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QCD is everywhere in our universe

q Understanding where did we come from? Global Time: 

o QCD at high temperature, high densities, phase transition, …
o Facilities – Relativistic heavy ion collisions: SPS, RHIC, the LHC, … 

q Understanding the visible world at 3ºK – what are we made of?

o How to understand the emergence and properties of 
nucleon and nuclei (elements of the periodic table) in 
terms of elements of the modern periodic table?

o How does the glue bind us all?

Nuclear Femtography
Search for answers to 
these questions at a 
Fermi scale!

o Facilities – CEBAF, EIC, …    
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Physical observables

Hadronic scale ~ 1/fm ~ 200 MeV is not a 
perturbative scale

Cross sections with identified hadron(s) 
are 

non-perturbative!

1) Purely infrared safe quantities

2) Observables with identified hadron(s)

Follow a two-step approach:
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Fully infrared safe observables – I

Fully inclusive, without any identified hadron!

The simplest observable in QCD

�total
e+e�!hadrons = �total

e+e�!partons
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e+e- è hadrons inclusive cross sections

If there is no quantum interference between partons and hadrons,
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q e+e- è hadron total cross section – not a specific hadron!

q e+e- è parton total cross section:

Calculable in pQCD

Hadrons
“n”

Partons  “m”
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Infrared safety of e+e- total cross sections
q Optical theorem:

2

q Time-like vacuum polarization:

IR safety of IR safety of with  

q IR safety of                :

If there were pinched poles in Π(Q2),    
² real partons moving away from each other
² cannot be back to form the virtual photon again!

Rest frame of the virtual 
photon
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Lowest order (LO) perturbative calculation

q Lowest order Feynman diagram:

q Invariant amplitude square:
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One of the best tests for the number of colors
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Next-to-leading order (NLO) contribution

q Real Feynman diagram:
2 .      with 1,2,3
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q Contribution to the cross section:
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Divergent as xi →1 
Need the virtual contribution and a regulator!
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How does dimensional regularization work?

q Complex n-dimensional space:

(2) Calculate 
IRS quantities 
here

(3) Take ε è 0 
for IRS quantities only

Re(n)

Im(n)

4 6

UV-finite, IR-finite

Theory cannot be 
renormalized!

(1) Start from here:

UV renormalization

a renormalized theory     
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Dimensional regularization for both IR and CO 
q NLO with a dimensional regulator:
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Hadronic cross section in e+e- collision
q Normalized hadronic cross section: 

Re+e�(s) ⌘
�e+e�!hadrons(s)
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Fully infrared safe observables - II

No identified hadron, but, with phase space constraints

�Jets
e+e�!hadrons = �Jets

e+e�!partons

Jets – “trace” or “footprint” of partons

Thrust distribution in e+e- collisions

etc.
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Jets – trace of partons

Sterman-Weinberg Jet

ε √s = δ’ Z-axis

θ

δ

δ

E2

E1

q Jets – “total” cross-section with 
a limited phase-space  

q Q: will IR cancellation
be completed?

² Leading partons are moving away 
from each other

² Soft gluon interactions should not 
change the direction of an energetic 
parton → a “jet” 
– “trace” of a parton

q Many Jet algorithms

Not any specific hadron!
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Infrared safety for restricted cross sections

q For any observable with a phase space constraint, Γ,
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Where Γn(k1,k2,…,kn) 
are constraint functions
and invariant under
Interchange of n-particles

q Conditions for IRS of dσ(Γ):

( ) ( )1 1 21 2, ,..., (1 ) , , ,...,n n nn nk k k k k k kµ µ µl l+G - =G with  0 1l£ £

( ) ( )tot
1 2 1  for all , ,...,      n n nk k k s= ÞGSpecial case:

Measurement cannot distinguish a state with a zero/collinear 
momentum parton from a state without this parton – inclusiveness!

