since a0�a8�3as , the assumption as�0 is equivalent to
a0�a8�3F�D . The quantity 3F�D is independent of
Q2, and so the assumption a0�a8 should be made for a0

�

�a0(Q2��) �36�.1 The coefficients ci
S in the third column of

Table I should be used to compute the coefficient function
C1
S that appears in Eq. �2.44�.

4. Higher-twist effects

As for unpolarized structure functions, spin-dependent
structure functions measured at small Q2 are subject to
higher-twist �HT� effects due to nonperturbative contribu-
tions to the lepton-nucleon cross section. In the analysis of
moments and for not too low Q2, such effects are expressed
as a power series in 1/Q2:

�1�
1
2 a

�0 ��
M 2

9Q2 �a �2 ��4d �2 ��4 f �2 ���O�M 4

Q4 �
�
1
2 a

�0 ��HT. �2.45�

Here a (0,2), d (2), and f (2) are the reduced matrix elements of
the twist-2, twist-3, and twist-4 components, respectively,
and M is the nucleon mass. The values of a (2) and d (2) for
proton and deuteron have recently been measured �41� from
the second moment of g1 and g2 , and found to be consistent
with zero. Several authors have estimated the HT effects for
�1 �42–44� and for the Bjorken sum rule �45,46�. In the
literature, there is a consensus that such effects are probably
negligible in the kinematic range of the data used to evaluate
�1 in this paper.

F. Physical interpretation of aD and the U„1… anomaly
In the simplest approximation, the axial coupling a0(Q2)

is expected to be equal to ��, the contribution of the quark
spin to the nucleon spin. However, in QCD the U�1�
anomaly causes a gluon contribution to a0(Q2) �47–49� as
well, which makes �� dependent on the factorization
scheme, while a0 is not. The total fraction of the nucleon
spin carried by quarks is the sum of �� and Lq , where Lq is
the contribution of quark orbital angular momentum to the
nucleon spin. Recently, it was pointed out �50� that this sum
is scheme independent because of an exact compensation
between the anomalous contribution to �� and to Lq .
The decomposition of a0 into �� and a gluon contribu-

tion is scheme dependent �51�. In the Adler-Bardeen �AB�
�52� factorization scheme �53�

1In Ref. �36�, a0
� and a0(Q2) are referred to as � inv and �(Q2),

respectively.

TABLE I. Higher-order coefficients of the nonsinglet and singlet coefficient functions C1
NS and C1

S in the
MS scheme. The coefficients c4

NS and c3
S are estimates; c3

S is unknown for n f�4 flavors. The quantities a0
�

and a0(Q2) are discussed in Sec. II E 3.

n f

Nonsinglet Singlet (a0
�) Singlet �a0(Q2)�

c1
NS c2

NS c3
NS c4

NS c1
S c2

S c3
S c1

S c2
S c3

S

3 1.0 3.5833 20.2153 130 0.3333 0.5496 2 1 1.0959 3.7
4 1.0 3.2500 13.8503 68 0.0400 �1.0815 1 �0.0666
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� 1

0
dx x

�
gvalence
1 (x) + 2gvalence

2 (x)
�

= 0
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• Burkhardt Cottingham Sum rule 

• Understanding higher twist corrections at low Q2….. 

See review by S. E. Kuhn, J.-P Chen, E. Leader, arXiv:
0812.3535v2 [hep-ph] 11 Feb 2009 
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� 1

0
dx g2(x) = 0
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Improved precision on ΔΣ and flavor 
separation: 
  
SMC and COMPASS experiments at CERN 
E142-E155 experiments at SLAC 
HERMES experiment at DESY 
Hall A, B, C at Jefferson Laboratory 
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Mostly tried to reach pQCD region, Inclusive, no particle ID 
Mostly Semi-Inclusive, with good particle ID 
Mostly lower beam energies, precision mostly in the non-pQCD regime 
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Experimental Essentials  

 
•  False asymmetries were controlled by: 

