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Today on the menu…

• Homework: Was every one able to calculate the angle correlations in x-Q2 plane for 
10 GeV e x 250 GeV proton collisions?

• Can scattered electron have an energy larger than the initial energy of the 
electron in a collider?

• Polarized/Unpolarized deep inelastic scattering, methods, tools, spin crisis history 
and status, inclusive and semi-inclusive DIS

• Results of fixed target experiments, limitations of the fixed target experiments
• DIS on Nuclei
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Home Work: Where do electrons and quarks go?
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Angles measured w.r.t. proton direction
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Electron, Quark Kinematics

scattered electron scattered quark

5 GeV x 50 GeVqp
q,e
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Levitating top
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Despite understanding 
gravity, and rotational 
motion individually, when 
combined it produces 
unexpected, unusual and 
interesting results.

In nature, we observe such 
things and try to understand 
the physics behind it.  



“Spin” is an interesting and 
fundamental property in 

nature

Always full of surprises!
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1955
Bohr & Pauli
Trying to understand  
The tippy top toy
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1900’s a Century of Spin Surprises!
Experiments that fundamentally changed the way we think about physics!

• Stern Gerlach Experiment (1921)
• Space quantization associated with direction

• Goudsmit and Uhlenbeck (1926)
• Atomic fine structure and electron spin

• Stern (1933)
• Proton’s anomalous magnetic moment : 2.79 (proton not a point particle)

• Kusch (1947)
• Electron’s anomalous magnetic moment: 1.00119 (electron a point particle)

• Yale-SLAC Experiment (Prescott et a.) 
• Electroweak interference in polarizded e-D scattering 

• European Muon Collaboration (EMC) (1988)
• The Nucleon Spin Crisis (now – a puzzle)
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20th Century could be called a “Century of Spin 
Surprises!”

In fact, it has noted by :

Prof. Elliot Leader (University College London) that 
“Experiments with spin have killed more theories in physics, than any other single physical variable”

Prof. James D. Bjorken (SLAC), jokingly,  that
“If theorists had their way, they would ban all experiments involving spin”
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Lets get in to details of e-p 
scattering: what do we learn?
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Lepton Nucleon Cross section 

• Lepton tensor Lµn affects the kinematics (QED)
• Hadronic tensor Wµn has information about the hadron structure
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Nucleon spin

Lepton spin

Assume only g* exchange



What can unpolarized e-p 
scattering teach us?
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Quark and Gluon Distributions

!23

Structure functions allows us to extract the quark q(x,Q2) 
and gluon g(x,Q2) distributions (PDFs).  
In LO: Probability to find parton with x, Q2 in proton

Observable Parton Distribution
Function (PDF)

Theoretical
Calculations

�o = fi!a ⌦ �̂a!o

�o = fi!a ⌦ �̂a!b ⌦Db!o

Fragmentation
Functions

PDF: Connecting experiment (e.g. pp) with theory

Hadron Production:

Jets, Drell-Yan, etc.:
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Measurement of Glue at HERA
• Scaling violations of F2(x,Q2)

• NLO pQCD analyses: fits with 
linear DGLAP* equations

18

�F2(x,Q2)
�lnQ2

/ G(x,Q2)

Gluon
dominates

*Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
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The indefinite rise of gluons at low-x is a puzzle 
in itself: Should it really continue indefinitely? 

– Come back to this tomorrow.