Physical meaning:
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An early clean two-jet event

A clean trace of two
partons – a pair of 

quark and antiquark
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Discovery of a gluon jet

Reputed to be the first 
three-jet event from TASSO
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Tagged three-jet event from LEP

Gluon Jet
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Two-jet cross section in e+e- collisions 

q Parton-Model = Born term in QCD:  
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Basics of jet finding algorithms

q Recombination jet algorithms (almost all e+e- colliders):

Recombination metric:

² Combine the particle pair            with the smallest        :   

² iterate until all remaining pairs satisfy:     

² different algorithm = different choice of         :     for Durham kT

e.g. E scheme : pk = pi + pj

q Cone jet algorithms (CDF,LHC, …, colliders):

² Require a minimum visible jet energy:     

² Cluster all particles into a cone of half angle      to form a jet:     

Recombination metric: dij = min
⇣
k2pTi

, k2pTj

⌘ �2
ij

R2

² Classical choices:   p=1 – “kT algorithm”,  p= -1 – “anti-kT”, … 
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Thrust distribution

q Phase space constraint:

² Contribution from p=0 particles drops out the sum

² Replace two collinear particles by one particle does not 
change the thrust

and

q Thrust axis:
Tn p1
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The harder question

Cross section involving identified hadron(s) is not IR safe
and is NOT perturbatively calculable! 

q Question:

How to test QCD in a reaction with identified hadron(s)?
– to probe the quark-gluon structure of the hadron

q Facts:

Hadronic scale ~ 1/fm ~ ΛQCD is non-perturbative

q Solution – Factorization:

² Isolate the calculable dynamics of quarks and gluons

² Connect quarks and gluons to hadrons via non-perturbative but

universal distribution functions 

– provide information on the partonic structure of the hadron
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Observables with ONE identified hadron

q “Square” of the diagram with
a “unobserved gluon”:

“Cut-line” – final-state

Amplitude Complex conjugate
of the Amplitude

/
Z

T (p� k,Q)
1

(p� k)2 + i✏

1

(p� k)2 � i✏
d4k �(k2)+

/
Z

T (l, Q)
1

l2 + i✏

1

l2 � i✏
dl2

) 1

Pinch singularity & pinch surface
Two parts connected by a “classical” parton

q Creation of an identified hadron:

Not necessary to be dominated by 
one parton, which is always virtual!

Non-perturbative!

– in a “cut-diagram” notation
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Observables with ONE identified hadron

q Creation of an identified hadron:

Not necessary to be dominated by 
one parton, which is always virtual!

Non-perturbative!

– in a “cut-diagram” notationq On-shell approximation:
<latexit sha1_base64="tQq2tS5nFJSVhuBUCjSyYbWkVZc="></latexit>

�e+e�!h(p)X ⇡

X

f

Z
d4k

(2⇡)4
He+e�!f(k)(Q, k;

p

S)Ff(k)!h(p)X(k, p;⇤QCD) + ...

Hard collision to produce an 
on-shell parton
– Perturbatively calculable! 

FF: Probability for the parton to 
become the observed hadron 
– Non-perturbative, universal!

<latexit sha1_base64="S2Xd9wFLwGrEzFfxi13uv5w5o2s="></latexit>

⇡
X

f

Z
dz �̂e+e�!f(k)(Q, z;

p
S) Df(k)!h(p)X(z, p;⇤QCD) + ...

<latexit sha1_base64="zygYq+fg33wqWNZIHi7P8QXFT20="></latexit>

⇡

X

f

Z
dzHe+e�!f(k)(Q,

p

z
;
p

S)

Z
d4k

(2⇡)4
�(z �

p · n

k · n
)Ff(k)!h(p)X(k, p;⇤QCD) + ...