•  Rapid variation of beam polarization (SLAC & JLab) 
•  Rapid variation of target polarization (HERMES@DESY) 
•  Simultaneous measurement of two oppositely polarized targets in 

the same beam (SMC & COMPASS@CERN) 

Facility & Beam 
Energy Target types Lepton beam  Minimum xBj 

reached 
SLAC & JLab  

9-49 GeV 
solid/gas Polarized e 

source Xmin ~ 0.01 

DESY 
27 GeV 

Internal (DESY) 
 gas 

Sokolov Ternov 
effect, e+/- Xmin ~ 0.02 

CERN 
100-190 GeV 

solid Muons(+) from 
pion decay Xmin ~ 0.003 
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Asymmetry Measurement 

•  f = dilution factor proportional to the polarizable nucleons of 
interest in the target “material” used, for example for NH3, f=3/17 

• D is the depolarization factor, kinematics, polarization transfer 
from polarized lepton to photon, D ~ y2 

• Note that  
•  Recall that there is a huge rise of F2 at low x (large rise in gluon radiation by 

quarks at low x) 
•  Large g1 at low x could still result from small asymmetries 
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A SHORT REVIEW OF 
EXPERIMENTS 
& DATA 
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Experiments 

Hall A at Jlab 

E155 etc. SLAC 

HERMES at DESY 

SMC,COMPASS at CERN 
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• Multiple tracking devices (to increase redundancy) 
• Multiple Particle ID detectors  
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Figure 1. Compass 2004 muon setup (top) artistic view, (bottom) top view (for detector names, see text).
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COMPASS at CERN 
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Comparison  
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SMC Target (left) vs. Reconstructed VTX  
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G. Event selection

Since the A � and A� data were recorded at different beam
energies, they cover different kinematic ranges and are sub-
ject to different kinematic cuts �Table IV�. A cut at small �
rejects events with poor kinematic resolution, whereas a cut
at high y removes events with large radiative corrections. A
cut on the momentum of the outgoing muon reduces the
contamination by muons from � and K production in the
target and subsequent decay to a few 10�3. The cut on � was
only applied for the analysis with Q2�1 GeV2. It rejects
events with poor vertex resolution.
Cuts were also applied to the beam phase space to ensure

that the beam flux was the same for both target cells. Fidu-
cial cuts on the target volume reject events from material
outside the target cells �Fig. 10�. Less than 10% of the raw
data were discarded because of instabilities in the beam in-
tensity, detector efficiencies, and target polarization. The size
of the final data samples after all cuts is shown in Table IV.

IV. DATA ANALYSIS

A. Evaluation of cross section asymmetries

The two cross section asymmetries A � and A� �Eq. �2.7��
are evaluated from counting rate asymmetries. To determine
A � the four measured counting rates from the upstream and
downstream target cells with the two possible antiparallel

target spin configurations are used. The quantity AT
�A� cos � is determined separately for the upstream and
downstream target cells from the four counting rates into the
upper and lower vertical halves of the spectrometer for the
two transverse spin directions.

1. A � analysis

The number of muons, Nu and Nd , scattered in the up-
stream and downstream target cells, respectively, is given by

Nu�nu�au�̄�1� f P�PuA ��, �4.1�

Nd�nd�ad�̄�1� f P�PdA ��, �4.2�

where � is the integrated beam flux, Pu and Pd are the
polarizations in the two target cells, nu and nd are the area
densities of the target nucleons, and au and ad are the cor-
responding spectrometer acceptances. The dilution factor f
accounts for the fact that only a fraction of the target nucle-
ons is polarized �Sec. IV C�. The flux � and the spin-
independent cross section �̄ cancel in the evaluation of the
raw counting-rate asymmetries, A raw and A raw� , obtained be-
fore and after target polarization reversal:

A raw�
Nu�Nd

Nu�Nd
, A raw� �

Nd��Nu�

Nd��Nu�
. �4.3�

Provided that nu /nd is constant and that the ratio of ac-
ceptances is the same before and after polarization reversal
and close to unity, i.e., au /ad�au�/ad��1, then the acceptan-
ces a and the densities n cancel in the average of the raw
asymmetries, so that

A ���
1

f P�Pt
�A raw�A raw�

2 � . �4.4�

If au /ad�au�/ad� , a ‘‘false’’ asymmetry ensues,

A false��
1

2 fDP�Pt
� r�1
r�1�

r��1
r��1 � . �4.5�

The virtual photon-proton asymmetry A1�A � /D �Eq. �2.15��
is thus given by

A1��
1

fDP�Pt
�A raw�A raw�

2 ��A false . �4.6�

In these expressions, D is the depolarization factor �Eq.
�2.13��, r�nuau /ndad , r��nuau�/ndad� , and Pt is the
weighted average of the target cell polarizations,

2Pt�
��Pu�Nu���Pd�Nd

�Nu��Nd
�

��Pu��Nu����Pd��Nd�

�Nu���Nd�
.

�4.7�

Equation �4.6� provides an unbiased estimate of the cross
section asymmetry for large numbers of events. To avoid
possible biases for the number of events involved, a maxi-
mum likelihood technique was developed which allows a

FIG. 10. Vertex distributions of scattered muons after kinematic
cuts: �a� along the beam direction and �b� in the plane perpendicu-
lar to the target axis, at the location of one of the NMR coils. In �a�,
the dashed lines indicate the fiducial cuts on the target volume
which coincide with the entry and exit windows of the target cells;
most events outside the shaded region originate from interactions
with the 3He-4He cooling liquid. The small peak at x��3.9 m
arises from scattering in the exit window of the target cryostat. In
�b�, the outer circle indicates the wall of the target cells and the
inner circle shows the radial cut applied. Scattering from the tubular
NMR coils is clearly visible.

5344 56D. ADAMS et al.

3. Beam polarization

The beam polarization obtained from the �-e scattering
experiment in 1993 is �74,75�

P���0.779�0.026�stat��0.017�syst� �3.6�

for E��188 GeV. The polarization measured by the muon
decay method in 1993, P���0.803�0.029 �stat�
�0.020 �syst�, has been published earlier �9�. Both results
are compatible. An alternative analysis with a larger data
sample for the muon decay method is in progress, and the
systematic uncertainties of our previous analysis are being
reevaluated. The result of the �-e scattering Eq. �3.6� is used
in this paper. For E��100 GeV a value of P���0.82
�0.06 was used for the analysis of the A2 measurement.
This is based on the measurement reported in Ref. �64�.
Monte Carlo simulations of the muon beam �60� are consis-
tent with these measurements of P� for both beam energies.
We have evaluated the average polarization of our accepted
event sample taking into account the energy dependence of
the muon polarization. The polarization was calculated on an
event-by-event basis using Eq. �3.1� and assuming a mo-
noenergetic pion beam �Fig. 5�.

D. Polarized target

The polarized proton target uses the method of dynamic
nuclear polarization �DNP� �76� and contains two oppositely
polarized target cells exposed to the same muon beam �Fig.
8� �2�. The solid target material is butanol �CH3�CH2�3OH�
plus 5% water doped with paramagnetic EHBA-Cr�V� mol-
ecules. A superconducting magnet system �77� and a
3He-4He dilution refrigerator �DR� �78� provide the strong
magnetic field and the low temperature required for high
polarization, and allow for frequent inversion of the field and
thus of the polarization vectors. Additional subsystems in-
clude a double microwave setup needed for the DNP and a
ten-channel NMR system to measure the spin polarization
�79�. During data taking, the nuclear spin axis is aligned
either along or perpendicular to the beam direction in order
to measure A � or A� , respectively.

