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Basic Questions
• What happens to matter if you


‣ heat it?

‣ compress it?


• With increasing temperature

‣ solid → liquid → gas → plasma → QGP


• Emergent phenomena

‣ hard to determine the properties of  

matter from the known properties of  
its constituents


‣ e.g. ice, water, steam from H2O molecule


• Matter properties: 

‣ temperature, viscosity, equation of state, degrees of freedom
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• Normal nuclear matter density:

‣ with r0 = 1.15 fm
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• Normal nuclear matter density:

‣ with r0 = 1.15 fm

• Compressing nucleons:

‣ (charge radius rn = 0.8 fm)

‣ nucleons will eventually start to overlap at a critical density

‣ will see later that the actual value is 4ρ0
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The First QCD Phase Diagram

• At low temperature and density (phase I)

‣ confinement & chiral symmetry spontaneously broken


• At high temperature and/or density (phase II)

‣ deconfinement

‣ new state of strongly interacting matter
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T 
Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 
fined. If many hadrons are present, space is divided in- 
to two regions: the "exterior" and the "interior". At 
low temperature the hadron density is low, and the 
"interior" is made up of disconnected islands (the 
hadrons) in a connected sea of "exterior". By increas- 
ing the temperature, the hadron density increases, and 
so does the portion of space belonging to the 
"interior". At high enough temperature we expect a 
transition to a new situation, where the "interior" has 
fused into a connected region, with isolated ponds and 
lakes of exterior. Again, in the high temperature state, 
quarks can move throughout space. We note that this 
picture of  the quark liberation is very close to that of 
the droplet model of  second order phase transitions 
[13]. 

We expect the same transition to be also present at 
low temperature but high pressure, for the same reason, 
i.e. we expect a phase diagram of the kind indicated in 
fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 
such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 
(phase transition or limiting temperature) give rise to 
similar forms for the hadronic spectrum, the equation 
of state for high densities is radically different. In the 
first case we may expect the equation of state to be- 
come asymptotically similar to that of a free Fermi 
gas, while the limiting temperature case leads to an ex- 
tremely "soft" equation of state [15]. This difference 
has important astrophysical implications [ 16]. 
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Phases of QCD Matter

• Phase transition at Tc = 154±9 MeV

‣ 1 MeV ~ 1010 K → Tc = 2×1012 K


• Centre of the sun: 2×107 K

• The QGP is more than 100 000 times hotter than the centre of the sun
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Wuppertal-Budapest, JHEP 09 (2010) 073

HotQCD, PRD 90 (2014) 094503 

and thus the values of the temperature T used in the fits.
Based on the uncertainty analyses in the determination of
the lattice scale a (∼1.3%) and tuning of the ms to stay on
the LCP presented in Appendixes B and C, we assigned an
overall conservative 2% uncertainty in T, which we add
linearly to the error estimates already assigned by the
bootstrap process. In practice, at each T and for each
observable, we picked the minimum and maximum values
of the 1σ bootstrap envelope in the region T ! 2%. This
new envelope is then used as the final uncertainty band for
all the continuum results shown in the figures and
discussed below.
Our continuum extrapolated results for the trace anomaly

and other thermodynamic observables are shown in Fig. 5
and the data are given in Table I. For T < 150 MeV, the
trace anomaly is well approximated by the HRG estimate
shown by the solid line in Fig. 5 (left). For T > 150 MeV,
the Nτ ≥ 8 lattice results are systematically higher than the
HRG estimate as shown in Fig. 3, and the slopes of the
HRG and continuum extrapolated curves start to differ as
shown in Fig. 5. In the peak region, ðϵ − 3pÞ=T4 has a
maximum of about 4.05(15) at T ∼ 204 MeV. This maxi-
mal value from simulations with the HISQ/tree action is
significantly smaller than our previous results with the p4
and asqtad actions which were incorporated in the HotQCD
parametrization [23] of the EoS, as well as in the s95p
parametrization of the EoS that is frequently used in
hydrodynamic models [45].
The final continuum extrapolated estimates of the

pressure, energy density and entropy density are shown
in Fig. 5 (right) and compared with HRG predictions for
T < 170 MeV. Again, there is reasonable agreement for
T < 150 MeV. Above T ¼ 150 MeV, HRG estimates
lie along the lower edge of the error-band of the lattice
estimates.

We can now compare our results with the results
obtained by the Wuppertal-Budapest Collaboration using
the stout action [26]. This comparison is shown in Fig. 6 for
the trace anomaly, the pressure and the entropy density. We
find good agreement in the trace anomaly with the stout
results over the full temperature range (130–400) MeV.
Note, however, that above the peak the central values
with the stout action lie systematically below ours. As a
result, our estimates of the pressure become systematically
larger for T > 200 MeV. By T ¼ 400 MeV, the difference
between the central values in the two calculations increases
to about 6%. The two results, however, still agree within
errors. The difference in the entropy density reaches about
7% by T ¼ 400 MeV, and in this case the two estimates
differ by about 2σ. These differences suggest that more
detailed calculations of the trace anomaly at higher temper-
atures are needed. In particular, it would be important to see
if the differences persist at higher temperatures where a
comparison with resummed perturbative calculations
should be possible (see Sec. V C).

A. Parametrization of the EoS

We close this section by providing an analytical para-
metrization of the pressure of (2þ 1)-flavor QCD, sum-
marized in Table I, that can be used in phenomenological
applications and hydrodynamic modeling of strong inter-
action matter. We choose an ansatz that incorporates basic
features of the low and high temperature limits, i.e., it
ensures that the pressure becomes exponentially small at
low temperatures and approaches the ideal gas limit at high
temperatures. We find that the following parametrization
provides an excellent description of all bulk thermody-
namic observables discussed in the previous sections,
including the specific heat and speed of sound that require

FIG. 5 (color online). Spline fits to the trace anomaly for several values of the lattice spacing aT ¼ 1=Nτ and the result of our
continuum extrapolation (left). Note that the error bands shown here do not include the 2% scale error. The right-hand panel shows
suitably normalized pressure, energy density, and entropy density as a function of the temperature. In this case the 2% scale error is
included in the error bands. The dark lines show the prediction of the HRG model. The horizontal line at 95π2=60 in the right panel
corresponds to the ideal gas limit for the energy density and the vertical band marks the crossover region, Tc ¼ ð154! 9Þ MeV.

A. BAZAVOV et al. PHYSICAL REVIEW D 90, 094503 (2014)

094503-8
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RHIC at BNL
Relativistic Heavy Ion Collider at Brookhaven National Lab

Torsten Dahms: Ultrarelativistic Heavy-Ion Collisions (WS2016/17) 8



• Relativistic Heavy Ion Collider 

‣ 3.83 km circumference, 2 independent rings, superconducting magnets

‣ p+p: √s ≤ 500 GeV (polarized beams), A+A: √sNN ≤ 200 GeV (A = d, Cu, Au, U)

9Torsten Dahms: Ultrarelativistic Heavy-Ion Collisions (WS2015/16)
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The Large Hadron Collider
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CMS

LHCb ATLAS

ALICE

• 27 km circumference

• superconducting magnets (8 T)

• up to 100 m below ground

• pp: √s = 0.9, 2.36, 2.76, 5.02, 7, 8, 13 TeV (top: 14 TeV)

• pPb: √sNN = 5.02, 8.16 TeV (top: 8.8 TeV)

• Pb–Pb: √sNN = 2.76, 5.02 TeV (top: 5.5 TeV)



A Large Ion Collider Experiment
• Charged Particle Tracking 

(low momentum)

• Particle Identification

• Photon Detection
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Heavy-Ion Collision in ALICE

• A central Pb–Pb collision produces ~18000 charged particles

‣ at midrapidity: 1800 per unit rapidity

12



~76k scintillating PbWO4 crystals

Silicon strips
  ~16m2   ~137k channels

~13000 tonnes

MUON CHAMBERS 
Barrel:   250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

STEEL RETURN YOKE 

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

SILICON TRACKER

FORWARD
CALORIMETER 

PRESHOWER

SUPERCONDUCTING
SOLENOID 

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

Total weight 
Overall diameter 
Overall length
Magnetic field

: 14000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

Niobium-titanium coil
carrying ~18000 A

Pixels (100 x 150 μm2)
  ~1m2      ~66M channels
Microstrips (80-180μm)
  ~200m2   ~9.6M channels

Steel + quartz fibres
~2k channels

CMS Detector
Pixels
Tracker
ECAL
HCAL
Solenoid
Steel Yoke
Muons

Muon

HCAL

ECAL

Tracker

|η|<2.4
|η|<5.2
|η|<3.0
|η|<2.5



Centrality: Npart and Ncoll

• Centrality of a collision:
‣ “impact parameter” b

‣ Ncoll: number of inelastic nucleon-

nucleon collisions

‣ Npart: number of nucleons 

undergoing at least one inelastic 
nucleon-nucleon collision
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Determining Centrality
• Collision centrality (overlap of the 

nuclei) related to the energy 
deposit in forward calorimeters

• Relate to geometrical quantities 
with a Glauber MC model
‣ Npart = number of participating 

nucleons


‣ Ncoll = number of binary collisions


• Yield of hard probes is expected 
to scale with Ncoll in absence of 
medium effect
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How to Probe the Structure of Matter?
• Rutherford experiment:


‣ α → atom: discovery of the nucleus

‣ elastic collisions


• SLAC electron scattering:

‣ e → proton: discovery of quarks

‣ inelastic collisions

16



Rutherford Experiment on a QGP?

17



Rutherford Experiment on a QGP?
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How to Probe the QGP?

