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c
Suppression

Enhancement

Debye screening

Recombination

This picture assumes the production of the cc pair at early times

T
450 MeV

240 MeV

200 MeV

1/⟨r⟩

J/ψ(1S)

𝛘 (1P)

𝛘 (1P)

ϒ(1S)

b

c

Matsui and Satz, PLB 178 (1986) 416

Du and Rapp, NPA 943 (2015) 147
PLB 734 (2014) 314
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J/ψ

charm formation 

➔ bound state

not fully understood



J/ψ puzzle

7

J/ψ not fully understood

Models can’t reproduce all 
data measurements

?

charm formation 

➔ bound state

M. Butenschoen. et al MPLA 28 (2013) 1350027

Maxim’s talk on Monday



2.5 < η < 4

20 < pT < 30 GeV

J/ψ in jets in pp

8

Recent measurement by 
LHCb: J/ψ in jets
z = J/ψ pT / jet pT

prompt J/ψ are produced 
with far more jet activity 

than predicted by models
PRL 118 (2017) 192001

J/ψ
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NRQCD vs LHCb

R. Bain et al. PRL 119 (2017) 032002

GFIP: Gluon Fragmentation 
Improved Pythia 

FJF: Fragmentation Jet 
Functions

Fixed order calculations are not enough to understand the J/ψ puzzle

Better agreement with LHCb results than LO NRQCD

J/ψ could be produced in parton showers

Two comparable approaches:

g

Show
er

J/ 
<latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit>

Low z
Later time
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J/ψ production in AA collisions

In the course of the interaction of the partons with the QGP

Important implications for the interpretation of J/ψ in HI

J/ψ may also be produced in parton showers

QGP

c
c
J/ 

<latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit>
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Another look at RAA

EPJC 78 (2018) 509
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T
p

0

0.2
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/ndf = 0.47)2χ 1.4  (± (GeV) = 15.0 cω

ATLAS PbPb(5.02) 0-80%

ψJ/

Prompt J/ψ RAA has a similar 
behaviour to other hadrons

F. Arleo PRL 119 (2017) 062302 

Well described by 
calculations of parton 

energy loss

Universal behavior 

EPJC 78 (2018) 762
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J/ψ production in AA collisions

Measure the fragmentation 
function in PbPb collisions

Jet quenching might be 
relevant in J/ψ suppression

z = pT,J/ /pT,Jet

<latexit sha1_base64="MCYF4SQ35udn/E8IB257GlG3i9Q=">AAACHHicbZDLSsNAFIYnXmu9RV26CRbBhbSJFnQjFN1IVxV6gyaEyXTSDp1JwsxEqCEP4sZXceNCETcuBN/GSRvBtv4w8PGfc5hzfi+iREjT/NaWlldW19YLG8XNre2dXX1vvy3CmCPcQiENedeDAlMS4JYkkuJuxDFkHsUdb3ST1Tv3mAsSBk05jrDD4CAgPkFQKsvVzx+uIjexGZRDzpJmelqv2JEgaWXW/cU6lmnq6iWzbE5kLIKVQwnkarj6p90PUcxwIBGFQvQsM5JOArkkiOK0aMcCRxCN4AD3FAaQYeEkk+NS41g5fcMPuXqBNCbu34kEMiHGzFOd2ZJivpaZ/9V6sfQvnYQEUSxxgKYf+TE1ZGhkSRl9wjGSdKwAIk7UrgYaQg6RVHkWVQjW/MmL0D4rW9Vy9a5aql3ncRTAITgCJ8ACF6AGbkEDtAACj+AZvII37Ul70d61j2nrkpbPHIAZaV8/qpKi/w==</latexit>

QGP

c
c
J/ 

<latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit>



Analysis in CMS



Prompt vs nonprompt J/ψ

J/ 
<latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit><latexit sha1_base64="c8HyLjMKLPd5Cxf7lvEoBhqfMJQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqe6KoMeiF/FUwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqZ+64lpw5V8sOOEBTEZSB5xSqyTmndn3cTwXrniVb0Z8DLxc1KBHPVe+avbVzSNmbRUEGM6vpfYICPacirYpNRNDUsIHZEB6zgqScxMkM2uneATp/RxpLQrafFM/T2RkdiYcRy6zpjYoVn0puJ/Xie10VWQcZmklkk6XxSlAluFp6/jPteMWjF2hFDN3a2YDokm1LqASi4Ef/HlZdI8r/pe1b+/qNSu8ziKcATHcAo+XEINbqEODaDwCM/wCm9IoRf0jj7mrQWUzxzCH6DPHye2jtc=</latexit>

beam beam
collision

J/ 
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beam beam
collision

B

Directly in the collision

Decay of heavier charmonium states 

Prompt: 

Nonprompt:
Decay of b hadrons
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Separation based on the lifetime: 
pseudo-proper decay length lJ/ψ



