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Today on the menu…
• Overview of these lectures: plan

• Introduction to the Electron Ion Collider 
• High level introduction to the Physics of the Electron Ion Collider

History: 
• Investigations in nuclear and particle physics over the last 100 years
• Experiments that changed the way we think about physics
• Discovery of atomic nuclei, protons, neutrons and quarks

Electron Proton Scattering Kinematics : and a home work
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Overview of these lectures

• Day 1: 
• History: In search for fundamental particles, experimental methods, the Standard Model 

• Introduction to the Electron Ion Collider (EIC) and high level introduction to its physics

• Deep Inelastic Scattering (DIS), fixed target and collider

• Day 2:
• Spin: Polarized DIS, and the spin crisis: inclusive and semi-inclusive DIS

• Limitations of the fixed target spin experiments

• Relativistic Heavy Ion Collier: Gluon and anti-quark polarization

• The transverse spin puzzle: neglected clues 
• DIS with nuclei another lesson from CERN….

• Day 3:
• Polarized DIS with the EIC: Solving the spin puzzle: 3D imaging of the nucleon

• Gluons in Nuclei: do they saturate?

• Designing an EIC detector and integration in to the Interaction Region (IR)

• EIC: Status and prospects  
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Quest for the fundamental structure of matter
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1808 1874

1911

19131968

1932
1978

What’s in there?

What are we made up of?

What is the ”smallest”?

What is  “fundamental” that can’t be 
divided further?

NAS Consensus Report on the US Electron Ion Collider



Science and society
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Discovery

UnderstandingApplication



History: Fundamental particles, 
experimental methods
Day 1, Lecture 1
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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



In the beginning we took whatever we had…
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Probing Matter (1909)
The first exploration of subatomic structure was undertaken 
by Rutherford at Manchester using Au atoms as targets and 
α particles as probes.
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Probing Matter (1909)
The first exploration of subatomic structure was undertaken 
by Rutherford at Manchester using Au atoms as targets and 
α particles as probes.

!7

Rutherford



The expected….
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Probing Matter (1909)
The first exploration of subatomic structure was undertaken 
by Rutherford at Manchester using Au atoms as targets and 
α particles as probes.
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Thomson’s  
Plum Pudding Model

α

Predicted 
result:

Expected 
marks on screen

Detail of gold foil (Thomson):



The observed… unexpected…
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Rutherford 
Scattering

Probing Matter (1909)
The first exploration of subatomic structure was undertaken 
by Rutherford at Manchester using Au atoms as targets and 
α particles as probes.

!7

Au

α

E
Z

Zʹ

Elastic scattering of charged 
particles in Coulomb field 
(point-like source):
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Studying smaller and 
smaller things…
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Studying Matter at Small Scales

!8

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

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

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

...

electrons

Electron Accelerator

Target
Detector

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



Probing matter with electrons…

• In the 1960s Experiments at Stanford Linear Accelerator Center (SLAC) established the quark model 
and our modern view of particle physics “the Standard Model”
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Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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◆

Mott

|F (q2)|2

Formfactor: F(q2) 
Fourier transform  
of charge distributions

p1

electron
proton

p2
Mott = Rutherford + Spin

q2 = (p1 � p2)2

?

?

?

Probing Matter with Electrons
The SLAC experiments in the 1960s established the  
quark model and our modern view of particle physics.
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Target

Detector

Detector

   electron 
beam

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

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

Spectrometer can rotate in the
horizontal plane,
     vary ✓

~10 GeV



The Static 
Quark 
Model
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The Static (Constituent) Quark Model
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For detailed properties of the 
multiquark systems the model 
failed
How come? What was missing?
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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

