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ALI-‐PERF-‐400	   All	  unreferenced	  plots	  taken	  from	  my	  thesis,	  work	  in	  progress	  



VZERO: 
(Scintillator Arrays) 

centrality selection & 
triggering 

 
V0A: 2.8 < η < 5.1 

V0B: -3.7 < η < -1.7 

ALICE 
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ALI-‐PERF-‐400	   

ITS:  
(Silicon strips / pixels) 
tracking & triggering 

 
|η| < 0.9, 4 < r < 44 cm 

 
σvertex  ~ 100 µm 

σp/p ~ 3.5% (100 GeV/c) 
(with TPC) 

TPC: 
(Time Projection Chamber) 

tracking & PID 
 

|η| < 0.9, 85 < r < 247 cm 
 

σp/p ~ 0.7% (1 GeV/c) 
σp/p ~ 6.5% (10 GeV/c) 
σdE/dx/dE/dx ~ 6.5%  

 
 

Detector details from 
Alice Physics Performance 

Report, Volumes I & II  
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h8p://alicema8ers.web.cern.ch/?q=content/node/515	  
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•  Color charges are usually considered to be confined 

Q	   Q	  

Q	  

a)	  QED	  or	  QCD	  (r	  <	  1	  fm)	  

b)	  QCD	  (r	  >	  1	  fm)	  
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•  But in a dense medium, the charge is screened (Debye Screening) 

•  So in a sufficiently hot or dense medium, the charges can be effectively free 

Hadron	  
Gas	  

Heat,	  
Compression	   ?	  
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•  But in a dense medium, the charge is screened (Debye Screening) 

•  So in a sufficiently hot or dense medium, the charges can be effectively free 

Hadron	  
Gas	  

Heat,	  
Compression	   Quark-‐gluon	  

Plasma	  
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•  Quark-gluon plasma is a thermalised system of deconfined quarks and gluons 

•  As a first approximation, we can treat Hadron Gas / QGP as an ideal gas: 

A deconfined state can be attained if the QGP pressure is greater than the Bag pressure 
and the Hadron Gas pressure 
 

è Transition temperature ~ 140MeV 

model thus leads to a two-phase picture of strongly interacting matter, with a hadronic phase
up to

Tc =
(

45

17π2

)1/4

B1/4 ≃ 0.72 B1/4 (3)

and a quark gluon plasma above this critical temperature. From hadron spectroscopy, the
bag pressure is given by B1/4 ≃ 0.2 GeV, so that we obtain

Tc ≃ 150 MeV (4)

as the deconfinement temperature. In the next section we shall find this simple estimate to
be remarkably close to the value obtained in lattice QCD.

P

−B
T4Tc

4

QGP

π

4Tc T4

deconfinement
latent heat of

T 4ε
QGP

π

(a) (b)

Figure 2: Pressure and energy density in a two-phase ideal gas model.

The energy densities of the two phases of our model are given by

ϵπ =
π2

10
T 4 (5)

and

ϵqg = 37
π2

30
T 4 + B. (6)

By construction, the transition is first order, and the resulting temperature dependence
is shown in Fig. 2 b. At Tc, the energy density increases abruptly by the latent heat of
deconfinement, ∆ϵ. Using eq. (3), its value is found to be

∆ϵ = ϵqg(Tc) − ϵπ(Tc) = 4B, (7)

so that it is determined completely by the bag pressure measuring the level difference between
physical and colored vacua.

For an ideal gas of massless constituents, the trace ϵ − 3P of the energy-momentum tensor
quite generally vanishes. Nevertheless, in our model of the ideal plasma of massless quarks
and gluons, we have for T ≥ Tc

ϵ− 3P = 4B, (8)

again specified by the bag pressure and not zero. This is related to the so-called trace anomaly
and indicates the dynamical generation of a dimensional scale; we shall return to it in the
next section, where we will find that this scale is set by the vacuum expectation value of the
gluon condensate.

4

Satz, Helmut arXiv:0903.2778 

P = g π
2

90
T 4

gHadronGas	  ~	  3	  
	  

gQGP	  ~	  48	  

u	  

d	  
d	  

B	
Bag	  
Pressure	  
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F	  Karsch:	  Quark	  Gluon	  Plasma	  3	  (World	  ScienKfic)	  

•  We can test this prediction using Lattice QCD 

ε
T 4 = g

π 2

30

gHadronGas	  ~	  3	  
	  

gQGP	  ~	  48	  



9 

Motivation 

http://www-rnc.lbl.gov/~ssalur/www/Research3.html 

•  The	  QGP	  cools	  very	  rapidly	  in	  the	  lab	  
è τ	  ~	  11	  fm/c	  ~	  10-‐23	  s	  	  

