
Julia Velkovska Third Andean School on Nuclear Physics, July 25,2017

HARD-SCATTERING  PROBES
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The Probes Gallery:

Jet Suppression

charm/bottom dynamics

J/Y & U 

direct photons
Z bosons

CONTROLZ boson
NEW at LHC
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Jet: A localized collection of hadrons 
which come from a fragmenting parton
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High pT Particle Production in pp

“Collinear factorization”
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Calibrating the Probe(s)

• Measurement from 
elementary collisions. 
Leading particles spectra 
used as a “proxy” to jets.

p+p->p0 + X

hep-ex/0304038 S.S. Adler et al.
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schematic view of  jet production
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Intrinsic kT , Cronin Effect

Parton Distribution Functions

Shadowing, 

Fragmentation Function
leading particle 
suppressed

Partonic Energy Loss
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High pT Particle Production in A+A
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Quantifying the nuclear effect

yield in A+A/number of equivalent p+p collisions

yield in p+p
RAA =

Energy loss depends on
properties of medium

(gluon densities, size, 
transport coefficients)

properties of  “probe”
(color charge, mass)
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Calibrate the probe and then use it !
• Single-particle spectrum and QCD predictions

Au+Au ® p0 + X (peripheral)Au+Au ® p0 + X (central)

Strong suppression

Peripheral spectra agree well with p+p
(data & pQCD) scaled by Ncoll

Central data exhibits suppression!

hadrons
leading 
particle

hadrons
leading 
particle
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Control experiment: colorless probe

g

q

Photons shine !

Pions and etas – suppressed !

Confirm that jet quenching is due 
to energy loss in the medium. 
Deduce the medium density.  
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High pT charged hadrons: from RHIC to LHC

78

• Measuring charged tracks up to pT~400 GeV/c  ( jet triggers) 
• Suppression for pT> 10 GeV  is similar at the much higher 

energies at the LHC
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A colorless probe: isolated high pT photons at the LHC

79

As expected: no nuclear modifications seen

arXiv:1201.3093
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The particle Zoo in PHENIX

 

RAA =
YieldAA/áNbinary ñAA

Yieldpp

80

PRL 98:172301,2007
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Charmed mesons at RHIC and LHC
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RAA particle Zoo in CMS

• QGP is transparent to 
Photons, W and Z bosons
NEW colorless probes

• Charged hadrons (light) 
and heavy quarks 
(secondary J/Ψ) are 
suppressed

82
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Jet quenching in the CMS detector
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Jet Angular Correlation

CalorimeterJets

Pb Pb Pb Pbpp

Pb Pb PbPb PbPb

R=0.5
Iterative Cone 

Df12(rad)
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Df12(rad)

Jet Angular Correlation

CalorimeterJets

Pb Pb Pb Pbpp

Pb Pb PbPb PbPb

R=0.5
Iterative Cone 

The propagation of high pT partons in a dense nuclear 
medium does not lead to a visible angular decorrelation
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Aj =
pT,1 - pT,2

pT,1 + pT,2

Dijet Asymmetry

• Dijet selection:
– |hJet| < 2

– Leading jet pT,1 > 120GeV/c

– Subleading jet pT,2> 50GeV/c

– Df1,2 > 2p/3

• Quantify dijet energy imbalance by asymmetry ratio:
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PbPb

Pb Pb Pb Pb

PbPb PbPb

pp

Dijet Energy Imbalance

87
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PbPb

Pb Pb Pb Pb

PbPb PbPb

pp

Dijet Energy Imbalance

Parton energy loss is observed as a pronounced 
energy imbalance in central PbPb

88
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WHERE DOES THE LOST 
ENERGY GO ?

89



Julia Velkovska Third Andean School on Nuclear Physics, July 25,2017 90

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

Missing pT
||:

Leading Jet defines direction

Missing-pT
||

Calculate projection of pT
on leading jet axis and 
average over selected 
tracks with 
pT > 0.5 GeV/c and 
|η| < 2.4
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arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

Missing pT
||:

Missing-pT
||

Calculate projection of pT
on leading jet axis and 
average over selected 
tracks with 
pT > 0.5 GeV/c and 
|η| < 2.4

Sum all tracks in the event
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Missing-pT
||

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

Missing pT
||:

excess away 
from leading jet

excess towards 
leading jet
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Missing-pT
||

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

Missing pT
||:

Integrating over the whole event final state
the momentum balance is restored

excess away 
from leading jet

excess towards 
leading jet
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arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