• Has to be well understood in  
pp collisions
‣ hard probes calculable in pQCD


• Effect of hadronic matter has to be 
understood and accounted for
‣ measure in p-A collisions


• Has to be strongly affected by  
the QGP

18
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Hard Probes of the QGP

• Create the probes as part of the collision

• Create probes before the QGP forms

• Control probes not affected by the QGP to calibrate measurements

• Collisions without QGP to test cold nuclear matter effects


‣ pp collisions, p-nucleus collisions, light-ion collisions
19
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Hard Probes of the QGP

• Create the probes as part of the collision

• Create probes before the QGP forms

• Control probes not affected by the QGP to calibrate measurements

• Collisions without QGP to test cold nuclear matter effects


‣ pp collisions, p-nucleus collisions, light-ion collisions
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Pb
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(γ, W±, Z)
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Hard Probes of the QGP

• Create the probes as part of the collision

• Create probes before the QGP forms

• Control probes not affected by the QGP to calibrate measurements

• Collisions without QGP to test cold nuclear matter effects


‣ pp collisions, p-nucleus collisions, light-ion collisions
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Pb

control probes 
(γ, W±, Z)

density ⇔ energy loss 
(hadrons, jets, open heavy flavour)
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annihilation
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scattering.
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split in
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as shown
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Fig. 1.7.
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Hard Probes of the QGP

• Create the probes as part of the collision

• Create probes before the QGP forms

• Control probes not affected by the QGP to calibrate measurements

• Collisions without QGP to test cold nuclear matter effects


‣ pp collisions, p-nucleus collisions, light-ion collisions
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control probes 
(γ, W±, Z)

density ⇔ energy loss 
(hadrons, jets, open heavy flavour)
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Inananalogway,intheStandardModelquantumchromodynamics(QCD)

describesthestronginteractionbetweenquarksviatheexchangeofcolor

charges
2carriedbygluons.Fig.1.6showsthethelowestorderFeynman

diagramsforquark-antiquarkannihilationandquark-gluonscattering.

Asgluonsthemselvescarryanon-zerocolorcharge,theycaninteractwith

themselves.Thisallowsgluonsnotonlytosplitintovirtualquark-antiquark

pairs,butalsotosplitinpairsofgluonasshowninFig.1.7.Thisleadsto

animportantdi�erencefromtheelectromagneticinteraction.Thecoupling

strengthofthestronginteraction�sincreaseswithincreasingdistanceoftwo

quarks.

Themomentumtransferdependenceofthecouplingstrengthcanbewrit-

teninanalogytoEq.(1.1)as:

�s(|q
2|)=

�1

�s(µ
2)

+
1

12⇤
(11Nc�2Nf)ln

|q
2|
µ

2

⇥�1(1.2)

for(|q
2|⇥µ

2)withthenumberofcolorsNc=3andthenumberofflavors

2Thenecessityofcolorchargesarisesexperimentallyfromtheexistenceofbaryonswith

threequarksofidenticalflavor,e.g.the�
++consistsofthreeuquarks.ThePauliexclusion

principledemandsanextraquantumnumbertoallowsuchaconfiguration,asanytwo

fermionsmustnotoccupythesamestatebutmustatleastdi⇥erinonequantumnumber.

Theintroductionofcolorcharges“red”,“blue”and“green”liftsthedegeneracyofthethree

quarks.
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In an analog way, in the Standard M
odel quantum

chrom
odynam

ics (QCD)

describes
the

strong
interaction

between
quarks

via
the

exchange
of color

charges 2
carried

by
gluons.

Fig. 1.6
shows

the
the

lowest
order

Feynm
an

diagram
s for quark-antiquark

annihilation
and

quark-gluon
scattering.

As gluons them
selves carry

a non-zero color charge, they
can

interact with

them
selves. This allows gluons not only

to
split into

virtual quark-antiquark

pairs, but also
to

split in
pairs of gluon

as shown
in

Fig. 1.7.
This leads to

an
im

portant di�erence
from

the
electrom

agnetic
interaction.

The
coupling

strength
of the strong interaction

�
s increases with

increasing distance of two

quarks.The m
om

entum
transfer dependence of the coupling strength

can
be writ-

ten
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analogy
to

Eq. (1.1) as:
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⇥
�
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(1.2)
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) with
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number of colors N
c =
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2The necessity of color charges arises experimentally from
the existence of baryons with

three quarks of identical flavor, e. g. the � +
+
consists of three u quarks. The Pauli exclusion

principle demands an
extra quantum

number to allow
such

a configuration, as any
two

fermions must not occupy the same state but must at least di⇥er in one quantum
number.

The introduction of color charges “red”, “blue” and “green” lifts the degeneracy of the three

quarks.
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Production of Hard Probes
• QCD Factorization Theorem: cross section factorizes in 

‣ probability to find parton with momentum fraction x (non-perturbative) 
‣ scattering cross section given partons with momenta x1 and x2 (perturbative) 
‣ fragmentation function of outgoing partons (non-perturbative)

20
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Q2: “resolution power”

x: “inelasticity”



Electroweak Bosons



Electroweak Particle Production at LO
• Direct photons


‣ Quark-gluon Compton scattering or quark-antiquark annihilation


• Z boson

‣ quark-antiquark annihilation


• W± boson

‣ quark-antiquark annihilation with different flavours

Quark Matter 2014, DarmstadtAnna Julia Zsigmond 3

Nuclear parton distribution functions (nPDFs)

● Nuclear PDF parametrizations

● Z and W bosons are
sensitive to (valence) quark
and (sea) antiquark content
of the nucleus

● Dominant processes (LO)

J.Phys. G39 (2012) 015010
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Quark Matter 2014, DarmstadtAnna Julia Zsigmond 3

Nuclear parton distribution functions (nPDFs)

● Nuclear PDF parametrizations

● Z and W bosons are
sensitive to (valence) quark
and (sea) antiquark content
of the nucleus

● Dominant processes (LO)

J.Phys. G39 (2012) 015010
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First Z boson ever in Heavy Ions

23

date of birth: November 14, 2010

time of birth: 4h29

weight: ~80 GeV (1.410−25 kg)
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Z bosons in Pb–Pb at 2.76 TeV

• Pb–Pb data and Pythia (pp) agree in invariant mass spectrum

• RAA = 1: Yield scales with number of binary collisions
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CMS, JHEP 03 (2015) 022

CMS, PRL 106 (2011) 212301

ATLAS, PRL 110 (2013) 022301 

RAA(pT ) =
dNAA/dpT

N
coll

· dNpp/dpT

8
<

:

> 1 enhancement

= 1 no medium e↵ect

< 1 suppression

centrality

http://inspirehep.net/record/1322726
http://dx.doi.org/10.1103/PhysRevLett.106.212301
http://dx.doi.org/10.1103/PhysRevLett.110.022301


W bosons in pPb at 5.02 TeV
• W → µ νµ

‣ neutrino escapes undetected

‣ Harder to detect, but  

10× more than Z


• Energy conservation: Σ ET = 0
‣ neutrino = missing ET

‣ ΣEz ≠ 0 (because x1 ≠ x2)


• Missing ET background
‣ Z with only one reconstructed µ

‣ W → τ

‣ Multi-jet events (QCD) with a jet 

outside acceptance


• Calculate mT using missing ET

25

CMS, PLB 750 (2015) 565
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50 3 The W ! µ + n channel

 [GeV]TM
0 20 40 60 80 100 120 140 160

C
ou

nt
s 

/ (
4 

G
eV

)

0

500

1000

1500

2000

2500
-µ + +µ Selected 

 > 20 GeVTE MET cut 

η pPb 2013 data, towards -

 + METµ → Embedded W 

Figure 65: Transverse mass distribution
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Figure 66: Transverse mass distribution
without ET/ cut

our analysis. However the interested reader can learn more details about the recoil method in947

Appendix C.948

3.6.2 mT distributions949

The transverse mass of the detected muon and the missing transverse energy is plotted in950

figure 65 using a cut ET/ > 20 GeV. The agreement between data and MC is rather spectacular. In951

particular, the similar shape indicates a rather small contamination from QCD and electroweak952

background, from which it is possible to extract yields of W candidates, to be compared to the953

yields obtained from the ET/ distributions (see below, section 3.6.3).954

Background contamination can be seen by relaxing the cut on the ET/ . As shown in figure 66,955

the background populates the transverse mass distribution at mT below 40 GeV/c2, when no956

cut on ET/ is applied.957

3.6.3 Yields extraction from mT distributions958

The yields in table 14 is obtained by using the tight selection (namely requesting a ET/ higher959

than 20 GeV and a mT higher than 40 GeV/c2). Although they don’t have to match in principle,960

it is remarkable that they already agree at the 5% level with the yields obtained by a full fit to961

the ET/ distribution (see section 3.7).962

mT [GeV]

W bosons in pPb at 5.02 TeV
• W → µ νµ

‣ neutrino escapes undetected

‣ Harder to detect, but  

10× more than Z


• Energy conservation: Σ ET = 0
‣ neutrino = missing ET

‣ ΣEz ≠ 0 (because x1 ≠ x2)


• Missing ET background
‣ Z with only one reconstructed µ

‣ W → τ

‣ Multi-jet events (QCD) with a jet 

outside acceptance


• Calculate mT using missing ET
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Direct Photons at RHIC

• No strong nuclear modifications down to pT = 5 GeV/c

‣ systematic uncertainties limit measurement at low pT

26

Figure 4 compares the measured nuclear modification
factor for central Auþ Au collisions to theoretical
calculations that predict modifications of the direct photon
yield due to initial state (IS) and final state (FS) effects
[2–5]. IS effects include the isospin effect due to the differ-
ent photon cross sections in pþ p, nþ n, and pþ n
collisions (‘‘Isospin effect’’ in Fig. 4), and modifications
of nuclear-structure functions due to shadowing and anti-
shadowing in parton distribution functions (‘‘EPS09
PDF’’) [5]. The EPS09 calculation also includes the isospin
effect.