Lepton Nucleon Cross Section:

• Lepton tensor Lµn affects the kinematics (QED)
• Hadronic tensor Wµn has information about the hadron structure
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Nucleon spin

Lepton spin

Assume only g* exchange



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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where ml is the lepton mass, y⇤↵/E in the laboratory sys-
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
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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-
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interpret our results in terms of the spin structure of the pro-
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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-
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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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be expressed as ⌦16�
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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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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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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
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�:

d2⌅̄
dxdQ2 ⇤

4⌃⌥2

Q4x ⇧xy2⌅ 1⇥
2ml

2

Q2 ⇤F1⇥x ,Q2⇧

⌅⌅ 1⇥y⇥
�2y2

4 ⇤F2⇥x ,Q2⇧� , ⇥2.2⇧

where ml is the lepton mass, y⇤↵/E in the laboratory sys-
tem, and

�⇤
2Mx
AQ2 ⇤

AQ2

↵
. ⇥2.3⇧

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

d2�⌅ ⇥

dxdQ2 ⇤
16⌃⌥2y
Q4 ⇧ ⌅ 1⇥

y
2⇥

�2y2

4 ⇤ g1⇥ �2y
2 g2�

⇥2.5⇧

and

d3�⌅T
dxdQ2d ⇤⇥cos  

8⌥2y
Q4 �A1⇥y⇥

�2y2

4 ⌅ y2 g1⌅g2⇤ .
⇥2.6⇧

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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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-
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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:
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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-
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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
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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
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C. Spin-dependent structure function g1
The significance of the spin-dependent structure function
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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
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�) 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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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-
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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:
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These relations are used in the present analysis for the evalu-
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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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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 ⌥⇥
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�) 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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d, h, x are kinematic factors  

D = Depolarization factor: how much polarization of the 
incoming electron is taken by the virtual photon, 
calculable in QED
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from measurements of cross section asymmetries in which
the spin-independent contribution cancels. The relevant
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ation of g1 in bins of x and Q2, starting from the asymme-
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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
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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
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�) 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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the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
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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⌥
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relations ⇥A1⇥⇤1 and ⇥A2⇥⇤AR �19�. When the term propor-
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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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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 ⌥⇥
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�) 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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• A|| could be written down in terms of spin structure function g1, and A2 along with kinematic factors:

Where A1 is bounded by 1, and A2 by sqrt(R=sT/sL), when terms related A2 can be neglected, and 
g is small, 
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from measurements of cross section asymmetries in which
the spin-independent contribution cancels. The relevant
asymmetries are
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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:

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:
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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:
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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
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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
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�) 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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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
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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
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no orbital angular momentum. Hence, g1 contains informa-
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spin projection of � 1
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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.
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quark, and g1 is given by
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quarks ⇥antiquarks⌥ with spin parallel and antiparallel to the
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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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for total photon-proton angular momentum component along
the virtual photon axis of 1/2 and 3/2, respectively; ⌃TL is an
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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
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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
gluon distributions by coefficient functions Cq and Cg
through �20�
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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:

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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Quark and anti-quark with spin orientation along and
against the proton spin.



Spin Crisis
Life was easy in the Quark Parton Model until first spin experiments were 
done!
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Understanding the proton spin structure:

Friedman, Kendall, Taylor: 1960’s SLAC Experiment 
1990 Nobel Prize: "for their pioneering investigations concerning deep 
inelastic scattering of electrons on protons and bound neutrons, 
which have been of essential importance for the development of the quark 
model in particle physics".

Obvious next Question: 
Could we understand other properties of proton, 
e.g. SPIN, in the quark-parton model? 
Proton Spin = ½, each quark is a spin ½ particle…
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•  predict: quarks carry the proton spin 

= + 

u d proton 

•  expect higher Fock states : 

•  model expectation:  ~ 70% of proton spin due to  
   quark and anti-quark spins 

Measure in deeply-inelastic processes! !