The two target cells were each 60-cm-long, cylindrical,
polyester-epoxy mesh cartridges of 5 cm diameter, separated
by a 30-cm gap. The target consisted of 1.8-mm butanol
glass beads. The total amount of target material was 1.42 kg,
with a packing fraction of 0.62 and a density of 0.985 g/cm3
at 77 K. The concentration of paramagnetic electron spins in
the target material was 6.2�1019 spins/ml. In addition to
butanol, the target cells contained other material, mostly the
3He-4He cooling liquid and the NMR coils for the polariza-
tion measurement �Table II�.
In the 2.5-T field and at a temperature below 1 K, the

electron spins are nearly 100% polarized. When their reso-
nance line is saturated at a frequency just above or below the
absorption spectrum centered around the frequency of �e
�69.3 GHz at 2.5 T, negative and positive proton polariza-
tions are obtained. This technique was applied to polarize the
material in the two target cells in opposite directions. Modu-
lation of the microwave frequencies with a 30-MHz ampli-
tude and a 1-kHz rate increased the polarization buildup rate
by 20% and resulted in a gain in maximum polarization of
6%. This method was originally developed to improve the
polarization of a deuterated butanol target �80�.
The DR �81� cools the target material to a temperature

below 0.5 K, while absorbing the microwave power applied
for DNP. Once a high polarization is reached, the micro-
waves are turned off and the target material is cooled to 50
mK. At this temperature the proton spin-lattice relaxation
time exceeds 1000 h at 0.5 T. Under these ‘‘frozen-spin’’
conditions, the polarization is preserved during field rotation
and during measurements with transverse spin. To avoid pos-
sible systematic errors, the proton polarizations were re-
versed by DNP once a week.
The superconducting magnet system consists of a sole-

noid with a longitudinal field of 2.5 T aligned with the beam
axis and a dipole providing a perpendicular ‘‘holding’’ field
of 0.5 T. The solenoid has a bore of 26.5 cm into which the
DR with the target cells is inserted; this diameter corre-
sponds to an opening angle of �65 mrad with respect to the
upstream end of the target. Sixteen correction coils allow the
field to be adjusted to a relative homogeneity of �3.5
�10�5 over the target volume. In addition, the trim coils
were used to suppress the super-radiance effect �82�, which
can cause losses of the negative proton polarization while the
field is being changed. The spin directions were reversed
every 5 h with relative polarization losses of less than 0.2%.
This was accomplished by rotating the magnetic field vector
of the superimposed solenoid and dipole fields, with a loss of
data-taking time of only 10 min per rotation �83�. The dipole
field was also used to hold the spin direction transverse to the
beam for the measurement of A� .

FIG. 8. Cross section of the SMC polarized target.

TABLE II. Quantities �in moles� of the various chemical ele-
ments in the target volume.

Element Quantity Element Quantity Element Quantity
1H 185.70 F 0.24 Cu 00.36
3He 6.00 Na 0.17 O 22.70
4He 23.00 Cr 0.17 C 71.80
Ni 0.14
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Measurements:  
Proton Target Deuteron Target 
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Spin structure Functions 
• Measurements over the 

last twenty odd years 
• SMC measure lowest x 
• SLAC/Jlab measure 

highest x 
• Data consistent amongst 

all experiments over a 
large range of Q2 

• But there should be 
differences if gluon 
polarization is sizable, the 
the spin structure functions 
should evolve with Q2 

singlet axial-vector current

Jµ5 = ūγµγ5u+ d̄γµγ5d+ s̄γµγ5s (16)

which is close to one and which goes to one in the limit
Q2 → ∞. The symbol β denotes the QCD beta func-

tion β(αs) = −
(
11 − 2

3f

)
(α2

s/2π) + ... and γ is given

by γ(αs) = f(αs/π)2 + ... where f (=3) is the num-
ber of active flavors (Kodaira, 1980). The singlet ax-

ial charge, g(0)A |inv, is independent of the renormaliza-

tion scale µ and corresponds to g(0)A (Q2) evaluated in the

limit Q2 → ∞. The flavor non-singlet axial-charges g(3)A

and g(8)A are renormalization group invariants. We are
free to choose the QCD coupling αs(µ) at either a hard
or a soft scale µ. The perturbative QCD expansion of
E(αs) remains close to one – even for large values of
αs. If we take αs ∼ 0.6 as typical of the infra-red then
E(αs) % 1−0.13−0.03+ ... = 0.84+ ... where −0.13 and
−0.03 are the O(αs) and O(α2

s) corrections respectively.

