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Probing Hot QCD Matter with hard probesProbing Hot QCD Matter with hard probes

Hard Probes:
“highly penetrating observables (particles, radiation) 

used to explore properties of matter that cannot be viewed directly!”
p T ,m > 2 GeV >>ΛQCD
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Hard probes Hard probes 

p+p:
• parton scattering fragmentation jet 
• can be calculated in perturbative QCD
• collinear factorization

A+A: 
• partons traversing medium lose energy 

gluon radiation, elastic collisions
• energy loss different for g, light/heavy quarks     

(color factor, dead cone effect)
X.-N. Wang, M. Gyulassy, Phys. Rev. Lett. 68 (1992) 1480 Goal: Use in-medium energy loss to 

measure medium properties
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Medium modifications.Medium modifications.

Any observed enhancements and/or 
suppressions in the RAA(sNN, pT , y,m; b)

ratios can then be directly linked to 
the properties of strongly 

interacting matter.

Measurement in pp collisions is 
essential/ mandatory
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Nuclear modification factor:

Medium modifications: RMedium modifications: RAAAA, R, RCPCP
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No “Effect”:
R < 1 at small momenta
R = 1 at higher momenta where

hard processes dominate 
Suppression:  

R < 1

In case pp is not measured, RCP:
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Hard cross sections in pp at RHICHard cross sections in pp at RHIC
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Discovery of jet quenching at RHICDiscovery of jet quenching at RHIC

Large high-p T hadron suppression
(RAA <1) observed in central AuAu compared to pp or dAu reactions.
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Discovery of jet quenching at RHICDiscovery of jet quenching at RHIC

• Hadrons are suppressed, direct photons are not
• The hadron spectra at RHIC from p+p, Au+Au and d+Au collisions establish 
existence of  parton energy loss from strongly interacting,  dense QCD 
matter in central Au-Au collisions

PHENIX: Phys.Rev.Lett.88:022301, 2002
PHENIX: Phys.Rev.Lett.91:072301, 2003
PHENIX: Phys.Rev.Lett.94:232301, 2005
STAR: Phys.Rev.Lett.89:202301,2002
STAR: Phys.Rev.Lett.90:082302,2003
STAR: Phys.Rev.Lett.91:172302,2003

RAA
γ ~=1

RAA
π0,η ~=0.2

<q> =  4 – 13 GeV2 / fm 
dNg/dy~1400+-200

S. Bass et al. PRC79 (2009) 024901 

^

https://wiki.bnl.gov/TECHQM/index.php/Main_page
Theory-Experiment Collaboration on Hot Quark Matter
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Discovery of jet quenching at RHICDiscovery of jet quenching at RHIC

No suppression in dAu. Evidence for final state effect. 
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Energy dependence of the suppressionEnergy dependence of the suppression
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Heavy quarks as medium probes: Energy LossHeavy quarks as medium probes: Energy Loss

Parton Energy Loss by 
medium-induced gluon radiation
collisions with medium gluons

q: colour triplet

QCD medium 

u,d,s: m~0, CR=4/3
(difficult to tag at LHC)

g: m=0, CR=3
> E loss, dominant at LHC

c: m~1.5 GeV, CR=4/3
small m, tagged by D’s
b: m~5 GeV,    CR=4/3
large mass, < E loss

Parton Energy Loss by 
medium-induced gluon radiation
collisions with medium gluons

pred:

),,;( LmCE RQGPε∆
bqcg EEE ∆>∆>∆ ≈

B
AA

D
AAAA RRR <<π

Q: colour triplet

g: colour octet

Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.