3/6/2019 EIC Day 2: Lecturs 3 and 4 32

Structure Functions & PDFs

• The F1 and F2 are unpolarized structure functions or momentum distributions

• The g1 and g2 are polarized structure functions or spin distributions

• In QPM  
• F2(x) = 2xF1 (Calan Gross relation)
• g2 = 0              (Twist 3 quark gluon correlations)



Experimental measurements with spin
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Nucleon spin & Quark Probabilities
• Define

• With q+ and q- probabilities of quark & anti-quark with spin parallel and anti-parallel to the 
nucleon spin

• Total quark contribution then can be written as:

• The nucleon spin composition 
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Nucleon�s 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 Needs in DIS

Polarized target, polarized beam
• Polarized targets: hydrogen (p), deuteron (pn), helium (3He: 2p+n) 

• Polarized beams: electron,muon used in DIS experiments

Determine the kinematics: measure with high accuracy:
• Energy of incoming lepton
• Energy, direction of scattered lepton: energy, direction

• Good identification of scattered lepton

Control of false asymmetries:
• Need excellent understanding and control of false asymmetries (time variation of the detector 

efficiency etc.)
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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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An Ideal Situation

If all other things are equal, they cancel in the ratio and….
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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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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
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First Moments of SPIN SFs
• With 

a3=ga a8 a0

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

DS

0

1



3/6/2019 EIC Day 2: Lecturs 3 and 4 46

Proton Spin Crisis (1989)!

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



Extrapolations!
The most simplistic but intuitive theoretical predictions for the polarized deep 
inelastic scattering are the sum rules for the nucleon structure function g1. 

Due to experimental limitations, accessibility of x range is limited, and extrapolations 
to x= 0 and x = 1 are unavoidable.
Extrapolations to x = 1, are somewhat less problematic: 

Small contribution to the integral
Future precisions studies at JLab 12GeV of great interest

Low x behavior of g1(x) is theoretically not well established hence of significant 
debate and excitement in the community 
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|A1|  1



Low x behavior of g1
• Regge models (mostly used until mid 1990s):

Where a is the intercept of the lowest contributing Regge trajectories
• Other model dependent expectations (non-QCD based):

• QCD based calculations:
Resummation of AP:
Resum of leading power of ln(1/x) gives:
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Q2 << 2M⌫, i.e. , x! 0, gp
1 ± gn

1 ! x�↵

g1(x) / [2 ln(1/x)� 1] g1(x) / (x ln2x)�1

g1⇧x ,Q2⌥⇥exp AAln⌦�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⌃
2A6

⇧au⌅ad⌅as⇥3ac⌥⇤
s⌃
2A6

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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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�
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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⌃ ,
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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⌃
2A6

⇧au⌅ad⌅as⇥3ac⌥⇤
s⌃
2A6

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 :
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6 ⇤gAgV⇤C1NS . ⇧2.40⌥

Beyond leading order, C1
NS depends on the number of flavors
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ficients ci
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for the nonsinglet and singlet parts of g1 .
Resummation of leading powers of ln(1/x) gives
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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
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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⌃
2A6

⇧au⌅ad⌅as⇥3ac⌥⇤
s⌃
2A6

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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A collection of low x behaviors:

• Low x behavior all over the place

• No theoretical guidance for which one is correct

• Only logical path is though measurements.
• Not easy
• But planned in future
• See lectures on EIC later in the week.
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How significant is this?

“It could the discovery of 
the century. Depending, 
of course on how far 
below it goes…”



Evolution: Our Understanding of 
Nucleon Spin

?
1980s 1990/2000s

We have come a long way, but do we understand nucleon spin?
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DS = 0.12 +/- 0.17 



Lesson:
• Every time we explored a physical observable with “spin” as one of the 

experimental variable, we have learnt something new about nature….

• But was this really a “ spin crisis”?
• Experimental uncertainties too large
• The assumptions:  naïve (constituent) quark model 
• We needed to examine and improve on both fronts!

This is precisely what was done in the 
following decade….
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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 =) �⌃ = 1
�⌃ = 0.6

�⌃(Q2) = �⌃0 �Nf
↵S(Q2)

2⇡
�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!