•  Most	  informaEon	  in	  Hadron	  Spectra	  at	  freezeout	  

•  Λ & K0
S are	  the	  lightest	  strange	  baryon	  &	  meson	  

	  	  
•  Studying	  different	  hadrons	  allows	  understanding	  

of	  mass	  &	  flavour	  dependence	  of	  Jet	  Quenching,	  
Flow…	  

Phys.Lett.B 696 (4): 328-337, 2011  
DOI:10.1016/j.physletb.2010.12.053  

S 

d 

K0 

U 

d 

Λ 

S 
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b	  

•  Experimentally, we need to distinguish between head-on collisions, and glancing 
collisions. 

•  Events are classified by their centrality – a 
% of the total nuclear interaction cross 
section 

•  The number of charged particles produced 
in a collision is dependent on both 
Nparticipants and Ncollisions 

•  The number of charged particles seen at 
the VZERO is fitted with a prediction from 
MC, and split into centrality regions B. Abelev et al. (ALICE Collaboration), 

PHYSICAL REVIEW C 88, 044909 (2013) 



Λ 
π- 

p 

Pb-Pb 5.5TeV Hijing MC Event, not all tracks shown 
Alice Physics Performance Report, Volume II (Figure IV) 

 

Decay	   Branching Ratio 
K0

S ⇒ π+π- 69.2% 
Λ ⇒ pπ- 63.9% 

True ‘V0’s can be distinguished from 
combinatorial background by 
geometrical cuts on: 
 
•  DCA of daughters to each other 
•  DCA of daughters to primary vertex 
•  Cosine of pointing angle  
•  Decay radius 

DCA of V0 
Daughters 

π- 

π+ 

V0 

DCA 
of 
Neg 
Track 
to PV 

Pointing 
Angle 

Reconstruction – V0s 
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Reconstruction - PID 

At low pT, dE/dx information from the TPC allows separation of the signal 
from the pion dominated combinatorial background. 
 
•  3σ cut on TPC dE/dx  for proton daughters. 

12 



Reconstruction – Armenteros Plot 
The Armenteros-Podolanski diagram is 
essentially another way of visualizing 
the invariant mass distribution of V0s 
 
Momentum of the daughters relative to 
the mother are plotted, where: 

13 

α =
p||
+ − p||

−

p||
+ + p||

−

A cut on this diagram was used to 
remove Λ particles from the K0

S 
background 
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ALICE Collaboration, (2013), arXiv:nucl-ex/1307.5530  

Reconstruction – Mass Peaks 

•  Peak fitted with Gaussian + 
2nd degree polynomial 

•  ‘Sideband regions’ fitted 
with 2nd degree polynomial 

•  Signal defined as the 
difference between the 
counts in the ‘peak region’ 
and the background fit 

14 



•  Λ coming from weak decays of Ξ 
are removed 

Decay Branching Ratio 
Ξ- ⇒ Λπ- 99.887 ±0.035% 
Ξ0 ⇒ Λπ0 99.525 ±0.012% 

Reconstruction - Feeddown 
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Multi-strange baryon production in Pb–Pb collisions at √sNN = 2.76 TeV 7
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Fig. 3: Transverse momentum spectra for Ξ− and Ω− (a,b) and their anti-particles (c,d) in five different centrality
classes, from the most central (0-10%) to the most peripheral (60-80%) Pb–Pb collisions at √sNN = 2.76 TeV, for
|y|< 0.5 at pT > 1.8 GeV/c and |y|< 0.3 at pT < 1.8 GeV/c. The statistical error bars are smaller than the symbols
for most data points, while the systematic uncertainties are represented by the open boxes.

different in the injected Monte Carlo and the data. The total systematic uncertainty, obtained by adding
the sources above in quadrature, is 5% for Ξ and 7% for Ω, independent of the pT bin and centrality
interval. It has been added in quadrature to the statistical error for each spectra data point before fitting
the distribution and extracting the yields. An additional systematic error of 7% (15%) has been added to
the final Ξ (Ω) yield to take into account the uncertainty due to the extrapolation at low pT, as mentioned
above.

5 Results and discussion

The total integrated yields for Ξ−, Ξ+, Ξ−+ Ξ+, Ω−, Ω+ and Ω−+ Ω+ have been determined in each
centrality class, and are presented in Table 1. Statistical and systematic uncertainties are quoted. The
systematic errors include both the contribution due to the correction factors and that from the extrapola-
tion to the unmeasured pT region. Particle and anti-particle yields are found to be compatible within the
errors.

