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Introduction to EIC – two lectures

•Why EIC? (Lecture 1)

•What (is the) EIC? (Lecture 2)
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Studying smaller and 
smaller things…
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Studying Matter at Small Scales

!8

Light Microscope
Wave length: 380-740 nm
Resolution: > 200 nm

Electron Microscope
Wave length: 0.002 nm (100 keV)
Resolution: > 0.2 nm

Fixed Target Particle 
Accelerator Experiments
Wave length: 0.01 fm (20 GeV)
Resolution: ~ 0.1 fm

...

electrons

Electron Accelerator

Target
Detector

SLAC, EMC, NMC, E665, BCDMS, 
HERMES, JLab, COMPASS, …



Probing matter with electrons…
• In the 1960s Experiments at Stanford Linear Accelerator Center 

(SLAC) established the quark model and our modern view of 
particle physics “the Standard Model”
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Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Target

Detector

Detector

   electron 
beam

Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Deep-Inelastic Electron Scattering

Scattered electron is deflected 
by a known B-field and a fixed 
vertical angle:
     determine E’

Spectrometer can rotate in the
horizontal plane,
     vary ✓

~10 GeV

Nobel Prize in Physics 1990

https://www.nobelprize.org/prizes/physics/1990/summary/


The Static (Constituent) Quark Model
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Difficulties in understanding our universe
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Not detectable

Unstable

Unstable

Not
Detectable

Absorption length ≈ 10 light years

Hardly interact with matter



Deep Inelastic Scattering (DIS)
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Study of internal structure of 
a watermelon:

A-A (RHIC/LHC)
1) Violent 
collision of 
melons

Violent DIS e-A (Deep Inelastic Scattering -- DIS)

2) Cutting the watermelon with a knife
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Deep Inelastic Scattering: Precision & Control 

Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark

Kinematics:

Inclusive events: e+p/A à e’+X

Semi-Inclusive events: e+p/A à e’+h(p,K,p,jet)+X

Exclusive events: e+p/A à e’+ p’/A’+ h(p,K,p,jet)

with respect to g
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All transverse motion 
was ignored. However, 
now we have more 
precision…



Unpolarized
e-p/A DIS

DIS without 
Spin:
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Extraction of PDFs at HERA
NLO pQCD analyses: fits with linear DGLAP* equations

12

Gluon
dominates

*Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
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Gluons carry color – interact with each other

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

recombination 

Apparent “indefinite 
rise” in gluon 
distribution in proton!

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
•BFKL (linear QCD): splitting functions ⇒ gluon density grows
•BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?
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kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

HERA
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HERA



Lepton-nucleon cross section…with spin
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.

II. THEORETICAL OVERVIEW

A. Cross sections for polarized lepton-nucleon scattering

The polarized deep-inelastic lepton-nucleon inclusive
scattering cross section in the one-photon-exchange approxi-
mation can be written as the sum of a spin-independent term
⌅̄ and a spin-dependent term �⌅ and involves the lepton
helicity hl⇤�1:

⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧

For longitudinally polarized leptons the spin Sl is along the
lepton momentum k. The spin-independent cross section for
parity-conserving interactions can be expressed in terms of
two unpolarized structure functions F1 and F2 . These func-
tions depend on the four-momentum transfer squared Q2 and
the scaling variable x⇤Q2/2M↵ , where ↵ is the energy of
the exchanged virtual photon and M is the nucleon mass.
The double-differential cross section can be written as a
function of x and Q2 ⌦15�:
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tem, and
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The spin-dependent part of the cross section can be writ-
ten in terms of two structure functions g1 and g2 which
describe the interaction of lepton and hadron currents. When
the lepton spin and the nucleon spin form an angle �, it can
be expressed as ⌦16�

�⌅⇤cos ��⌅ ⇥⌅sin � cos  �⌅' , ⇥2.4⇧

where  is the azimuthal angle between the scattering plane
and the spin plane ⇥Fig. 1⇧.
The cross sections �⌅ ⇥ and �⌅' refer to the two configu-

rations where the nucleon spin is ⇥anti⇧parallel or orthogonal
to the lepton spin; �⌅ ⇥ is the difference between the cross
sections for antiparallel and parallel spin orientations and
�⌅'⇤⇥hl�⌅T /cos  the difference between the cross sec-
tions at angles  and  ⌅⌃ . The corresponding differential
cross sections are given by
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined
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lepton scattering on a fixed polarized nucleon target.
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1

d .
The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
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inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
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target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
radiative corrections on the statistical error on the asymmetry
is now properly taken into account, resulting in an observ-
able increase of this error at small x , and we allow for a Q2

evolution of the g1
p structure function as predicted by pertur-

bative QCD. SMC has also published results on the deuteron
structure function g1

d ⌦11–13� and on a measurement of
semi-inclusive cross section asymmetries ⌦14�. For a test of
the Bjorken sum rule, we refer to our measurement of g1
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The paper is organized as follows. In Sec. II we review

the theoretical background. The experimental setup and the
data-taking procedure are described in Sec. III. In Sec. IV we
discuss the analysis of cross section asymmetries, and in Sec.
V we give the evaluation of the spin-dependent structure
function g1

p and its first moment. The results for g2
p are dis-

cussed in Sec. VI. In Sec. VII we combine proton and deu-
teron results to determine the structure function g1

n of the
neutron and to test the Bjorken sum rule. In Sec. VIII we
interpret our results in terms of the spin structure of the pro-
ton. Finally, we present our conclusions in Sec. IX.
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.
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For high energy scattering g is small

target. Both inclusive and semi-inclusive data were obtained,
and polarized H and D targets will be used in the future.
In this paper, we present SMC results on the spin-

dependent structure functions g1
p and g2

p of the proton, ob-
tained from data taken in 1993 with a polarized butanol tar-
get. First results from these measurements were published in
Refs. ⌦9, 10�. We use here the same data sample, but present
a more refined analysis; in particular, the influence of the
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evolution of the g1
p structure function as predicted by pertur-
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d ⌦11–13� and on a measurement of
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d .
The paper is organized as follows. In Sec. II we review
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⌅⇤⌅̄⇥ 1
2 hl⇤⌅ . ⇥2.1⇧
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dxdQ2 ⇤
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Q4x ⇧xy2⌅ 1⇥
2ml

2

Q2 ⇤F1⇥x ,Q2⇧

⌅⌅ 1⇥y⇥
�2y2

4 ⇤F2⇥x ,Q2⇧� , ⇥2.2⇧
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�⇤
2Mx
AQ2 ⇤

AQ2

↵
. ⇥2.3⇧
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�⌅⇤cos ��⌅ ⇥⌅sin � cos  �⌅' , ⇥2.4⇧
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dxdQ2 ⇤
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2 g2�

⇥2.5⇧

and

d3�⌅T
dxdQ2d ⇤⇥cos  
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�2y2

4 ⌅ y2 g1⌅g2⇤ .
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For a high beam energy E , � is small since either x is small
or Q2 high. The structure function g1 is therefore best mea-
sured in the ⇥anti⇧parallel configuration where it dominates
the spin-dependent cross section; g2 is best obtained from a
measurement in the orthogonal configuration, combined with
a measurement of g1 . In all formulas used in this article, we
consider only the single-virtual-photon exchange. The inter-
ference effects between virtual Z0 and photon exchange in
deep-inelastic muon scattering have been measured ⌦17� and
found to be small and compatible with the standard model
expectations. They can be neglected in the kinematic range
of current experiments.

B. Cross section asymmetries

The spin-dependent cross section terms, Eqs. ⇥2.5⇧ and
⇥2.6⇧, make only a small contribution to the total deep-
inelastic scattering cross section and furthermore their con-
tribution is, in general, reduced by incomplete beam and tar-
get polarizations. Therefore they can best be determined

FIG. 1. Lepton and nucleon kinematic variables in polarized
lepton scattering on a fixed polarized nucleon target.
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Cross section asymmetries….
• Ds|| = anti-parallel – parallel spin cross sections 
• Dsperp= lepton-nucleon spins orthogonal 
• Instead of measuring cross sections, it is prudent to measure the differences: 

Asymmetries in which many measurement imperfections might cancel:

which are related to virtual photon-proton asymmetries A1,A2:
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from measurements of cross section asymmetries in which
the spin-independent contribution cancels. The relevant
asymmetries are

