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16 July 2019 17 Jul 2019 18 Jul 2019 19 Jul 2019 20 Jul 2019 21 Jul 2019 22 Jul 2019 23 Jul 2019 24 Jul 2019 25 Jul 2019 26 Jul 2019

Tuesday Wednesday Thursday Friday Saturday Sunday Monday Tuesday Wednesday Thursday Friday
Arrive Day 1 Day 2 Day 3 Day 4 Free Day Day 6 Day 7 Day 8 Day 9 Depart
7:30  -
8:45 Breakfast Breakfast Breakfast Breakfast Breakfast Breakfast Breakfast Breakfast Breakfast

9:00 - 
 10:00

Intro 1      
(Soper)

Intro 3      
(Soper)

Intro 4      
(Soper)

MC Intro 3 
(Krauss)

Jets 1    
(Sterman)

Jets 2   
(Sterman)

Results: 
EW/Higgs  (Mills)

Results: 
EW/Higgs  (Mills)

10:00 - 
10:30 Coffee Coffee Coffee Coffee Coffee Coffee Coffee Coffee 

10:30 - 
11:30

DIS 1  
(Aschenauer)

DIS 2 
(Aschenauer)

PDF 1         
(Guzzi)

PDF 2         
(Guzzi)

Machine 
Learning  1  

(Ostdiek)

Machine 
Learning  2  

(Ostdiek)

Results 
QCD/Top  
(Nachman)

Heavy Quark 2 
(Collins)

11:45 -
13:00 Lunch Lunch Lunch Lunch Lunch Lunch Lunch Lunch

13:00 - 
14:00

Intro 2       
(Soper)

Higgs 2  
(Dawson)

DY & Vec Boson 
Prod 1 (Stump)

DY & Vec Boson 
Prod 2 (Stump)

Neutrinos 1  
(Betancourt)

Neutrinos 2  
(Betancourt)

Results 
QCD/Top  
(Nachman)

Dark Matter  
(Batell)

14:00-14:30 Coffee Coffee Coffee Coffee Sunday 21 
July:

1:35pm 
Pittsburgh 

Pirates

Coffee Coffee Coffee Coffee 

14:30-15:30 Higgs 1 
(Dawson)

MC Intro 2 
(Krauss)

Tutorial  
(Hoeche)

Tutorial  
(Hoeche)

Tutorial 
(Ostdiek)

Heavy Quark 1  
(Sullivan/Nadolsky)

Tutorial  
(Ostdiek)

Beyond SM    
(Kilic)

15:30+ MC Intro 1 
(Krauss)

18:30 - 
19:30 Dinner Dinner Dinner Dinner Dinner Dinner Dinner Dinner

19:30 - 
21:00 Recitation Recitation Recitation Recitation Recitation Recitation Recitation Recitation __

21:00 - 
22:30 NightCap NightCap NightCap NightCap NightCap NightCap NightCap NightCap



Lecturers (Number of lectures) and Topics

• Intro to QCD (4) – Dave Soper
• DIS (2) – Elke-Caroline Aschenauer
• Higgs (2) – Sally Dawson
• Monte Carlo (3) – Frank Krauss
• PDF (2) – Marco Guzzi
• Drell-Yan and Vector Boson 

Production (2) – Daniel Stump

• Jets (2) – George Sterman
• Machine Learning (2) – Bryan Ostdiek
• Neutrinos (2) – Minerba Betancourt
• Heavy Quarks (2) – Paval

Nadolsky/John Collins
• Results EW/Higgs (2) – Corrinne Mills
• Results QCD/Top Quark (2) –

Benjamin Nachman
• Dark Matter (1) – Brian Batell
• Beyond Standard Model (1) -- Can 

Kiliç

Week 1 Week 2
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One Word on the Experiments





The Intro Lectures focused on the following 
topics
• Jet structure
• Renormalization group and running coupling
• Existence of Infrared safe observables
• Isolating soft initial state physics in PDFs

• Electron-positron annihilation (exploring final states)
• Deeply inelastic scattering
• Hard processes in hadron-hadron collisions



𝑒"𝑒# Scattering



Taking a look at the 
Space-Time picture of 
interactions

See how long and 
where the emitted 
particles are traveling

Use of light front 
coordinates (used in the 
talk as “null-plane” 
coordinates)



Infrared Safety

Perturbative QCD can’t predict long time physics 
very well, and detectors are long distances away 
from reactions.  Need to have IR safe observables.