Djordjevic, Gyulassy, Wicks, nucl-th/0512076 
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Heavy Heavy flavourflavour electronselectrons

Phys. Rev. Lett. 98, 172301 (2007)

But, strong suppresion of 
heavy flavour electrons

observed from 2<pt<5 GeV/c

Models have difficulties 
to explain both

RAA and v2

van Hees et al.: only elastic scattering mediated
by resonance excitation of D and B-like states

The inclusive electron spectra consist of 
(i) ‘‘nonphotonic’’ electrons from heavy-flavor decays, 

(ii) ‘‘photonic’’background from Dalitz decays and photon conversions
(mainly in the beam pipe), and (iii) nonphotonic background

from K ->e πν and dielectron decays of vector mesons.
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RAA@LHC: ALICERAA@LHC: ALICE
Suppression of high pt particles ( ~ leading jet fragments)

Rising with pt ! 
Accuracy limited by pp reference 

=> need pp at 2.76 TeV !

ALICE, Phys. Lett. B 696 (2011) 30
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RAA@LHC: CMSRAA@LHC: CMS
Eur. Phys. J. C (2012) 72:1945

In 0-5% centrality RAA reaches a minimum value of about 0.13 at pT = 6–7 GeV/c. 
At higher pT, the value of RAA rises and levels off above 40 GeV/c at ~0.5.
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Measurements of RMeasurements of RAAAA in central HICin central HIC

•Larger suppression at LHC than at RHIC.
•Most models predict the generally rising behavior of RAA
•Measurement can be used to constrain the quenching parameters used in these 
models

Eur. Phys. J. C (2012) 72:1945
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Identified particlesIdentified particles: π: π00 RRAAAA
J.Phys.G G38 (2011) 124117

Agreement with charged pion RAA Different to charged particle RAA
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RRAAAA for light/heavy quark hadronsfor light/heavy quark hadrons
arXiv:1203.2160

•Light quark hadrons with pT > 8 GeV/c are equally suppressed
•This seem to indicate that medium interactions do not affect fragmentation 
for pT > 8 GeV/c - fragmentation occurs into vacuum
•Light quark results also provide a baseline for understanding heavy quark energy loss
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Heavy/light quark RHeavy/light quark RAAAA
arXiv:1203.2160

Evidence for RD
AA/Rπ

AA>1
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Isolated photon RIsolated photon RAA AA . CMS & ATLAS. CMS & ATLAS

Colorless probes are unaffected
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Z boson RZ boson RPC PC .ATLAS.ATLAS

Comparing production in different centrality bins consistent with 
binary collision scaling

Colorless probes are unaffected
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Z and W boson . CMSZ and W boson . CMS

Once summed W+ and W-  consistent with pp

Colorless probes are unaffected
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Compilation of RCompilation of RAAAA by CMSby CMS

Data Table: https://twiki.cern.ch/twiki/bin/view/CMSPublic/HIN11002Data
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backup
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The Time Projection Chamber The Time Projection Chamber 

510 cm

E
E

400 V / cm

Inner and Outer 
Containment Vessels

(150 mm, CO2)

Suspended field
defining strips

400 V / cm

845 < r < 2466 mm
Drift length 2 x 2500 mm

Drift gas Ne-CO2-N2 (86/9/5)
Gas volume 95 m3

557568 readout pads

Main tracking detector (charged particles) 
of the ALICE Central Barrel

•very thin & lightweight FC ~3% X0 

•high track density & small space 
charge

drift gas, chamber lay-out, field 
strips, ..
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Functions, Functions, …Functions, Functions, …
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Note: “T” depends on function used 
in papers often more than one fit function quoted …



Taller de Altas Energías Complutense 2012,  A. Marin (a.marin@gsi.de) 7/22/2012 26

Assumptions: 
•Factorization between the hard part 
and the non perturbative PDF and 
fragmentation function Dq�H(zq,Q2)

•Universal fragmentation and PDFs (e.g
PDF from ep, fragmentation fz. from ee, 
but used in pp data) 
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Nuclear modification factor for:

• π0,η, direct γ (not coming from neutral meson decays)
• Charm. Heavy flavour electrons (not photonic, or dielectron
decays of mesons, or direct γ, or J/ψ and Y)

Medium modifications: RMedium modifications: RAAAA, R, RCPCP

tpp
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