A ⇤⇥
↵⌃ ⇤

2⌃̄ , A'⇥
↵⌃'

2⌃̄ , ⇥2.7⌥

which are related to the virtual photon-proton asymmetries
A1 and A2 by

A ⇤⇥D⇥A1⇤⌅A2⌥, A'⇥d⇥A2� A1⌥, ⇥2.8⌥

where

A1⇥
⌃1/2�⌃3/2
⌃1/2⇤⌃3/2

⇥
g1��2g2

F1
,

A2⇥
2⌃TL

⌃1/2⇤⌃3/2
⇥�

g1⇤g2
F1

. ⇥2.9⌥

In Eqs. ⇥2.8⌥ and ⇥2.9⌥, D is the depolarization factor of the
virtual photon defined below and d , ⌅, and  are the kine-
matic factors:

d⇥
A1�y��2y2/4

1�y /2 D , ⇥2.10⌥

⌅⇥
�⇥1�y��2y2/4⌥

⇥1�y /2⌥⇥1⇤�2y /2⌥ , ⇥2.11⌥

 ⇥
�⇥1�y /2⌥
1⇤�2y /2 . ⇥2.12⌥

The cross sections ⌃1/2 and ⌃3/2 refer to the absorption of a
transversely polarized virtual photon by a polarized proton
for total photon-proton angular momentum component along
the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
interference cross section due to the helicity spin-flip ampli-
tude in forward Compton scattering �18�. The depolarization
factor D depends on y and on the ratio R⇥⌃L /⌃T of longi-
tudinal and transverse photoabsorption cross sections:

D⇥
y⇥2�y ⌥⇥1⇤�2y /2⌥

y2⇥1⇤�2⌥⇥1�2ml
2/Q2⌥⇤2⇥1�y��2y2/4⌥⇥1⇤R ⌥

.

⇥2.13⌥

From Eqs. ⇥2.8⌥ and ⇥2.9⌥, we can express the virtual
photon-proton asymmetry A1 in terms of g1 and A2 and find
the following relation for the longitudinal asymmetry:

A ⇤

D ⇥⇥1⇤�2⌥
g1
F1

⇤⇥⌅��⌥A2 . ⇥2.14⌥

The virtual-photon asymmetries are bounded by positivity
relations ⇥A1⇥⇤1 and ⇥A2⇥⇤AR �19�. When the term propor-
tional to A2 is neglected in Eqs. ⇥2.8⌥ and ⇥2.14⌥, the longi-
tudinal asymmetry is related to A1 and g1 by

A1�
A ⇤

D ,
g1
F1

�
1

1⇤�2
A ⇤

D , ⇥2.15⌥

respectively, where F1 is usually expressed in terms of F2
and R:

F1⇥
1⇤�2

2x⇥1⇤R ⌥
F2 . ⇥2.16⌥

These relations are used in the present analysis for the evalu-
ation of g1 in bins of x and Q2, starting from the asymme-
tries measured in the parallel spin configuration and using
parametrizations of F2(x ,Q2) and R(x ,Q2).
The virtual photon-proton asymmetry A2 is evaluated

from the measured transverse and longitudinal asymmetries
A ⇤ and A' :

A2⇥
1

1⇤⌅ ⇧ A'

d ⇤ 
A ⇤

D ⌅ . ⇥2.17⌥

From Eqs. ⇥2.3⌥ and ⇥2.9⌥, A2 has an explicit 1/AQ2 depen-
dence and is therefore expected to be small at high energies.
The structure function g2 is obtained from the measured
asymmetries using Eqs. ⇥2.9⌥ and ⇥2.17⌥.