<latexit sha1_base64="DW/MZx/+J9QsQw92oJGDsjlKXgM="></latexit>

⇡
X

f

Z
d4k

(2⇡)4
He+e�!f(k)(Q, k̂;

p
S)Ff(k)!h(p)X(k, p;⇤QCD) +O(

hk2i
Q2

) + ...
<latexit sha1_base64="YvkuHh8OdMKFUSBr3SyDphE00e4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKewuol6EgBePEcwDkjXMTmaTIbMPZ3oDYcl3ePGgiFc/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqsrW9sbhW3Szu7e/sH5cOjpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6Hbmt8ZcaRFHDzhJuBfSQSQCwSgayesOKWaj6aNLbojdK1fsqj0HWSVOTiqQo94rf3X7MUtDHiGTVOuOYyfoZVShYJJPS91U84SyER3wjqERDbn2svnRU3JmlD4JYmUqQjJXf09kNNR6EvqmM6Q41MveTPzP66QYXHuZiJIUecQWi4JUEozJLAHSF4ozlBNDKFPC3ErYkCrK0ORUMiE4yy+vkqZbdS6r7v1FpebmcRThBE7hHBy4ghrcQR0awOAJnuEV3qyx9WK9Wx+L1oKVzxzDH1ifP23UkSw=</latexit>

k̂2 = 0
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Observables with ONE identified hadron

q Need more observables to fix the “FFs”:
Pinch in k2

Non-perturbative!

– in a “cut-diagram” notation

q Identified initial hadron:

Perturbative!

Non-perturbative!

Pinch in k2

Perturbative!

q Identified initial + created hadron(s):

Pinch in both k2 and k’2

Quantum interference between dynamics
at the HARD and hadronic scales 

is powerly suppressed!
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Predictive power of QCD factorization

q Universality of non-perturbative hadron structure:

<latexit sha1_base64="dVKft1ZXozOCpey37MQssU8cZ70=">AAACCHicbVDLSgMxFM3UVx1fVZcuDBZBKJQZKepGKIjgcgTbDnTGkknTNjTJDElGKMMs3fgrblwo4tZPcOffmD4W2nogcDjnXm7OiRJGlXacb6uwtLyyulZctzc2t7Z3Srt7TRWnEpMGjlks/QgpwqggDU01I34iCeIRI61oeDX2Ww9EKhqLOz1KSMhRX9AexUgbqVM6DBTtc9TJWMULdAxZxc/vs0ByeO17uX3ZKZWdqjMBXCTujJTBDF6n9BV0Y5xyIjRmSKm26yQ6zJDUFDOS20GqSILwEPVJ21CBOFFhNgmSw2OjdGEvluYJDSfq740McaVGPDKTHOmBmvfG4n9eO9W9izCjIkk1EXh6qJcyaBKPW4FdKgnWbGQIwpKav0I8QBJhbbqzTQnufORF0jytumfV2m2tXK/N6iiCA3AEToALzkEd3AAPNAAGj+AZvII368l6sd6tj+lowZrt7IM/sD5/ACW2mLo=</latexit>

�EXP
l+P!l+X =

<latexit sha1_base64="WJRqgP4gMZgLg3plT9PWGwSek1I=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBCEQNiVoB4DuXiMYB6QrGF2MkmGzM4uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dtbWNza3tnM7+d29/YPDwtFx00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwrs381iPXRkTqHicx90M6VGIgGEUrPdR6qSyNuxgRWWpPe4WiW3bnIKvEy0gRMtR7ha9uP2JJyBUySY3peG6Mfko1Cib5NN9NDI8pG9Mh71iqaMiNn86vnpJzq/TJINK2FJK5+nsipaExkzCwnSHFkVn2ZuJ/XifBwY2fChUnyBVbLBokktgvZxGQvtCcoZxYQpkW9lbCRlRThjaovA3BW355lTQvy95VuXJXKVYrWRw5OIUzuAAPrqEKt1CHBjDQ8Ayv8OY8OS/Ou/OxaF1zspkT+APn8weigJHr</latexit>

