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Overview of these lectures: 
Understanding the structure of matter

• Lecture 1: Past studies in hadron structure… Quantum 

Chromodynamics (~1970-2000)  

• Lecture 2: Introduction to a Collider (~2000-2025) as an example I will 

consider the polarized Relativistic Heavy Ion Collider (RHIC). (Heavy 
ion physics in another lecture set)

• Lecture 3: The US Electron Ion Collider: Frontiers QCD (~2030+)
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Overview of these lectures: 
Understanding the structure of matter
Lecture 1: Past studies of hadron structure (Quantum Chromodynamics)

• Brief History 
• The Standard Model (SM) & experimental method, kinematics etc.

• QCD: Some early surprises 
• Spin: EMC spin crisis: inclusive and semi-inclusive DIS and current status
• Nuclei: EMC effect in nuclei: what we know, what we don’t know…

• Need for a collider
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Studying smaller and 
smaller things…
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Studying Matter at Small Scales

!8

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

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

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

...

electrons

Electron Accelerator

Target
Detector

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



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

(SLAC) established the quark model and our modern view of 
particle physics “the Standard Model”
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Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Formfactor: F(q2) 
Fourier transform  
of charge distributions

p1
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p2
Mott = Rutherford + Spin
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Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Target

Detector

Detector

   electron 
beam

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

Scattered electron is deßected 
by a known B-Þeld and a Þxed 
vertical angle:

     determine EÕ

Spectrometer can rotate in the
horizontal plane,

     vary !

~10 GeV

!"#$%&'()*$&)+&',-.)/.&0112

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


The Static (Constituent) Quark Model
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Quantum 
Electrodyna
mics (QED)

V(r ) = !
q1 q2

4!" 0 r
= !

#em

r

Recall: Quantum Electrodynamic
Theory of electromagnetic interactions 

¥Exchange particles (photons) do not carry electric charge 

¥Flux is not confined: V(r) ~ 1/r,     F(r) ~ 1/r2
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Example Feynman Diagram: 
 e+e- annihilation

!!
1/q2

Coupling constant (! ): Interaction Strength 
                     In QED: ! em = 1/137
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Quantum 
Chromodyn

amics 
(QCD)

¥Exchange particles (gluons) carry color charge and can self-
interact 

Quantum Chromodynamics (QCD)

!13

Quantum Chromo Dynamics is the Ònearly perfectÓ fundamental 
theory of the strong interactions F. Wilczek, hep-ph/9907340

V (r ) = !
4
3

! s

r
+ kr

long range ~ r~1/r at short range

q q

Self-interaction: QCD 
significantly harder to 
analyze than QED

Long range aspect <z quark confinement and existence of nucleons

¥Flux is confined: 

¥Three color charges: red, green and blue
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Gluons!
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Gluons: They Exist!
1979      Discovery of the Gluon 
Mark-J, Tasso, Pluto, Jade experiment at PETRA (e+eÐ collider) 
at DESY (! s = 13 - 32 GeV)
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¥e+ e-  !  q" q !  2-jets

Physics Letters B, 15 December 1980

Gluons: They Exist!
1979      Discovery of the Gluon 
Mark-J, Tasso, Pluto, Jade experiment at PETRA (e+eÐ collider) 
at DESY (! s = 13 - 32 GeV)
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Standard Model (SM) of physics: 
Fundamental building blocks
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Difficulties in understanding our universe
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Scattering of protons on protons 
is like colliding Swiss watches to find out 
how they are build. 

              
                      R. Feynman

1. Probing Matter

L'*$2/*2#3*0*LM29*"#*"/*
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Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark
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All transverse motion 
was ignored. However, 
now we have more 
precisionÉ
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TABLE IV: Truncated Þrst moments, ! f 1, [0 .001 ! 1]
i , and full ones, ! f 1

i , of our polarized PDFs at various Q2.

x-range in Eq. (35) Q2 [GeV2] ! u + ! øu ! d + ! ød ! øu ! ød ! øs ! g !"
0.001-1.0 1 0.809 -0.417 0.034 -0.089 -0.006 -0.118 0.381

