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Lecture 1: outline

The basic problem of jets and jet modification 

Deep-inelastic scattering, the theorists sandbox 

The variables, scales and notations involved 

Leading twist (power) in DIS 

Basic underlying physical picture  
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+ 5 more

u ,  d ,  s ,  c ,  b

u ,  d ,  s ,  c ,  b

coupling gets weaker at  
large momentum transfer 

Q2 >> Λ2QCD

Quarks, Gluons, and the QCD coupling
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What is a jet?
Many ways to answer the question

What we state: 
A collection of particles combined by some jet clustering algorithm
(regardless of source)

What we want:

Theoretically: A collection of quarks and gluons produced in the decay  
of a single high energy parton, produced in a hard scattering.

Experimentally:  A collection of hadrons produced in the decay  
of a single high energy parton,
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All together: the fate of a single hard parton  
produced in a hard interaction

Hard: Q >> ΛQCD
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All together: the fate of a single hard parton  
produced in a hard interaction

Q2
0 >> Q2

1 >> Q2
2 >> · · ·

S2
0 << S2

1 << S2
2 << · · ·

perturbative QCD (pQCD) Hadronization

jet of hadrons

Hard: Q >> ΛQCD
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The basic problem of Jet-Modification
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The basic problem of Jet-Modification

Compute the change of this shower if matter is in the way 
Measure the change in this shower 
Compare calculation to measurement and deduce properties of matter !7



I wish it was just that simple
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I wish it was just that simple
Some questions that you may have about this:

1) How is a jet inserted into a medium ?
     What exactly is the medium ? 

2) When does a partonic jet turn into a hadronic jet ?
     Why does it hadronize outside the medium ?

3) How does a jet produce its shower in vacuum  
    and how is this modified in the medium ?

4) How do you measure the modification of a shower ?

5) How does the jet see the medium, or what are the scales ?
    what properties of the medium can you study with jets ?

6) How do you know you can do pQCD, (seriously) what are the scales ?

7) How controlled are any of the approximations ?
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1) Placing a jet inside a medium
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How to get a jet in vacuum?
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Putting a jet in a medium means a 
different experiment
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Putting a jet in a medium means a 
different experiment

Jets in high energy heavy-ion collisions !10



Focussing on A-DIS 

Among the 2 experiments DIS on a nucleus is definitely simpler!

Half of the process is Electro-Magnetic 

The medium remains static over jet propagation timescale 

The d.o.f. of the medium are ``known’’: nucleons 

The struck parton is almost always a quark 

40+ years of DIS on nucleon and nuclei have given us  
a lot of confidence on our understanding of PDFs

!11



Focussing on A-DIS 

Among the 2 experiments DIS on a nucleus is definitely simpler!

Half of the process is Electro-Magnetic 

The medium remains static over jet propagation timescale 

The d.o.f. of the medium are ``known’’: nucleons 

The struck parton is almost always a quark 

40+ years of DIS on nucleon and nuclei have given us  
a lot of confidence on our understanding of PDFs

We will study jets in A-DIS in detail  
and then extend to heavy-ion collisions
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The variables

Incoming electron k, outgoing electron k’ , Proton  P, photon q = k - k’

Invariants: q2 = (k � k0)2 = �4EkEk0 sin2(✓/2) = �Q2

s = (k + P )2 = M2 + 2k · P ' 2k · P

W = (q + P )2 = �Q2 + M2 + 2q · P

What if the photon hits a massless particle with momentum fraction, x 
and that exits as a massless particle  

(q + xP )2 = 0 =) x =
�q2

2P · q
=

Q2

2P · q

Often referred to as Bjorken-x and written as xB   
in the rest frame of the proton 

P · q = M⌫ =) ⌫ = Ek � Ek0

Physical condition ν > 0 , W > 0 , Q2 >> M2  
!13
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 (x)|k, ri = ur(k)e�ik·x hk0, r0| ̄(x) = ūr0
(k0)eik0·x

Working out the matrix element

| k , r  > :  incoming electron with momentum k , spin r 
< k’, r’ | : outgoing electron with momentum k’ , spin r’ 

J : a current in the proton with which the photon can couple 

hX|J(y)|P i = hX|eiP̂ ·yJ(0)e�iP̂ ·y|P i = hX|J(0)|P iei(PX�P )·y

M = hk0, r0|⌦ hX|
Z

d4xd4y � e2J↵(y)A↵(y) ̄e(x)�µAµ(x) e(x)|k, ri ⌦ |P,�i

photon propagatorAµ(y)A⌫(x) =
Z

d4q

(2⇡)4
�igµ⌫e�iq·(y�x)

q2 + i✏

Integrating out x, y we get : (2⇡)4�4(q � k + k0)(2⇡)4�4(q + P � PX)