The Ξ and Ω pT spectra are compared to hydrodynamic model calculations. The purpose of this com-
parison is to test the ability of the models to reproduce yields, spectral shape and centrality dependence.
Four models are considered. VISH2+1 [37] is a viscous hydrodynamic model, while HKM [38, 39]
is an ideal hydrodynamic model similar to VISH2+1 which, in addition, introduces a hadronic cascade
(UrQMD [40, 41]) following the partonic hydrodynamic phase. The Kraków model [42, 43], on the other
hand, introduces non-equilibrium corrections due to viscosity in the transition from a hydrodynamic de-
scription to one involving the final state particles. EPOS [44, 45, 46] aims to be a comprehensive model

Measured	  Ξ	  Spectra	  

MC	  Feeddown	  Matrix	  

Feeddown	  FracEon	  

 
•  Ω decay also considered, but found to 

be negligible 

B. Abelev et al. (ALICE 
Collaboration), Physics Letters B 728 
(2014) 216–227  

Work in 
Progress 

Work in 
Progress 
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•  Reconstruction efficiency ~20-30% 

•  Low pT is more difficult è low pT cutoff; Λ > 0.6 GeV/c, K0
S > 0.4 GeV/c 

•  Slight variations with centrality, √s, but largely consistent  

Work in 
Progress 

Work in 
Progress 
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K0
S 	  Spectra  
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•  Plots scaled to separate 
centralities; ordering 
unchanged 

Λ 	  
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Superposi7on	  of	  	  
independent	  p-‐p	  

Collec7ve	  Behaviour	  
	  -‐	  flow	  

•  If a thermalised medium is formed, 
one can have collective flow 

•  Initial spatial anisotropy leads final 
momentum anisotropy 

•  Typically studied by breaking down 
into Fourier components 

 è radial, elliptical… 

•  Radial flow causes a Doppler-shift 
of the momentum distributions of 
particles – larger for heavier 
particles 
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147

v2 in ALICE

Stronger radial flow but pure hydro calculations do not 
describe well the most central collisions

)c (GeV/
T

p

0 0.5 1 1.5 2 2.5 3 3.5

2
v

0

0.05

0.1

0.15

0.2
|>1}η∆{SP, |2v

π

K

p

s
0K

Λ

/s=0.2)ηVISH2+1 (CGC, 
π

K
p

Λ

AIP Conf. Proc. 1441, 766
PRC84 044903

 = 2.76 TeV 10-20%NNsPb-Pb 

ALI−PREL−28470

)c (GeV/
T

p

0 0.5 1 1.5 2 2.5 3 3.5

2
v

0

0.05

0.1

0.15

0.2

0.25

0.3
|>1}η∆{SP, |2v

π

K

p

s
0K

Λ

/s=0.2)ηVISH2+1 (CGC, 
π

K
p

Λ

AIP Conf. Proc. 1441, 766

PRC84 044903

 = 2.76 TeV 40-50%NNsPb-Pb 

ALI−PREL−28476

  

€ 

E
d3N

d3p
=

1

2π
d2N

pTdpTdy
1+ 2vn cos n φ − Ψr( )[ ]

n=1

∞

∑
( 

) 
* 

+ 

, 
- 

  

€ 

v2 = cos 2 φ − Ψr( )[ ]

•  v2 is a measure of the elliptical flow of the system 

•  Viscous hydrodynamics predicts its behaviour well 
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dN
dpT

∝ pT xmTK1(
mT cosh(η)

T
)I0 (

pT sinh(η)
T

)dx
0

1

∫

η = tanh−1(β),

mT = pT
2 +m2

•  Doppler-‐shi`ed	  Boltzmann	  
distribuEon,	  characterised	  by:	  

•  CollecEve	  Velocity	  β	  
•  Temperature	  T	  

•  Allows	  extrapolaEon	  down	  to	  
pT=0	  

B.	  Abelev	  et	  al.	  (ALICE Collaboration), 
PRL	  111,	  222301	  (2013)	  	  
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Plot created from values in: 
ALICE Collaboration, (2013), arXiv:nucl-ex/1307.5530  

Thermal Yields 
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Simultaneous	  thermal	  fit	  to	  all	  parEcles	  
agrees	  well	  with Λ & K0

S 	  yields	  in	  central	  
collisions	  
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Hydro – “Vish2+1” 
 

•  Viscous hydrodynamic model 
•  Sharp transition from fluid to hadrons at freeze-out temperature 

H. Song and U. W. Heinz, Phys. Lett. B658, 279 (2008), arXiv:nucl-th/0709.0742 . 
H. Song and U. W. Heinz, Phys. Rev. C77, 064901 (2008), arXiv:nucl-th/0712.3715 . 
H. Song and U. W. Heinz, Phys. Rev. C78, 024902 (2008), arXiv:nucl-th/0805.1756 . 