!12

distance

fo
rc
e

1/r2+ -

Example Feynman Diagram: 
 e+e- annihilation

αα
1/q2

Coupling constant (α): Interaction Strength 
                     In QED: αem = 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 “nearly perfect” 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 ⇒ 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+e– collider) 
at DESY (√s = 13 - 32 GeV)
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e  +  q  

q  e  

e  +  

e  

jet 1

jet 2

• 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+e– collider) 
at DESY (√s = 13 - 32 GeV)
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e  +  
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q  

g  
e  
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q  

q  
g  

e  

• e+ e-  → q�q g → 3-jets
jet 1

jet 2

jet 3

e  +  

e  

Physics Letters B, 15 December 1980
Discovery of gluons: Mark-J, Tasso, Pluto, Jade experiments at PETRA (e+e-
collider) at DESY (CM energy 13-32 GeV)



QCD 
works!
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Standard Model (SM) of physics: 
Fundamental building blocks
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H
2012: CERN

• H  BOSON

+

Einstein
gravity

2015: Gravitational waves

18 Nobel 

Prizes since 

1950
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-1/3

0
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3.5  Days

15 Billion Years

100 seconds



From protons/neutrons to visible nuclei
We know what happened

but don’t fully understand why
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Dmitri Ivanovich Mendeleev



Difficulties in understanding our universe
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Not detectable

Unstable

Unstable

Not
Detectable

Absorption length ≈ 10 light years

Hardly interact with matter



Bridge of understanding 
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WE NEED A NEW 21ST CENTURY TOOL
THE ELECTRON ION COLLIDER (EIC)



Introduction to EIC and its 
science, and kinematics
Lecture 1, Day 2
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EIC does not exist yet

• Over 800 people from 170 institutions 
and 30 countries are working hard to 
realize the Electron Ion Collider.

• It is expected to be ready to take data 
in about 10 years…. About the time 
you will be ready to launch your 
independent  scientific careers
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Yet!!
Over 800 people 
from 169 institutions 
and 29 countries are 
working hard to make 
it happen within the 
next decade.

I am one of them.

The Electron-Ion Collider
does not exist

Why the excitement?



Electron Ion 
Collider : 

introduction

• First polarized electron-
polarized proton collider

• First electron-nucleus 
collider

• Resolution reaching 
resolution of 10-18m

The Electron-Ion Collider on One Page
The Electron-Ion Collider will be a machine for unlocking the 
secrets of gluons that binds the building blocks of visible matter 
in the universe.

!3

Tools: 
• The world’s first polarized electron-polarized proton collider 
• The world’s first electron-heavy ion collider 
• Fine resolution inside proton down to 10-18 meters 

‣ Counter rotating beams of 
electrons and protons/ions 
collide at an interaction point 

‣ The probe (electron) is 
structure-less and scatters 
off a “target”. The process is 
called Deep Inelastic 
Scattering.

e

e′

p or A

Counter rotating beams of electrons, protons 
and nuclei collide at an interaction point.
• Electron is structureless
• Protons or nuclei are target ß with structure
• Deep Inelastic Scattering (DIS)
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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

We can ask : What is in 
there, but not how they are 
built or how they work!



Study of internal 
structure of a 
watermelon:

A-A (RHIC/LHC)

1) Violent 
collision of 
melons

Violent DIS e-A (EIC)

2) Cutting the watermelon with a knife
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Nucleon Spin: Crisis to Puzzle @ IITB

Deep Inelastic Scattering

q = h/λ

h = constant
λ = wavelength 
q = momentum

transferred

Deep Inelastic:   (λ << Proton Size) 

September 15, 2017 33
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Deep Inelastic Scattering: Precision & Control 

Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark

Kinematics:

Inclusive events: e+p/A à e’+X

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

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

with respect to g
  

Q2 = −q2 = −(k
µ
− "k

µ
)2

Q2 = 2Ee "Ee (1− cosΘe ' )

y = pq
pk

= 1−
"Ee

Ee

cos2 "θe

2

%

&
'

(

)
*

x = Q2

2 pq
=

Q2

sy
Hadron :

z =
Eh

ν
; pt
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Gluon in the Standard Model of Physics
Gluon: carrier of strong force (QCD) 
Charg-eless, massless, but carries color-charge
Binds the quarks and gluons inside the hadrons with tremendous force!
At the heart of many un/(ill)-understood phenomena: 

