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CERN Press Release 25.11.
The LHC collides ions at 
new record energy

One Pb+Pb collision at √5 TeV

Why? How? Who?



> Time Line of Heavy-Ion Collisions
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time scale: 
O(fm/c) ~ O(10-23 s)

π, K, p π, K, p

M
id

-R
a

p
id

it
y

Hydrodynamic

Evolution

Thermodynamic parameters 
(T,µB) at freeze-out 
determine the bulk of
particle production.

soft/low pT (late)
medium dominated,
collective behavior

Particle production:

hard/high pT (early),

large Q2 parton
scattering/jets
(Ncoll scaling)

ds
dpT

=
Z

PDF⌦pQCD⌦FF



> Parton Energy Loss: A Clear Picture?
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PRL 96 202301 (2006) 

π0 as proxy for hard scattered partons strongly suppressed
Color neutral probes unaffected à Strong final state effect

Nuclear modification
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… the most popular
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probes since 2001
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> Direct Photons: A Closer Look
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Indication of thermal radiation at LHC. 
Average slope/effective temperature ≈ 40% 
higher than at RHIC. pT (GeV/c)
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• At high pT

• Control for hard scattering rate

• pT > 4 GeV unaffected from the medium 

• At low pT

• More than expected from p+p

• Exponential behavior (thermal source?)

Effective slopes: 
RHIC: T ≈ 220 MeV (2.6⋅1012K)
LHC: T ≈ 300 MeV (3.5⋅1012K)

PHENIX: PRL 104:132301, 2010
ALICE: PhD M. Wilde (2015)

arxiv:1509:07324
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> How certain are we of direct photons in pp?
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Figure 5. Transverse-momentum distribution of direct photons in central (0-40%) lead-lead col-
lisions at

√
sNN = 2.76TeV (black data points [1]) compared to our NLO QCD predictions for

prompt photons (red) as well as their fragmentation (blue) and direct (green) contributions. In-
dependent scale (yellow) and nPDF (red/blue/green) uncertainties as well as the FF variation
(magenta) are shown separately, as are the statistical (vertical bars) and systematic (horizontal
brackets) experimental errors.

data (black) in the highest measured pT bin (8GeV < pT < 11GeV), we find very good

agreement as expected in this perturbative region. As the nuclear overlap function TPbPb

is averaged over the relatively wide centrality interval from 0 to 40%, we do not expect a

strong impact of the (in principle parametrisable) nPDF impact-parameter dependence on

the theoretical uncertainty [43].

It is well known that the fragmentation contribution (blue) is considerably softer in

pT than the direct contribution (green), i.e. the former falls off much more steeply than

the latter. In figure 5, the fragmentation contribution dominates in all significant pT -bins,

and in the lowest pT -bins it is more than an order of magnitude larger than the direct

contribution. This leads to a large uncertainty from the fragmentation function. E.g., in

the lowest pT -bins the theoretical prediction with BFG I FFs (magenta) is about a factor

of three smaller than the one with BFG II FFs (blue). On the basis of BFG I FFs, one

would thus attribute a larger excess to thermal photon production than with BFG II FFs.

In the higher pT -bins, the FF uncertainty is smaller due to the larger contributions of both

direct and quark-fragmentation photons (see section 4).

– 11 –

NLO spectra down to 1.5 GeV,
Including nuclear PDF, fragmentation
contribution poorly constrained

PhD M. Wilde, F. König



J
H
E
P
0
8
(
2
0
1
4
)
1
0
9

 (GeV)
T

p
1 2 3 4 5 6 7 8

)2
y)

 (m
b/

G
eV

∆ 
T

/(d
p

σ
) d

Tpπ
1/

(2

-710

-610

-510

-410

-310

-210
ALICE

POWHEG

GM-VFNS

FONLL

|y|<0.8

 = 7 TeVs+X at - e→ c+X →pp 

 (GeV)
T

p
1 2 3 4 5 6 7 8

)2
y)

 (m
b/

G
eV

∆ 
T

/(d
p

σ
) d

Tpπ
1/

(2

-710

-610

-510

-410

-310

-210
ALICE

POWHEG

GM-VFNS

FONLL

|y|<0.8

 = 7 TeVs+X at - e→ c+X) → b+X (→pp 

Figure 6. Transverse-momentum distributions of electrons from charm (top) and bottom (bottom)
quark decay centrally produced at the LHC with

√
s = 7 TeV and compared to ALICE data [24].