On the one hand, FS modifications due to QGP lead
to a lower photon yield, since energy loss of a parton also

means suppression of the corresponding fragmentation
photon yield. On the other hand, QGP effects can increase
the photon yield due to radiation resulting from jet-medium
interactions (‘‘promptþ QGP’’) [2,4]. This FS calculation
also takes into account the aforementioned IS effects. Yet
another calculation [3] includes IS effects, as well as FS-
energy loss and medium-induced-photon bremsstrahlung
and the LPM effect (‘‘coherentþ conversionþ !E’’).
The data are consistent with the hypothesis that the isospin
and modifications in the nuclear PDFs affect production of
the hard-scattered photons, which later traverse the matter
unaffected. Balancing effects from the QGP such as frag-
mentation photon suppression and enhancement due to jet-
medium interactions are not excluded by the data. The
approach in [3] is in disagreement with the data. This
confirms that the majority (if not all) direct photons at
high pT come directly from hard-scattering processes and
suggests that possible effects from the QGP all but cancel.
In summary, PHENIX has measured direct photon

spectra in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at
midrapidity in the transverse momentum range of 4<
pT < 20 GeV=c. For the first time in such collisions, the
direct photon nuclear modification factor RAA has been
calculated as a function of pT using a measured pþ p
reference. The RAA is consistent with unity for all central-
ity selections over the entire measured pT range.
Theoretical models for direct photon production in
Auþ Au collisions are compared to the data. Some of
the models are found to be in quantitative agreement
with the measurement. However, the data disfavor the
model described in [3]. Collectively, the effects of the
QGP on the high-pT direct photon yield are apparently
small.
We thank the staff of the Collider-Accelerator and

Physics Departments at Brookhaven National Laboratory
and the staff of the other PHENIX participating institutions
for their vital contributions. We acknowledge support from
the Office of Nuclear Physics in the Office of Science of the
Department of Energy, the National Science Foundation,
Abilene Christian University Research Council, Research
Foundation of SUNY, and Dean of the College of Arts and
Sciences, Vanderbilt University (USA), Ministry of
Education, Culture, Sports, Science, and Technology and
the Japan Society for the Promotion of Science (Japan),
Conselho Nacional de Desenvolvimento Cientı́fico e
Tecnológico and Fundação de Amparo à Pesquisa do
Estado de São Paulo (Brazil), Natural Science Foundation
of China (P.R. China), Centre National de la Recherche
Scientifique, Commissariat à l’Énergie Atomique, and
Institut National de Physique Nucléaire et de Physique
des Particules (France), Ministry of Industry, Science
and Tekhnologies, Bundesministerium für Bildung
und Forschung, Deutscher Akademischer Austausch
Dienst, and Alexander von Humboldt Stiftung (Germany),
Hungarian National Science Fund, OTKA (Hungary),
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FIG. 3. Direct photon nuclear modification factor RAA for
three different centrality selections. The error bars show point-
to-point uncertainties, the boxes around the points depict pT

correlated uncertainties. The boxes on the left show the uncer-
tainty of the total inelastic pþ p cross section, the boxes on the
right show the uncertainty in Ncoll. Note that all errors from the
pþ p reference spectrum are correlated between the central-
ities.
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FIG. 4 (color online). Direct photon nuclear modification fac-
tor RAA for 0%–5% most central events, compared with theo-
retical calculations [2–5] for different scenarios. The boxes
depict the same uncertainties as in Fig. 3. Note that the EPS09
PDF curve is calculated for minimum bias collisions.
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Direct Photons at RHIC

• No strong nuclear modifications down to pT = 5 GeV/c

‣ systematic uncertainties limit measurement at low pT
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Figure 4 compares the measured nuclear modification
factor for central Auþ Au collisions to theoretical
calculations that predict modifications of the direct photon
yield due to initial state (IS) and final state (FS) effects
[2–5]. IS effects include the isospin effect due to the differ-
ent photon cross sections in pþ p, nþ n, and pþ n
collisions (‘‘Isospin effect’’ in Fig. 4), and modifications
of nuclear-structure functions due to shadowing and anti-
shadowing in parton distribution functions (‘‘EPS09
PDF’’) [5]. The EPS09 calculation also includes the isospin
effect.

On the one hand, FS modifications due to QGP lead
to a lower photon yield, since energy loss of a parton also

means suppression of the corresponding fragmentation
photon yield. On the other hand, QGP effects can increase
the photon yield due to radiation resulting from jet-medium
interactions (‘‘promptþ QGP’’) [2,4]. This FS calculation
also takes into account the aforementioned IS effects. Yet
another calculation [3] includes IS effects, as well as FS-
energy loss and medium-induced-photon bremsstrahlung
and the LPM effect (‘‘coherentþ conversionþ !E’’).
The data are consistent with the hypothesis that the isospin
and modifications in the nuclear PDFs affect production of
the hard-scattered photons, which later traverse the matter
unaffected. Balancing effects from the QGP such as frag-
mentation photon suppression and enhancement due to jet-
medium interactions are not excluded by the data. The
approach in [3] is in disagreement with the data. This
confirms that the majority (if not all) direct photons at
high pT come directly from hard-scattering processes and
suggests that possible effects from the QGP all but cancel.
In summary, PHENIX has measured direct photon

spectra in Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at
midrapidity in the transverse momentum range of 4<
pT < 20 GeV=c. For the first time in such collisions, the
direct photon nuclear modification factor RAA has been
calculated as a function of pT using a measured pþ p
reference. The RAA is consistent with unity for all central-
ity selections over the entire measured pT range.
Theoretical models for direct photon production in
Auþ Au collisions are compared to the data. Some of
the models are found to be in quantitative agreement
with the measurement. However, the data disfavor the
model described in [3]. Collectively, the effects of the
QGP on the high-pT direct photon yield are apparently
small.
We thank the staff of the Collider-Accelerator and

Physics Departments at Brookhaven National Laboratory
and the staff of the other PHENIX participating institutions
for their vital contributions. We acknowledge support from
the Office of Nuclear Physics in the Office of Science of the
Department of Energy, the National Science Foundation,
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Hungarian National Science Fund, OTKA (Hungary),

246810121416182022

A
A

 Rγ
di

re
ct

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

=200 GeVNNs

Au+Au, 0-92%

(a)

246810121416182022

A
A

 Rγ
di

re
ct

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

=200 GeVNNs

Au+Au, 0-5%

(b)

 (GeV/c)
T

p
2 4 6 8 10 12 14 16 18 20 22

A
A

 Rγ
di

re
ct

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

=200 GeVNNs

Au+Au, 60-92%

(c)

FIG. 3. Direct photon nuclear modification factor RAA for
three different centrality selections. The error bars show point-
to-point uncertainties, the boxes around the points depict pT

correlated uncertainties. The boxes on the left show the uncer-
tainty of the total inelastic pþ p cross section, the boxes on the
right show the uncertainty in Ncoll. Note that all errors from the
pþ p reference spectrum are correlated between the central-
ities.
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Summary: EWK Probes

• Yield of electroweak bosons scales with the Ncoll 
‣ confirmation of Glauber model

‣ validates concept of RAA to measure modifications of hard probes


• W and Z bosons new probes at the LHC

• Nuclear PDF effects at the level of 10–15%
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Jets



Jet Quenching

29

Hadron Suppression: A Final State Effect!

energy loss 
for q and g

No energy 
loss for γ‘s

Hadrons are suppressed, but direct photons are not:  
Evidence for parton energy loss (as expected in the QGP)  

Factor 5 suppression

RAA =
dN/dpT (A+A)

hTAAi ⇥ d�/dpT (p+ p)
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Evidence for parton energy loss (as expected in the QGP)  

Factor 5 suppression
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• Naive scaling of hard probes with number of inelastic NN collisions

‣ Pb–Pb = many independent pp collisions
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• Naive scaling of hard probes with number of inelastic NN collisions

‣ Pb–Pb = many independent pp collisions

• Strong suppression of high-pT hadrons in central Pb–Pb 
‣ energy loss in the QGP
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Hadron Suppression: A Final State Effect!

energy loss 
for q and g

No energy 
loss for γ‘s

Hadrons are suppressed, but direct photons are not:  
Evidence for parton energy loss (as expected in the QGP)  

Factor 5 suppression

RAA =
dN/dpT (A+A)

hTAAi ⇥ d�/dpT (p+ p)

• Naive scaling of hard probes with number of inelastic NN collisions

‣ Pb–Pb = many independent pp collisions

• Strong suppression of high-pT hadrons in central Pb–Pb 
‣ energy loss in the QGP

• Model QGP energy loss: fundamental properties of the strong interaction



Dihadron Correlations

30

pp → jet+jet  
(√s = 200 GeV)

Au–Au → X 
(√sNN = 200 GeV)

QGP School, Torino, Dec. 2008                                                                                               David d'Enterria (MIT)16/33

Jet quenching via high-pJet quenching via high-pTT dihadron  dihadron f f correlationscorrelations

p+p →jet+jet  [√s = 200 GeV] Au+Au → X [√sNN = 200 GeV]
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Dihadron Correlations
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Jet quenching via high-pJet quenching via high-pTT dihadron  dihadron f f correlationscorrelations

p+p →jet+jet  [√s = 200 GeV] Au+Au → X [√sNN = 200 GeV]

QGP School, Torino, Dec. 2008                                                                                               David d'Enterria (MIT)15/33

Jet quenching via high-pJet quenching via high-pTT dihadron  dihadron f f correlationscorrelations

p+p →jet+jet  [√s = 200 GeV] Au+Au → X [√sNN = 200 GeV]pp → jet+jet  
(√s = 200 GeV)

Au–Au → X 
(√sNN = 200 GeV)



Dihadron Correlations

• Two peaks in angular distribution of hadron–hadron correlations

‣ near side: hadrons in the same jet

‣ away side: hadrons in back-to-back jets


• Back-to-back correlations disappear in Au–Au collisions 
‣ near side correlation remains: “trigger bias”
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Hadron suppression vs. √sNN
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• Suppression increases with √sNN 