EPOS 2.17v3 
 

•  String-breaking model 
•  Low energy strings form a ‘medium’ 
•  Strings breaking in medium take quarks from medium 
•  Models ‘Core-Corona’ effect 

K. Werner, Phys. Rev. C 85, 064907 (2012) arXiv:1203.5704 . 
K. Werner, Phys. Rev. Lett. 109, 102301 (2012) arXiv:1204.1394 
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Hydro	   EPOS	  

K0
S 	  

Λ 	  
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•  Peripheral	  collisions,	  and	  p-‐p	  collisions	  at	  both	  energies	  agree	  well	  

•  All	  centraliEes	  and	  systems	  consistent	  above	  pT	  ~	  6.5	  GeV/c	  

•  Magnitude	  of	  enhancement	  increases	  with	  centrality	  
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•  At	  lowest	  momentum,	  more	  central	  collisions	  appear	  to	  show	  a	  suppression	  of	  the	  raEo	  

•  This	  could	  hint	  towards	  a	  redistribuEon	  of	  parEcles	  from	  low	  to	  mid	  momentum	  
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•  Using a blastwave fit to extrapolate to 
low pT, the yield of Λ & K0

S can be 
integrated over pT 

•  The Λ/K0
S ratio of these integrated 

yields appears constant with centrality 

•  Further supports that baryons / mesons 
are redistributed in pT rather than 
enhanced / suppressed 

Plot created from 
values in: 

ALICE Collaboration, 
(2013), arXiv:nucl-ex/

1307.5530  

Λ/K0
S ratio – integrated ratio 
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Coalescence 
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•  As a QGP cools, it must pass back over the phase boundary and undergo 
hadronization 

•  The distribution of hadrons formed in this way need not be the same as for vacuum 
fragmentation 

•  In particular, it may allow for the formation of baryons/mesons by grouping 3/2 quarks 
close in phase space 

q	  

q	  

q	  

q	  

q	  

Meson	   Baryon	  

•  From this process, one would expect the average momentum of the baryon to be 
~3<pq>, while the meson would have ~2<pq> 

•  So, for hadrons formed from the medium, one could expect the baryons to be formed 
at higher momenta than the mesons 
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Λ/K0
S Ratio - theory 
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•  Hydrodynamics describes low-pT, 
central ratio very well 

•  Recombination describes general 
trend, but not normalisation 

•  Hydrodynamics less accurate for 
more peripheral collisions 

•  EPOS describes ratio well 
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•  Anti-Λ/Λ ratio: 
•   at STAR ~ 0.8 
•  at ALICE ~ 1 

•  Magnitude of enhancement 
unchanged 

•  Persists to slightly higher pT at LHC 
energy 

STAR points from G. Agakishiev et al. (STAR Collaboration), Phys. Rev. Lett. 108, 072301 (2012), arXiv:nucl-ex/ 1107.2955 



Λ/K0
S Ratio – p/π 
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•  Behaviour	  of	  the	  p/π	  raEo	  very	  similar	  to	  Λ/K0
S 

•  Enhancement of ~x3 in range 1.5 < pT < 6.5 GeV/c 

•  p/π	  raEo	  consistently	  ~half	  of	  Λ/K0
S	  



The Glauber Model 
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b	  

•  The Glauber model is used to relate heavy ion collisions to p-p collisions 

•  Nucleons are considered to be distributed within the nucleus according to the Saxon-
Woods nuclear density 

ρ(r) = ρ0
1+ω(r / R)2

1+ exp(r − R
a
)

•  It is assumed that all collisions are binary with a  constant cross section, and that 
there is no deflection of nucleons 

•  This allows the calculation of the equivalent number of p-p collisions as the impact 
parameter, b, varies 

B. Abelev et al. (ALICE Collaboration), 
PHYSICAL REVIEW C 88, 044909 (2013) 



RAA of Λ/K0
S 
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Jet Quenching 
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•  Jets are formed as a high energy parton from the initial collision fragments 

p	   p	  

jet	  

jet	  

Pb	  

jet	  

Pb	  gluon	  
radiaEon	  

•  If a QGP is formed, the parton would be expected to lose energy to strong 
interactions within the plasma 

•  This leads to jets being emitted at lower energy, or not escaping the medium at all 

•  Back-to-back jets may be asymmetric in energy, as one travels further through the 
medium than the other 

•  Some models suggest a variation in the suppression dependent on jet 
hadrochemistry 

 S. Sapeta and U. A. Wiedemann, Eur.Phys.J. C55, 293 (2008), arXiv:0707.3494 [hep-ph] .  
P. Aurenche and B. Zakharov, Eur.Phys.J. C71, 1829 (2011), arXiv:1109.6819 [hep-ph] .  
R. Bellwied and C. Markert, Phys.Lett. B691, 208 (2010), arXiv:1005.5416 [nucl-th] .  