Color Confinement, composition of nucleon spin, quark-gluon plasma at 
RHIC & LHC… 
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QCD QCD QCD

QED Unique defining feature of QCD



Nucleon Spin: Crisis to Puzzle @ IITB

All hadrons and mesons are made up of quarks & anti-
quarks bound together by gluons…

September 15, 2017 36
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Mass and spin are 
fundamental properties of 
atomic particles…
If a particle is composed of other smaller ones, they should contribute to those 
properties of the composite particles…
Sum of masses of quarks and gluons should add up to the mass of the proton
Sum of the spins of quarks and gluons should add p to the spin of the proton…
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Proton mass puzzle
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Add the masses of the quarks together  1.78 x 10-26 grams ç This mass comes from HIGGS mechanism
But the proton’s mass (which is made of 3 dominant quarks and massless gluons) is 168 x 10-26 grams
èonly 1% of the mass of the protons (neutrons) and hence the visible universe comes from Higgs

èWhere does the rest of the mass come from?

It is like saying:

1 + 1 + 1 = 300
Peter Higgs 



What does a proton look like in transverse dimension?

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

Need transverse images of the quarks and gluons in protons 

Static                 Boosted
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What  does a proton look like with increasing energy?
One of several possible scenarios: a pion cloud model

A parton core in the proton gets increasingly surrounded by a meson cloud with 
decreasing x
à large impact on gluon and sea-quark observables

What do we expect to see:
q pairs (sea quarks) generated at small(ish)-x are predicted to be unpolarized
q gluons generated from sea quarks are unpolarized
à needed: 

Ø high precision measurement of flavor separated polarized quark and gluon 
distributions as functions of x

Ø high precision spatial imaging: Gluon radius ~ sea-quark radius ?

What happens in the gluon dominated small-x regime?
Ø possible scenario: lumpy glue

 qq

EIC needs to and will explore the dynamical spatial structure of hadrons
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What do gluons in protons look like? 
Unpolarized & polarized parton distribution functions

Need to go beyond 1-dimension! 
Need (2+1)D image of gluons in a nucleon in position & momentum space 

14

TABLE IV: Truncated first moments, ∆f1,[0.001→1]
i , and full ones, ∆f1

i , of our polarized PDFs at various Q2.

x-range in Eq. (35) Q2 [GeV2] ∆u +∆ū ∆d +∆d̄ ∆ū ∆d̄ ∆s̄ ∆g ∆Σ
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
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FIG. 3: Our polarized PDFs of the proton at Q2 = 10 GeV2

in the MS scheme, along with their ∆χ2 = 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
figure. In contrast to this, relativistic constituent quark
models predict Rd to tend to −1/3 as x → 1, perfectly

AπALL
0

pT [GeV]

Δχ2=1 (Lagr. multiplier)
Δχ2=1 (Hessian)

-0.004

-0.002

0

0.002

0.004

2 4 6 8

FIG. 4: Uncertainties of the calculated Aπ0

LL at RHIC in our
global fit, 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 χ2 of the fit as functions of the truncated first
moments ∆ū1,[0.001→1], ∆d̄1,[0.001→1] defined in Eq. (35),
obtained for the Lagrange multiplier method. On the
left-hand-side, Figs. 6 (a), (c), we show the effect on the
total χ2, as well as on the χ2 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 χ2. On the r.h.s. of
the plot, Figs. 6 (b), (d), we further split up ∆χ2 from
SIDIS into contributions associated with the spin asym-
metries in charged pion, kaon, and unidentified hadron
production. One can see that the latter dominate, closely
followed by the pions. The kaons have negligible impact
here. For ∆ū1,[0.001→1], charged hadrons and pions are
very consistent, as far as the location of the minimum
in χ2 is concerned. For ∆d̄1,[0.001→1] there is some slight
tension between them, although it is within the tolerance

QCD 
Terra-incognita!

