
Jianwei Qiu
Jefferson Lab, Theory Center

Novel Phenomenon of Jet Quenching 
and

Coherent Multiple Scattering in QCD
§ Happy birthday – Xin-Nian!
§ Jet production and jet quenching 
§ QCD factorization approach to jet production and jet quenching
§ Coherent multiple scattering and color entanglement 
§ Summary and outlook

Berkeley Symposium on Hard Probes and Beyond 
August 18 – 19, 2022

Perseverance Hall (Bldg 54-130), LBNL 



1

“Shocking Reality”

Xin-Nian is 60!
Really?  It is hard to believe!

Everyone, older and younger,
whom I talked to in last a month or so about this symposium

in honor of Xin-Nian’s 60th birthday,
cannot believe that Xin-Nian is 60 now 



2

“Shocking Reality”

Xin-Nian is 60!
Really?  It is hard to believe!

Everyone, older and younger,
whom I talked to in last a month or so about this symposium

in honor of Xin-Nian’s 60th birthday,
cannot believe that Xin-Nian is 60 now 

Well,
Calendar rolls, Xin-Nian is 60!

LET’S CELEBRATE!
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Jet production and jet quenching 

No any specific hadron!

Sterman-Weinberg Jet, 1977
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where Γn(k1,k2,…,kn) are constraint functions
and invariant under interchange of n-particles

Different constraint function
= different jet algorithm 

q Jet = Inclusive cross section with limited phase space:

( ) ( )tot
1 2 1  for all , ,...,      n n nk k k s= ÞGSpecial case:
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No any specific hadron!
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where Γn(k1,k2,…,kn) are constraint functions
and invariant under interchange of n-particles

§ Jet provides the “footprint” or “trace” of an energetic quark or a gluon

§ Conditions for IR Safety 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£ £

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

Different constraint function
= different jet algorithm 

q Jet = Inclusive cross section with limited phase space:

( ) ( )tot
1 2 1  for all , ,...,      n n nk k k s= ÞGSpecial case:
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Jet production in pp collision
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Jet production in pp collision
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Jet production in AA collision

Suppression of jets – Jet quenching
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Jet production in AA collision

Suppression of jets – Jet quenching
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Jet production in AA collision

Suppression of jets – Jet quenching

Narrow jet Same suppression
as leading hadron

Jets vs. leading hadron:

Qiu, Ringer, Sato, & Zurita, PRL 122 (2019) 252301, …
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QCD factorization for Jet production

q Inclusive jet production in pp collision:

…

q Predictive power of factorization approach relies on:

(1) Ability to calculate IRS functions, (2) Universality of long-distance functions, 

(3) can neglect power corrections

Jet functions

Hardpart to produce a single parton

PDFs

<latexit sha1_base64="YhEO3HjXOsZpIMKn+SEj8W8trUg="></latexit>

d�pp!jet+X

dpTd⌘
⇡

X

a,b

fa ⌦ fb ⌦Hab!jet+X ⇡

X

a,b,c

fa ⌦ fb ⌦H
c
ab ⌦ Jc
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QCD factorization for Jet production

q Inclusive jet production in AA collision:

Q:  Can we have the similar factorization formalism 
for jet production in AA collision?

Yes! 
for the LP contribution in power of 1/pT expansion!  

Q:  How large the hard scale needs to be for us 
to be able to neglect the power corrections?

Q:  Can we understand/calculate the medium-induced
power corrections to be able to predict the jet
production in AA collision (or the suppression) 
for not too large pT?
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QCD factorization for Jet production

q Example:  hard probes in eA collisions:
<latexit sha1_base64="AwMtF71v+8PyOsuxdmZOyFkjevk="></latexit>

d�eA!e+X

dxBdQ2
⇡

X

a

fa/A ⌦Hea!e+X +O
✓

1

Qn

◆
Q:  Can we have the similar factorization formalism 

for jet production in AA collision?

Yes! 
for the LP contribution in power of 1/pT expansion!  

Q:  How large the hard scale needs to be for us 
to be able to neglect the power corrections?

Q:  Can we understand/calculate the medium-induced
power corrections to be able to predict the jet
production in AA collision (or the suppression) 
for not too large pT?

Understand the A-dependence of fg/A

A result of my visit to Xin-Nian at LBNL
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QCD factorization for Jet production

q Example:  hard probes in eA collisions:

Medium-induced and medium-size enhanced coherent 
power corrections can be calculated and resummed

Qiu & Vitev, PRL 93 (2004) 262301

<latexit sha1_base64="AwMtF71v+8PyOsuxdmZOyFkjevk="></latexit>

d�eA!e+X

dxBdQ2
⇡

X

a

fa/A ⌦Hea!e+X +O
✓

1

Qn

◆ Q:  Can we have the similar factorization formalism 
for jet production in AA collision?

Yes! 
for the LP contribution in power of 1/pT expansion!  