RAA with other particles 
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•  SeparaEon	  of	  baryons	  and	  mesons	  at	  lower	  pT,	  as	  expected	  from	  Λ/K0
S ratio behaviour 

•  Above 6 GeV/c, all hadrons are consistent 

•  No sign of hadrochemistry dependent jet suppression	  	  



RAA for p-Pb & Electroweak probes 
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B. Abelev et al. (ALICE Collaboration), Phys.Rev.Lett. 110 (2013) 082302 S. Chatrchyan. et al., (CMS Collaboration), Eur. Phys. 
J. C72, 1945 (2012). 

•  RAA	  is	  not	  consistent	  with	  1	  even	  for	  more	  peripheral	  events	  or	  pT	  ~	  100	  GeV/c	  

•  RpPb	  is	  consistent	  with	  1	  above	  pT	  ~	  2	  GeV/c	  

•  RAA	  of	  electroweak	  probes	  is	  consistent	  with	  1	  



Λ/K0
S Ratio – p-Pb 
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•  In	  p-‐Pb	  collisions,	  an	  enhancement	  of	  the	  Λ/K0
S raEo	  with	  mulEplicity	  can	  be	  seen	  

•  The	  enhancement	  is	  less	  pronounced	  when	  compared	  with	  Pb-‐Pb	  collisions	  

•  The	  value	  of	  the	  Λ/K0
S	  raEo	  appears	  to	  be	  a	  funcEon	  of	  the	  mulEplicity.	  

•  Further	  work	  is	  needed	  to	  understand	  the	  origin	  of	  this	  behaviour	  
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•  Λ & K0
S spectra measured for transverse momentum range 0.4-12 GeV/c in Pb-Pb 

and pp collisions 

•  Λ/K0
S ratio shows significant enhancement in central PbPb collisions when 

compared to pp collisions  

•  EPOS reproduces behaviour well, while pure Hydrodynamic and Recombination 
models are less successful 

•  Studies of the RAA of identified particles shows no hadrochemical dependence at 
high pT. 

•  Behaviour	  of	  the	  Λ/K0
S ratio in p-Pb collisions is similar to that in PbPb	  



Backup 
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QGP 

40 

•  Quark-gluon plasma is a thermalised system of deconfined quarks and gluons 

•  As a first approximation, we can treat Hadron Gas / QGP as an ideal gas: 

p = ε
3
= g π

2

90
T 4

ε
T 4 = g

π 2

30
•  For Hadron Gas, pions dominate so g ~ 3 
•  For QGP g = ggluons + gquarks = 2spin * 8color + 7/8 * 3flavor * 2q/anti-q * 2spin *3color ~ 48 

•  By modelling hadrons as a ‘bag’, one can estimate the pressure holding them 
together 

•  A deconfined state can be attained if the QGP pressure is greater than the Bag 
pressure 

è Transition temperature ~ 140MeV 



 S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 91, 
172301 (2003)  J. Adams et al. (STAR Collaboration), (2006),  

•  Observed at SPS & RHIC that p/π & Λ/K0
S ratios are enhanced at intermediate 

momentum in heavy ion collisions, when compared to pp.  

•  Examining how this effect evolves with increased energy gives insight into the 
interplay between fragmentation and potential baryon-enhancing effects. 

•  Λ & K0
S can be identified with a single technique over a wide momentum range 

Motivation 
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T. Schuster and A. Laszlo (for the NA49 Collaboration). J.Phys. 
G32 (2006) S479-S482. 

Motivation 
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 S. S. Adler et 
al. (PHENIX 

Collaboration), 
Phys. Rev. 

Lett. 91, 
172301 (2003)  

J. Adams et al. (STAR Collaboration), (2006),  



Theory Models used 
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VISH2+1 - a viscous hydro code in (2+1) dimensions assuming longitudinal boost 
invariance. Sharp transition from fluid to non-interacting particles at freeze-out 
temperature.  

H. Song and U. W. Heinz, Phys. Lett. B658, 279 (2008), arXiv:nucl-th/0709.0742 . 
H. Song and U. W. Heinz, Phys. Rev. C77, 064901 (2008), arXiv:nucl-th/0712.3715 . 
H. Song and U. W. Heinz, Phys. Rev. C78, 024902 (2008), arXiv:nucl-th/0805.1756 . 