4 0.798 -0.417 0.030 -0.090 -0.006 -0.035 0.369
10 0.793 -0.416 0.028 -0.089 -0.006 0.013 0.366
100 0.785 -0.412 0.026 -0.088 -0.005 0.117 0.363

0.0-1.0 1 0.817 -0.453 0.037 -0.112 -0.055 -0.118 0.255
4 0.814 -0.456 0.036 -0.114 -0.056 -0.096 0.245
10 0.813 -0.458 0.036 -0.115 -0.057 -0.084 0.242
100 0.812 -0.459 0.036 -0.116 -0.058 -0.058 0.238

0

0.1

0.2

0.3

0.4

-0.15

-0.1

-0.05

0

0.05

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

-0.04

-0.02

0

0.02

10
-2

10
-1

x(! u + ! u
Ð
) x(! d + ! d

Ð
)

DSSV

x! u
Ð

x! d
Ð

x! s
Ð

x

!" 2=1 (Lagr. multiplier)

!" 2=1 (Hessian)

x! g

x

Q2 = 10 GeV2
-0.1

-0.05

0

0.05

0.1

10
-2

10
-1

FIG. 3: Our polarized PDFs of the proton at Q2 = 10 GeV 2

in the MS scheme, along with their ! ! 2 = 1 uncertainty
bands computed with Lagrange multipliers and the improved
Hessian approach, as described in the text.

tendency to turn towards +1 at high x. The latter be-
havior would be expected for the pQCD based models.
We note that it has recently been argued [73] that the
upturn of Rd in such models could set in only at rela-
tively high x, due to the presence of valence Fock states of
the nucleon with nonzero orbital angular momentum that
produce double-logarithmic contributions ! ln2(1 " x) in
the limit of x # 1 on top of the nominal power behav-
ior. The corresponding expectation is also shown in the
Þgure. In contrast to this, relativistic constituent quark
models predict Rd to tend to " 1/ 3 as x # 1, perfectly

A#ALL

0

pT [GeV]

!" 2=1 (Lagr. multiplier)

!" 2=1 (Hessian)
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FIG. 4: Uncertainties of the calculated A! 0

LL at RHIC in our
global Þt, computed using both the Lagrange multiplier and
the Hessian matrix techniques. We also show the correspond-
ing PHENIX data [23].

consistent with the present data.
Light sea quark polarizations: The light sea quark and
anti-quark distributions turn out to be better constrained
now than in previous analyses [36], thanks to the advent
of more precise SIDIS data [10, 14, 15, 16] and of the new
set of fragmentation functions [37] that describes the ob-
servables well in the unpolarized case. Figure 6 shows the
changes in! 2 of the Þt as functions of the truncated Þrst
moments ! øu1,[0.001! 1] , ! ød1,[0.001! 1] deÞned in Eq. (35),
obtained for the Lagrange multiplier method. On the
left-hand-side, Figs. 6 (a), (c), we show the e" ect on the
total ! 2, as well as on the! 2 values for the individual
contributions from DIS, SIDIS, and RHIC pp data and
from the F, D values. It is evident that the SIDIS data
completely dominate the changes in! 2. On the r.h.s. of
the plot, Figs. 6 (b), (d), we further split up ! ! 2 from
SIDIS into contributions associated with the spin asym-
metries in charged pion, kaon, and unidentiÞed hadron
production. One can see that the latter dominate, closely
followed by the pions. The kaons have negligible impact
here. For ! øu1,[0.001! 1], charged hadrons and pions are
very consistent, as far as the location of the minimum
in ! 2 is concerned. For! ød1,[0.001! 1] there is some slight
tension between them, although it is within the tolerance
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QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
¥BFKL (linear QCD): splitting functions <z gluon density grows

¥BK (non-linear): recombination of gluons <z gluon density tamed

BFKL:BK adds:

!s << 1 !s " 1#QCD

know how to 
do physics here ?
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QskT

~ 1/kT

kT
 $
(x
, k

T 2)

¥At Qs:   gluon emission balanced by recombination

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

(common definition)
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Bag Model: Gluon field distribution is wider than the fast moving
quarks. Color (Gluon) radius > Charge (quark) Radius

Constituent Quark Model: Gluons and sea quarks hide inside 
massive quarks. Color (Gluon) radius ~ Charge (quark) Radius 