• SPS data at √sNN = 17.3 GeV consistent with unity

• Onset of suppression close to √sNN = 20 GeV

• LHC: increase of RAA at high pT though still strong suppression at 100 GeV

CMS, EPJ C 72 (2012) 1945

QGP School, Torino, Dec. 2008                                                                                               David d'Enterria (MIT)6/33

High pHigh pT T suppression (V): non-Abelian naturesuppression (V): non-Abelian nature

■ Gluons radiate ✕2 more than quarks:

■  TEST 1: Increase √s & at fixed pT ⇒ 
    access lower x~2pT/√s ⇒ larger  
    gluon fraction ⇒ increased quenching

   

Non-Abelian energy loss model
preferred over “non-QCD” (qloss= gloss) 

Gluon: CA = Nc = 3
Quark: CF =(Nc

2-1)/2Nc = 4/3

pT = 5 GeV/c, √s = 10-5500 GeV

CA /CF = 2.25}

SPS~q

RHIC~q,g

LHC~g

[XNWang]

Dd'E, EJPC 43 (2005)295
q-rich

q,g~50%

✔✔

gluons more important at LHC

http://dx.doi.org/10.1140/epjc/s10052-012-1945-x


Jets at the LHC
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Jet Quenching at the LHC
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Jet Quenching at the LHC
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JHEP04(2008)063

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated

– 4 –

Finding Jets
• Measure final state hadrons

• Goal: find the initial parton energy and direction

• Cluster energy deposited in calorimeters

• Two classes of jet clustering algorithm


‣ cluster based on proximity in space (cone algorithm)

‣ cluster based on proximity in momentum (kT, anti-kT algorithm)

37

search in cone with 

around seed particle

typical radii: 0.3–0.5

recombine particles close in 
momentum



Jet RAA

• Strong suppression of jets
‣ pT(jet) > 130 GeV


• Energy loss of light quarks and 
gluons

38

pp Pb–Pb CMS HIN-15-003

arXiv:1609.05383

part N
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 + lumiAAT

| < 2η jets, |tanti-k CMS

 (2.76 TeV)-1bµ + PbPb 166 -1pp 5.43 pb

https://inspirehep.net/record/1487278


Dijet Imbalance vs. Centrality

• Strong modification of the dijet asymmetry 
‣ more dijets with large asymmetry

‣ surface bias: leading jet is quenched less → larger asymmetry

39

AJ =
pT,1 � pT,2

pT,1 + pT,2 Imbalance

CMS, PLB 712 (2012) 176

http://dx.doi.org/10.1016/j.physletb.2012.04.058


• Excess of low-pT particles (high ξ) and long distance from the jet axis 
• Depletion at intermediate pT and distance from the jet axis

• No modification at high pT (low ξ) and close to the jet axis

40
CMS PAS HIN-12-013

low ξ

high ξ
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Jet Fragmentation & Jet Shape

http://cds.cern.ch/record/1472734


Open Heavy Flavour



Heavy Quarks

42

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest
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Heavy Quarks

42

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest

http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest


Heavy Quarks
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Heavy Quarks

42

from http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest
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• Charm and Beauty:
‣ 200–400× heavier than light quarks

‣ not affected by chiral symmetry

‣ produced only in initial hard 

collisions

‣ production time: τ ~ 1/mQ ~ 0.05–

0.15 fm

‣ calculable in pQCD

http://www.isgtw.org/spotlight/go-particle-quest-first-cern-hackfest


Hadronization of Heavy Quarks
• Charm quark-antiquark pairs 

produced in hard scattering 
processes in the earliest phase of 
the collisions


• Charmed hadrons “long” lived 
→ identify typical offset of D-
meson decays (~100 μm)
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Energy Loss of Heavy Quarks
• Radiative energy loss


• Dead cone effect suppresses gluon radiation for small angles


‣ with


‣ and gluon transverse momentum


• Mass dependent energy loss:


• Expect mass ordering of suppression:
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Figure 1.5: Higher order processes
of the electro

magnetic interact
ion
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Figure 1.6: Exemplary Feynman diagram
for the strong interact

ion between quarks

In an analog way, in the Standard Model quantum chromodynamics (QCD)

describ
es the stron

g interac
tion

between quarks via the exchange of color

charges
2 carrie

d by gluons. Fig. 1.6 shows the the lowest order Feynman

diagra
ms for quark-antiquark annihilatio

n and quark-gluon scatte
ring.

As gluons themselves
carry

a non-zero
color

charge,
they can interac

t with

themselves
. This allow

s gluons not only to split into virtual quark-antiquark

pairs,
but also to split in pairs of gluon as shown in Fig. 1.7.

This leads to

an importan
t di�erence from

the electr
omagnetic interac

tion. The coupling

stren
gth of the stron

g interac
tion �s increas

es with increas
ing distance of two

quarks.

The momentum transfer dependence of the coupling stren
gth can be writ-

ten in analogy
to Eq. (1.1)

as:

�s(|q
2 |) =

� 1

�s(µ
2 )

+
1

12⇤
(11Nc� 2Nf) ln

|q2 |
µ2

⇥�1 (1.2)

for (|q2 | ⇥ µ2 ) with the number of colors
Nc = 3 and the number of flavors

2The necessit
y of color charges

arises
experimentally from the existence of baryons with

three quarks of identical flavor, e
. g. the �++ consists of three u quarks. The Pauli exclusion

principle demands an extra quantum number to allow
such a configuration

, as any two

fermions must not occupy the same state but must at least di⇥er in one quantum number.

The introduction of color charges “red”, “blue” and “green
” lifts the degeneracy

of the three

quarks.
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Yu. L. Dokshitzer et al.PLB 519 (2001) 199
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D mesons at the LHC

• No suppression in pPb

‣ variations in agreement with expected nuclear PDF modifications


• Strong suppression in Pb–Pb is a final state hot medium effect

45
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D meson azimuthal anisotropy

• v2>0: 
more particles emitted in plane than out of plane


• Strong azimuthal anisotropy of D mesons

‣ Comparable to light hadrons


• Low pT: collective motion

• High pT: path length dependent suppression 46
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Model Comparison for D mesons

• Need radiative & collisional energy loss to describe RAA


• Radiative energy loss does not produce enough v2, challenge to models

• Charm quarks interact strongly with the medium and participate in the 

collective motion
47
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Heavy vs. light flavour

• Similar suppression of D mesons and light hadrons at high pT

‣ Mass ordering is not observed

48
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Heavy vs. light flavour

• Similar suppression of D mesons and light hadrons at high pT

‣ Mass ordering is not observed

• Solution: we compare hadron pT and not parton pT

‣ fragmentation functions differ for light and heavy partons
‣ probe different parton pT

48
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Charm vs. Beauty

• CMS observes suppression of non-prompt J/ψ from b hadron decays

• Matching pT intervals to probe similar D and B pT ranges


‣ J/ψ pT ~ 3 GeV lower than B pT


• Observe mass ordering of suppression in central Pb–Pb collisions 
‣ could be fragmentation but mass dependence reproduced in models
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Quarkonia

• Charmonium: bound states of charm anti-charm pairs

• Bottomonium: bound states of bottom anti-bottom pairs

• Vector S states can decay into a lepton pair:


‣ e+e− or µ+µ−
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Figure 1: Current knowledge of the bottomonium system. Solid lines correspond

to known states while dashed lines are predicted ones. The thicker lines indicate
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Quarkonia
• Unusual hadrons


‣ heavy: mc ≃ 1.2–1.4 GeV, mb ≃ 4.6–4.9 GeV

‣ stable: mcc < 2 MD and mbb < 2 MB (Ebinding >  ΛQCD~0.2 GeV)


• Compared to usual hadrons

‣ made of light quark

‣ loosely bound: mρ > 2 mπ, mϕ > 2 mK

‣ hadronic size: 1/ΛQCD ~ 1 fm, independent of mass

‣ relative production rates roughly energy independent,  

described well by statistical hadronization


• In a QGP with T~300 MeV: quarkonia cannot be produced thermally
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ϒ candidate in Pb–Pb at √sNN = 2.76 TeV
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µ+µ− pair:

mass:	 9.46 GeV/c2

pT:	 	 0.06 GeV/c

rapidity:	 −0.33


µ+:

pT	 =	 4.74 GeV/c2

η	 =	 −0.39


µ−:

pT	 =	 4.70 GeV/c2

η	 =	 −0.28




J/ψ as the Golden Probe of the QGP
• Presence of QGP leads to Debye 

screening of colour charges
• Debye radius increases with 

temperature
• When binding radius length 

exceeds Debye radius:
‣ Screening: Melting of bound state


• Binding radius depends on the 
state
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Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.

Acknowledgment
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Bottomonia as Thermometer

• Sequential suppression in order of binding energy 
• Smoking gun for screening?
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Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Quarkonium Thermometer

• Sequential suppression in order of binding energy 
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Fig. 5. The QGP thermometer.
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Low pT J/ψ
• Sequential dissociation: 

‣ higher energy density 
→ stronger suppression


• Regeneration: 
‣ larger charm cross section 
→ more regeneration  
→ less suppression 


• Less suppression at LHC than at 
RHIC (×10 increase in energy)

‣ RHIC: √sNN = 200 GeV

‣ LHC: √sNN = 2.76 TeV


• RHIC: dominated by dissociation 
• LHC: significant regeneration
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Low pT J/ψ

• RHIC: suppression almost independent of pT

• LHC: much less suppression at low pT


• Regeneration component quasi thermal, i.e. dominates low pT

• Regeneration picture confirmed in pT dependence
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Complications for Bottomonia
• pPb ratio less than pp: 

‣ double ratio less than unity  
(significance <3σ)


‣ Different CNM on excited states?