In the naive parton model g(0)A is interpreted as the
fraction of the proton’s spin which is carried by the in-
trinsic spin of its quark and anti-quark constituents. The

experimental value of g(0)A is obtained through measuring
g1 and combining the first moment integral in Eq.(12)

with knowledge of g(3)A and g(8)A from other processes plus
theoretical calculation of the perturbative QCD Wilson
coefficients.
The isovector axial-charge is measured independently

in neutron β-decays (g(3)A = 1.270±0.003 (Beringer et al.,
2012)) and the octet axial charge is commonly taken
to be the value extracted from hyperon β-decays as-

suming a 2-parameter SU(3) fit (g(8)A = 0.58 ± 0.03
(Close and Roberts, 1993)). However, it should be noted

the uncertainty quoted for g(8)A has been a matter of
some debate (Jaffe and Manohar, 1990; Ratcliffe, 2004).
SU(3) symmetry may be badly broken and some have

suggested that the error on g(8)A should be as large as
25% (Jaffe and Manohar, 1990). A recent re-evaluation
of the nucleon’s axial-charges in the Cloudy Bag model
taking into account the effect of the one-gluon-exchange
hyperfine interaction and the pion cloud plus kaon loops

led to the value g(8)A = 0.46 ± 0.05 (Bass and Thomas,

2010). The model reduction of g(8)A from the SU(3) value

comes primarily from the pion cloud with g(3)A taking its
physical value.
Deep inelastic measurements of g1 have been per-

formed in experiments at CERN, DESY, JLab and
SLAC. An overview of the world data on the nu-
cleon’s g1 spin structure function is shown in Fig. 4.
This data is published in EMC (Ashman et al., 1989),
SMC (Adeva et al., 1998b), E142 (Anthony et al., 1996),
E143 (Abe et al., 1998), E154 (Abe et al., 1997),
E155 (Anthony et al., 2000), E155 (Anthony et al.,
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FIG. 4 World data on xg1 as a function of x for the proton
(top), the deuteron (middle) and the neutron (bottom) at the
Q2 of the measurement. Only data points for Q2 > 1 GeV2

and W > 2.5 GeV are shown. Error bars are statistical errors
only.

1999), HERMES (Airapetian et al., 2007a), JLab
(Dharmawardane et al., 2006; Zheng et al., 2004), and
COMPASS (Alekseev et al., 2010d; Alexakhin et al.,
2007). There is a general consistency among all data
sets. The kinematic reach of the different experiments is
visible in Fig. 5. COMPASS have the smallest-x data,
down to x ∼ 0.004.
There are several striking features in the data. COM-

PASS measurements of the deuteron spin structure func-
tion gd1 show the remarkable feature that gd1 is consis-
tent with zero in the small-x region between 0.004 and
0.02 (Alexakhin et al., 2007). In contrast, the isovec-
tor part of g1 is observed to rise at small x as gp−n

1 ∼

13
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Some fundamental tests of QCD? 
• So far we have focused only about: 

•  Low x behavior of spin structure function 
•  Its Q2 evolution 
•  Because those were needed to check various high energy sum 

rules 

• What about high x? 
•  A region were we know gluons do NOT play a dominant role 
•  Should we not test the predictions of structure functions and their 

behavior in this region? 
•  Motivation for Jefferson Laboratory Physics  

7/03/2014 Questions in Hadron Physics 18 
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High x measurements 
•  Jlab focused on high x 

measurements: Luminosity Crucial! 
• A1 of proton, neutron and deuteron 
•  pQCD predicts A1=1 when x=1  
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GET POLARIZED 
PARTON 