Signal extraction

0.5−
0

0.5
1

1.5
2

 (mm)
ψJ/l2.6

2.7
2.8

2.9
3

3.1
3.2

3.3
3.4

3.5

Mass [GeV/c]

1−10

1

10

210

310

410

510

 )2
Ev

en
ts

 / 
( 0

.0
5 

m
m

 x
 0

.0
25

 G
eV

/c

Extraction the J/ψ yields:
Disentangle Signal/background
Separate prompt/nonprompt

Done using a 2D fitting procedure: Invariant mass and the pseudo-proper 
decay length

The fits are performed in z and jet pT bins
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Most parameters are fixed to values 
extracted from 1D fits on data



Signal extraction: invariant mass
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Signal extraction: lJ/ψ 
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lJ/ψ fit = signal + background

Prompt component 
⊗ resolution

Nonprompt component 
⊗ resolution

Dirac function
Triple Gaussian

exponential 

Triple Gaussian
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resolution

lJ/ψ fit = signal + background

Prompt component 
⊗ resolution

Nonprompt component 
⊗ resolution



Jet pT determination
Challenges: detector response + background fluctuations
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2 2 Experimental method

Figure 1: Example of an unbalanced dijet in a PbPb collision event at ps
NN

= 2.76 TeV. Plot-
ted is the summed transverse energy in the electromagnetic and hadron calorimeters vs. h
and f, with the identified jets highlighted in red, and labeled with the corrected jet transverse
momentum.

The data provide information on the evolution of the dijet imbalance as a function of both
collision centrality (i.e., the degree of overlap of the two colliding nuclei) and the energy of
the leading jet. By correlating the dijets detected in the calorimeters with charged hadrons
reconstructed in the high-resolution tracker system, the modification of the jet fragmentation
pattern can be studied in detail, thus providing a deeper insight into the dynamics of the jet
quenching phenomenon.

The paper is organized as follows: the experimental setup, event triggering, selection and char-
acterization, and jet reconstruction are described in Section 2. Section 3 presents the results and
a discussion of systematic uncertainties, followed by a summary in Section 4.

2 Experimental method

The CMS detector is described in detail elsewhere [20]. The calorimeters provide hermetic
coverage over a large range of pseudorapidity, |h| < 5.2, where h = �ln [ tan(q/2)] and q is
the polar angle relative to the particle beam. In this study, jets are identified primarily using
the energy deposited in the lead-tungstate crystal electromagnetic calorimeter (ECAL) and the
brass/scintillator hadron calorimeter (HCAL) covering |h| < 3. In addition, a steel/quartz-
fiber Cherenkov calorimeter, called Hadron Forward (HF), covers the forward rapidities 3 <
|h| < 5.2 and is used to determine the centrality of the PbPb collision. Calorimeter cells are
grouped in projective towers of granularity in pseudorapidity and azimuthal angle given by
Dh ⇥ Dj = 0.087⇥ 0.087 at central rapidities, having a coarser segmentation at forward rapidi-
ties. The central calorimeters are embedded in a solenoid with 3.8 T central magnetic field. The
event display shown in Fig. 1 illustrates the projective calorimeter tower granularity over the
full pseudorapidity range. The CMS tracking system, located inside the calorimeter, consists
of pixel and silicon-strip layers covering |h| < 2.5, and provides track reconstruction down to
pT ⇡ 100 MeV/c, with a track momentum resolution of about 1% at pT = 100 GeV/c. A set
of scintillator tiles, the Beam Scintillator Counters (BSC), are mounted on the inner side of the

Jets

Low pT jets can be hard to distinguish from the background

PRC 84 (2011) 24906
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2 2 Experimental method

Figure 1: Example of an unbalanced dijet in a PbPb collision event at ps
NN

= 2.76 TeV. Plot-
ted is the summed transverse energy in the electromagnetic and hadron calorimeters vs. h
and f, with the identified jets highlighted in red, and labeled with the corrected jet transverse
momentum.

The data provide information on the evolution of the dijet imbalance as a function of both
collision centrality (i.e., the degree of overlap of the two colliding nuclei) and the energy of
the leading jet. By correlating the dijets detected in the calorimeters with charged hadrons
reconstructed in the high-resolution tracker system, the modification of the jet fragmentation
pattern can be studied in detail, thus providing a deeper insight into the dynamics of the jet
quenching phenomenon.

The paper is organized as follows: the experimental setup, event triggering, selection and char-
acterization, and jet reconstruction are described in Section 2. Section 3 presents the results and
a discussion of systematic uncertainties, followed by a summary in Section 4.