• pPb ratio larger than in Pb–Pb
‣ suggests additional final effects in Pb–Pb

‣ but: model dependent extrapolation from 

pPb to Pb–Pb


• On top: 
multiplicity dependence in pp and pPb
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Summary
• Electroweak probes confirm binary scaling of hard probes


‣ shadowing effects at 10% level


• Jet tomography of the QGP provides new insights about QGP properties

‣ no change of jet direction 

‣ jet energy goes into (isotropic) soft particle production


• Open heavy flavour suppression shows first signs of mass dependence of 
QCD energy loss

‣ complicated by parton dependent fragmentation functions


• Quarkonia: 30 years of “golden signature” but “all that glisters is not gold”

‣ Not a simple thermometer

‣ Regeneration component requires partonic medium


• Future:

‣ γ/Z-jet to avoid surface bias

‣ HF correlation studies

‣ … 
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Enjoy the Conference



Backup



Nuclear PDF
• PDF inside nucleons modified by 

presence of surrounding nucleons
‣ experimentally poorly constrained
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Eskola, Paukkunen, Salgado, JHEP 04 (2009) 065

JHEP04(2009)065
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Figure 10. Comparison of the average valence and sea quark, and gluon modifications at Q2 =
1.69 GeV2 and Q2 = 100 GeV2 for Pb nucleus from the NLO global DGLAP analyses HKN07 [5],
nDS [6] and this work, EPS09NLO.
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Figure 11. As figure 9 but also the prediction from HKN07 (NLO) is shown. The difference
between EPS09 and HKN07 here demonstrates the constraining power of these data in pinning
down the nuclear gluon PDFs in the mid-x and large-x regions.

3.4 Leading-order analysis

Although the NLO analysis is the main objective in the present paper, we have also per-

formed a new LO analysis to provide the tools for computing uncertainty estimates also in

this widely-used framework. The LO framework is basically the same as in NLO, but the

partonic cross-sections and DGLAP splitting functions are one power lower in αs, and we

kinematical reach.
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The Large Hadron Collider
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• 9593 magnets

• 1232 dipole magnets

• Super conducting magnets kept at 1.9 K

• Power consumption 120 MW 

(~50% of CERN total)

• Construction cost: 4.6 billion CHF



Steel

Particle Reconstruction in CMS

• Muons reconstructed with information from inner tracker and muon stations

• Inner track reconstruction provides excellent momentum and vertexing information

68



Multiplicity in p+A Collisions
• For pA collisions:

‣ Npart = Ncoll + 1


• How do particles scale?
‣ with Ncoll or Npart


• Observation:
‣ Particle production scales with Npart 
 
 
 
(wounded nucleon model)


• However: 
step in Nch/Npart from pA to A–A!
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Ncoll = 4

Npart = 5 p

A
PHOBOS Collaboration / Nuclear Physics A 757 (2005) 28–101 51

Fig. 12. Total integrated charged particle multiplicity per participant pair as a function of number of participants.
Data are shown for Au+ Au collisions at √sNN of 19.6, 130 and 200 GeV [129], as well as d + Au [138] and
p̄ + p at 200 GeV [142]. The vertical bars include both statistical and systematic (90% C.L.) uncertainties.

sions [138]. The figure also shows that the total charged particle multiplicity is proportional
to the number of participating nucleons in Au + Au collisions at all three energies from√

sNN = 19.6 to 200 GeV. The data suggest that the transition between p + p collisions
and Au+Au is probably not controlled simply by the number of participants, as even very
central d + Au collisions do not show any sign of trending up towards the level of the
Au+Au data. As discussed in the preceding section, this aspect of the total multiplicity is
expected in the “available energy” ansatz, since the Au participants, which dominate the
total number of participants in d +Au, are expected to be more “p + p-like”.
This topic represents one area where data for collisions of lighter nuclei at RHIC could

make an important contribution. Extrapolation of Au + Au analysis to very peripheral
collisions inevitably suffers from considerable systematic uncertainty in the number of
participants. Lessons learned from analysis of lower energies and smaller systems such as
d + Au are currently being applied in an attempt to reduce those uncertainties. However,
it is clear that data from lighter systems, currently being collected in Run V at RHIC, will
provide vital input to the interpretation of these results.
Further information about the centrality dependence is shown in Fig. 13, the inset of

which shows a detailed comparison of the PHOBOS d + Au results at √sNN = 200 GeV
[138] with π +A,K +A, and p+A for√sNN ≈ 10–20 GeV [143]. In all cases in the inset,
the total charged particle multiplicity in hadron–nucleus collisions is divided by the p + p

multiplicity at the same collision energy. Within the experimental uncertainty, the ratios all
fall on the indicated line, demonstrating that the total charged particle multiplicity scales
with the number of participant pairs times the data for p + p at the same energy for all
hadron–nucleus systems, as was first recognized in earlier work [144,145]. This feature of
the data led to the “wounded nucleon” model of Białas et al. [146]. The range in Npart over
which this scaling is shown to apply is extended significantly by the PHOBOS charged
particle multiplicity in d +Au collisions versus centrality.
A similar analysis of Au+ Au data for collisions at √sNN = 19.6 GeV and 200 GeV

is shown in the main part of Fig. 13 [138]. As for the hadron–nucleus data, the points fall
along the line, exhibiting scaling of the total multiplicity with the number of participant

PHOBOS, Nucl. Phys. A 757 (2005) 28

http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084


dNch/dη vs. Npart

• Relative increase of multiplicity with Npart independent of collision energy

‣ same at RHIC and LHC spanning 2 orders of magnitude of √sNN
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Figure 5. Left: measured (dNch/d⌘|⌘=0)/(Npart/2) as a function of the number of participants
in 2.76TeV PbPb collisions from this analysis and the ALICE experiment [20], from RHIC [21] at
200 GeV and 19.6GeV, and from extrapolated pp results from CMS [17] and ALICE [22]. Systematic
uncertainties a↵ecting the scale of the measurements from this analysis are shown as inner green
error bands and the total systematic uncertainties as an outer grey band, while the error bars
indicate statistical uncertainties. The black stars are shifted slightly to the right for better visibility.
The ALICE and the averaged RHIC results are from [20] and [21], respectively. Right: results from
this analysis are compared with model predictions of (dNch/d⌘|⌘=0)/(Npart/2) as a function of
the number of participants in 2.76TeV PbPb collisions. The model predictions are taken from
refs. [23–25].

dence of the charged hadron multiplicity density measured in NSD and inelastic collisions
from ref. [4]. The error bars on the pp points show the total (statistical and systematic)
uncertainties. The N

part

values used for the normalisation by CMS and ALICE di↵er by
less than 2%. Within the uncertainties, the N

part

-normalised hadron densities follow a
similar dependence on centrality for all centre-of-mass energies, although the lower-energy
collider data appear to have a flatter dependence on N

part

.

The phenomenological descriptions of particle production in nuclear collisions are of-
ten based on two-component models, combining contributions from perturbative QCD pro-
cesses, i.e. (mini)jet fragmentation and soft interactions. The data are compared to three
di↵erent approaches: (i) hijing 2.0 [23], which basically scales (via the number of incoher-
ent nucleon-nucleon collisions) the (semi)hard parton scatterings and fragmentation (Lund
model [26]) implemented in pythia after accounting for the “shadowing” of the nuclear
parton distribution functions; (ii) parton saturation approaches [24], which model heavy-
ion interactions as the collision of two dense multigluon wavefunctions with cross sections
peaking at a semihard scale (saturation momentum of ⇡2-3 GeV/c at the LHC) [27, 28],
followed by their fragmentation according to a simple parton-to-hadron local-duality pre-
scription; and (iii) the dpmjet-III MC program [25], based on the Regge-Gribov theory.
This is an extension of the phojet [29] program in which interactions from soft degrees of

– 15 –

ALICE, PRL 106 (2011) 032301

CMS, JHEP 08 (2011) 141

centrality

http://dx.doi.org/10.1103/PhysRevLett.106.032301
http://dx.doi.org/10.1007/JHEP08(2011)141


Sources of Prompt Photons
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Non-Isolated PhotonsIsolated Photons



How to Find Isolated Photons?
• Trigger on ECAL clusters

‣ fully efficient for ET > 20 GeV


• Subtract underlying event
‣ estimate event-by-event from same 
η strip


• Consider only isolated clusters
‣ remove bremsstrahlung and jet 

fragmentation


• Fit shower shape
‣ remove isolated meson decays (π0, 
η)
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direct γ π0 → γγ

Δϕ

Δη

CMS HIN-11-002 
PLB 710 (2012) 256

https://cdsweb.cern.ch/record/1416064
http://dx.doi.org/10.1016/j.physletb.2012.02.077


Isolated Photon RAA

• Normalised by pp data
• Consistent with binary scaling

‣ photons are unmodified


• Uncertainties dominated by 
background
‣ not precise enough (yet) to constrain 

nuclear PDFs
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CMS HIN-11-002 
PLB 710 (2012) 256

RAA(pT ) =
dNAA/dpT

N
coll

· dNpp/dpT

8
<

:

> 1 enhancement

= 1 no medium e↵ect

< 1 suppression

https://cdsweb.cern.ch/record/1416064
http://dx.doi.org/10.1016/j.physletb.2012.02.077


Hadron Suppression

• Direct photons are not suppressed: binary scaling for unmodified probes

• π0 strongly suppressed by a factor of 5 
‣ only hadrons produced on the surface escape (Npart scaling)


• Same suppression for other hadrons (e.g. η) at high pT

‣ indicates that suppression occurs at parton level and not during fragmentations
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Fig. 15. Invariant π0 yields measured by PHENIX in peripheral (left) and central (right)
AuAu collisions (squares) [89], compared to the (TAA-scaled) pp→ π0+X cross section (cir-
cles) [134] and to a NLO pQCD calculation (curves and yellow band) [119].
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Fig. 16. RAA(pT ) measured in central AuAu at 200 GeV for π0 [89] and η [135] mesons,
charged hadrons [114], and direct photons [136, 137] compared to theoretical predictions for
parton energy loss in a dense medium with dNg/dy= 1400 (yellow curve) [138].

top RHIC energies is very close to the “participant scaling”, (Npart/2)/Ncoll ≈ 0.17,
expected in the strong quenching limit where only hadrons coming from partons
produced at the surface of the medium show no final-state modifications in their
spectra [141]. From the RAA one can approximately obtain the fraction of energy
lost, εloss = ∆pT/pT , via

εloss ≈ 1−R1/(n−2)
AA , (36)

when the AuAu and pp invariant spectra are both a power-law with exponent n, i.e.
1/pT dN/dpT ∝ p−nT [142]. At RHIC (n≈ 8, RAA ≈ 0.2), one finds εloss ≈ 0.2.