High Potential 
for Discovery
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How does a Proton look at  low and very high 
energy?

At high energy:
• Wee partons fluctuations are time dilated in strong interaction time scales
• Long lived gluons radiate further smaller x gluons è which intern radiate more……. Leading to 

a runaway growth?

Low energy: High x
Regime of fixed target exp.

High energy: Low- x
Regime of a Collider
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Cartoon of boosted proton



Gluon and the consequences of its interesting 
properties:

Gluons carry color charge è Can interact with other gluons! 

“…The result is a self catalyzing enhancement that leads to a runaway growth.
A small color charge in isolation builds up a big color thundercloud….”

F. Wilczek, in “Origin of Mass”
Nobel Prize, 2004
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Gluon and the consequences of its interesting 
properties:

Gluons carry color charge è Can interact with other gluons! 

What could limit this indefinite rise? à saturation of 
soft gluon densities via ggàg recombination must be 
responsible.

QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

recombination 

Apparent “indefinite rise” in gluon distribution in proton!

QS: Matter of Definition and Frame (II)

7

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

BFKL:BK adds:

αs << 1 αs ∼ 1ΛQCD

know how to 
do physics here ?

m
ax
. d
en
si
ty

QskT

~ 1/kT

kT
 φ
(x
, k

T 2)

•At Qs:   gluon emission balanced by recombination

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

HERA

Where?  No one has unambiguously seen this before!
If true, effective theory of this à“Color Glass Condensate”
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Without gluons, there would be no nucleons, no atomic nuclei… no visible world! 

• Massless gluons & almost massless quarks, through their interactions, generate most of the mass of the 
nucleons 

• Gluons carry ~50% of the proton’s momentum, a significant fraction of the nucleon’s spin, and are 
essential for the dynamics of confined partons

• Properties of hadrons are emergent phenomena resulting not only from the equation of motion but are 
also inextricably tied to the properties of the QCD vacuum. Striking examples besides confinement are 
spontaneous symmetry breaking and anomalies

• The nucleon-nucleon forces emerge from quark-gluon interactions: how this happens remains a mystery

Experimental insight and guidance crucial for complete understanding of how hadrons & nuclei emerge 
from quarks and gluons

Emergent Dynamics in QCD
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QCD: The Holy Grail of Quantum Field Theories
• QCD : “nearly perfect” theory that explains nature’s strong interactions, is a  fundamental quantum 

theory of quarks and gluon fields
• QCD is rich with symmetries:

• Chiral, Axial, Scale & P&T symmetries broken by quantum effects: Most of the visible matter in the 
Universe emerges as a result

• Inherent in QCD are the deepest aspects of relativistic quantum field theories: (confinement, 
asymptotic freedom, anomalies, spontaneous breaking of chiral symmetry) è all depend on non-linear 
dynamics in QCD

SU(3)C ⇥ SU(3)L ⇥ SU(3)R ⇥ U(1)A ⇥ U(1)B

(1) (2)                                        (3) 
(1) Gauge “color” symmetry : unbroken but confined
(2) Global “chiral” flavor symmetry: exact for massless quarks
(3) Baryon number and axial charge (massless quarks) conservation
(4) Scale invariance for massless quarks and gluon fields
(5) Discrete C, P & T symmetries
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• Quark (Color) confinement:
• Unique property of the strong interaction
• Consequence of nonlinear gluon self-interactions

• Strong Quark-Gluon Interactions:
• Confined motion of quarks and gluons – Transverse Momentum Dependent Parton Distributions 

(TMDs): 
• Confined spatial correlations of quark and gluon distributions – Generalized Parton Distributions (GPDs): 

• Ultra-dense color (gluon) fields:
• Is there a universal many-body structure due to ultra-dense color fields at the core of all hadrons and 

nuclei?

Non-linear Structure of QCD has Fundamental Consequences

Emergence of spin, 
mass & confinement, 

gluon fields
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QCD Landscape to be explored by EIC
QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described

Strong QCD dynamics creates many-body correlations 
between quarks and gluons
à hadron structure emerges

EIC will systematically explore correlations in this 
region.