Improved precision on DS 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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Experiments

Hall A at Jlab

E155 etc. SLAC

HERMES at DESY

SMC,COMPASS at CERN



proton deuteron

QCD fits- World data on !"
# and !"$

PLB753 (2016) 18

à %& ', )* as input to global QCD fits for 
extraction of ∆,- ' and ∆% '

' and )* coverage not yet sufficient for precise ∆%
Can be improved by constraining from pp data (as DSSV, NNPDF…)

.%&
. ln)* ∝ −Δ% ', )*

3/6/2019 EIC Day 2: Lecturs 3 and 4 68



Similar to extraction of PDFs at HERA 
(RECALL)

NLO pQCD analyses: fits with 
linear DGLAP* equations

72

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

• DS = 0.23 +/- 0.04

• Polarized Gluon distribution has 

largest uncertainties

• DG = 1 +/- 1.5

ABFR analysis method by 
SMC PRD 58 112002 (1998)



Consequence:

• Quark  + Anti-Quark contribution to nucleon spin is definitely small: Ellis-Jaffe sum violation 

confirmed

• 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
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�G = 1± 1.5

�⌃ = 0.30± 0.05
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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 +

#

ℓ≥1

cNSℓα
ℓ
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

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



RHIC Spin program and the 
Transverse Spin puzzle
Evidence for transverse spin had been observed but ignored for almost 3 
decades…
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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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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



Siberian Snakes 
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Ø AGS Siberian Snakes: variable twist helical dipoles, 1.5 T (RT) and 
3 T (SC), 2.6 m long

Ø RHIC Siberian Snakes: 4 SC helical dipoles, 4 T, each 2.4 m long 
and full  360° twist

2.6 m 2.6 m

RIKEN

RIKEN

RIKEN RIKEN

DOE

Courtesy of A. Luccio
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PHENIX Detector at RHIC
• Design philosophy:

• High resolution limited acceptance
• High rate capability DAQ
• Excellent triggers for rare events

• Central arm
• Tracking: Drift chambers, pad chambers, time expansion 

chamber
• Superb EM Calorimetry PbGl, PbSc

DfxDh~0.01 x 0.01
p0 to 2g resolved up to 25 GeV pT

• Particle Identification: RICH, TOF
• Forward Muon Arms:

• Muon tracker, muon identifiers
• Global detectors:

• Beam beam collision (BBC) counter, Zero Degree Calorimeters 
(ZDCs)

• Online monitoring, calibration and production
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STAR Detector at RHIC
• Design Philosophy:

•Maximize acceptance
• lower resolution

•Subsystems:

• f = 2p acceptance 

in EM calorimetry

Barrel and EndCap

Total: -1 < h < 2

• Time Projection 

Chamber

• Separate Forward

pion detector 

• Silicon vertex tracker

• Beam-Beam Counters

• Zero Degree 

Calorimeter
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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.



Accessing DG in p+p Collisions at RHIC

• If Df = Dq, then we have this from pDIS

• So roughly, we have

where the coefficients a, b and c depend on final state 

observable and event kinematics (h,pT).

+- =  
++

+
+=

From ep (&pp)
(HERA mostly)

NLO pQCD
From e+e-
(& SIDIS,pp)
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Most impactful results: on DG

• Inclusive probes 

• Many others but highest impact with p0 and jets

• Have been used in recent NLO pQCD analyses 

• Experimental & theory systematic uncertainties 

have largely been downplayed.. This is an 

opportunity for near term improvement

Preliminary Run 9

STAR

Preliminary Run 9

STAR

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

Results / Status - Gluon polarization program
8

Mid-rapidity Inclusive Jet ALL measurement (Run 9)

Run 9 ALL measurement between GRSV-STD and DSSV / Clearly above zero at low pT 

Larger  asymmetry at low pT suggests larger gluon polarization compared to DSSV
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Recent global analysis: DSSV 

Bernd Surrow!XXII 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 Surrow!XXII 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 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….
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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 most 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

3/6/2019
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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

'qp
r

1h
r 2h

r

21 hh
rr

+

1S
r
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What does “Sivers effect” probe?