DISTRIBUTIONS 
Next-to-Leading Order Perturbative QCD with 
DGLAP equation 
 
SIMILAR IN SPIRIT TO WHAT IS DONE IN 
UNPOALRIZED PDFS…. CTEQ, MRST…  

7/03/2014 Questions in Hadron Physics 20 
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Similar to extraction of PDFs at HERA (RECALL) 
NLO pQCD analyses: fits with 
linear DGLAP* equations 

21 

Gluon 
dominates 

*Dokshitzer, Gribov, Lipatov, Altarelli, Parisi 
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Global analysis of Spin SF 
• World’s all available g1 data 
• Coefficient and splitting 

functions in QCD at NLO 
• Evolution equations: DGLAP 

• Quark distributions fairly well 
determined, with small 
uncertainty 
•   ΔΣ = 0.23 +/- 0.04 

• Polarized Gluon distribution 
has largest uncertainties 
•    ΔG = 1 +/- 1.5 

ABFR analysis method by  
SMC PRD 58 112002 (1998) 
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Consequence: 
• Quark  + Anti-Quark contribution to nucleon spin is 

definitely small: Ellis-Jaffe sum violation confirmed 

•  Is this small ness due to some cancellation between quark
+anti-quark polarization: Semi-Inclusive data could 
address this.  

•  The gluon’s contribution seemed to be large! 
• While I am only presenting one global analysis result: 

Most NLO analyses by theoretical and experimental 
collaboration consistent with HIGH gluon contribution 
•  Anomaly scenario gained weight 
•  Direct measurement of gluon spin with other probes warranted. 

Seeded the RHIC Spin program 

7/03/2014 Questions in Hadron Physics 23 

∆Σ = 0.23± 0.03

∆G = 1± 1.5
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F2 vs. g1 structure function measurements 

F2 

g1 

Q2 (GeV2) Q2 (GeV2) 

105 10 102 1 10 103 

Large amount of polarized data since 1998… but not in NEW kinematic region! �
Large uncertainty in gluon polarization (+/-1.5) results from lack of wide Q2 arm �
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FIG. 5 World data for g1(x,Q
2) for the proton with Q2 >

1 GeV2 and W > 2.5 GeV. For clarity a constant ci =
0.28(11.6 − i) has been added to the g1 values within a par-
ticular x bin starting with i = 0 for x = 0.006. Error bars
are statistical errors only. (Also shown is the QCD fit of
Leader et al. (2006).)

x−0.22±0.07 (Alekseev et al., 2010d) and is much bigger
than the isoscalar gd1 . This compares to the situation in
the unpolarized structure function F2 where the small-x
region is dominated by isoscalar gluonic exchanges.

A. Spin sum-rules

To test deep inelastic sum-rules it is necessary to have
all data points at the same value of Q2. Next-to-leading
order (NLO) QCD-motivated fits taking into account the
scaling violations associated with perturbative QCD are
used to evolve all the data points to the same Q2. First
moment sum-rules are then evaluated by extrapolating
these fits to x = 0 and to x = 1, or using a Regge-
motivated extrapolation of the data. Next-to-leading or-
der (NLO) QCD-motivated fits discussed in Section V.C
are used to extract from these scaling violations the par-
ton distributions and in particular the gluon polarization.
Polarized deep inelastic scattering experiments are in-

terpreted in terms of a small value for the flavor-singlet
axial-charge. For example, COMPASS found using the

SU(3) value for g(8)A (Alexakhin et al., 2007) and no lead-
ing twist subtraction constant

g(0)A |pDIS,Q2→∞ = 0.33± 0.03(stat.)± 0.05(syst.). (17)

(This deep inelastic quantity misses any contribution to

g(0)A |inv from a possible delta function at x = 0). When

combined with g(8)A = 0.58 ± 0.03, the value of g(0)A |pDIS

in Eq.(17) corresponds to a negative strange-quark po-
larization

∆sQ2→∞ =
1

3
(g(0)A |pDIS,Q2→∞ − g(8)A )

= −0.08± 0.01(stat.)± 0.02(syst.) (18)

– that is, polarized in the opposite direction to the spin
of the proton. With this ∆s, the following values for the
up and down quark polarizations are obtained

∆uQ2→∞ = 0.84± 0.01(stat.)± 0.02(syst.)