2 Experimental method

The CMS detector is described in detail elsewhere [20]. The calorimeters provide hermetic
coverage over a large range of pseudorapidity, |h| < 5.2, where h = �ln [ tan(q/2)] and q is
the polar angle relative to the particle beam. In this study, jets are identified primarily using
the energy deposited in the lead-tungstate crystal electromagnetic calorimeter (ECAL) and the
brass/scintillator hadron calorimeter (HCAL) covering |h| < 3. In addition, a steel/quartz-
fiber Cherenkov calorimeter, called Hadron Forward (HF), covers the forward rapidities 3 <
|h| < 5.2 and is used to determine the centrality of the PbPb collision. Calorimeter cells are
grouped in projective towers of granularity in pseudorapidity and azimuthal angle given by
Dh ⇥ Dj = 0.087⇥ 0.087 at central rapidities, having a coarser segmentation at forward rapidi-
ties. The central calorimeters are embedded in a solenoid with 3.8 T central magnetic field. The
event display shown in Fig. 1 illustrates the projective calorimeter tower granularity over the
full pseudorapidity range. The CMS tracking system, located inside the calorimeter, consists
of pixel and silicon-strip layers covering |h| < 2.5, and provides track reconstruction down to
pT ⇡ 100 MeV/c, with a track momentum resolution of about 1% at pT = 100 GeV/c. A set
of scintillator tiles, the Beam Scintillator Counters (BSC), are mounted on the inner side of the

Jets

Low pT jets can be hard to distinguish from the background
especially in central PbPb events

PRC 84 (2011) 24906

Underlying event



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z

0

500

1000

1500

2000

2500

C
ou
nt
s

measured

truth

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z

0

500

1000

1500

2000

2500

3000

C
ou
nt
s

measured

truth

pp PbPb

30 < pT,jet < 40 GeV

|ηjet| < 2

30 < pT,jet < 40 GeV

|ηjet| < 2

Bin migration

True distribution 

Unfolding is needed for data
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Measured distribution 



Unfolding
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Starting point for my thesis in CMS

Start with pp data and then move to PbPb


Different kinematic ranges

Similar results to LHCb
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RAA of J/ψ in jets

Less suppression for isolated J/ψ compared to J/ψ with larger jet activity

Rising trend as a function of z
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Larger degree of 
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RAA of J/ψ in jets
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Before the J/ψ is formed:

entire jet suppressed or moved 
outside of the jet pT selection 

After the J/ψ is formed:

The J/ψ shifts towards 

higher z values

(The J/ψ is also sensitive to Debye screening)

Jet quenching happens when the partons of the 
jet interact with the QGP and radiate gluons
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z increases with increasing pT
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Rising trend in inclusive prompt RAA might be explained by jet quenching
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Figure 2: RAA of h±
, D and J/ as a function of p?/ n!c

in PbPb collisions at
p
s = 2.76 TeV and

p
s = 5.02 TeV in

di↵erent centrality classes.

BDMS approximation, the p? dependence of RAA is di-
rectly connected to the medium-induced gluon spectrum
(u = !/!c) [38]

RAA(y ⌘ p?/n!̄c) ' exp


�

Z 1

0
du

dI 0(u)

du

⇣
1� e�u/y

⌘�

(6)
with dI 0(u)/du = !c dI(!)/d!.

In the present article, RAA(p?/!̄c) is computed nu-
merically from (3) using the quenching weight computed
in [43] from the BDMPS medium-induced gluon spec-
trum [33, 44]. Fig. 1 shows RAA as a function of p?/n!̄c

for di↵erent values of power law exponents. As can be
seen, scaling in p?/n!̄c is well observed, except at low
p?/n!̄c and for the smallest values of n [55]. It has also
been checked, for consistency, that the BDMS analytic
approximation, Eq. (6), reproduces Eq. (5) well when
p?/n!c gets large. Finally, RAA is computed from (6)
using the GLV spectrum at first order in opacity [34, 35],
shown as a dashed line in Fig. 1. For a meaningful com-
parison with BDMPS, the GLV energy loss scale has
been rescaled by a factor 3, as already noted in [45]. Al-
though the BDMPS and GLV medium-induced spectra
behave somewhat di↵erently in the infrared, respectively
u dI 0/du / 1/

p
u and u dI 0/du / 1/ lnu, the p? depen-

dence of RAA is not too dissimilar; yet, the shape using
the GLV spectrum proves not as steep.

