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What we have learned about jets at LHC ...

2

1. Di-jet energy imbalance in central PbPb 
collisions (PRC 84 (2011) 024906; PLB 712 (2012) 176; arXiv:

1206.0206)
2. High energy jets are suppressed (CMS-PAS: 

HIN-12-004)

G. Roland’s talk

Monday, October 22, 12



       

Yaxian MAO
 Vanderbilt University High pT physics at LHC 2012, Wuhan China

How does the medium modify jets ?

• Theory: 

‣ more soft particles and less high pT 
particles 

3
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How does the medium modify jets ?

• Theory: 

‣ more soft particles and less high pT 
particles 
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• Experiment: 

‣ widening of the angular correlation 
of intra-jet hadrons

0-10% 60-70% pp

➡ Look for jet-track correlations

 2GeV/c< pTtrig< 3GeV/c 
 1GeV/c< pTasso< 2GeV/c 
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Anatomy of the jets:observables

• How is the jet energy redistributed?

‣ in momentum space (Fragmentation 
Function 1/NjetdN/dξ): particle momenta 
projected onto the jet axis

4

ξ = ln(1/z) = ln(pjet/p||)

low ξ

high ξ
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Anatomy of the jets:observables

• How is the jet energy redistributed?

‣ in momentum space (Fragmentation 
Function 1/NjetdN/dξ): particle momenta 
projected onto the jet axis

4

ξ = ln(1/z) = ln(pjet/p||)

ρ(r) = 1
fch

1
δr

1
N jet

∑
jets

pT (r −δr / 2, r +δr / 2)
pT
jet ,

low ξ

high ξ

➡  to be discussed in this talk!

‣ radially (Jet Shape):  transverse momenta-
flow as a function of the distance from the 
jet axis (r) in the η-φ plane 
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Analysis procedure

• inclusive jet selection:

➡ Anti-kT particle flow jet finding algorithm

➡ R = 0.3, 0.3<|η|<2.0, pTjet > 100 GeV/c

5
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Analysis procedure

• inclusive jet selection:

➡ Anti-kT particle flow jet finding algorithm

➡ R = 0.3, 0.3<|η|<2.0, pTjet > 100 GeV/c

• track selection:

➡ |η|<2.4, pT > 1 GeV/c
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Analysis procedure

• inclusive jet selection:

➡ Anti-kT particle flow jet finding algorithm

➡ R = 0.3, 0.3<|η|<2.0, pTjet > 100 GeV/c

• track selection:

➡ |η|<2.4, pT > 1 GeV/c

• background subtraction:

➡ η reflected cone : R = 0.3,  0.3<|η|<2.0

5

φ 

η 
Jet: (ηjet, φjet ) 

Background (BG): 
(ηbkg, φbkg ) = (-ηjet, φjet ) 
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Analysis procedure

• inclusive jet selection:

➡ Anti-kT particle flow jet finding algorithm

➡ R = 0.3, 0.3<|η|<2.0, pTjet > 100 GeV/c

• track selection:

➡ |η|<2.4, pT > 1 GeV/c

• background subtraction:

➡ η reflected cone : R = 0.3,  0.3<|η|<2.0

• construct observables distribution:

➡ jet fragmentation function (FF): ξ = ln(1/z) = ln(pjet/p||)

➡ jet shape: radius r = √(ηjet-ηtrack)2+(φjet-φtrack)2

5

φ 

η 
Jet: (ηjet, φjet ) 

Background (BG): 
(ηbkg, φbkg ) = (-ηjet, φjet ) 
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Jet shape variables

ψ(r) = ρ(r)dr = 1
fch

1
N jet

pT (0, r)
pT
jet

jets
∑0

r
∫

ψ(r)dr ≡1
0

R
∫

fch: pT fraction carried by charged particles

Njet: total number of selected jets

Integrated jet shape: average fraction of the jet pT inside a 
cone of radius r concentric to the jet axis 

6
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Jet shape variables

ψ(r) = ρ(r)dr = 1
fch

1
N jet

pT (0, r)
pT
jet

jets
∑0

r
∫

ψ(r)dr ≡1
0

R
∫

fch: pT fraction carried by charged particles

Njet: total number of selected jets

Integrated jet shape: average fraction of the jet pT inside a 
cone of radius r concentric to the jet axis 

Differential jet shape: average fraction of the jet pT inside an 
annulus in the η-φ plane concentric to the jet axis 

ρ(r) = 1
fch

1
δr

1
N jet

∑
jets

pT (r −δr / 2, r +δr / 2)
pT
jet ,

δr     = 0.05 annulus width

6
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CMS is able to reconstruct with high resolution objects embedded in a a high 
multiplicity environment.