∆dQ2→∞ = −0.43± 0.01(stat.)± 0.02(syst.) (19)

The non-zero value of ∆sQ2→∞ in Eq.(18) is known as
the violation of the Ellis-Jaffe sum-rule (Ellis and Jaffe,
1974).

The extracted value of g(0)A |pDIS required to be un-
derstood by theory, and the corresponding polarized

strangeness, depend on the value of g(8)A . If we in-

stead use the value g(8)A = 0.46 ± 0.05 the correspond-

ing experimental value of g(0)A |pDIS would increase to

g(0)A |pDIS = 0.36± 0.03± 0.05 with

∆s ∼ −0.03± 0.03. (20)

We shall discuss the value of∆s in more detail in Sections
V and VI in connection with more direct measurements
from semi-inclusive deep inelastic scattering plus global
fits to spin data, models and recent lattice calculations
with disconnected diagrams (quark sea contributions) in-
cluded.
The Bjorken sum-rule (Bjorken, 1966, 1970) for the

isovector part of g1 follows from current algebra and is
a fundamental prediction of QCD. The first moment of
the isovector part of g1 is determined by the nucleon’s
isovector axial-charge

∫ 1

0
dxgp−n

1 =
1

6
g(3)A

{
1 +

∑

!≥1

cNS!α
!
s(Q)

}
. (21)

up to a 1% correction from charge symmetry violation
suggested by a recent lattice calculation (Cloet et al.,
2012). It has been confirmed in polarized deep inelas-

tic scattering at the level of 5%. The value of g(3)A ex-
tracted from the most recent COMPASS data is 1.28 ±
0.07(stat.) ± 0.010(syst.) (Alekseev et al., 2010d) and
compares well with the Particle Data Group value 1.270±
0.003 deduced from neutron beta-decays (Beringer et al.,
2012).

The evolution of the Bjorken integral
∫ 1
xmin

dxgp−n
1

as a function of xmin as well as the isosinglet integral∫ 1
xmin

dxgp+n
1 are shown in Fig. 6. The Bjorken sum-rule

14
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COMPASS data 

• Precision! 

• Consistent with previous data sets 

• Measurement range the same as the previous muon 
beam experiment SMC at CERN 

• Not much help in furthering the cause of extracting gluon 
distribution through NLO analyses…  

7/03/2014 Questions in Hadron Physics 25 

• !how well are we doing ? 

•  refit/new analysis necessary ? 

•  impact on uncertainties ?!

• !DIS: "#
$!!from COMPASS  

             arXiv:1001.4654 

• !SIDIS: "#%&
'%(!!from COMPASS  

             arXiv:0905.2828 

extended x coverage w.r.t. HERMES 

• !SIDIS: "#%$
'%(!!from COMPASS  

             arXiv:1007.4061  

!"
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 Photon-Gluon Fusion: access to Gluon’s 
spin contribution 

7/03/2014 Questions in Hadron Physics 26 

Most recent COMPASS data: 
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Flavor separation of quarks/anti-quark spin: 
Do quarks and anti-quarks work against 
each other to reduce the ΔΣ?	
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Flavor tagging: semi-inclusive DIS 

•  Inclusive DIS + detect additional beam/target fragments 
•  Selectively tagging pions, kaons separates the flavors involved in 

interactions, needs Particle ID  
•  Purity and efficiency of tagging studied extensively using MC 

simulations to overcome our ignorance in fragmentation process. 