Cl+k!l+X
<latexit sha1_base64="q052HLKbUk/kjzbM3Crq4pgFoeQ=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAYhIsTpIWS5Bbx4MwGzQDIJPZ1O0qRnobtHiEPwV7x4UMSr/+HNv7EniaCiDwoe71VRVc8NOZPKsj6M1Mrq2vpGejOztb2zu2fuHzRlEAlCGyTggWi7WFLOfNpQTHHaDgXFnstpy51cJn7rlgrJAv9GTUPqeHjksyEjWGmpbx6dx12CObye5ep92bMv6j37rG9mrbxlWQghmBBUKlqaVCplG5UhSiyNLFii1jffu4OARB71FeFYyg6yQuXEWChGOJ1lupGkISYTPKIdTX3sUenE8+tn8FQrAzgMhC5fwbn6fSLGnpRTz9WdHlZj+dtLxL+8TqSGZSdmfhgp6pPFomHEoQpgEgUcMEGJ4lNNMBFM3wrJGAtMlA4so0P4+hT+T5p2HhXzhXohW7WXcaTBMTgBOYBACVTBFaiBBiDgDjyAJ/Bs3BuPxovxumhNGcuZQ/ADxtsnVUiT1A==</latexit>

+O(Q2
s/Q

2)

<latexit sha1_base64="q052HLKbUk/kjzbM3Crq4pgFoeQ=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAYhIsTpIWS5Bbx4MwGzQDIJPZ1O0qRnobtHiEPwV7x4UMSr/+HNv7EniaCiDwoe71VRVc8NOZPKsj6M1Mrq2vpGejOztb2zu2fuHzRlEAlCGyTggWi7WFLOfNpQTHHaDgXFnstpy51cJn7rlgrJAv9GTUPqeHjksyEjWGmpbx6dx12CObye5ep92bMv6j37rG9mrbxlWQghmBBUKlqaVCplG5UhSiyNLFii1jffu4OARB71FeFYyg6yQuXEWChGOJ1lupGkISYTPKIdTX3sUenE8+tn8FQrAzgMhC5fwbn6fSLGnpRTz9WdHlZj+dtLxL+8TqSGZSdmfhgp6pPFomHEoQpgEgUcMEGJ4lNNMBFM3wrJGAtMlA4so0P4+hT+T5p2HhXzhXohW7WXcaTBMTgBOYBACVTBFaiBBiDgDjyAJ/Bs3BuPxovxumhNGcuZQ/ADxtsnVUiT1A==</latexit>

+O(Q2
s/Q

2)

<latexit sha1_base64="q052HLKbUk/kjzbM3Crq4pgFoeQ=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAYhIsTpIWS5Bbx4MwGzQDIJPZ1O0qRnobtHiEPwV7x4UMSr/+HNv7EniaCiDwoe71VRVc8NOZPKsj6M1Mrq2vpGejOztb2zu2fuHzRlEAlCGyTggWi7WFLOfNpQTHHaDgXFnstpy51cJn7rlgrJAv9GTUPqeHjksyEjWGmpbx6dx12CObye5ep92bMv6j37rG9mrbxlWQghmBBUKlqaVCplG5UhSiyNLFii1jffu4OARB71FeFYyg6yQuXEWChGOJ1lupGkISYTPKIdTX3sUenE8+tn8FQrAzgMhC5fwbn6fSLGnpRTz9WdHlZj+dtLxL+8TqSGZSdmfhgp6pPFomHEoQpgEgUcMEGJ4lNNMBFM3wrJGAtMlA4so0P4+hT+T5p2HhXzhXohW7WXcaTBMTgBOYBACVTBFaiBBiDgDjyAJ/Bs3BuPxovxumhNGcuZQ/ADxtsnVUiT1A==</latexit>

+O(Q2
s/Q

2)