7

Silicon tracker EM and hadronic 
calorimeters

The CMS detector
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Jet measurements in PbPb

• Information from all sub-detectors are combined into particle 
candidates  “Particle flow” event reconstruction method[1-2] 

‣ Allows us to exploit the excellent resolution of the tracker for 
the charged hadron component of the jet

‣ Also includes a fully consistent treatment of electron and 
muons inside jets

8

[1] arXiv:1107.0179 
[2] CMS-PAS-PFT-09-001
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Jet underlying event subtraction

9

1. <ET> calculated in strips 
of η. Subtract <ET> + σ

2. Run anti-kT algorithm on 
background-subtracted towers

3. Exclude reconstructed jets
and re-estimate background

4. Re-run anti-kT algorithm 
to get final jets

• CMS, arXiv:1102.1957
• Kodolova et al., 
      EPJC 50 (2007) 117
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(l)

Jet reconstruction performance

• Jet energy corrections based on PYTHIA simulations

• Corrected jet response shows less than 5% deviation 
from unity in PbPb collisions

➡ demonstrates reliability of HI background subtraction 

10

Resolution

Response

HIN-12-004
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Comparison between PbPb and pp

11
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• Different collision systems leads to difference in reconstructed  jets:
‣ pT resolution
‣ pT scaling 

Yen-Jie Lee (CERN) CMS Weekly General Meeting 22 

Comparison between pp and PbPb 

pp reference  PbPb measurements 

Ratio of fragmentation 
function and jet shape 

To account for the difference in the jet pT resolution 
 and jet pT spectra: 
 
•  pp reference is smeared according to the difference  
between PYTHIA and PYTHIA+HYDJET 

•  Scale the pp jet pT spectra to match PbPb spectra 

PYTHIA+HYDJET 0-5% 

Yen-Jie Lee (CERN) CMS Weekly General Meeting 22 

Comparison between pp and PbPb 

pp reference  PbPb measurements 

Ratio of fragmentation 
function and jet shape 

To account for the difference in the jet pT resolution 
 and jet pT spectra: 
 
•  pp reference is smeared according to the difference  
between PYTHIA and PYTHIA+HYDJET 

•  Scale the pp jet pT spectra to match PbPb spectra 

PYTHIA+HYDJET 0-5% 

pp referencePbPb measurement

Pb Pb
p

p
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Comparison between PbPb and pp

• Solution:

‣ smear pp jet by the difference of the PbPb 
and pp jet resolution

‣ re-weight pp jet spectra to match jet pT 
distribution in PbPb

11
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• Different collision systems leads to difference in reconstructed  jets:
‣ pT resolution
‣ pT scaling 
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Comparison between pp and PbPb 

pp reference  PbPb measurements 

Ratio of fragmentation 
function and jet shape 

To account for the difference in the jet pT resolution 
 and jet pT spectra: 
 
•  pp reference is smeared according to the difference  
between PYTHIA and PYTHIA+HYDJET 

•  Scale the pp jet pT spectra to match PbPb spectra 

PYTHIA+HYDJET 0-5% 

Yen-Jie Lee (CERN) CMS Weekly General Meeting 22 

Comparison between pp and PbPb 

pp reference  PbPb measurements 

Ratio of fragmentation 
function and jet shape 

To account for the difference in the jet pT resolution 
 and jet pT spectra: 
 
•  pp reference is smeared according to the difference  
between PYTHIA and PYTHIA+HYDJET 
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Tracking selection and efficiency

• Tracks with |η|<2.4 and pT > 1 GeV/c used

• Fake rate < 5%

• Corrected track pT agrees reasonably well with the 
generator level particles pT spectrum 
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η(bkg_jet) = -η(jet)

Yen-Jie Lee (CERN) CMS Weekly General Meeting 16 Yen-Jie Lee (CERN) CMS Weekly General Meeting 16 

UE Background subtraction 
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Jet Event MinBias Event 

Main result 
Same as HIN-11-004 
 

(Cross-checks) 

Same technique 
Used in FF and jet shape 

1- Eta Reflection

Jet

13

      Background track subtraction

1. plot raw FF in jet cone 

    all tracks in jet cone

2. calculate background contribution from eta-reflected cone

      tracks from underlying events

3. subtract 2 from 1
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η(bkg_jet) = -η(jet)

Yen-Jie Lee (CERN) CMS Weekly General Meeting 16 Yen-Jie Lee (CERN) CMS Weekly General Meeting 16 

UE Background subtraction 
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2- Event Mixing

1- Eta Reflection

Jet
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Both techniques produce similar background

      Background track subtraction
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An earlier measurement: inclusive RAA

• Inclusive charged particle RAA shows suppression 
between 1-100 GeV/c

15

E. Appelt’s talk
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An earlier measurement: inclusive RAA

• Inclusive charged particle RAA shows suppression 
between 1-100 GeV/c

➡ Jet composition (charged particles inside the jet) ?