An exciting opportunity: Observation by EIC of a 
new regime in QCD of weakly coupled high 
density matter

ar
Xi

v:
 1

70
8.

01
52

7
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A new facility is needed to investigate, with precision, the dynamics of gluons & sea quarks and 
their role in the structure of visible matter

How are the sea quarks and gluons, and their spins, distributed in space and 
momentum inside the nucleon? 
How do the nucleon properties emerge from them and their interactions?

How do color-charged quarks and gluons, and colorless jets, interact with a nuclear 
medium?
How do the confined hadronic states emerge from these quarks and gluons? 
How do the quark-gluon interactions create nuclear binding?QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• 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)

QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax
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(x
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T2 )

• At Qs:   gluon emission balanced by recombination

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

gluon 
emission

gluon 
recombination

?

How does a dense nuclear environment affect the quarks and gluons, 
their correlations, and their interactions?
What happens to the gluon density in nuclei? Does it saturate at high 
energy, giving rise to a gluonic matter with universal properties in all 
nuclei, even the proton?

=
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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
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

1212.1701.v3
A. Accardi et al 
Eur. Phy. J.  A, 52 9(2016)

JLEIC Collaboration
JLEIC Pre-CDR about to be finalized
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eRHIC Design Group
eRHIC pre-CDR

2018



Deep Inelastic Scattering
A most impressive investigative method in particle physics
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If you wanted to look 
inside the hadrons….

Understanding the proton structure

How would you do it?

Deep Inelastic Scattering (DIS)
• Discovered quarks inside the nucleons à birth of QCD à Nobel Prizes in 1990 

and 2004, respectively…
• Discovered Nucleon Spin Crisis

• Discovered the quarks inside a proton in nucleus behave differently
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The x-Q2 

plane…

The x-Q2 Plane

• Low-x reach requires large √s 
• Large-Q2 reach requires large √s 
• y at colliders typically limited to 0.95 < y < 0.01

!18

log x

lo
g 

Q
2

1

y =
 co

nst
Energy s

Q2 ⇡ s · x · y

y =
 co

nst
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Kinematic coverage as a function of energy of collisions

As beam energies increase, so does 
the x, Q2 coverage of the collider: 5, 10 
and 20 GeV electrons colliding with 50, 
100 and 250 GeV protons
y = 0.95 and 0.01 are shown on all 
plots (they too shift as function of 
energy of collisions)
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Complete set of variables for DIS e-p:
We will use some of these more often than others, you should know them all.
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Ep proton beam energy
Ee electron beam energy
p = (0, 0, Ep, Ep) four momentum of incoming proton with mass mp

e = (0, 0,�Ee, Ee) four momentum of incoming electron
e0 = (E0esin✓

0
e, 0, E

0
ecos✓

0
e, E

0
e) four momentum of scattered electron

s = (e + p)2 = 4EpEe square of total ep c.m. energy
q2 = (e � e0)2 = �Q2 mass squared of exchanged current J

= square of four momentum transfer
⌫ = q · p/mp energy transfer by J in p rest system
⌫max = s/(2mp) maximum energy transfer
y = (q · p)/(e · p) = ⌫/⌫max fraction of energy transfer
x = Q2/(2q · p) = Q2/(ys) Bjorken scaling variable
qc = x · p + (e � e0) four momentum of current quark
M2 = (e0 + qc)2 = x · s mass squared of electron - current quark system.

The electron and proton masses (me,mp) have been neglected. The angle ✓0e of the
scattered electron is measured with respect to the incoming proton (see Fig. 1b). For
simplicity, the scattered electron has been assumed to have zero azimuthal angle. For
fixed c.m. energy

p
s, the inclusive process ep ! eX is described by two Lorentz-

invariant variables which can be determined from the electron or the hadronic system.