Missing pT
||:

Missing-pT
||

The momentum difference in the dijet is 
balanced by low pT particles

Calculate missing pT in 
ranges of track pT:excess away 

from leading jet

excess towards 
leading jet
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Missing-pT
||

arXiv:1102.1957 [nucl-ex]

0-30% Central PbPb

balanced jets unbalanced jets

In-Cone
DR<0.8

Out-of-Cone
DR<0.8

in-cone

out-of-cone
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Missing-pT
||

arXiv:1102.1957 [nucl-ex]

In-Cone
DR<0.8

Out-of-Cone
DR<0.8

The momentum difference in the dijet is balanced by low pT
particles at large angles relative to the away side jet axis

in-cone

out-of-cone
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Parton Fragmentation

Partons fragment to Hadrons

Parton

HadronHadronHadron

Hadron
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Parton Fragmentation in PYTHIA

• Momentum Fraction z
– characteristic of the parton showering process 
– z=pT

hadron/pT
parton
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 x=ln(1/z) Representation

z 
= 

0.
5

z 
= 

0.
1 Soft particles

pT < 1GeV/c
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z 
= 

0.
5

z 
= 

0.
1 Soft particles

pT < 1GeV/c

 x=ln(1/z) Representation

• Eliminate the underlying event contribution, pT > 4GeV/c

• Select particles in a DR=0.3 cone
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Fragmentation Functions, pp and PbPb

Pb Pb PbPb

Leading and subleading jet in PbPb fragment like jets of 
corresponding energy in pp collisions
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NOW INCLUDE SOFTER 
PARTICLES : PT > 1 GEV/C 

102
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Anatomy of a jet

103

100 GeV inclusive jet
Anti-kT R=0.3 jet in 
PYTHIA

95% of jet energy in 
pT > 4 GeV particles

95% of jet energy 
in r < 0.2

Is the jet energy in PbPb 
redistributed in radius:
Differential jet-shapes

Is the jet energy in PbPb 
redistributed in particle pT:
Fragmentation functions
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Fragmentation function including soft  
particles

104

Change 
from 
“ξ” to “pT”

Pb
Pb

 –
pp

 (1
/G

eV
)

Fragmentation is modified in the medium,  a lot more soft 
particles (1<pt<4 GeV/c) emitted in PbPb collisions
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Jet shape 

105
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Differential jet shapes
PLB 730 (2014) 243

The jet shape is modified in central  PbPb collisions
• jet core (r<0.2) is collimated
• broadening in the tails (r>0.2) 
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Anatomy of a jet

107

Ratio of PbPb/pp differential jet shapes

Ratio of PbPb/pp fragmentation functions

CMS-PAS HIN-12-013

CMS-PAS HIN-12-013

z = pT(track)/pT(jet)

low pT

No medium effect

No medium effect

highpT

Phys. Rev. C 90 (2014) 024908

PLB 730 (2014) 243
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Z+jet in PbPb collisions

Z0

µ+

Jet

µ-
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Summary of hard-probe measurements
• RAA<1 for all hadron types; RAA ~1 for EW 

bosons
• Angular correlation of partons not affected by 

the medium
– Constrains the scattering mechanisms

• Large dijet momentum imbalance observed
– Direct observation of parton energy loss

• Momentum difference in the dijet balanced 
by low pT particles at large angles relative to 
the away side jet

• jet fragmentation and jet shape are modified 
with excess of soft particles (pT <  4 GeV/c)

• jet-photon and jet-Z correlations – a new way 
for precise studies of jet energy loss
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How to become a heavy-ion physicist

110
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Color Screening from the QGP

112

• Debye screening length lD ~ 1/T 
• Hadrons with radii greater than ~ lD will be dissolved

Color Screening

cc
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The M in CMS

113
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ϒ candidate in PbPb at √sNN = 2.76 TeV
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J/y and ¡
• J/y and ¡ observed in µ+µ- channel
• CMS muon acceptance |h|<2.4, pTµ>2-4 GeV/c
• Excellent mass resolution ~1%, comparable to pp
• Use displaced  vertices to separate prompt J/y and B-decays

115

J/y ¡

NJ/y =734±54 N¡ =86±12
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Suppression of excited ¡ states

• Excited states ¡(2S,3S) relative to ¡(1S) are suppressed                                                                      
• Probability to obtain measured value, or lower, if the real double ratio is unity, has 

been calculated to be less than 1% 
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