Q:  How large the hard scale needs to be for us 
to be able to neglect the power corrections?

Q:  Can we understand/calculate the medium-induced
power corrections to be able to predict the jet
production in AA collision (or the suppression) 
for not too large pT?

Coherent final-state multiple scattering

Able to describe the A, x, Q dependence of exiting showing data in small-x region
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QCD factorization for Jet production

q Example:  hard probes in pA collisions:

Q:  Can we have the similar factorization formalism 
for jet production in AA collision?

Yes! 
for the LP contribution in power of 1/pT expansion!  

Q:  How large the hard scale needs to be for us 
to be able to neglect the power corrections?

Q:  Can we understand/calculate the medium-induced
power corrections to be able to predict the jet
production in AA collision (or the suppression) 
for not too large pT?

<latexit sha1_base64="h8w94t8SRjlN27lhE43qMDRBM2U="></latexit>

d�pA!�⇤+X

dydQ2
⇡

X

a,b

fa ⌦ fb/A ⌦Hab!�⇤+X

+O
✓

1

Qn

◆

Medium-induced and medium-size enhanced
coherent power corrections can be calculated 
and resumed, such as transverse momentum 
broadening

<latexit sha1_base64="GWkoBYLM298hy0TWZVUSsAVzP68=">AAACHXicdVC7TsMwFHXKq4RXgZHFokJioUqqCBiLWBiL1JfUtJHjOq1Vxwm2g1RF+REWfoWFAYQYWBB/g5t2gBaOdKXjc+6V7z1+zKhUlvVlFFZW19Y3ipvm1vbO7l5p/6Alo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX98PfXb90RIGvGGmsSkF6IhpwHFSGnJKzkuQ3zICLzzGv2qK/JHP42vMvPsHyvOvFLZqlg54DKx56QM5qh7pQ93EOEkJFxhhqTs2laseikSimJGMtNNJIkRHqMh6WrKUUhkL82vy+CJVgYwiIQurmCu/pxIUSjlJPR1Z4jUSC56U/Evr5uo4LKXUh4ninA8+yhIGFQRnEYFB1QQrNhEE4QF1btCPEICYaUDNXUI9uLJy6RVrdjnFefWKdeceRxFcASOwSmwwQWogRtQB02AwQN4Ai/g1Xg0no03433WWjDmM4fgF4zPb1pVohI=</latexit>

hq2T ipA � hq2T ipp

<latexit sha1_base64="zeJ9p1LSbe43zeNoYuuyGrYi50g="></latexit>

hqnT ipA =

Z
dq2T qnT

d�pA!�⇤+X

dydQ2dq2T

�
d�pA!�⇤+X

dydQ2

Is calculable, & its A-dependence is sensitive 
to the range of color correlation!

Qiu & Sterman Int.J.Mod.Phys.E 12 (2003) 149
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QCD factorization for Jet production

q Can we do the same for the jet production in AA collisions? Qiu, Ringer, Sato, & Zurita
PRL 122 (2019) 252301, …

<latexit sha1_base64="cFZNLzmr5s4Iw72Gljuml1drDQY="></latexit>

d�pp!jet+X

dpTd⌘
⇡

X

abc

fa ⌦ fb ⌦H
c
ab ⌦ Jc

<latexit sha1_base64="Nu4pLIW/cXWys72vjr8nrmJVEnM="></latexit>

d�AA!jet+X

dpTd⌘
⇡

X

abc

fa/A ⌦ fb/A ⌦H
c
ab ⌦ Jmed

c

Initial-state: nPDFs Medium-modified Jet-function 
Nonperturbative!

At LP!

Medium effect from the modified jet functions: 
…
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Medium modification to the jet function

If the production cross section is accurate to NLP
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Medium modification to the jet function



18

Medium modification to the jet function

To keep at the LP approximation, we use the data to fit 
the Jmed at lower scale of the evolution:

Q:  can we get a consistent set of Jmed at lower scale 
that can fit all data (at a given kinematic regime?
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Data included in our initial analysis
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Inclusive jet production in PbPb collision at the LHC

Fit well if pT is large enough!
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Extracted medium-modified jet functions

Due to two steeply falling PDFs, the dominated 
configuration to the cross section is from small-x 
and large-z region!

Berger, Qiu & Zhang, Phys.Rev.D 65 (2002) 034006
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Summary and Outlook

Thanks!

q High energy Jet production and its quenching is a good probe for medium property 

q QCD factorization approach (a special EFT approach) should help control unknown 

“high order” effects. 

q Leading power factorization formalism should be valid when the hard scale is sufficiently high,

but, how high and how useful if putting all medium effect into the boundary condition?

q It is critically important for understanding the coherent multiple scattering in QCD 

(power corrections) to have the confidence on the jet quenching as a precision hard probe

q Lot of work have been done, thanks to Xin-Nian, his collaborators and many others, 

more works are still needed for diagnosing the properties of hot medium precisely!