)M = T (2⇡)4�(k + P � k0 � PX)
!14



From matrix element to diff. cross section

Where: hP |O|P i =
1
2

X

�

hP,�|O|P,�i

Lµ⌫ =
1
2

X

r,r0

ū(k)�µu(k0)ū(k0)�⌫u(k) =
1
2
Tr[6k�µ 6k0�⌫ ]

(Leptonic tensor)

Wµ⌫ =
1
2⇡

Z
d4xeiq·xhP |Jµ(x)

X

X

|XihX|J⌫(0)|P i

=
1
2⇡

Z
d4xeiq·xhP |Jµ(x)J⌫(0)|P i (Hadronic tensor)

and q = k - k’

=
Disc.

2⇡i

Z
d4xeiq·xhP |T [Jµ(x)J⌫(0)]|P i

�

2k00 d�

d3k0 =
1

4k · P
1

(2⇡)3
1
4

X

r,r0,�

|T |2(2⇡)4�(k + P � k0 � PX)

=
1

k · P
↵2

EM

(q2)2
Lµ⌫Wµ⌫

!15



All of the QCD is in Wµν 
Are the currents probed by the photon from quarks inside the nucleon? 

How do you know the photon is probing inside the nucleon ? 

Question of scales ! 

Consider the problem in the rest frame of the proton.

k

k’
k is known,  k’ is measured

Wµ⌫ =
1
2⇡

Z
d4xeiq·xhP | [Jµ(x), J⌫(0)] |P i =) x2 � 0

consider the phase factor in the frame where q defines the z-direction

q · x = ⌫x0 �
p

⌫2 + Q2xz ' ⌫(x0 � xz)�
Q2

2⌫
xz

) (x0 � xz) ⇠
1
⌫

and xz, x
0 ⇠ 2⌫

Q2 =) x2
? . 1/Q2

Causality!

!16
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In this limit, a non-zero value of the cross section implies:

Small (point like) states. (At large Q, they are also weakly interacting)

And yes, in this limit experiment does see a non-zero contribution 

Assuming point-like fermions we can simplify the current operator as 

Jµ =  ̄q(x)�µ q(x)
this simplifies the Wµν       

There are now two avenues: method of OPE and method of Feynman diagrams

In the OPE method one expands the OP above to an infinite series of operators 
and identifies those with the least suppression in 1/Q2  
These turn out to be those with least “twist’’= dimensionality - maximum spin  

Wµ⌫ =
Disc

2⇡i

X

X

Z
d4x

d4p

(2⇡)4
e�ip·xhP | ̄(x)|Xi�µ i(6p� 6q)

(p � q)2 + i✏
�⌫hX| (0)|P i



Diagram method: Boosting to the Breit frame.
and using light-cone coordinates

Photon momentum q = [q0, ~q ] ⌘ [q+, q�, ~q?]

Proton momentum P = [P 0, ~P ] ⌘ [P+, P�, ~P?]

with x+ =
x0 + xzp

2
and x� =

x0 � xzp
2

In the Breit frame:
q? = 0, P? = 0, q2 = 2q+q�, P� = M2/2P+ ! 0

We will ignore terms which go as                                       i.e., power corrections⇠ M2

2P+q�
=

M2xB

Q2

Struck quark has momentum                                        and q+ = �xBP+p =

xBP+,

p2
?

2xBP+
, ~p?

�



xBP

xBP +q

q

In the high-energy collinear limit

X

X

hP | ̄(x)|XihX| (0)|P i ' 6P
2
hP | ̄(x)

�+

2P+
 (0)|P i + #

p2
?

Q2

At large Q2 can ignore all power corrections (higher twist corrections), and get 
The leading twist or leading power term as, 

F (⇠) =
Z

d4p

(2⇡)4
d4xe�ix·p�

✓
⇠ � p+

P+

◆
hP | ̄(x)

�+

2P+
 (0)|P i

Where

Is the non-perturbative parton  
distribution function

Wµ⌫ =
1

4xB⌫
Tr [xB 6P�µ(6q + xB 6P )�⌫ ]F (xB) ⌘Wµ⌫

h = �̂(p, q)F (xB)

We can approximate:



Thus for point like particles F(xB) should not change 
with Q2 and v as long as xB = Q2/2Mv is fixed.
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