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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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�tot
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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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Go beyond the inclusive total cross section?
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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,

( )
( )

( )

( )

2

2 2 1 2
2

3

3 3 1 2 3
3

1 2

1 ( , )
2!

1           + ( , , )
3!

           + ...

1           + ( , ,..., ) + ...
!

n

n n n
n

dd d k k
d

dd k k k
d

dd k k k
n d

ss

s

s

G º W G
W

W G
W

W G
W

ò

ò

ò

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



16

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, …, 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:
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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>
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X
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Z
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p
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<latexit sha1_base64="zygYq+fg33wqWNZIHi7P8QXFT20="></latexit>

⇡
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<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

) + ...
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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 Initial + created identified 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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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 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, …

See lectures by
Andrea Signori

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 lectures by
Carlos Munoz Camacho
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Observables with identified hadrons – Phenomenology

AI/ML
Synergy with EXP/COMP

Bayesian
Inference

Exp.

Lat.

DATA

PDF

Hadronization

Hadron 
StructureTMD

PDF

GPD

FF

TMD 
FF

Factorization

THEORY

P

k
1D 3D

GOAL

q Need QCD global analyses of all data on factorizable cross sections!