In this simple energy loss model, the shape of RAA as
a function of p? is thus fully predicted once the expo-
nent n is known, obtained from a fit to the pp data at
the corresponding center-of-mass energy. What remains
to be determined is the energy loss scale !̄c, which is

Figure 3: Mean energy loss extracted in PbPb collisions atp
s = 2.76 TeV (triangles) and

p
s = 5.02 TeV (squares) from

the quenching of h±
, D, and J/ .

in principle a complicated (and virtually unknown) func-
tion of the space-time evolution of the QGP energy den-
sity and the geometry of the heavy ion collision. Rather
than modeling the hot medium, the value of !̄c is ob-
tained from ‘agnostic’ 1-parameter fit to each data set, in
a given centrality class and at a given

p
s. Measurements

include charged hadrons measured by CMS in five cen-
trality classes [56] at both colliding energies [9, 10], J/ 
and D mesons measured respectively by ATLAS [46] and
CMS [47] at

p
s = 5.02 TeV in one centrality class, for a

total number of 12 data sets. Data from ALICE [7, 48, 49]
are not included here as I focus on measurements with
largest p? , however these results will be included in the
more detailed analysis [50].

The comparison of the fits to the individual data sets
will be shown in a forthcoming publication [50]. Instead,
Fig. 2 shows all data points [57] plotted as a function of
the scaling variable, p?/ n!̄c, together with the shape of
RAA , Eq. (5). Clearly all data exhibit an almost perfect
scaling, lining up into a single ‘universal’ shape. This
feature, predicted in the energy loss model and observed
in data, supports the interpretation of a unique pro-
cess responsible for the nuclear modification factors of all
hadrons above a given p? in heavy-ion collisions at the
LHC. In particular, I find it interesting that the quench-
ing of heavy mesons (D and J/ ) obeys the exact same
pattern, suggesting again that at large p? the same pro-
cess a↵ects similarly all hadron species, including bound
states like heavy-quarkonia. Also worth to be noted are
the scaling violations observed for lower p? particles.
The lack of scaling emerges below p? ' 10 GeV, for
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Prompt J/ψ RAA has a similar 
behaviour to other hadrons
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Conclusions and outlooks
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I measured the jet fragmentation function of 
the J/ψ meson in pp and PbPb collisions

Prompt J/ψ RAA showed a rising trend with z

These results support the interpretation 
of jet quenching as a relevant 

mechanism for J/ψ suppression
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Conclusions and outlooks

27

I measured the jet fragmentation function of 
the J/ψ meson in pp and PbPb collisions

Prompt J/ψ RAA showed a rising trend with z

These results support the interpretation 
of jet quenching as a relevant 

mechanism for J/ψ suppression

Ongoing effort to study  in jets in pp with CMSΥ

J/  + recoil jet could be interesting ψ
Fragmentation function of open heavy flavor in jets
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• Larger suppression for central events
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Outlook

B11
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Bottomonia in jets

J/ψ in jets in jet pT bins

ψ(2S) in jets

Jet fragmentation functions are usually measured as function of jet pT 
Useful for comparison with theoretical models

ELoss processes are not sensitive to the 
final state

ϒ RAA vs J/ψ RAA is used to disentangle 
quarkonium suppression effect

ϒ in jets can provide a direct comparison 
to quarkonium production models 

RAA of ϒ in jets in PbPb can be 
compared to the RAA of J/ψ in jets 
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Ratio of J/ψ produced in jets in our selection over the total number of J/ψ
Less than 7% are produced in jets in our selection

Under-predicted in PYTHIA8

http://cds.cern.ch/record/2719771?ln=en
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CMS measurement at 8 TeV: 

(85 ± 3(stat) ± 7(syst))% of J/ψ (EJ/ψ>15 GeV) are produced with a jet (EJet>19 GeV)

PLB 804 (2020) 135409
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Elliptic flow in PbPb

Unexpected non zero v2 
for prompt J/ψ at high pT

Similar to other 
hadrons at high pT

Path-length dependence of energy loss
42
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Moved from CMS to ALICE

J/  in jets cannot be done in ALICE


But similar tools can be used in many analyses
ψ → μμ

From CMS to ALICE

16

-> seperation of prompt and nonprompt J/ 

-> efficiency calculation studies

ψ



• Tag-and-Probe (T&P) is a data-driven efficiency calculation technique 
• Simulations are not ideal → need data calibration 

• based on the decays of known resonances, e.g. J/ψ

17
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Unbiased, very loose selection

The Tag-and-Probe method
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• Muons are measured in two subsystems in CMS 
• The silicon tracker: very precise momentum determination but busy environment 
• The muon chambers: very clean signal 
• Together they give very precise and clean muon detection 

• pT > 3 GeV for  < 1.2, pT > 1.5 GeV for 2.1 <  < 2.4|η | |η |

19

Muon systems in CMS
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• Three types of muons are defined in CMS 
• Standalone muons: reconstructed in the muon chambers 
• Tracker muons: tracker + first layer in the muon chambers 
• Global Muons: tracker + muon chambers 
• Works in favor of efficiency measurements like Tag-and-Probe

Tag-and-Probe in CMS



• For the tracking efficiency we can look at standalone muons and 
check if they are reconstructed in the tracker as well (Global muons) 

• For 2018 PbPb run: very good efficiency that only depends on rapidity  
• Small differences between data and simulation

20
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