Hard probe
(Parton, g*)

hep-ph/ 
0703176

Top view, Breit frame

Sivers function
Generalized Parton 
Distribution Functions

Quark Orbital angular 
momentum

PRD59 (1999) 014013

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

Blue shift

PRD66 (2002) 114005Red shift x̂ẑŷ
x̂

Parton Distribution 
Functions rapidly fall in 
longitudinal momentum 
fraction x.

Final State Interaction between 
outgoing quark and target spectator.



Lessons learned:
• Proton and neutrons are not as easy to understand in terms of quarks, and gluons, as earlier 

anticipated:
• Proton’s spin is complex: alignment of quarks, gluons and possibly orbital motion 
• Proton mass: interactions amongst quarks and gluons, not discussed too much

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

• e-p more precise in p-p as it directly probes the glue, with more experimental control.

• Low-x behavior of gluons in proton intriguing; Precise measurements of gluons critical.

We need a new polarized collider….
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Nuclear Structure: A known 
unkown…

3/6/2019 EIC Day 2: Lecturs 3 and 4 108



PDFs in nuclei are different than in protons!
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Figure 3.25: The ratio of nuclear over nucleon F2 structure function, R2, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2

> 1 GeV2, along with
the QCD global fit from EPS09 [174]. Also shown is the expected kinematic coverage of the
inclusive measurements at the EIC. The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic error, while the statistical uncertainty is
expected to be much smaller.

tering could also take place at a perturbative
scale Q > Q0, and its contribution to the in-
clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[213, 214]. Although such corrections are
suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS

cross-section could probe a new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [158, 155], the standard fixed order
perturbative QCD approach to the coherent
multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [193, 194] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [193, 194]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q

2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

92

Since 1980’s we know the ratio of 
F2’s of nuclei to that of Deuteron 
(or proton) are different.

Nuclear medium modifies the 
PDF’s.

Fair understanding of what goes 
on, in the x > 0.01.

However, what happens at low x?

Does this ratio saturate? Or keep 
on going? – Physics would be very 
different depending on what is 
observed.

Date needed at low-x



Nucleus as a femtometer detector 
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Figure 3.26: Left: A cartoon for the interactions of the parton moving through cold nuclear
matter when the produced hadron is formed outside (upper) and inside (lower) the nucleus.
Right: Fragmentation functions as a function of z: from the charm quark to the D

0 meson
(solid) [217] and from up quark to ⇡

0 meson (dashed) [40].

mentation functions should be the most im-
portant cause for the multiplicity ratio of
hadrons produced in a large nucleus com-
pared to the same process on a proton, if
the hadrons are formed outside the nuclear
medium. It was evident from hadron pro-
duction in e

� + e
+ collisions that the frag-

mentation functions for light mesons, such as
pions, have a very di↵erent functional form
with z from that of heavy mesons, such as
D-mesons. As shown in Fig. 3.26 (Right),
the heavy D

0-meson fragmentation function
has a peak while the pion fragmentation
function is a monotonically decreasing func-
tion of z. The fact that the energy loss
matches the active parton to the fragmen-
tation function at a larger value of z leads to
two dramatically di↵erent phenomena in the
semi-inclusive production of light and heavy
mesons at the EIC, as shown in Fig. 3.27
[226]. The ratio of light meson (⇡) produc-
tion in e+Pb collisions over that in e+d col-
lisions (red square symbols) is always below
unity, while the ratio of heavy meson (D0)
production can be less than as well as larger

than unity due to the di↵erence in hadroniza-
tion.