The electron side yields:

y = 1�
E0e
2Ee

(1 � cos✓0e)

Q2 = 2EeE
0
e(1 + cos✓0e)

x = E0e(1 + cos✓0e)/(2yEp)

E0e = (1 � y)Ee + xyEp

cos✓0e =
xyEp � (1� y)Ee

xyEp + (1� y)Ee

E0 2e sin2✓0e = 4 xy(1� y)EeEp . (3)

With the help of the relation M =
p
x · s the variable x can be replaced by the mass

M of the electron current quark system.

Neglecting the proton remnant, the hadron system j, with energy Ej and production
angle ✓j , yields:

y =
Ej

2Ee
(1 � cos✓j)

Q2 = E2j sin
2✓j/(1 � y)

3

https://core.ac.uk/download/pdf/25211047.pdf



Deep Inelastic Scattering: Precision and control
Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark

Kinematics:

Inclusive events:
e+p/A à e’+X
detect only the scattered lepton in the detector

Semi-inclusive events:
e+p/A à e’+h(p,K,p,jet)+X
detect the scattered lepton in coincidence with identified hadrons/jets in 
the detector

with respect to g

  

Q2 = −q2 = −(k
µ
− "k

µ
)2

Q2 = 2Ee "Ee (1− cosΘe ' )

y = pq
pk

= 1−
"Ee

Ee

cos2 "θe

2

%

&
'

(

)
*

x = Q2

2 pq
=

Q2

sy
Hadron :

z =
Eh

ν
; pt
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Deep Inelastic Scattering: Deeply Virtual Compton Scattering

  

Q2 = −q2 = −(k
µ
− "k

µ
)2

Q2 = 2Ee "Ee (1− cosΘe ' )

y = pq
pk

= 1−
"Ee

Ee

cos2 "θe

2

%

&
'

(

)
*

xB =
Q2

2 pq
=

Q2

sy

t = ( p − p')2 ,ξ =
xB

2 − xB

Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark

Kinematics:

Exclusive measurement:
e + (p/A) à e’+ (p’/A’)+ g / J/ψ / r / f
detect all event products in the detector

Special sub-event category rapidity gap events
e + (p/A) à e’ + g / J/ψ / r / f / jet
Don’t detect (p’/A’) in final state à HERA: 20% non-
exclusive event contamination
missing mass technique as for fixed target does not 
work

e’

t

(Q2)
e

gL*
x+ξ x-ξ 

H, H, E, E (x,ξ,t)~~

g

p p’
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Some times scattered electron can’t be measured…. 
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Reason: 
1) Scattering angle so small that it is too close to the beam pipe 

2) Radiative correction too large, i.e. electron lost its energy due to Initial State Radiation or 

Brehmstrahlung through material -- So the kinematic reconstruction unreliable. 

What to do? Then see if we can reconstruct the hadronic final state?

x =
Ej

2Ep
(1 + cos✓j)/(1 � y)

Ej = yEe + x(1 � y)Ep

cos✓j =
� yEe + (1� y)xEp

y Ee + (1� y)xEp

E2j sin
2✓j = 4 xy(1� y)EeEp = Q2 (1� y) . (4)

Using the method of Jacquet-Blondel [8] the hadron variables can be determined
approximately by summing the energies (Eh) and transverse (pTh) and longitudinal
momenta (pZh) of all final state particles. The method rests on the assumption
that the total transverse momentum carried by those hadrons which escape detection
through the beam hole in the proton direction as well as the energy carried by particles
escaping through the beam hole in the electron direction can be neglected. The result
is:

yJB =
1

2Ee

X

h

(Eh � pZh)

Q2JB =
(
P
h pXh)

2 + (
P
h pY h)

2

1 � yJB
xJB = Q2JB/(yJBs) (5)

The double-angle (DA) method of [1] uses the electron scattering angle and the
angle �h which characterizes the longitudinal and transverse momentum flow of the
hadronic system (in the naive quark-parton model �h is the scattering angle of the
struck quark):

cos�h =
(
P
h pXh)

2 + (
P
h pY h)