The high-pT AuAu suppression can be well reproduced by parton energy loss
models that assume the formation of a very dense system with initial gluon ra-
pidity densities dNg/dy ≈ 1400 (yellow line in Fig. 16) [138], transport coeffi-
cients ⟨q̂⟩ ≈ 13 GeV2/fm (red line in Fig. 17, left) [78], or plasma temperatures

Hadron Suppression: A Final State Effect!

energy loss 
for q and g

No energy 
loss for γ‘s

Hadrons are suppressed, but direct photons are not:  
Evidence for parton energy loss (as expected in the QGP)  

Factor 5 suppression

RAA =
dN/dpT (A+A)

hTAAi ⇥ d�/dpT (p+ p)

PHENIX: PRL 88 (2002) 022301

PHENIX: PRL 91 (2003) 072301

PHENIX, PRL 94 (2005) 232301

PHENIX, PRL 101 (2008) 232301

STAR, PRL 89 (2002) 202301

STAR, PRL 90 (2003) 082302

STAR, PRL 91 (2003) 172302 

http://inspirehep.net/record/562409
http://inspirehep.net/record/617814
http://dx.doi.org/10.1103/PhysRevLett.94.232301
http://inspirehep.net/record/778168
http://inspirehep.net/record/588808
http://inspirehep.net/record/600652
http://inspirehep.net/record/619063


Simple Model for constant RAA vs. pT

• Pion spectrum in pp: power law

‣ RHIC pp data well described with n~8


• Constant fractional energy loss:

‣ though expect                        from QCD


• Modified spectrum

• Nuclear modification factor
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DETAILED STUDY OF HIGH-pT NEUTRAL PION . . . PHYSICAL REVIEW C 76, 034904 (2007)
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FIG. 10. (Color online) Log-log plot of central Au+Au and
scaled p+p π 0 pT distributions.

Furthermore, owing to the pure power law of the
p+p reference spectrum, Ed3σ/dp3 ∝ p−n

T with n = 8.10 ±
0.05 above pT ≈ 4 GeV/c, the relative shift of the
spectra—assumed to be the result of energy loss for the
Au+Au spectrum—is easily related to the equivalent ratio,
RAA(pT ):

RAA(pT ) = [pT + S(pT )]−n+1

pT
−n+1

[1 + dS(pT )/dpT ] (13)

= [1 + S(pT )/pT ]−n+1[1 + dS(pT )/dpT ]

where the exponent is n − 1 because the relevant shift is in
the dσ/dpT spectrum rather than in dσ/pT dpT . The fact that
the Au+Au and reference p+p pT spectra are parallel in
Fig. 10 provides a graphical illustration that the fractional
pT shift in the spectrum, S(pT )/pt = S0, is a constant for
all pT > 3 GeV/c, which also results in a constant ratio of
the spectra, RAA(pT ). For the constant fractional shift, the
Jacobian is simply dS(pT )/dpT = S0 and Eq. (13) becomes:

RAA(pT ) = (1 + S0)−n+2, (14)

RAA(pT )1/(n−2) = 1
1 + S0

. (15)

The effective fractional energy loss, Sloss, is related to the
fractional shift in the measured spectrum, S0. The hadrons that
would have been produced in the reference p+p spectrum
at transverse momentum pT + S(pT ) = (1 + S0)pT , were
detected with transverse momentum, pT , implying a fractional
energy loss:

Sloss = 1 − 1/(1 + S0) = 1 − RAA(pT )1/(n−2). (16)

The fractional energy loss Sloss as a function of centrality
expressed as Npart is shown in Fig. 11 for two different pT

ranges, 3 < pT < 5 GeV/c and 5 < pT < 7 GeV/c. There
appears to be a small decrease of Sloss with increasing pT ,
but the main observation from Fig. 11 is that Sloss increases
approximately like N

2/3
part , as suggested by GLV [54] and PQM

[55].
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FIG. 11. (Color online) Fractional energy loss Sloss obtained from
Eq. (16) versus centrality given by Npart. The lines are fits of the form
∝ N

2/3
part for each pT range.

It is important to realize that the effective fractional energy
loss, Sloss estimated from the shift in the pT spectrum, is
actually less than the real average energy loss at a given pT ,
i.e., the observed particles have pT closer to the original value
than to the average. The effect is similar to that of “trigger
bias” [56] where, due to the steeply falling spectrum, the ⟨z⟩
of detected single inclusive particles is much larger than the
⟨z⟩ of jet fragmentation, where z = p⃗π0 · p⃗jet/p

2
jet. Similarly

for a given observed pT , the events at larger p′
T with larger

energy loss are lost under the events with smaller p′
T with

smaller energy loss.
It should be noted that fluctuations due to the variation of

the path length and densities traversed by different partons
also contribute to the difference between the true Sloss (S true

loss )
and that which is observed (Sobs

loss). However, as long as the
dependencies of the induced energy loss on path length and
parton energy approximately factorize, these fluctuations will
also produce a pT -independent reduction in Sobs

loss compared to
S true

loss .

C. Angle dependence of high pT suppression

To try to separate the effects of the density of the medium
and path length traversed, we study the dependence of the π0

yield with respect to the reaction plane. For a given centrality,
variation of #φ gives a variation of the path length traversed for
fixed initial conditions, whereas varying the centrality allows
determination of the effect of varying the initial conditions.

Figures 12 and 13 show the nuclear modification factor
RAA as a function of #φ integrated over 3 GeV/c < pT <
5 GeV/c and 5 GeV/c < pT < 8 GeV/c, respectively. For all
centralities (eccentricities) considered, there is almost a factor
of 2 more suppression out-of-plane (#φ = π/2) than in-plane
(#φ = 0), something that is immediately apparent in viewing
the data in this fashion—explicitly displaying information
that is implicit only in RAA, v2, or the combination thereof.

034904-15
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Evolution of a Jet Event

Hard Process →  Parton Cascade → Hadronization

describable with pQCD
not describable with pQCD
(only phenomenological models)
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated

– 4 –

Jet Cluster Algorithms
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} }
sampling the same parton pT range

Charged particles from pT = 50–100 GeV: 
typical z = pT(track)/pT(jet) = 0.4–0.6



“Non-photonic” electrons
• Measure inclusive electrons

• Subtract “cocktail” of hadron 

decays

‣ as for dileptons

‣ hadronic decays via virtual photon 
→ “photonic”


• Result: non-photonic electrons

‣ from semileptonic D and B decays

Torsten Dahms: Ultrarelativistic Heavy-Ion Collisions (WS2016/17) 80
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FIG. 31. (Color online) Photonic electron v2 from MB Au + Au
collisions determined by two independent methods, the cocktail and
the converter method. The lines are determined by the cocktail method
and the data points shown with square symbols are obtained by the
converter method.

(iii) Background v2: As described in the previous section,
the uncertainties from the photonic electron v2 arise
from the π0 v2 and η v2, which have about 5%
uncertainties. We applied these values to the uncertainty
of the photonic electron v2. We also applied 5% for the
v2 from three-body kaon decays.

(iv) RNP: The systematic uncertainty on RNP is attributable
to the uncertainties of inclusive electron spectra and
the subtracted background spectra. The systematic
uncertainty on the inclusive electron spectra includes
the uncertainties in the geometrical acceptance, the
reconstruction efficiency, and the occupancy correction,
as described previously.

The total systematic uncertainty was obtained by a
quadratic sum of the above uncertainties.

IV. RESULTS

A. Heavy-flavor electron cross section ( p + p)

After applying all corrections and systematic uncertainties,
we combine the final heavy-flavor electron spectrum from the
two analysis methods (cocktail and converter). At low pT (pT

< 1.6 GeV/c) the converter subtraction method is applied to
the MB data set. At intermediate pT (1.6 < pT < 2.6 GeV/c)
the converter method is applied to the PH triggered data set.
At high pT (pT > 2.6 GeV/c) the cocktail method is applied
to the PH triggered data set. Figure 32(a) shows the final
invariant differential cross section for heavy-flavor electrons in
p + p collisions at

√
s = 200 GeV [29]. The uncertainty bars

represent statistical point-to-point uncorrelated uncertainties
and the boxes represent systematic point-to-point correlated
uncertainties. Also shown is a fixed order next-to-leading
log (FONLL) pQCD calculation for the heavy-flavor contri-
butions to the electron spectrum [77]. Figure 32(b) shows
the experimental data divided by the FONLL calculation.
Also shown in Fig. 32 are curves for the scale uncertainties
in the theoretical calculation, but an additional 10% global
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FIG. 32. (Color online) (a) Invariant differential cross sections
of single electrons as a function of pT in p + p collisions at√

s = 200 GeV [29]. The uncertainty bars (bands) represent the
statistical (systematic) uncertainties. The curves are the FONLL
calculations [77]. (b) The ratio of Data/FONLL as a function of pT .
The upper (lower) curve shows the theoretical upper (lower) limit
of the FONLL calculation. In both panels, a 10% normalization
uncertainty is not shown.

scale uncertainty is not shown in either panel. Within the
experimental and theoretical uncertainties, there is agreement
on the combined charm and bottom contributions to the
measured electron spectrum. Recently, the STAR experiment
measured the heavy-flavor electron cross section in p + p at
200 GeV [78]. Their data are in good agreement with the
PHENIX data [29] presented in Fig. 32.