EPOS 2.17v3 – String breaking model of particle creation, where low pT particles are 
allowed to reinteract, simulating hydrodynamic behaviour. Strings breaking in-medium 
take their quarks from the fluid, rather than Schwinger Mechanism. Also uses Core-
Corona model to determine fluid region. 

K. Werner, Phys. Rev. C 85, 064907 (2012) arXiv:1203.5704 . 
K. Werner, Phys. Rev. Lett. 109, 102301 (2012) arXiv:1204.1394 

Recombination – a model allowing quarks from the medium to coalesce into hadrons. 
Radial flow and jet quenching have been set to match that observed at the LHC. 

B. Muller, J. Schukraft, B. Wyslouch, arXiv:1202.3233 .  



•  Λ coming from weak decays of Ξ 
are removed 

•  Ω decay also considered, but found 
to be negligible 

Decay Branching Ratio 
Ξ- ⇒ Λπ- 99.887 ±0.035% 
Ξ0 ⇒ Λπ0 99.525 ±0.012% 

•  With MC, we create a Feed-down matrix relating the pT distribution of Λ to that of Ξ 
 
•  This can then be scaled to the measured Ξ pT spectrum 

•  The raw yield of primary Λ is then obtained as: 
 
 
 
 
•  Feed-down varies from ~25% at low pT to neglible levels at high pT 
 
 

Λ primary
raw = Λmeasured

raw − Fij
j
∑ dN

dpT
(Ξ− )

pT (bin)
∫ Fij =

Nrecon (Λ) fromΞ bin j
in bin i

Ngenerated (Ξ)in bin j

Reconstruction - Feeddown 
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Centrality 
dN/dy 

Λ K0
S Λ/K0

S 

0-5% 26+3 110+10 0.24+0.02 

5-10% 22+2 90+6 0.24+0.02 

10-20% 17+2 68+5 0.25+0.02 

20-40% 10+1 39+3 0.25+0.02 

40-60% 3.8+0.4 14+1 0.26+0.03 

60-80% 1.0+0.1 3.9+0.2 0.25+0.02 

80-90% 0.21+0.03 0.85+0.09 0.25+0.02 

•  Integrated ratio is 
constant within errors 

•  Suggests that baryons / 
mesons are 
redistributed in pT rather 
than enhanced / 
suppressed 

Backup 
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T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 88, 092005 (2013) 

•  In	  pp	  c̄ollisions	  at	  Fermilab	  the	  RaEo	  of	  Λ/K is supressed in jets, when compared to 
inclusive studies 

•  This behaviour can be seen in Pb-Pb collisions at the LHC, where the p/π	  raEo	  in	  jets	  
is	  supressed	  relaEve	  to	  that	  in	  the	  underlying	  event	  

Misha Veldhoen for the ALICE collaboration, arXiv:1207.7195 



Jet Quenching 
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Figure 1: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed
PYTHIA dijets (solid yellow histograms), as a function of collision centrality (left to right from peripheral to
central events). Proton-proton data from

√
s = 7 TeV, analyzed with the same jet selection, is shown as open

circles. (bottom) Distribution of ∆φ, the azimuthal angle between the two jets, for data and HIJING+PYTHIA,
also as a function of centrality.

events superimposed on HIJING events 6.

2 Di-jet asymmetry and azimuthal correlation

The cross-section of dijet production is a dominant contribution to the total jet production
cross-section. Jets are therefore most often produced in pairs well balanced in azimuth and
transverse energy. Jet quenching may lead to an imbalance in the transverse energy since each
jet, or initial parton, traverses a different path length in the QCD medium. Such an imbalance
can be quantified using the asymmetry defined as AJ = (ET,1 − ET,2)/(ET,1 + ET,2), where
ET,1 > ET,2 are transverse energies of jets in a dijet system. We focus on the balance between
the highest transverse energy pair of jets in events. These jets are required to have an azimuthal
angle separation, ∆φ = |φ1 − φ2| > π/2 to reduce contributions from multi-jet final states.
Furthermore the first jet is required to have ET,1 > 100 GeV, and the second jet ET,2 > 25 GeV.
The jet selection is chosen such that the first (leading) jet has high reconstruction efficiency and
the second (sub-leading) jet is above the distribution of background fluctuations and soft jets
associated with the collision. The jet selection criteria yield a sample of 1693 events from the
2010 Pb+Pb data corresponding to an integrated luminosity of approximately 1.7 µb−1. The
dijets are expected to have the asymmetry with a maximum near zero and rapidly decreasing
towards the kinematic limit determined by the selected cuts which lies near the asymmetry of
0.7.