4 Conclusions

In this paper, motivated by the importance of a solid theoretical understanding of the

pp baseline for future analyses of heavy-ion collision data, we have presented an extensive

theoretical analysis of heavy-quark production in the ALICE kinematic regime at the LHC.

In addition to the originally massive FONLL and massless GM-VFNS calculations, which

were partially already available, but which only allow for limited comparisons of selected

inclusive meson or decay lepton distributions, we have performed detailed calculations with

the NLO Monte Carlo program POWHEG. These allow in principle for a more exclusive

description of the final state, including e.g. correlations of the heavy quarks with other

particles, and eventually also for the modelling of medium modifications.

In line with our goal of establishing a pp baseline, we have concentrated here on detailed

comparisons of the FONLL, GM-VFNS and POWHEG approaches to inclusive transverse-

momentum spectra of heavy mesons or decay leptons, at central and forward rapidities, and
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> Electrons as Proxy for Heavy Quarks
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PhD M. Heide (2014)
Phys. Lett., B721:13–23, 2013.

First heavy flavor electrons from 
NLO calculation + shower Monte Carlo 



> More Differential with Jets and Correlations
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2.2. QCD Vacuum

a) b)

Figure 2.7.: Event display of tracks measured by ALICE in a pp collision at 7000 GeV. Re-
constructed tracks are shown with their curvature in the magnetic field which is
perpendicular to the xy-plane. The directions of two reconstructed jets are indi-
cated by the red arrows. a) projection in xy as viewed from the A-side. b) Cross
sectional view along the beam axis with tracks projected into the rz-plane.

2.2.2. Hard Processes

The momentum region above pT > 2GeV/c in Figure 2.6 shows a clear deviation from the
exponential fall-off and the spectral shape is better characterized by a power law:

E
d3s
d p3 µ p�n

T . (2.3)

At large pT (⇠> 2GeV/c) the momentum transfer in the reaction is at least of the same
magnitude and thus sufficiently large to resolve the partonic substructure of the nucleons.
Here, the inelastic scattering of the nucleons can be described in the framework of perturba-
tive QCD in terms of the scattering of the pointlike, asymptotically free partons (quarks and
gluons) inside the nucleons that lead to jets of observable, color-neutral particles produced
along the direction of the scattered partons as seen in Figure 2.7. The characteristic time and
length scales of the parton-parton interaction, t µ h̄/

p
Q2 ⌧ 0.1fm/c, are short compared

to those of the soft interactions between the bound partons in the initial state and of the frag-
mentation process of the scattered partons in the final state. Therefore the hard inelastic cross

27

Reconstruct jets …. 
....and decompose them again 
(“Jet Fragmentation Function”)

Correlate particles with a „trigger“.
Hadron à Light flavor
Electron à Heavy flavor
Photon à Light quark



> Sensitivity of Correlations
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Photon-hadron (Poppenborg)
- At LO fixed recoil jet momentum
- NLO vs. isolated
- Constrain photon fragmentation

Full shower evolution: pp/pPb-reference à understand NLO effects
PbPb à medium modified fragmentation

Initial state: multiple parton interactions (Fedkevych)

Electron-hadron (Herrmann)
- Surprising long range correlations in pPb
- Role of NLO (gluon splitting, flavor excitation

Event-by-event Monte-Carlo simulations will be indispensable tool:
POWHEG: NLO in pp PYTHIA: MPI JEWEL (Zapp): Medium modified parton shower 



Central Barrel
2 π tracking & PID
Δη ≈± 1

Muon Spectrometer 
2.5 < η < 4

Detector:
Size: 16 x16 x 26 m
Weight: 10,000 t

Collaboration:
> 1200 Members
> 120 Institutes 
> 30 countries



> TRD – Principle of Operation



> Transition Radiation

e-
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> Electrons and Pions



> AG Wessels and last TRD Module 
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plus plus CERNies

plus YOU?