C. Spin-dependent structure function g1
The significance of the spin-dependent structure function

g1 can be understood from the virtual photon asymmetry A1 .
As shown in Eq. ⇥2.9⌥, A1�g1 /F1 or ⌃1/2�⌃3/2⇧g1 . In or-
der to conserve angular momentum, a virtual photon with
helicity ⇤1 or �1 can only be absorbed by a quark with a
spin projection of � 1

2 or ⇤ 1
2 , respectively, if the quarks have

no orbital angular momentum. Hence, g1 contains informa-
tion on the quark spin orientations with respect to the proton
spin direction.
In the simplest quark-parton model, the quark densities

depend only on the momentum fraction x carried by the
quark, and g1 is given by

g1⇥x ⌥⇥
1
2 ⌦i⇥1

n f

ei
2↵qi⇥x ⌥, ⇥2.18⌥

where

↵qi⇥x ⌥⇥qi
⇤⇥x ⌥�qi

�⇥x ⌥⇤ q̄ i
⇤⇥x ⌥� q̄ i

�⇥x ⌥, ⇥2.19⌥

qi
⇤ ( q̄ i

⇤) and qi
�( q̄ i

�) are the distribution functions of
quarks ⇥antiquarks⌥ with spin parallel and antiparallel to the
nucleon spin, respectively, ei is the electric charge of the
quarks of flavor i , and n f is the number of quark flavors
involved.
In QCD, quarks interact by gluon exchange, which gives

rise to a weak Q2 dependence of the structure functions. The
treatment of g1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions �20�.
At a given scale Q2, g1 is related to the polarized quark and
gluon distributions by coefficient functions Cq and Cg
through �20�
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A1 and A2 by
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In Eqs. ⇥2.8⌥ and ⇥2.9⌥, D is the depolarization factor of the
virtual photon defined below and d , ⌅, and  are the kine-
matic factors:
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The cross sections ⌃1/2 and ⌃3/2 refer to the absorption of a
transversely polarized virtual photon by a polarized proton
for total photon-proton angular momentum component along
the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
interference cross section due to the helicity spin-flip ampli-
tude in forward Compton scattering �18�. The depolarization
factor D depends on y and on the ratio R⇥⌃L /⌃T of longi-
tudinal and transverse photoabsorption cross sections:
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From Eqs. ⇥2.8⌥ and ⇥2.9⌥, we can express the virtual
photon-proton asymmetry A1 in terms of g1 and A2 and find
the following relation for the longitudinal asymmetry:

A ⇤

D ⇥⇥1⇤�2⌥
g1
F1

⇤⇥⌅��⌥A2 . ⇥2.14⌥

The virtual-photon asymmetries are bounded by positivity
relations ⇥A1⇥⇤1 and ⇥A2⇥⇤AR �19�. When the term propor-
tional to A2 is neglected in Eqs. ⇥2.8⌥ and ⇥2.14⌥, the longi-
tudinal asymmetry is related to A1 and g1 by
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A ⇤
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F1

�
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1⇤�2
A ⇤

D , ⇥2.15⌥

respectively, where F1 is usually expressed in terms of F2
and R:
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These relations are used in the present analysis for the evalu-
ation of g1 in bins of x and Q2, starting from the asymme-
tries measured in the parallel spin configuration and using
parametrizations of F2(x ,Q2) and R(x ,Q2).
The virtual photon-proton asymmetry A2 is evaluated

from the measured transverse and longitudinal asymmetries
A ⇤ and A' :
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A ⇤
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From Eqs. ⇥2.3⌥ and ⇥2.9⌥, A2 has an explicit 1/AQ2 depen-
dence and is therefore expected to be small at high energies.
The structure function g2 is obtained from the measured
asymmetries using Eqs. ⇥2.9⌥ and ⇥2.17⌥.

C. Spin-dependent structure function g1
The significance of the spin-dependent structure function

g1 can be understood from the virtual photon asymmetry A1 .
As shown in Eq. ⇥2.9⌥, A1�g1 /F1 or ⌃1/2�⌃3/2⇧g1 . In or-
der to conserve angular momentum, a virtual photon with
helicity ⇤1 or �1 can only be absorbed by a quark with a
spin projection of � 1