B. Heavy-flavor electron invariant yield (Au + Au)

Figure 33 shows the final invariant yield of inclusive (left
panel) and heavy-flavor electrons (right panel) in Au + Au
collisions for various ranges in centrality. From top to bottom
the spectra correspond to data in MB events, the five centrality
classes, and the p + p data (converted from invariant cross
section to invariant yield). The Au + Au spectra are produced
by the converter method for 0.3 < pT < 1.6 GeV/c and by
the cocktail method for 1.6 < pT < 9.0 GeV/c. The boxes
and bars are systematic and statistical uncertainties for each
data point, respectively.

The heavy-flavor electron spectrum in p + p collisions is
fit to a spectral shape taken from the FONLL calculation [77].
Then this fit function is scaled up by the average number
of binary collisions and drawn for comparison with each
Au + Au centrality selected invariant yield. The Au + Au data
agree with the scaled curves for peripheral events and at low
pT , but fall increasingly below the curves at high pT and

044905-23
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FIG. 14. (Color online) Invariant differential cross sections and multiplicities of cocktail electrons in p + p and Au + Au collisions at
200 GeV for the indicated centrality ranges.

distributions [70]. The scale used is pT , no cut is placed on the
lepton pair mass, and a K factor of 1.5 is applied.

Figure 15 shows the cocktail for p + p collisions with the
quarkonium and Drell-Yan contributions. The bottom section
of the plot shows the ratio of the cocktail with the quarkonium
and Drell-Yan to that without.

PHENIX has measured the J/ψ pT spectrum out to 5
GeV/c in Au + Au collisions at 200 GeV [71]. To extrapolate
to higher pT , the measured J/ψ spectrum from p + p
collisions is scaled by RAA and Ncoll. Above 5 GeV/c, two
extreme scenarios are considered, and the difference in the
two resulting estimates for the extrapolation is assumed as a
systematic uncertainty. In the first scenario, the RAA is kept
constant from its value at 5 GeV/c. In the second scenario,
the RAA is assumed to increase linearly from its value at
5 GeV/c up to a value of 1 at 10 GeV/c, above which
it is assumed to be constant. Figure 16 shows the cocktail

with quarkonium and Drell-Yan contributions for 0%–20%
centrality Au + Au collisions. The J/ψ spectrum in Au + Au
collisions has not been measured separately for 0%–10% and
10%–20% centralities. To estimate the electron background in
these centralities separately, we assume that the RAA of J/ψ
is the same in 0%–10% and 10%–20% centrality collisions.

Thus, we have a complete set of estimates and system-
atic uncertainties for the cocktail method to determine the
heavy-flavor electron signal. In this analysis, the systematic
uncertainty is of the same order as the signal-to-background
ratio at the lowest pT and, therefore, it is not sufficiently
small to extract the heavy-flavor signal via the cocktail
subtraction over the full pT range. Hence, at low pT , a
complementary technique to subtract the background, the
so-called “converter subtraction” method, is used to extend
the heavy-flavor measurement to the lowest pT with good
precision. Consequently, the converter subtraction is the key

044905-15
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“Non-photonic” electrons

• Total charm cross section scales 
with number of binary collisions

• Charm suppression at high pT

‣ slightly less suppressed than π0 as 
expected from dead cone effect

81
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Figure 3 shows the measured RAA and vHF
2 of heavy-

flavor electrons in 0%–10% central and minimum bias
collisions, and our corresponding !0 data [6,29]. The
data indicate strong coupling of heavy quarks to the me-
dium. While at low pT the suppression is smaller than that
of !0, RAA of heavy-flavor decay electrons approaches the
!0 value for pT > 4 GeV=c although a significant contri-
bution from bottom decays is expected at high pT . The
large vHF

2 indicates that the charm relaxation time is com-
parable to the short time scale of flow development in the
produced medium. It should be noted that much reduced
uncertainties and the extended pT range of the present data
permit the comparisons of RAA and v2 of the heavy and
light flavors.

More quantitative statements require theoretical guid-
ance. Figure 3 compares the RAA and v2 of heavy-flavor
electrons with models calculating both quantities simulta-
neously. A pQCD calculation with radiative energy loss
(curves I) [30] describes the measured RAA reasonably well
using a large transport coefficient q̂ ! 14 GeV2=fm,
which also provides a consistent description of light hadron

suppression. This value of q̂ would imply a strongly
coupled medium. In this model the azimuthal anisotropy
is only due to the path length dependence of energy loss,
and the data clearly favor larger vHF

2 than predicted from
this effect alone.
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FIG. 2 (color online). RAA of heavy-flavor electrons with pT
above 0.3 and 3 GeV=c and of !0 with pT > 4 GeV=c as
function of centrality given by Npart. Error bars (boxes) depict
statistical (point-by-point systematic) uncertainties. The right
(left) box at RAA ! 1 shows the relative uncertainty from the
p" p reference common to all points for pT > 0:3#3$ GeV=c.
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[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

)]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

 T
 pπ2
1

-1410

-1310

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

±
ba

ck
gr

ou
nd

 e

±
he

av
y-

fla
vo

r 
e

0

0.5

1

1.5

2

2.5

3 10×Min-Bias 
2 10×0-10% 

1 10×10-20% 
0 10×20-40% 
-1 10×40-60% 
-2 10×60-92% 

/42mb-2 10×p+p  = 200 GeVNNsAu+Au @ 

FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
centrality class. The inset shows the ratio of heavy-flavor to
background electrons for minimum bias Au" Au collisions.
Error bars (boxes) depict statistical (systematic) uncertainties.
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Figure 3 shows the measured RAA and vHF
2 of heavy-

flavor electrons in 0%–10% central and minimum bias
collisions, and our corresponding !0 data [6,29]. The
data indicate strong coupling of heavy quarks to the me-
dium. While at low pT the suppression is smaller than that
of !0, RAA of heavy-flavor decay electrons approaches the
!0 value for pT > 4 GeV=c although a significant contri-
bution from bottom decays is expected at high pT . The
large vHF

2 indicates that the charm relaxation time is com-
parable to the short time scale of flow development in the
produced medium. It should be noted that much reduced
uncertainties and the extended pT range of the present data
permit the comparisons of RAA and v2 of the heavy and
light flavors.

More quantitative statements require theoretical guid-
ance. Figure 3 compares the RAA and v2 of heavy-flavor
electrons with models calculating both quantities simulta-
neously. A pQCD calculation with radiative energy loss
(curves I) [30] describes the measured RAA reasonably well
using a large transport coefficient q̂ ! 14 GeV2=fm,
which also provides a consistent description of light hadron

suppression. This value of q̂ would imply a strongly
coupled medium. In this model the azimuthal anisotropy
is only due to the path length dependence of energy loss,
and the data clearly favor larger vHF

2 than predicted from
this effect alone.

 

Npart
0 50 100 150 200 250 300 350

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4  = 200 GeVNNsAu+Au @ 

 > 0.3 GeV/c
T

 : p±e
 > 3.0 GeV/c

T
 : p±e

 > 4.0 GeV/c
T

 : p0π

FIG. 2 (color online). RAA of heavy-flavor electrons with pT
above 0.3 and 3 GeV=c and of !0 with pT > 4 GeV=c as
function of centrality given by Npart. Error bars (boxes) depict
statistical (point-by-point systematic) uncertainties. The right
(left) box at RAA ! 1 shows the relative uncertainty from the
p" p reference common to all points for pT > 0:3#3$ GeV=c.

 

A
A

R

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

 = 200 GeVNNsAu+Au @ 

0-10% central(a)

Moore &
Teaney (III)⎨ T)π3/(2

T)π12/(2

van Hees et al. (II)

Armesto et al. (I)

[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

H
F

2v

0

0.05

0.1

0.15

0.2

(b)
minimum bias

AA R0π
 > 2 GeV/c

T
, p2 v0π

HF
2 v±, eAA R±e

FIG. 3 (color online). (a) RAA of heavy-flavor electrons in
0%–10% central collisions compared with !0 data [6] and
model calculations (curves I [30], II [31], and III [32]). The
box at RAA ! 1 shows the uncertainty in TAA. (b) vHF

2 of heavy-
flavor electrons in minimum bias collisions compared with !0

data [29] and the same models. Errors are shown as in Fig. 2.

 

[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

)]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

 T
 pπ2
1

-1410

-1310

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

±
ba

ck
gr

ou
nd

 e

±
he

av
y-

fla
vo

r 
e

0

0.5

1

1.5

2

2.5

3 10×Min-Bias 
2 10×0-10% 

1 10×10-20% 
0 10×20-40% 
-1 10×40-60% 
-2 10×60-92% 

/42mb-2 10×p+p  = 200 GeVNNsAu+Au @ 

FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
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ω
dIrad
dω

≈ αs q̂L2/ω =⇒ ∆EBHrad ≈ αs q̂L2 ln(E/(m2
D L)) (11)

• Landau-Pomeranchuk-Migdal (LPM) regime (L≫ λ):

ω
dIrad
dω

≈ αs

{√

q̂L2/ω
q̂L2/ω

=⇒ ∆ELPMrad ≈ αs

{

q̂L2 (ω< ωc)
q̂L2 ln(E/(q̂L2)) (ω> ωc)

(12)

We note two things. First, because of the destructive interference, the LPM spectrum,
ωdIrad/dω∝ω−1/2, is suppressed in the infrared (i.e. for small ω’s) compared to the
independent Bethe-Heitler gluon spectrum,ωdIrad/dω∝ω−1. Note also that, due to
the steeply falling spectrum of the radiated gluons, the integrated LPM energy loss is
dominated by the regionω !ωc. Second, the QCD energy loss shows a characteristic
L2 dependence on the plasma thickness which however, as noted in [16], is also
present in the case of Abelian (QED) plasmas, see Eq. (7), and is a general feature
of the medium-induced energy loss of any in-medium newborn particle. The main
distinctions of the energy loss in a QCD compared to a QED plasma are the presence
of different colour factors for the q and g charges (∆Erad ∝ q̂∝σparticle−medium which
in the QCD case is proportional toCR) and the extra logarithmic dependence of ∆Erad
on the energy E of the traversing particle.