Lattice Gauge theory (with slow moving quarks), gluons more 
concentrated inside the quarks: Color (Gluon) radius < Charge 
(quark) Radius
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How does a Proton look at  low and very high 
energy?
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• Wee partons fluctuations are time dilated in strong interaction time scales
• Long lived gluons radiate further smaller x gluons ! which intern radiate more……. Leading to 
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Gluon and the consequences of its interesting 
properties:

Gluons carry color charge ! Can interact with other gluons! 
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Gluon and the consequences of its interesting 
properties:

Gluons carry color charge ! Can interact with other gluons! 
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Proton mass puzzle
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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.  



Let’s get back to e-p DIS with & 
without “spin” as an example:
What did we learn?
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Lepton-nucleon cross section…!"#$%&'"(
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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 functionsg1

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 reÞned analysis; in particular, the inßuence 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 smallx, and we allow for aQ2

evolution of theg1
p structure function as predicted by pertur-
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from measurements of cross section asymmetries in which
the spin-independent contribution cancels. The relevant
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In Eqs.#2.8$and#2.9$, D is the depolarization factor of the
virtual photon deÞned below andd, %, and& are the kine-
matic factors:
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These relations are used in the present analysis for the evalu-
ation of g1 in bins of x andQ2, starting from the asymme-
tries measured in the parallel spin conÞguration and using
parametrizations ofF2(x,Q2) andR(x,Q2).

The virtual photon-proton asymmetryA2 is evaluated
from the measured transverse and longitudinal asymmetries
A! andA! :
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From Eqs.#2.3$and#2.9$, A2 has an explicit 1/! Q2 depen-
dence and is therefore expected to be small at high energies.
The structure functiong2 is obtained from the measured
asymmetries using Eqs.#2.9$and#2.17$.

C. Spin-dependent structure functiong1

The signiÞcance of the spin-dependent structure function
g1 can be understood from the virtual photon asymmetryA1 .
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 fractionx carried by the
quark, andg1 is given by

g1#x$!
1

2 ,
i ! 1

nf

ei
2! qi#x$, #2.18$

where
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" ) and qi
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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 ßavori , and nf is the number of quark ßavors
involved.

In QCD, quarks interact by gluon exchange, which gives
rise to a weakQ2 dependence of the structure functions. The
treatment ofg1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions(20).
At a given scaleQ2, g1 is related to the polarized quark and
gluon distributions by coefÞcient functionsCq and Cg
through(20)
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In Eqs.#2.8$and#2.9$, D is the depolarization factor of the
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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 asymmetryA1 in terms ofg1 andA2 and Þnd
the following relation for the longitudinal asymmetry:
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tudinal asymmetry is related toA1 andg1 by

A1#
A!

D
,

g1

F1
#

1

1" ' 2

A!

D
, #2.15$

respectively, whereF1 is usually expressed in terms ofF2
andR:

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 andQ2, starting from the asymme-
tries measured in the parallel spin conÞguration and using
parametrizations ofF2(x,Q2) andR(x,Q2).

The virtual photon-proton asymmetryA2 is evaluated
from the measured transverse and longitudinal asymmetries
A! andA! :
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From Eqs.#2.3$and#2.9$, A2 has an explicit 1/! Q2 depen-
dence and is therefore expected to be small at high energies.
The structure functiong2 is obtained from the measured
asymmetries using Eqs.#2.9$and#2.17$.

C. Spin-dependent structure functiong1

The signiÞcance of the spin-dependent structure function
g1 can be understood from the virtual photon asymmetryA1 .
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 fractionx carried by the
quark, andg1 is given by
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where
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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 ßavori , and nf is the number of quark ßavors
involved.

In QCD, quarks interact by gluon exchange, which gives
rise to a weakQ2 dependence of the structure functions. The
treatment ofg1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions(20).
At a given scaleQ2, g1 is related to the polarized quark and
gluon distributions by coefÞcient functionsCq and Cg
through(20)
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From Eqs.#2.8$ and #2.9$, we can express the virtual
photon-proton asymmetryA1 in terms ofg1 andA2 and Þnd
the following relation for the longitudinal asymmetry:
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respectively, whereF1 is usually expressed in terms ofF2
andR:
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These relations are used in the present analysis for the evalu-
ation of g1 in bins of x andQ2, starting from the asymme-
tries measured in the parallel spin conÞguration and using
parametrizations ofF2(x,Q2) andR(x,Q2).