If we can represent one or more outgoing 
particles’ momenta in terms of other outgoing 
momenta (almost completely collinear outgoing 
particles), we can have infrared safety.



Since thrust distribution is 
infrared safe, we can 
calculate using 
perturbative QCD



Quiz Question (From Recitation)

• For 𝑒"𝑒# annihilation, is the following quantity infrared (IR) safe?
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Where 𝑎 is summed for all outgoing partons, and 𝑖, 𝑗 are space-time 
coordinates, and 𝑁 is the number of outgoing partons.



Quiz Question (From Recitation)

• For 𝑒"𝑒# annihilation, is the following quantity infrared (IR) safe?
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Where 𝑎 is summed for all outgoing partons, and 𝑖, 𝑗 are space-time 
coordinates, and 𝑁 is the number of outgoing partons.

• No! Looking at the definition on the previous slide, we cannot 
represent the quantity 𝐹 in terms of 𝑁 − 1 momenta



Scales of IR safety

• Generally, IR safety is a ``yes-or-no” question
• IR safety can have a “degree of safety” per se for an observable, 𝐹, at 

a certain scale
• That is, we can say an observable is safe at a scale 𝑄6(𝐹)

,
9: ;

= max ?@ ; /@[;]
DEF
: ,

Which defines a new scale for IR safety



Running Coupling



Calculating quantities with scale

• Coefficients of perturbative calculations depend on 𝜇
• 𝛼I depends on 𝜇
• However, the observable does not depend on 𝜇

• How do we know which scale is appropriate?



• Consider 
some 
observable Δ
• Full Δ

shouldn’t 
depend on 
scale
• Higher orders 

of 
perturbation 
theory should 
get closer to 
the true Δ







Deep Inelastic Scattering
The way to unravel 

the secrets of nucleons 
E.C. Aschenauer

BNL
Office of
Science
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Deep Inelastic Scattering
Measure of 
resolution 

power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 

struck quark

Kinematics:

s=2 EeEp

center-of-mass 
energy of electron-

hadron system

Q2 =2EeE2' (1−cosθe')=−q2

x= Q22pqy=1−Ee
’
Ee
cos2 θe

’
2

#
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%
%
%
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(
(
(

 
Q2=six i y

DIS:
q As a probe, electron beams 

provide unmatched precision   
of the electromagnetic 
interaction

q Direct, model independent,
determination of kinematics 
of physics processes
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Why do we need different probes
Complementarity

QCD has two concepts which lay its foundation
factorization and universality

To tests these concepts and separate interaction dependent phenomena from 
intrinsic nuclear properties 

different complementary probes are critical
Probes: high precision data from ep, pp, e+e-

UniversalityFactorization
Example: Measure PDFs at HERA at √s=0.3 TeV: 
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(un)polarized cross section ~ 

PDF ⊗ hard-scattering ⊗ Hadronization

hard-scattering : calculable in QCD
PDFs and Hadronization: need to be determined experimentaly
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How to access Gluons in DIS
Gluons manifest themselves through
1. the behavior of the cross section as function of x and Q2

  

d 2σ ep→eX

dxdQ2 =
4πα e .m .