15

E. Appelt’s talk
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Track pT distribution inside jet: pp and PbPb

• Difference between pp and PbPb intra jet charged 
particles pT distribution 

• Significant excess below pT < 3 GeV/c in most central 
collisions 

16
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Connection between pT and ξ distributions
• From traditional pT distribution to jet fragmentation function 

variables ξ
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Jet fragmentation function
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• Peripheral PbPb similar to pp

• Up to factor of 2 excess at ξ > 4 (pT < 3 GeV/c) in most central collisions

• Excess complemented by deficit at ξ = 1-3 in most central collisions

• High pT tracks (ξ < 1 ; pT > 10 GeV/c) unmodified even in most central events

~2.2±0.3±0.7 
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~95% of energy 
in r < 0.2

~95% of energy 
with pT > 4GeV 
particles

From jet fragmentation to jet shape

19

Vacuum  
(pp reference) 

Jets in Medium 
(jet broadening) 

r = √(ηjet-ηch)2+(φjet-φch)2  

• How is the jet energy redistributed radially in PbPb? 

• Charged particle energy fraction from PYTHIA 
100 GeV inclusive jet (anti-kT, R = 0.3) 

•  High pT particles close to jet axis 
•  Low pT particles dominate away from jet axis 
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~95% of energy 
in r < 0.2

~95% of energy 
with pT > 4GeV 
particles

From jet fragmentation to jet shape

19

Vacuum  
(pp reference) 

Jets in Medium 
(jet broadening) 

r = √(ηjet-ηch)2+(φjet-φch)2  

• How is the jet energy redistributed radially in PbPb? 

• Charged particle energy fraction from PYTHIA 
100 GeV inclusive jet (anti-kT, R = 0.3) 

•  High pT particles close to jet axis 
•  Low pT particles dominate away from jet axis 

→ slight change in PbPb?

→ more particles at large radii in PbPb?
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Radius(r)
Energy Fraction in 

0-10% (pp)
Energy Fraction in 

0-10%(PbPb)
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0.1 86% 86%
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More than 95% of the jet energy deposited in r < 0.2 

• Energy fraction in each cone of radius bin
• ψ(r=0.3)≡1 by construction

Integrated jet shapes

HIN-12-013
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In presence of medium ➔ ratio expected to deviate from 1

21

• Ratio close to unity for non-central (30-50%) collisions
• A rising trend towards large radius for mid-central (10-30%) 
and most central (0-10%) collisions

~25%±8% 
increase

       Differential jet shapes (central vs peripheral: “RCP”)

HIN-12-013
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In presence of medium effect ➔ ratio expected to deviate from 1

~38%±10% 
increase

• Ratio close to unity for non-central (30-100%) collisions
• A rising trend towards large radius r for mid-central (10-30%) 
and most central (0-10%) collisions 

       Differential jet shapes  (PbPb vs pp: “RAA”)

HIN-12-013
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•  Inclusive jet fragmentation function (FF) measured in PbPb for jet 
pT > 100 GeV/c, with track pT > 1 GeV/c 

•  and PbPb FF compared to pp at the same jet energy

• at very high pT (> 10 GeV/c) FF remains unmodified even in 
central events

• at low pT  (< 3 GeV/c) significant excess in central PbPb 
collisions (0-30%)

• complements at intermediate pT  (3-10 GeV/c) by small deficit

Conclusions

23
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Conclusions

•  Jet shapes in PbPb collisions at √s = 2.76 TeV have been measured 
for the first time ...

•  and compared to pp collisions at the same center-of-mass energy:

• for semi-peripheral (30-50%) and peripheral collisions (50-100%) 
the shape is similar in PbPb and pp

• for central collisions (0-30%) a modification of the jet structure is 
observed ...

• as expected in the jet quenching picture

24
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Thank you very much! 
谢谢！
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