The virtual photon-proton asymmetryA2 is evaluated
from the measured transverse and longitudinal asymmetries
A! andA! :
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From Eqs.#2.3$and#2.9$, A2 has an explicit 1/! Q2 depen-
dence and is therefore expected to be small at high energies.
The structure functiong2 is obtained from the measured
asymmetries using Eqs.#2.9$and#2.17$.

C. Spin-dependent structure functiong1

The signiÞcance of the spin-dependent structure function
g1 can be understood from the virtual photon asymmetryA1 .
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 fractionx carried by the
quark, andg1 is given by

g1#x$!
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where
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# ) are the distribution functions of
quarks#antiquarks$with spin parallel and antiparallel to the
nucleon spin, respectively,ei is the electric charge of the
quarks of ßavori , and nf is the number of quark ßavors
involved.

In QCD, quarks interact by gluon exchange, which gives
rise to a weakQ2 dependence of the structure functions. The
treatment ofg1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions(20).
At a given scaleQ2, g1 is related to the polarized quark and
gluon distributions by coefÞcient functionsCq 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 andQ2, starting from the asymme-
tries measured in the parallel spin conÞguration and using
parametrizations ofF2(x,Q2) andR(x,Q2).

The virtual photon-proton asymmetryA2 is evaluated
from the measured transverse and longitudinal asymmetries
A! andA! :
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From Eqs.#2.3$and#2.9$, A2 has an explicit 1/! Q2 depen-
dence and is therefore expected to be small at high energies.
The structure functiong2 is obtained from the measured
asymmetries using Eqs.#2.9$and#2.17$.

C. Spin-dependent structure functiong1

The signiÞcance of the spin-dependent structure function
g1 can be understood from the virtual photon asymmetryA1 .
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 fractionx carried by the
quark, andg1 is given by
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where
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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 ßavori , and nf is the number of quark ßavors
involved.

In QCD, quarks interact by gluon exchange, which gives
rise to a weakQ2 dependence of the structure functions. The
treatment ofg1 in perturbative QCD follows closely that of
unpolarized parton distributions and structure functions(20).
At a given scaleQ2, g1 is related to the polarized quark and
gluon distributions by coefÞcient functionsCq and Cg
through(20)
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• 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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• NLO pQCD analyses: fits with 
1%('-) DGLAP* equations
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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 Þt of
Leader et al. (2006).)

x! 0.22± 0.07 (Alekseev et al., 2010d) and is much bigger
than the isoscalargd

1 . 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 ofQ2. Next-to-leading
order (NLO) QCD-motivated Þts taking into account the
scaling violations associated with perturbative QCD are
used to evolve all the data points to the sameQ2. First
moment sum-rules are then evaluated by extrapolating
these Þts to x = 0 and to x = 1, or using a Regge-
motivated extrapolation of the data. Next-to-leading or-
der (NLO) QCD-motivated Þts 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 ßavor-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 ofg(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)

Ð 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-Ja " e sum-rule (Ellis and Ja" e,
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 ofg(8)

A . If we in-
stead use the valueg(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
Þts 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 Þrst moment of
the isovector part of g1 is determined by the nucleonÕs
isovector axial-charge

! 1

0
dxgp! n

1 =
1
6

g(3)
A

"
1 +

#

! $ 1

cNS! ! !
s(Q)

$
. (21)

up to a 1% correction from charge symmetry violation
suggested by a recent lattice calculation (Cloetet al.,
2012). It has been conÞrmed 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 (Beringeret al.,
2012).

The evolution of the Bjorken integral
%1

x min
dxgp! n

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

x min
dxgp+ n

1 are shown in Fig. 6. The Bjorken sum-rule
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• 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 ! Lecture 2

!"#$"%&#' (()**+%&%#,+-(./"0-,+12345627+89+4:2+;<234689+089+=8<<>?26 AB

! G = 1 ± 1.5

!" = 0 .30± 0.05
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