2 or ⇤ 1
2 , respectively, if the quarks have

no orbital angular momentum. Hence, g1 contains informa-
tion on the quark spin orientations with respect to the proton
spin direction.
In the simplest quark-parton model, the quark densities

depend only on the momentum fraction x carried by the
quark, and g1 is given by

g1⇥x ⌥⇥
1
2 ⌦i⇥1

n f

ei
2↵qi⇥x ⌥, ⇥2.18⌥

where

↵qi⇥x ⌥⇥qi
⇤⇥x ⌥�qi

�⇥x ⌥⇤ q̄ i
⇤⇥x ⌥� q̄ i

�⇥x ⌥, ⇥2.19⌥

qi
⇤ ( q̄ i

⇤) and qi
�( q̄ i

�) are the distribution functions of
quarks ⇥antiquarks⌥ with spin parallel and antiparallel to the
nucleon spin, respectively, ei is the electric charge of the
quarks of flavor i , and n f is the number of quark flavors
involved.
In QCD, quarks interact by gluon exchange, which gives

rise to a weak Q2 dependence of the structure functions. The
treatment of g1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions �20�.
At a given scale Q2, g1 is related to the polarized quark and
gluon distributions by coefficient functions Cq and Cg
through �20�
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which are related to the virtual photon-proton asymmetries
A1 and A2 by
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In Eqs. ⇥2.8⌥ and ⇥2.9⌥, D is the depolarization factor of the
virtual photon defined below and d , ⌅, and  are the kine-
matic factors:
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The cross sections ⌃1/2 and ⌃3/2 refer to the absorption of a
transversely polarized virtual photon by a polarized proton
for total photon-proton angular momentum component along
the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
interference cross section due to the helicity spin-flip ampli-
tude in forward Compton scattering �18�. The depolarization
factor D depends on y and on the ratio R⇥⌃L /⌃T of longi-
tudinal and transverse photoabsorption cross sections:
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From Eqs. ⇥2.8⌥ and ⇥2.9⌥, we can express the virtual
photon-proton asymmetry A1 in terms of g1 and A2 and find
the following relation for the longitudinal asymmetry:

A ⇤
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The virtual-photon asymmetries are bounded by positivity
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These relations are used in the present analysis for the evalu-
ation of g1 in bins of x and Q2, starting from the asymme-
tries measured in the parallel spin configuration and using
parametrizations of F2(x ,Q2) and R(x ,Q2).
The virtual photon-proton asymmetry A2 is evaluated

from the measured transverse and longitudinal asymmetries
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C. Spin-dependent structure function g1
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g1 can be understood from the virtual photon asymmetry A1 .
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tion on the quark spin orientations with respect to the proton
spin direction.
In the simplest quark-parton model, the quark densities

depend only on the momentum fraction x carried by the
quark, and g1 is given by
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nucleon spin, respectively, ei is the electric charge of the
quarks of flavor i , and n f is the number of quark flavors
involved.
In QCD, quarks interact by gluon exchange, which gives

rise to a weak Q2 dependence of the structure functions. The
treatment of g1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions �20�.
At a given scale Q2, g1 is related to the polarized quark and
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through �20�
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transversely polarized virtual photon by a polarized proton
for total photon-proton angular momentum component along
the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
interference cross section due to the helicity spin-flip ampli-
tude in forward Compton scattering �18�. The depolarization
factor D depends on y and on the ratio R⇥⌃L /⌃T of longi-
tudinal and transverse photoabsorption cross sections:

D⇥
y⇥2�y ⌥⇥1⇤�2y /2⌥

y2⇥1⇤�2⌥⇥1�2ml
2/Q2⌥⇤2⇥1�y��2y2/4⌥⇥1⇤R ⌥

.

⇥2.13⌥

From Eqs. ⇥2.8⌥ and ⇥2.9⌥, we can express the virtual
photon-proton asymmetry A1 in terms of g1 and A2 and find
the following relation for the longitudinal asymmetry:

A ⇤

D ⇥⇥1⇤�2⌥
g1
F1

⇤⇥⌅��⌥A2 . ⇥2.14⌥

The virtual-photon asymmetries are bounded by positivity
relations ⇥A1⇥⇤1 and ⇥A2⇥⇤AR �19�. When the term propor-
tional to A2 is neglected in Eqs. ⇥2.8⌥ and ⇥2.14⌥, the longi-
tudinal asymmetry is related to A1 and g1 by

A1�
A ⇤

D ,
g1
F1

�
1

1⇤�2
A ⇤

D , ⇥2.15⌥

respectively, where F1 is usually expressed in terms of F2
and R:

F1⇥
1⇤�2

2x⇥1⇤R ⌥
F2 . ⇥2.16⌥

These relations are used in the present analysis for the evalu-
ation of g1 in bins of x and Q2, starting from the asymme-
tries measured in the parallel spin configuration and using
parametrizations of F2(x ,Q2) and R(x ,Q2).
The virtual photon-proton asymmetry A2 is evaluated

from the measured transverse and longitudinal asymmetries
A ⇤ and A' :

A2⇥
1

1⇤⌅ ⇧ A'

d ⇤ 
A ⇤

D ⌅ . ⇥2.17⌥

From Eqs. ⇥2.3⌥ and ⇥2.9⌥, A2 has an explicit 1/AQ2 depen-
dence and is therefore expected to be small at high energies.
The structure function g2 is obtained from the measured
asymmetries using Eqs. ⇥2.9⌥ and ⇥2.17⌥.

C. Spin-dependent structure function g1
The significance of the spin-dependent structure function

g1 can be understood from the virtual photon asymmetry A1 .
As shown in Eq. ⇥2.9⌥, A1�g1 /F1 or ⌃1/2�⌃3/2⇧g1 . In or-
der to conserve angular momentum, a virtual photon with
helicity ⇤1 or �1 can only be absorbed by a quark with a
spin projection of � 1

2 or ⇤ 1
2 , respectively, if the quarks have

no orbital angular momentum. Hence, g1 contains informa-
tion on the quark spin orientations with respect to the proton
spin direction.
In the simplest quark-parton model, the quark densities

depend only on the momentum fraction x carried by the
quark, and g1 is given by

g1⇥x ⌥⇥
1
2 ⌦i⇥1

n f

ei
2↵qi⇥x ⌥, ⇥2.18⌥

where

↵qi⇥x ⌥⇥qi
⇤⇥x ⌥�qi

�⇥x ⌥⇤ q̄ i
⇤⇥x ⌥� q̄ i

�⇥x ⌥, ⇥2.19⌥

qi
⇤ ( q̄ i

⇤) and qi
�( q̄ i

�) are the distribution functions of
quarks ⇥antiquarks⌥ with spin parallel and antiparallel to the
nucleon spin, respectively, ei is the electric charge of the
quarks of flavor i , and n f is the number of quark flavors
involved.
In QCD, quarks interact by gluon exchange, which gives

rise to a weak Q2 dependence of the structure functions. The
treatment of g1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions �20�.
At a given scale Q2, g1 is related to the polarized quark and
gluon distributions by coefficient functions Cq and Cg
through �20�
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First Moments of SPIN SFs

a3=ga 
a8 a0

Neutron decay (3F-D)/3
Hyperon Decay

DS

0

1
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Nucleonʼs Spin: Naïve Quark Parton Model (ignoring relativistic 
effects… now, illustration only, but historically taken seriously)

• Protons and Neutrons are spin 1/2 particles
• Quarks that constitute them are also spin 1/2 particles
• And there are three of them in the

Proton: u u d            Neutron: u d d

S proton = Sum of all quark spins!

?
1/2      = 1/2  + 1/2 + 1/2  

1/2      = 1/2  - 1/2  + 1/2
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How was the Quark Spin measured?
• Deep Inelastic  polarized electron or muon  scattering

µ

µ

Spin 1 g*
Spin 1/2 quarks
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Experimental issues

Possible sources of false asymmetries:
• beam flux
• target size
• detector size
• detector efficiency

beam target
detector
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Ameasured = ALL
Double Longitudinal Spin asymmetry

If all other things are equal, 
they cancel in the ratio
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A Typical Setup
• Experiment setup (EMC, SMC, COMPASS@CERN)

• Target polarization direction reversed every 6-8 hrs
• Typically experiments try to limit false asymmetries to be about 10 times smaller than the physics 

asymmetry of interest
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Proton Spin Crisis (1989)!

DS /2  = (0.12)  +/- (0.17) (EMC, 1989)
DS /2 = 0.58 expected from E-J sum rule….

If the quarks did not carry the nucleon’s spin, what did? à Gluons?



Our Understanding of Nucleon Spin Puzzle

?
1980s 1990/2000s

Spin discovered a problem…. What now? Need precision and investigations of gluons….