2 � (
P
h(Eh � pZh))2

(
P
h pXh)2 + (

P
h pY h)2 + (

P
h(Eh � pZh))2

(6)

leading to

Q2DA =
4E2esin�h (1 + cos✓0e)

sin�h + sin✓0e � sin(�h + ✓0e)

xDA =
Ee

Ep
·
sin�h + sin✓0e + sin(�h + ✓0e)

sin�h + sin✓0e � sin(�h + ✓0e)

yDA =
sin�h (1 + cos✓0e)

sin�h + sin✓0e + sin(�h + ✓0e)

=
(1 � cos�h) sin✓0e

sin�h + sin✓0e � sin(�h + ✓0e)

= Q2DA/(xDAs) . (7)
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scattered electron is measured with respect to the incoming proton (see Fig. 1b). For
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With the help of the relation M =
p
x · s the variable x can be replaced by the mass

M of the electron current quark system.

Neglecting the proton remnant, the hadron system j, with energy Ej and production
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Using the method of Jacquet-Blondel [8] the hadron variables can be determined
approximately by summing the energies (Eh) and transverse (pTh) and longitudinal
momenta (pZh) of all final state particles. The method rests on the assumption
that the total transverse momentum carried by those hadrons which escape detection
through the beam hole in the proton direction as well as the energy carried by particles
escaping through the beam hole in the electron direction can be neglected. The result
is:
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The double-angle (DA) method of [1] uses the electron scattering angle and the
angle �h which characterizes the longitudinal and transverse momentum flow of the
hadronic system (in the naive quark-parton model �h is the scattering angle of the
struck quark):
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There are multiple ways to reconstruct events:
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Four measured quantities:

E0
e, ✓, Eh, �
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Perspective on x,Q2, Center of Mass
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June 25 & 27, 2007 Longitudinal Spin Structure of the Nucleon 27

however, in the polarized case only a much smaller portion of the 
kinematic plane is explored:

fixed-target
experiments

expect a much less constrained gluon!

Lessons from polarized DIS:
NLO pQCD analysis 

Fixed target e-N experiments 
(center of mass < 30 GeV)

Typically accessible
By e-N collider experiments

CM ~ 300 GeV

Hadron-Hadron 
Collider: CM ~2 TeV

Remember:
Meaning of x, Q2, and y?



Home work

• Assume a 10 GeV electron hits a 250 GeV proton

• Using xls or any other computing tool you may have at the center or on your laptop, calculate the x-
Q2 range in which DIS events will fall (like on slide 60). 

• Limit the events to 0.1 < y < 0.9 in kinematic variable for inelasticity
• On the same x-Q2 plane, calculate the locus of constant angle scatter of electron: 5, 100 and 

170 degrees. Remember: the proton going direction is considered forward (positive) rapidity 
direction.

• Sanity check: can final electron energy in DIS/Collider be more than the initial energy? No? –
Why not? ; Yes? Why?

• On the x-Q2 plane: calculate the locus of the constant energy of the scattered electron: 5 GeV, 
10 GeV and 15 GeV.  
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Thanks, we will stop here 
today…
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How are quarks 
related to us?

• Quarks and the electrons are the 
smallest indivisible particles 
found in nature… 

• we are all made up of them, and 
quarks are bound by gluons

• electrons interact with protons by 
the exchange of photons

• Quarks are never free, they are 
confined inside 3 or 2 quark 
systems
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Nucleon Spin: Crisis to Puzzle @ IITB

QED vs. QCD

• Quantum Electro-Dynamics (QED) è force mediated by photons (light)
• Electric charges : 2 types + & -
• Electrons, protons carry electric charge 

• Interactions mediated by massless “photons” g
• Photons are electrically neutral

• INSIDE a proton: Quantum Chromo-Dynamics (QCD)
• Color charges : 3 types à red, blue, green ➔ Never seen separately
• Quarks carry electric AND color charge

• Interactions between quarks mediated by massless “gluons” à “g”
• Gluons are electrically neutral but carry color charge!
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