In Fig. 3.27, simulation results are plot-
ted for the multiplicity ratio of semi-inclusive
DIS cross-sections for producing a single pion
(Left) and a single D0 (Right) in e+Pb colli-
sions to the same produced in the e+d as
a function of z at the EIC with two dif-
ferent photon energies: ⌫ = 35 GeV at
Q2 = 10 GeV2 (solid line and square sym-
bols) and ⌫ = 145 GeV at Q2 = 35 GeV2

(dashed line and open symbols). The pT of
the observed hadrons is integrated. The ra-
tio for pions (red square symbols) was taken
from the calculation of [220], extended to
lower z, and extrapolated from a copper nu-
cleus to a lead nucleus using the prescription
of [221]. In this model approach, pions are
suppressed in e+ A collisions due to a com-
bination of the attenuation of pre-hadrons as
well as medium-induced energy loss. In this
figure, the solid lines (red - ⌫ = 145 GeV, and
blue - ⌫ = 35 GeV) are predictions of pure
energy loss calculations using the energy loss
parameters of [227]. The large di↵erences in
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mentation functions should be the most im-
portant cause for the multiplicity ratio of
hadrons produced in a large nucleus com-
pared to the same process on a proton, if
the hadrons are formed outside the nuclear
medium. It was evident from hadron pro-
duction in e

� + e
+ collisions that the frag-

mentation functions for light mesons, such as
pions, have a very di↵erent functional form
with z from that of heavy mesons, such as
D-mesons. As shown in Fig. 3.26 (Right),
the heavy D

0-meson fragmentation function
has a peak while the pion fragmentation
function is a monotonically decreasing func-
tion of z. The fact that the energy loss
matches the active parton to the fragmen-
tation function at a larger value of z leads to
two dramatically di↵erent phenomena in the
semi-inclusive production of light and heavy
mesons at the EIC, as shown in Fig. 3.27
[226]. The ratio of light meson (⇡) produc-
tion in e+Pb collisions over that in e+d col-
lisions (red square symbols) is always below
unity, while the ratio of heavy meson (D0)
production can be less than as well as larger

than unity due to the di↵erence in hadroniza-
tion.

In Fig. 3.27, simulation results are plot-
ted for the multiplicity ratio of semi-inclusive
DIS cross-sections for producing a single pion
(Left) and a single D0 (Right) in e+Pb colli-
sions to the same produced in the e+d as
a function of z at the EIC with two dif-
ferent photon energies: ⌫ = 35 GeV at
Q2 = 10 GeV2 (solid line and square sym-
bols) and ⌫ = 145 GeV at Q2 = 35 GeV2

(dashed line and open symbols). The pT of
the observed hadrons is integrated. The ra-
tio for pions (red square symbols) was taken
from the calculation of [220], extended to
lower z, and extrapolated from a copper nu-
cleus to a lead nucleus using the prescription
of [221]. In this model approach, pions are
suppressed in e+ A collisions due to a com-
bination of the attenuation of pre-hadrons as
well as medium-induced energy loss. In this
figure, the solid lines (red - ⌫ = 145 GeV, and
blue - ⌫ = 35 GeV) are predictions of pure
energy loss calculations using the energy loss
parameters of [227]. The large di↵erences in
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Interactions of partons moving through cold nuclear matter 
when a hadron is formed outside or inside the nucleus. Color 
neutralization, Fragmentation, inverse of confinement, clues? 
What really happens?

Fragmentation functions models for heavy vs. light quarks. 
Very different shapes, and hence should be distinguishable 

in experiments.

Need an e-A collider affording precision and control



That Collider Is The 
Electron Ion Collider

About which we will learn on Day 3

Thank you.
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World’s first
Polarized electron-proton/light ion 
and electron-Nucleus collider

Both designs use DOE’s significant 
investments in infrastructure

For e-A collisions at the EIC:
ü Wide range in nuclei
ü Luminosity per nucleon same as e-p
ü Variable center of mass energy 

The Electron Ion Collider
Two options of realization!