7/12/22 23CFNS Summer School 2022

DS /2 = 0.12 +/- 0.17 

1
2

=

1
2
�⌃ + LQ

�
+ [�g + LG]

Need information 
about transverse 
dimensions of the 
proton
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Experiments

Hall A at Jlab

E155 etc. SLAC

HERMES at DESY

SMC,COMPASS at CERN
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F2 vs. g1 structure function measurements

F2

g1

Q2 (GeV2) Q2 (GeV2)

10510 1021 10103

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

Aidala et al.1209.2803v2
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F2 vs. g1 structure function measurements
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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
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So we need to measure scaling violation in the same region
HERA made measurements!

We need polarizsed high energy deep inelastic scattering 
experiment!

We need a polarized e-p collider



Consequence:
• Quark  + Anti-Quark contribution to nucleon spin is definitely small:

• Is this smallness due to some cancellation between quark+anti-quark
polarization

• The gluon’s contribution seemed to be large!

• Most NLO analyses by theoretical and experimental collaboration consistent with 
HIGH gluon contribution

• Direct measurement of gluon spin with other probes warranted. 
• Seeded the RHIC Spin program è Lecture 2
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�G = 1± 1.5

<latexit sha1_base64="EcF+9G7nv7X+NfYgv/uWqNOfeBA="></latexit>

Quark0s contribution to nucleon spin ! 1

2
�⌃ = 0.15± 0.03



RHIC Spin program and the 
Transverse Spin puzzle
Pre-cursor to a polarized e-p collider

EIC lecture 1 A
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Complementary techniques

Photons colorless: forced to 
interact at NLO with gluons

Can’t distinguish between quarks 
and anti-quarks either

Why not use polarized quarks 
and gluons abundantly available 
in protons as probes ? 
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Seeds for RHIC Spin program:

vHadrons are almost full of gluons…. So if one wants to study gluon’s 
spin contribution to proton’s spin, why not directly explore the gluon 
spin with polarized proton p-p collisions instead of e-p?

vCurious and bothersome transverse spin asymmetries in p-p scattering 
persistent in every experiment performed…. US physicists heavily 
involved… decided to investigate further

vTechnical know-how of polarizing proton beams at high energy 
became available!
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RHIC as a Polarized Proton Collider
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BRAHMS

STAR

PHENIX

AGS

LINAC
BOOSTER

Pol. H- Source

Spin Rotators
(longitudinal polarization)

Siberian Snakes

200 MeV Polarimeter

Internal Polarimeter

pC PolarimetersAbsolute Polarimeter (H­ jet)

pC Polarimeter
10-25% Helical Partial Siberian Snake

5.9% Helical Partial Siberian Snake

PHOBOS

Spin Rotators
(longitudinal polarization)

Spin flipper

Siberian Snakes

Without Siberian snakes: nsp = Gg = 1.79 E/m ® ~1000 depolarizing resonances
With Siberian snakes (local 180¡ spin rotators): nsp = ½ ® no first order resonances

Two partial Siberian snakes (11¡ and 27¡ spin rotators) in AGS
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Measuring ALL

−+

++

−+++

−+++

−+++

−+++ =
−

−
=

+

−
=

L
LR

RNN
RNN

PPdd
ddALL ;

||
1

21σσ
σσ

(N) Yield 
(R) Relative Luminosity
(P) Polarization 

ü Bunch spin configuration alternates every 106 ns 
ü Data for all bunch spin configurations are collected at the same time
Þ Possibility for false asymmetries are greatly reduced

Exquisite control over false asymmetries 
due to ultra fast rotations of the
target and probe spin.

Longitudinal Spin Asymmetry using polarized proton 
bunches in the RHIC ring



Two main detectors for spin studies 
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Recent global analysis: DSSV 

Bernd SurrowXXII International Workshop on DIS and Related Subjects - DIS2014 
Warsaw, Poland, May 01, 2014

Results / Status - Gluon polarization program
9

D. deFlorian et al., arXiv:1404.4293

D. deFlorian et al., arXiv:1404.4293

Wide 
spread at 

low x 
(x<0.05) 

of 
alternative 

fits 
consistent 

within 
90% of 

C.L.

DSSV: Original global analysis incl. first RHIC results (Run 5/6) 

DSSV*: New COMPASS inclusive and semi-inclusive results in addition to Run 5/6 RHIC 
updates 

DSSV - NEW FIT: Strong impact on !g(x) with RHIC run 9 results ⇒ Positive for x > 0.05!