Figure 1 shows the result of the measurement, upper plots show the dijet asymmetry, lower
plots show the dijet azimuthal correlations. The measurement is evaluated in four bins of collision
centrality going from the most central (0-10%) to the most peripheral (40-100%). The centrality
is defined using the total sum of transverse energy (ΣET ) deposited in the forward calorimeters
(FCal). The asymmetry distribution for dijets measured in p+p collisions at

√
s = 7 TeV is

shown in open symbols in the upper plots of Fig. 1. The yellow distributions show the Monte
Carlo (MC) reference which consists of fully reconstructed PYTHIA dijets embedded into the
underlying event simulated by the HIJING MC generator. The presence of dijets with large
asymmetries both in the reference samples and p+p data reflects the contribution from events
with a topology of three or more jets, and the detector effects. Compared to the reference, the
asymmetry measured in central heavy ion collisions exhibits the absence of the global maximum

G. Aad et al (ATLAS Collaboration) PRL 105, 252303 (2010) 

Aj =
ET1 −ET 2

ET1 +ET 2
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Detector, data sets and analysis.—The ALICE detector
is described in detail in [18]. The inner tracking system
(ITS) and the time projection chamber (TPC) are used for
vertex finding and tracking. The collision centrality is
determined with the forward scintillators (VZERO) as
well as for the estimation of the systematic uncertainty
with the first two layers of the ITS (silicon pixel detector,
SPD) and the zero degree calorimeters (ZDCs). Details can
be found in [19]. The main tracking detector is the TPC
which allows reconstruction of good-quality tracks with a
pseudorapidity coverage of j!j< 1:0 uniform in azimuth.
The reconstructed vertex is used to select primary track
candidates and to constrain the pt of the track.

In this analysis 14! 106 minimum-bias Pb-Pb events
recorded in fall 2010 at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV as well as 37!
106 pp events from March 2011 (

ffiffiffi
s

p ¼ 2:76 TeV) are
used. These include only events where the TPC was fully
efficient to ensure uniform azimuthal acceptance. Events
are accepted which have a reconstructed vertex less than
7 cm from the nominal interaction point in beam direction.
Tracks are selected by requiring at least 70 (out of up to
159) associated clusters in the TPC, and a "2 per space
point of the momentum fit smaller than 4 (with 2 degrees of
freedom per space point). In addition, tracks are required to
originate from within 2.4 cm (3.2 cm) in transverse (lon-
gitudinal) distance from the primary vertex.

For the measurement of IAA and ICP the yield of asso-
ciated particles per trigger particle is studied as a function
of the azimuthal angle difference !’. This distribution is
given by 1=NtrigdNassoc=d!’ where Ntrig is the number of

trigger particles and Nassoc is the number of associated
particles. We measure this quantity for all pairs of particles
where pt;assoc <pt;trig within j!j< 1:0 as a function of

pt;assoc. Pair acceptance corrections have been evaluated
with a mixed-event technique but found to be negligible for
the yield ratios due to the constant acceptance in ’ and the
same detector conditions for the different data sets.

Corrections for detector efficiency (17%–18% depend-
ing on collision system, pt and centrality) and contamina-
tion (4%–8%) by secondary particles from particle-
material interactions, # conversions, and weak-decay prod-
ucts of long-lived particles are applied for trigger and
associated particles, separately. Additional secondary par-
ticles correlated with the trigger particle are found close to
!’ ¼ 0 in particular due to decays and # conversions. We
correct for this contribution (2%–4%). These corrections
are evaluated with the HIJING 1.36 [20] Monte Carlo (MC)
generator which was tuned to reproduce the measured
multiplicity density [19] for Pb-Pb and the PYTHIA 6 [21]
MC generator with tune PERUGIA-0 [22] for pp using in
both cases a detector simulation based on GEANT3 [23].
MC simulations underestimate the number of secondary
particles. Therefore, we study the distribution of the dis-
tance of closest approach between tracks and the event
vertex.