<latexit sha1_base64="q052HLKbUk/kjzbM3Crq4pgFoeQ=">AAAB/XicdVDJSgNBEO2JW4zbuNy8NAYhIsTpIWS5Bbx4MwGzQDIJPZ1O0qRnobtHiEPwV7x4UMSr/+HNv7EniaCiDwoe71VRVc8NOZPKsj6M1Mrq2vpGejOztb2zu2fuHzRlEAlCGyTggWi7WFLOfNpQTHHaDgXFnstpy51cJn7rlgrJAv9GTUPqeHjksyEjWGmpbx6dx12CObye5ep92bMv6j37rG9mrbxlWQghmBBUKlqaVCplG5UhSiyNLFii1jffu4OARB71FeFYyg6yQuXEWChGOJ1lupGkISYTPKIdTX3sUenE8+tn8FQrAzgMhC5fwbn6fSLGnpRTz9WdHlZj+dtLxL+8TqSGZSdmfhgp6pPFomHEoQpgEgUcMEGJ4lNNMBFM3wrJGAtMlA4so0P4+hT+T5p2HhXzhXohW7WXcaTBMTgBOYBACVTBFaiBBiDgDjyAJ/Bs3BuPxovxumhNGcuZQ/ADxtsnVUiT1A==</latexit>

+O(Q2
s/Q

2)

q Hadron structure = Theory + Experiment + Phenomenology:
§ Factorization – Identify “Good” observables (Theory)
§ Measurement – Get “Reliable” data (Experiment)
§ Global analysis – Extract “Universal” structure information (Phenomenology)  
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QCD global analysis of experimental data

q It is an inverse problem: Flavors: u, d, s, …; g
Spin (quark, gluon hadron)

Momentum/position
(Before/after the collision)

QCD Factorization
Theorem

<latexit sha1_base64="k3sLoPlC0wFfnhVu1GzGMi7cvzc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0N/NbT9xYodUjjlMeJnSgRCwYRSe1uhpFwm2vXPGr/hxklQQ5qUCOeq/81e1rliVcIZPU2k7gpxhOqEHBJJ+WupnlKWUjOuAdRxV1S8LJ/NwpOXNKn8TauFJI5urviQlNrB0nketMKA7tsjcT//M6GcY34USoNEOu2GJRnEmCmsx+J31hOEM5doQyI9ythA2poQxdQiUXQrD88ippXlSDq2rwcFmp3eZxFOEETuEcAriGGtxDHRrAYATP8ApvXuq9eO/ex6K14OUzx/AH3ucPh+OPsw==</latexit>⌦
Analytical 

Coefficient functions 
derived from QCD 

perturbation theory  

Quantum
Correlation
Functions of 

quarks and gluons 
Unknown

Systematic 
error from 

theory
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Z
...

Z

Experimental
data

Future EIC

Bayesian inference
Theory/Phenomenology

AI/ML, Computation

Quark
Polarization

Nucleon
Polarization

Extract QCFs

,               , …

q Input for QCD Global analysis/fitting:
PDFs, FFs at an input scale: 

�f/h(x, µ
2
0, {↵j})

Fitting paramters

Input scale ~ GeV
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PDFs from DIS
q Q2-dependence is a prediction of pQCD calculation:
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q Physics interpretation of PDFs:
Probability density to find a parton of flavor “f”
carrying momentum fraction “x”, probed at a scale of “Q2” 

f(x,Q2) :

² Number of partons:
Z 1

0
dxuv(x,Q

2) = 2,

Z 1

0
dx dv(x,Q

2) = 1

² Momentum fraction: hx(Q2)if =

Z 1

0
dx x f(x,Q2)

X

f

hx(Q2)i = 1
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Scaling and scaling violation

Q2-dependence is a prediction of pQCD calculation
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QCD factorization works to the precision
q Data sets for Global Fits: q Kinematic Coverage:

q Fit Quality:
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Unprecedent Success of QCD and Standard Model

SM: Electroweak processes + QCD perturbation theory + PDFs works!
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Probes for 3D hadron structure

q Single scale hard probe is too “localized”:

bT

kT
xp

1/Q

o Transverse confined motion: kT ~ 1/fm <<  Q

o It pins down the particle nature of quarks and gluons

o But, not very sensitive to the detailed structure of hadron ~ fm

o Transverse spatial position:          bT ~ fm >> 1/Q

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

Hit the hadron “very hard” without breaking it, 
clean information on the structure! 