For a gluon with E = 20 GeV in a medium with q̂ = 2 GeV2/fm and L = 6 fm,
dErad/dl is O(10 GeV/fm) (to be compared with the elastic losses of O(2 GeV/fm)
estimated before). As seen in Fig. 5 for a more realistic phenomenological case,
∆Ecoll is in general a small correction compared to ∆Erad for light quarks and gluons
but it can be an important contribution for slower heavy-quarks (see next).
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Heavy-quark radiative energy loss (“dead cone” effect)

Gluon bremsstrahlung off a heavy quark differs from that of a massless parton, al-
ready in the vacuum. Due to kinematics constraints, the radiation is suppressed at
angles smaller than the ratio of the quark mass M to its energy E . The double-
differential distribution of gluons of transverse momentum k⊥ and energy ω ra-
diated by a heavy quark at small-angles (k⊥ ≈ ωθ), differs from the standard
bremsstrahlung spectrum by the factor

ω
dIrad,Q
dωdk2

⊥
=
αs CF
π

k2
⊥

(k2
⊥ +ω2θ2

0)
2 ≈ ω

dIrad
dωdk2

⊥
·
(

1 +
θ2

0
θ2

)−2

, θ0 ≡
M
E

=
1
γ

. (13)

“Non-photonic” electrons
• Strong suppression and elliptic 

flow challenge for models

‣ above ~4 GeV mass ordering of 

suppression disappears


• Need to include collisional energy 
loss mechanisms

‣ for heavy quarks as large as 

radiative energy loss


• But no separation of b and c

• What happens to b quarks?
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Figure 3 shows the measured RAA and vHF
2 of heavy-

flavor electrons in 0%–10% central and minimum bias
collisions, and our corresponding !0 data [6,29]. The
data indicate strong coupling of heavy quarks to the me-
dium. While at low pT the suppression is smaller than that
of !0, RAA of heavy-flavor decay electrons approaches the
!0 value for pT > 4 GeV=c although a significant contri-
bution from bottom decays is expected at high pT . The
large vHF

2 indicates that the charm relaxation time is com-
parable to the short time scale of flow development in the
produced medium. It should be noted that much reduced
uncertainties and the extended pT range of the present data
permit the comparisons of RAA and v2 of the heavy and
light flavors.

More quantitative statements require theoretical guid-
ance. Figure 3 compares the RAA and v2 of heavy-flavor
electrons with models calculating both quantities simulta-
neously. A pQCD calculation with radiative energy loss
(curves I) [30] describes the measured RAA reasonably well
using a large transport coefficient q̂ ! 14 GeV2=fm,
which also provides a consistent description of light hadron

suppression. This value of q̂ would imply a strongly
coupled medium. In this model the azimuthal anisotropy
is only due to the path length dependence of energy loss,
and the data clearly favor larger vHF

2 than predicted from
this effect alone.
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D mesons in Pb–Pb at √sNN = 2.76 TeV

• Strong suppression of various D mesons up to 16 GeV

‣ suppression factor 3–4 in 0–20% centrality

‣ less suppression in peripheral collisions
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Figure 6. (colour online) RAA for prompt D0, D+, and D∗+ in the 0–20% (left) and 40–80%
(right) centrality classes. Statistical (bars), systematic (empty boxes), and normalization (full
box) uncertainties are shown. Horizontal error bars reflect bin widths, symbols were placed at the
centre of the bin.

10% for D+, and 5–15% (depending on centrality) for D∗+ mesons in 6 < pt < 12 GeV/c.

In the transverse momentum interval 2–5 GeV/c, this uncertainty is larger (8–17%, de-

pending on centrality) due to the larger contribution from the pt dependence of the nuclear

modification factor. The resulting RAA is shown in figure 7 as a function of the average

number of participants, ⟨Npart⟩. The contribution to the systematic uncertainty that is

fully correlated between centrality classes (normalization and pp reference cross-section)

and the remaining, uncorrelated, systematic uncertainties are displayed separately, by the

filled and empty boxes, respectively. The contribution from feed-down correction was con-

sidered among the uncorrelated sources because it is dominated by the variation of the

ratio Rfeed−down
AA /Rprompt

AA , which may depend on centrality. For the pt interval 6–12 GeV/c,

the suppression increases with increasing centrality. It is interesting to note that the sup-

pression of prompt D mesons at central rapidity and high transverse momentum, shown in

the right-hand panel of figure 7 is very similar, both in size and centrality dependence, to

that of prompt J/ψ mesons in a similar pt range and |y| < 2.4, recently measured by the

CMS Collaboration [33].

7.2 Comparisons to light-flavour hadrons and with models

In this section, the average nuclear modification factor of the three D meson species is com-

pared to that of charged particles [26], mainly light-flavour hadrons, and to model calcula-

tions. The contributions of D0, D+, and D∗+ to the average were weighted by their statisti-

cal uncertainties. Therefore, the resulting RAA is close to that of the D0 meson, which has

the smallest uncertainties. The systematic errors were calculated by propagating the uncer-

tainties through the weighted average, where the contributions from the tracking efficiency,

– 19 –
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Figure 1: Template fit to the SV invariant mass distribution in centrality integrated (0–100%)
PbPb collisions for jets of 80 < pT < 90 GeV/c.

tagged jets and e is the b-tagging efficiency. The efficiency e is determined from simulation and
cross-checked using the so-called reference lifetime tagger method, which uses the JP tagger
to determine the efficiency of the SV tagger directly from data, taking advantage of the data-
derived calibration of the JP tagger [25]. The simulation reproduces the estimate of e from data
to within 5%.

The unfolded b-jet pT spectra in PbPb collisions are shown in Fig. 2 for several centrality se-
lections. The PbPb data are divided by TAA, computed from a Glauber model (for a review,
see Ref. [41]), to scale to the expectation for pp collisions in the absence of nuclear effects. The
value of the TAA is the number of nucleon-nucleon (NN) collisions divided by the total inelastic
NN cross section and may be interpreted as the NN equivalent luminosity per PbPb collision.
Also shown is the measured b-jet cross section in pp collisions. The cross section is compared
to PYTHIA simulations, which agree well with the data, as is the case at

p
s = 7 TeV for the pT

range covered by the present study [26]. The points are placed along the abscissa at the centers
of the bins.

The systematic uncertainties fall into two general categories: b tagging and jet reconstruction.
The b-tagging uncertainty on b-jet yields varies from about 12 to 18%, depending on jet pT and
collision system. The uncertainty is evaluated via the following systematic variations of the
tagging procedure, which influence the extracted b-tagging purity and efficiency values:

• varying the SV flight distance selection such that e differs by about 10%,
• using e from the reference lifetime tagger method [25], rather than from simulation,
• fixing the c jet to light-quark jet normalization, rather than allowing them to float

independently in the template fits,
• using a non-b-jet template produced from jets with small JP in data,
• varying the gluon-splitting contribution in the b-jet and c-jet templates by 50%.

The uncertainty on the spectra due to the jet reconstruction is 10–12% for pp and 15–17% for
PbPb, and is comprised of the following sources:

• a 10% uncertainty in the jet energy resolution [42],
• a 2% uncertainty in the jet energy scale (JES) [42],

b jets in Pb–Pb at √sNN = 2.76 TeV

• Identify b jets via the invariant mass of particles forming a secondary vertex

‣ mB > mD > mh


• b-jets show same suppression in Pb–Pb as light jets

• Favours models with small mass dependence of energy loss
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tagging procedure, which influence the extracted b-tagging purity and efficiency values:
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• using e from the reference lifetime tagger method [25], rather than from simulation,
• fixing the c jet to light-quark jet normalization, rather than allowing them to float

independently in the template fits,
• using a non-b-jet template produced from jets with small JP in data,
• varying the gluon-splitting contribution in the b-jet and c-jet templates by 50%.

The uncertainty on the spectra due to the jet reconstruction is 10–12% for pp and 15–17% for
PbPb, and is comprised of the following sources:

• a 10% uncertainty in the jet energy resolution [42],
• a 2% uncertainty in the jet energy scale (JES) [42],
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Figure 3: The centrality integrated (0–100%) b-jet RAA as a function of pT, integrated over
collision centrality. Statistical uncertainties are shown as error bars, while filled boxes represent
systematics uncertainties. The normalization uncertainty from the integrated luminosity in pp
collisions and from TAA is represented by the green band around unity.

all collision centralities, b jets are found to be suppressed over the 80–250 GeV/c pT range ex-
plored in this study. For the 80–110 GeV/c pT range, RAA is found to decrease with collision
centrality. At larger pT, the trend is less evident due to the reduced statistical precision. The
b-jet suppression is found to be qualitatively consistent with that of inclusive jets [24]. The
absence of a strong dependence of the jet suppression on the mass of the fragmenting parton
would favor a perturbative model in which mass effects are expected to be small at large pT, as
in Ref. [39], when compared against a model based on strong coupling (via the AdS/CFT cor-
respondence) [17], in which mass effects could persist to large pT. A weaker mass dependence,
such as the one predicted in Ref. [43], cannot be ruled out with the present uncertainties.
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• Favours models with small mass dependence of energy loss
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Low pT J/ψ

• Centrality independent increase from 2.76 TeV to 5.02 TeV (<1σ)

‣ expected from regeneration as charm cross section increases by ~10%


• No change at low pT

• Increase for pT>2 GeV, regeneration + radial flow effects?
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