2

xQ4 1− y + y2
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quark+anti-quark
momentum distributions

gluon momentum 
distribution

without gluons the cross section depends only on x, no dependence on Q2 à F2(x)

Bjorken scaling

Resolution (Q2 / GeV2) 
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BUT:
Observe strong rise of  cross section 
with both x and Q2

Because of gluon initiated processes

Scaling violation
àGluon Distribution: 

ds(x,Q2)/dlnQ2



SPIN is one of the fundamental properties of matter
all elementary particles, but the Higgs carry spin
Studying Spin revealed many surprises in physics
à proton anomalous magnetic moment à substructure

cannot be explained by a static picture 
of the proton
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SPIN: Fundamental Quantum Number

Proton Spin:
It is more than the number ½ ! It is the interplay between

the intrinsic properties and interactions of quarks and gluons

If we do not understand the proton spin in QCD, 
we do not fully understand QCD !

need a polarized collider to have full access 
to the proton dynamics 
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What composes the Spin of the Proton

“Helicity sum rule”

 

1
2!= P, 12 | JQCD

z |P, 12 = 1
2q

∑ Sqz+Sgz+ Lqz
q
∑ +Lgz

total
quark 
spin

angular 
momentumgluon

spin

The Holy Grail

Can quarks and gluons explain all the spin?
à what is the role of gluons?
à what is the role of sea quarks?
à How much orbital angular momentum is needed? 

DG

SqDq

Lg,q
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Why should we care?
Spin ideal tool to understand the dynamics of sea quarks and gluons inside the hadron 

Despite decades of QCD – Spin one of the least understood quantities 
à Consequence very few models, but several physics pictures, which can be tested 

with high precision data

q the pion/kaon cloud model
à rooted in deeper concepts à chiral symmetry 
à generated q-qbar pairs (sea quarks) at small(ish)-x are predicted to be unpolarized
à gluons if generated from sea quarks unpolarised à spatial imaging
à a high precision measurement of the flavor separated polarized quark and gluon 

distributions as fct. of x is a stringent way to test.

q the chiral quark-soliton model 
à sea quarks are generated from a "Dirac sea" with a rich dynamical 

structure but excludes gluons at its starting scale
à sea quarks are polarized à asymmetry                
à a high precision measurement of the flavor separated polarized quark 

as fct. of x is a stringent way to test

q stringent test of lattice calculations
à the relative importance of lattice graphs 
à probe quark is connected to the proton wave function or 

is created from the 'gluon soup' inside the proton

 Δu≠Δd
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E.C. Aschenauer

present vs EIC kinematic coverage

29

EIC extends x coverage
by ~2 decades 

likewise for Q2

VHEep-Workshop, Munich June 2017
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The Path to Imaging Quarks and Gluons

transv. mom. dep. PDF2+1-D
semi-inclusive DIS

parton densities

4+1-D

1-D

Wigner function

impact par. dep. PDF

not related by
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generalized PDF
exclusive processes
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There are many reasons why one wants to have a 3d picture of nucleons and nuclei
collective effects is one of them. 

QCD genetic map of nucleons

Getting the full 
picture is an 

other one
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Beyond form factors and PDFs
Generalized Parton Distributions

Proton form factors, 
transverse charge & 
current densities

Structure functions,
quark longitudinal
momentum & helicity
distributions

X. Ji,  D. Mueller, A. Radyushkin (1994-1997)

Correlated quark momentum 
and helicity distributions in 
transverse space - GPDs



Observable for TMDs: 
azimuthal modulations of 6-fold 
differential cross section

Features: 
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transverse momentum dependent PDFs & FFs

dσ
dxdQ2dzdφsdφhdpT

h

q very different evolution then collinear PDFs 
pertubative & non-pertubative contributions

q reveals non-trivial aspects of QCD color gauge 
invariance

What is the dynamic structure of the proton and nuclei
2D+1 picture in momentum space

Visualize color interactions in QCD
collective phenomena and correlations in fragmentation

New physics due to confined motion

DIS: 
gq-scattering
attractive FSI

pp: 
qqbar-anhilation
repulsive ISI

QCD:

TMDDIS = - TMDDY/W/Z0
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The EIC Physics

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?

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)
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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? =

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?























Start Again
September 27th, 2019

































Lego Plot in 
terms of 
energy flow

















































Thanks!