Hard scale:           To localize the probe 
particle nature of quarks/gluons

Q1

“Soft” scale:           could be more sensitive to the 
hadron structure ~ 1/fm

Q2

q Need new type of “Hard Probes” – Physical observables with TWO Scales:
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“See” hadron’s 3D partonic structure?

q Two-scale observables in hadron-hadron collisions:
Drell-Yan process:

One-scale case:
( ) ( ) ( ) ( )2

'
'

,

1

'

e

0
2

1DY
'

0

l '
' '

ˆ , ,, ,
    ff

f f
f f

A Bhh A B d p pd x x
x x x

qp p
d d

d d
q

x
Q Q

ss
f f=åò ò

<latexit sha1_base64="7qTh1HOfHatif51BHtf5ulMF1nA="></latexit>

Q2 ⌘ q2 = (l + l̄)2 � ⇤2
QCD ⇠ 1/R2

hHard scale – invariant mass of the lepton-pair:  

Two-scale case:
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d4q = dy dQ2dq2T d�qHard scale:            Soft scale:            when   
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Q2
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q2T
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Q2 � q2T

TMDs

q Confined motion vs. collision effects:

Collision induced shower
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F(x, kT ) 6= F(x, kT0)TMDs:

Confined motionStructure + Collision effect

QCD Evolution – could be non-perturbative!
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QCD & hadron structure needs lepton-hadron facility

q Hadrons are produced in hadron-hadron collisions:

§ Partonic structure 
§ Emergence of hadrons
§ Heavy ion target or beam(s) 

Also at the LHC
q Hadrons are produced in lepton-hadron collisions:

Also at COMPASS &  future EIC

§ Colliding hadron can be 
broken or stay intact! 

§ Imaging partonic structure
§ Emergence of hadrons 
§ Heavy ion target or beam

One facility covers all!

q Hadrons are produced from the energy in e+e- collisions:

§ No hadron to start with
§ Emergence of hadrons
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Why a lepton-hadron facility is special?

q The new generation of “Rutherford” experiment: 

One facility covers all!
(JLab, COMPASS, EIC, …)

² A controlled “probe” – virtual photon

² Can either break or not break the hadron 

² Inclusive events:  e+p/A à e’+X

Detect only the scattered lepton in the detector

(Modern Rutherford experiment!)

q

X
P

² Semi-Inclusive events:  e+p/A à e’+h(p,K,p,jet)+X

Detect the scattered lepton in coincidence with identified hadrons/jets

(Initial hadron is broken – confined motion! – cleaner than h-h collisions)

P
q

X
P

h

² Exclusive events: e+p/A à e’+ p’/A’+ h(p,K,p,jet)

Detect every things including scattered proton/nucleus (or its fragments)

(Initial hadron is NOT broken – tomography! 

– almost impossible for h-h collisions)
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“See” hadron’s 3D partonic structure?

q Two-scale observables are natural in lepton-hadron collisions:

Parton’s confined motion 
encoded into TMDs

SIDIS:  Q>>PT

² Semi-inclusive DIS:

+ …

Two scales, two planes, 
Angular modulation, …

Imaging quarks

² Exclusive DIS:

+ …

DVCS: Q2 >> |t|

Parton’s spatial imaging from Fourier 
transform of GPDs’ t-dependence

Imaging the glue only at EIC

Heavy quarkonium:  Q2+M2 >> |t|

Imaging gluons

J/Ψ, Φ, …

See also lectures by
Olga Evdokimov
Renee Fatemi
Xiangdong Ji
Cédric Lorcé
…
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The Electron-Ion Collider (EIC) – the Future!

q A sharpest “CT” – “imagine” quark/gluon structure 
without breaking the hadron

– “cat-scan” the nucleon and nuclei 
with a better than 1/10 fm resolution

– “see” proton “radius” of quark/gluon density
comparing with the radius of EM charge density

To discover color confining radius, hints on confining mechanism!

q A giant “Microscope” – “see” quarks and gluons by breaking the hadron 

e p…
γ*, Z0, ..

1/Q
< 1/10 fmQ

To discover/study color entanglement of the 
non-linear dynamics of the glue!

1/(xp)
Vs.

2R(m/p)