112

For e-N collisions at the EIC:
ü Polarized beams: e, p, d/3He
ü e beam 5-10(20) GeV
ü Luminosity Lep ~ 1033-34 cm-2sec-1

100-1000 times HERA
ü 20-100 (140) GeV Variable CoM

3/6/2019

Ed. A. Deshpande, Z.-E. Meziani, J.-W. Qiu

Not to scale

1212.1701.v3
A. Accardi et al Eur. Phy. J.  A, 52 9(2016)
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Figure 1: Schematic Layout of eRHIC. Need to change to a figure includes RCS injector.

program aimed at exploring the novel phenomenon of gluon saturation requires that the CM energy range of
an electron-ion collider extends to 90GeV in electron-nucleus collisions and does reach 140 GeV for electron
proton collisions. The design also needs to allow for the detection of forward scattered protons with a transverse
momentum in the range between 0.2 and 1.3GeV/c. This latter requirement limits the maximum proton angular
spread at the collision point in at least one plane.
The outline for the eRHIC (RR) collider is shown in Figure 1.
Polarized electron bunches of 10 nC are generated in a state-of-the-art polarized electron source followed by a
400MeV injector LINAC. Once per second, the bunch is accelerated in a rapid cycling synchrotron in the RHIC
tunnel to a beam energy of up to 18GeV and is then injected into the electron storage ring where it is brought
into collisions with the hadron beam. In order to maintain high spin polarization each of the 330 (1320) electron-
bunches of 18GeV (10GeV) in the storage ring is replaced after 6 (30) minutes of storage. The Figure 2 shows the
peak luminosity versus CM energy for the eRHIC design. Table ?? lists the main parameters of the designs for the
beam energies with the highest peak luminosity. In case of collisions between electrons and ions, electron-nucleon
luminosity of similar levels are achieved as well. The high luminosity is achieved due to ambitious beam-beam
parameters, flat shape of the electron and hadron bunches at the collision point, and large circulating electron
and proton currents distributed over as many as 1320 bunches (in the case of 10GeV electron energy). In order
to separate the electron and hadron beams shortly after collisions to avoid parasitic crossings the beams collide
under a crossing angle of 22mrad and the crossing angle e↵ects are canceled by employing crab crossing using so
called crab cavities. SAVE this statement for body of the report for later: Crab crossing was already used to

increase the luminosity of the electron-positron collider KEKB, and is planned for the high luminosity

upgrade of the proton-proton collider LHC with beam tests planned in the near future .
The main elements of eRHIC which have to be added to the RHIC complex are:

• A low frequency photocathode gun delivering 10 nC polarized electrons at 1Hz

• A 400MeV injector normal conducting S-band linac

• A 5� 18GeV rapid cycling synchrotron (RCS) in the RHIC tunnel

for an initial low cost step, a 5� 10GeV rapid cycling synchrotron would fit in the AGS tunnel.

not here but in main part

• A high intensity, spin-transparent 5� 18GeV electron storage ring in the RHIC tunnel
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RECOMMENDATION:
We recommend a high-energy 
high-luminosity polarized EIC as 
the highest priority for new 
facility construction following the 
completion of FRIB.

Initiatives:
Theory 
Detector & Accelerator R&D

$1.1M/year since 2011 for detector 
R&D

$7.5M/year since 2018 for accelerator 
realization R&D     

http://science.energy.gov/np/reports
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The committee concludes that the science 

questions regarding the building blocks of 

matter are compelling and that an EIC is 
essential to answering these questions. 

Furthermore, the answers to these 

fundamental questions about the nature of 

the atoms will also have implications for 

particle physics and astrophysics and possibly 

other fields. Because an EIC will require 

significant advances and innovations in 

accelerator technologies, the impact of 

constructing an EIC will affect all accelerator-

based sciences. 

An EIC is timely and has the support of the 

nuclear science community. The science that 

it will achieve is unique and world leading 

and will ensure global U.S. leadership in 

nuclear science, as well as in accelerator 

science and the technology of colliders. 