Method led 
By HERMES 
Now COMPASS 
Jlab Experiments 
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Significance of SIDIS 
•  In addition to scattered lepton, a hadron is observed and 

tagged, some times even identified. 
• Probability to find a hadron H with fractional momentum z of 

the parton which evolved in to that hadron H: Df
H(z,Q2) 

•  pQCD predicts the Q2 dependence identical to that of PDFs 
• We get frag. functions from e+e- collisions (LEP, NOW BELLE) 
•  The reason we learn from the SIDIS data: 

7/03/2014 Questions in Hadron Physics 29 
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Flavor Separation 

• Early 2000 

• Charge tagging π+/- 

• Un-polarized fragmentation 
functions from LEP 

• Evolution a la Altarelli Parisi 
•  Limited information of s, sbar 

due to lack of data on kaons 
•  LO extraction, MC used for 

purity and efficiency studies 

7/03/2014	
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Semi-Inclusive DIS Data & NLO pQCD  

•  Sassot et al. NLO calculations/fits for inclusive+semi-inclusive data 
•  Largest uncertainties in polarized gluon & flavor separated anti-quark 

 x(Δu+Δubar) 

x(Δd+Δdbar) 

x(Δuv) 

x(Δdv) 

x(Δg) 

x(Δubar) x(Δdbar) 

x(Δsbar) 

Circa 2007 
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Results/Conclusions 
By the time the fixed target polarized DIS experiments were 
over we learnt conclusively that: 
•  The quark+anti-quarks, ΔΣ, indeed contribute very little 

ΔΣ = 0.3 +/- 0.03    (recall: 0.12 +/-0.17 of EMC) 
The new results were calculated at Next-to-Leading Order pQCD.  
Low x extrapolations were consistent with pQCD 

Ellis Jaffe spin sum rule was still violated  
Bjorken Spin rule was found to be correct. 
 
Polarized gluon distribution was found to be LARGE, but with 
large uncertainties 
Dependence of results on Anti-Quark/Quark separation on 
non-perturbative objects such as Fragmentation functions was 
a reason for concern…. 
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Transverse Spin Puzzle  
Had been observed but ignored for almost 3 decades… 

7/04/2014 Lecture 5: RHIC Spin Part II: Anti-Quark Polarization & 
Transverse Spin 33 
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Transverse spin introduction 

•  Since people starved to measure effects at high pT to interpret 
them in pQCD frameworks, this was “neglected” as it was 
expected to be small….. However…. 

•  Pion production in single transverse spin collisions showed us 
something different….  

7/04/2014 Lecture 5: RHIC Spin Part II: Anti-Quark Polarization & 
Transverse Spin 34 

“Single-spin asymmetry” 

!" L!

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 

AN =
NL −NR

NL + NR

AN ∼ mq

pT
αS Kane, Pumplin, Repko 1978"
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xF = PL/Pmax
L = 2PL/

√
s

Pion: single transverse spin asymmetries! 

Lecture 5: RHIC Spin Part II: Anti-Quark Polarization & 
Transverse Spin 35 

ZGS/ANL 
√s=4.9 GeV 

RHIC 
√s=62.4 GeV 

FNAL 
√s=19.4 GeV 

AGS/BNL 
√s=6.6 GeV 

7/04/2014 
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Seeds for RHIC Spin program: 
Hadrons are almost full of gluons…. 95% of the mass of the hadrons 
comes from self interaction of gluons! 
 
So if one wants to study gluons and their spin contribution to proton’s 
spin, why not directly explore the gluon spin with polarized proton 
collisions? 
 
A very nice measurement of anti-quark polarization was 
suggested, which did not require fragmentation functions 
 
Curious and bothersome transverse spin asymmetries in p-p scattering 
persistent in every experiment performed…. US physicists heavily 
involved… decided to investigate further 
 
Technical know-how of polarizing proton beams at high energy 
became available! 

7/03/2014 Questions in Hadron Physics 36 