Backup
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13.7 Billion Years Ago: 
The Quark-Gluon Plasma

(QGP) Quarks and gluons are
not confined into hadrons
but can move freely

Recreated in the laboratory
by colliding heavy ions
(e.g. Au, Pb)

(QGP)
T ≈ 170 MeV

GRK Retreat 11/2015 Wessels/Klein-Bösing 16



> Hard Probes / Parton Scattering
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• Individual partons resolved at high Q2

• t ~ 1/Q « 1 fm/c (early stage and rare)

• Partons fragment into “jets” of observable hadrons
• Strong back-to-back correlation

• Main source of particle production at high pT

• In A+A:  partons interact with QCD medium 
(“jet tomography”), leading parton “loses” energy:*

Scattered parton properties (including medium effects) 
reflected in high pT particles/jets.

*E.g. Baier et. al NPB 484: 265 (1997)

*

5. Testing Parton Energy Loss II: Jet Measurements in ALICE
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Figure 5.1.: Illustration of jet reconstruction from the fragments of a single hard scattered
quark in pp and AA collision. The observable particles are collected in an angular
region around the original parton direction, e.g. a cone with given radius R in
(h ,j). In AA reactions a significant amount of uncorrelated background falls
into this cone, as discussed in the text. The background contribution from the
underlying in pp reaction is negligible and not shown in this sketch.

discussed below. Finally, the nuclear modification of different reconstructed jets measured
with ALICE at the LHC is compared to the measurement of single hadrons. In the com-
parison, the latter provides the limiting case of a jet measurement with R! 0. It is free of
underlying event contamination but highly biased in terms of the selected fragmentation pat-
tern and the origin of the hard scattered parton, which is expected to be closer to the surface
of the collision region as discussed in the previous chapter.

5.1. Jet Reconstruction

The visual impression of a jet, as a collimated spray of hadrons in the direction of the origi-
nally produced parton with a large momentum, is instructive. However, it is not the precise
definition that is needed to enable quantitative comparisons of experimental jet observations
and perturbative QCD calculations. A jet definition is given by the procedure how to recom-
bine the observed particles into a single four momentum vector or in theoretical calculations
by phase space (angular) cuts in the integration of partonic cross sections beyond leading
order. One of the first jet definitions has been used in [Ste77] for the calculation of the prob-
ability to observe two jets in an e+e� annihilation. Two-jet events have been defined by the

92

5. Testing Parton Energy Loss II: Jet Measurements in ALICE

q
q

q

q

R

q

q
q

q

R
p+p (vacuum) A+A

Figure 5.1.: Illustration of jet reconstruction from the fragments of a single hard scattered
quark in pp and AA collision. The observable particles are collected in an angular
region around the original parton direction, e.g. a cone with given radius R in
(h ,j). In AA reactions a significant amount of uncorrelated background falls
into this cone, as discussed in the text. The background contribution from the
underlying in pp reaction is negligible and not shown in this sketch.

discussed below. Finally, the nuclear modification of different reconstructed jets measured
with ALICE at the LHC is compared to the measurement of single hadrons. In the com-
parison, the latter provides the limiting case of a jet measurement with R! 0. It is free of
underlying event contamination but highly biased in terms of the selected fragmentation pat-
tern and the origin of the hard scattered parton, which is expected to be closer to the surface
of the collision region as discussed in the previous chapter.

5.1. Jet Reconstruction

The visual impression of a jet, as a collimated spray of hadrons in the direction of the origi-
nally produced parton with a large momentum, is instructive. However, it is not the precise
definition that is needed to enable quantitative comparisons of experimental jet observations
and perturbative QCD calculations. A jet definition is given by the procedure how to recom-
bine the observed particles into a single four momentum vector or in theoretical calculations
by phase space (angular) cuts in the integration of partonic cross sections beyond leading
order. One of the first jet definitions has been used in [Ste77] for the calculation of the prob-
ability to observe two jets in an e+e� annihilation. Two-jet events have been defined by the

92



> Hadrons, Jets, and b-Jets out to 500 GeV: Surprisingly Boring….
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ALICE EPJ C74 3054 (2014) CMS QM 2014 arxiv:1410.2576

No modification in pPb (cold nuclear matter) and for all color neutral probes in PbPb
Similar, limiting suppression for hadrons, light flavor and heavy quark jets. 