Impact on !g from RHIC data  

“…better small-x 
probes are badly 

needed.”
D. deFlorian et al., arXiv:1404.4293

Bernd SurrowXXII International Workshop on DIS and Related Subjects - DIS2014 
Warsaw, Poland, May 01, 2014

Results / Status - Gluon polarization program
9

D. deFlorian et al., arXiv:1404.4293

D. deFlorian et al., arXiv:1404.4293

Wide 
spread at 

low x 
(x<0.05) 

of 
alternative 

fits 
consistent 

within 
90% of 

C.L.

DSSV: Original global analysis incl. first RHIC results (Run 5/6) 

DSSV*: New COMPASS inclusive and semi-inclusive results in addition to Run 5/6 RHIC 
updates 

DSSV - NEW FIT: Strong impact on !g(x) with RHIC run 9 results ⇒ Positive for x > 0.05!

Impact on !g from RHIC data  

“…better small-x 
probes are badly 

needed.”
D. deFlorian et al., arXiv:1404.4293

D. deFlorian et al., arXiv:1404.4293

While RHIC made a huge impact on DG
large uncertainties to remain in the low-x unmeasured region! 
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DG = 0.2 +/- 0.02 +/- 0.5



Transverse Spin effects in p-p 
observed but ignored for 40+ 
years
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Transverse spin introduction

• Since people focused at high pT to interpret them in pQCD frameworks, 
this (expected small effect) was “neglected However….

• Pion production in single transverse spin collisions showed us 
something different….
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“Single-spin asymmetry” 

! L

R 

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

AN =
NL �NR

NL + NR

Kane, Pumplin and Repko 
PRL 41 1689 (1978)

AN ⇠ mq

pT
· ↵S ⇠ 0.001
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xF = PL/Pmax
L = 2PL/

p
s

Pion asymmetries: at broad range in CM energies!
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ZGS/ANL
√s=4.9 GeV

RHIC
√s=62.4 GeV

FNAL
√s=19.4 GeV

AGS/BNL
√s=6.6 GeV

Suspect soft QCD effects at low scales, but they seem to remain relevant to perturbative 
regimes as well è 0.001 expected 0.2-0.6 observed at all Center of Mass Energies
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What could be the origin of such effect?
Collins (Heppelmann) effect: Asymmetry in the fragmentation hadrons

Example: Xhhpp 21 ++→+↑

Polarization of struck quark which fragments to hadrons.

Nucl Phys B396 (1993) 161,  
Nucl Phys B420 (1994) 565
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Other possibility:  What does “Sivers effect” probe?

hep-ph/ 
0703176Sivers function

Generalized Parton 
Distribution Functions

Quark Orbital angular 
momentum

PRD59 (1999) 014013

x̂

Quarks orbital motion adds/ 
subtracts longitudinal momentum 
for negative/positive .

PRD66 (2002) 114005

Parton Distribution Functions 
rapidly fall in longitudinal 
momentum fraction x.

Final State Interaction between 
outgoing quark and target spectator.

Hard probe
(Parton, g*)

Top view, Breit frame

Blue shift

Red shift ẑŷ
x̂



Lessons learned:

• Proton and neutrons spin not just alignment of quarks and gluons…. 
• Proton’s spin is complex: alignment of quarks, gluons and possibly orbital motion 

• To fully understand proton structure (including the partonic dynamics) one needs to 
explore over a broader x-Q2 range (not in fixed target but in collider experiment)

• e-p more precise than p-p as it probes with more experimental control and precision
• Low-x behavior of gluons in proton: Precise measurements of gluons critical.

We need a new polarized e-p collider….
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Proton mass puzzle
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Add the masses of the quarks together  1.78 x 10-26 grams ç This mass comes from HIGGS mechanism
But the proton’s mass (which is made of 3 dominant quarks and massless gluons) is 168 x 10-26 grams
èonly 1% of the mass of the protons (neutrons) and hence the visible universe comes from Higgs

èWhere does the rest of the mass come from?

It is like saying:

1 + 1 + 1 = 300

Peter Higgs 