The tail of this distribution is dominantly populated by
secondary particles and the comparison of data and MC
calculations shows that the secondary yield in the MC
events needs to be increased by about 10% (depending
on pt). An MC study shows that effects of the event
selection and vertex reconstruction are negligible for the
extracted observables. The correction procedure was vali-
dated by comparing corrected simulated events with the
MC truth.
Figure 1(a) shows a typical distribution of the corrected

per-trigger pair yield before background subtraction. The
fact that the !’ distribution is flat outside the near- and
away-side regions gives us confidence that the background
can be estimated with the zero yield at minimum (ZYAM)
assumption [24]. This procedure estimates the pedestal
value by fitting the flat region close to the minimum of
the !’ distribution (j!’# $=2j< 0:4) with a constant.
The validity of the ZYAM assumption has been questioned
in cases where collective effects dominate [25,26]; how-
ever, for the high-pt correlations of this analysis, the
narrow width and large amplitude of the correlated signal
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FIG. 1 (color online). Corrected per-trigger pair yield for 4<
pt;assoc < 6 GeV=c for central Pb-Pb events (histogram), periph-
eral Pb-Pb events (red circles) and pp events (blue squares).
(a) Azimuthal correlation; (b) zoom on the region where the
pedestal values (horizontal lines) and the v2 component
( cos2!’) are indicated. Solid lines are used in the yield ex-
traction while the dashed lines are used for the estimation of the
uncertainty of the pedestal calculation; (c) background-
subtracted distributions using the flat pedestal. Error bars indi-
cate statistical uncertainties only.

PRL 108, 092301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 MARCH 2012

092301-2

Detector, data sets and analysis.—The ALICE detector
is described in detail in [18]. The inner tracking system
(ITS) and the time projection chamber (TPC) are used for
vertex finding and tracking. The collision centrality is
determined with the forward scintillators (VZERO) as
well as for the estimation of the systematic uncertainty
with the first two layers of the ITS (silicon pixel detector,
SPD) and the zero degree calorimeters (ZDCs). Details can
be found in [19]. The main tracking detector is the TPC
which allows reconstruction of good-quality tracks with a
pseudorapidity coverage of j!j< 1:0 uniform in azimuth.
The reconstructed vertex is used to select primary track
candidates and to constrain the pt of the track.

In this analysis 14! 106 minimum-bias Pb-Pb events
recorded in fall 2010 at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV as well as 37!
106 pp events from March 2011 (

ffiffiffi
s

p ¼ 2:76 TeV) are
used. These include only events where the TPC was fully
efficient to ensure uniform azimuthal acceptance. Events
are accepted which have a reconstructed vertex less than
7 cm from the nominal interaction point in beam direction.
Tracks are selected by requiring at least 70 (out of up to
159) associated clusters in the TPC, and a "2 per space
point of the momentum fit smaller than 4 (with 2 degrees of
freedom per space point). In addition, tracks are required to
originate from within 2.4 cm (3.2 cm) in transverse (lon-
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where pt;assoc <pt;trig within j!j< 1:0 as a function of
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the yield ratios due to the constant acceptance in ’ and the
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tion (4%–8%) by secondary particles from particle-
material interactions, # conversions, and weak-decay prod-
ucts of long-lived particles are applied for trigger and
associated particles, separately. Additional secondary par-
ticles correlated with the trigger particle are found close to
!’ ¼ 0 in particular due to decays and # conversions. We
correct for this contribution (2%–4%). These corrections
are evaluated with the HIJING 1.36 [20] Monte Carlo (MC)
generator which was tuned to reproduce the measured
multiplicity density [19] for Pb-Pb and the PYTHIA 6 [21]
MC generator with tune PERUGIA-0 [22] for pp using in
both cases a detector simulation based on GEANT3 [23].
MC simulations underestimate the number of secondary
particles. Therefore, we study the distribution of the dis-
tance of closest approach between tracks and the event
vertex.

The tail of this distribution is dominantly populated by
secondary particles and the comparison of data and MC
calculations shows that the secondary yield in the MC
events needs to be increased by about 10% (depending
on pt). An MC study shows that effects of the event
selection and vertex reconstruction are negligible for the
extracted observables. The correction procedure was vali-
dated by comparing corrected simulated events with the
MC truth.
Figure 1(a) shows a typical distribution of the corrected

per-trigger pair yield before background subtraction. The
fact that the !’ distribution is flat outside the near- and
away-side regions gives us confidence that the background
can be estimated with the zero yield at minimum (ZYAM)
assumption [24]. This procedure estimates the pedestal
value by fitting the flat region close to the minimum of
the !’ distribution (j!’# $=2j< 0:4) with a constant.
The validity of the ZYAM assumption has been questioned
in cases where collective effects dominate [25,26]; how-
ever, for the high-pt correlations of this analysis, the
narrow width and large amplitude of the correlated signal

0.4

0.6

0.8

1.0

c < 15 GeV/
t,trig

p8 < 
c < 6 GeV/

t,assoc
p4 < 
 = 2.76 TeVNNs

a) not background subtracted

)
-1

 (
ra

d
∆ϕ

/d
as

so
c

N
 d

tr
ig

N
1/

0.40

0.42

0.44
b) zoomed

∆ϕ (rad)
0 2 4

0.0

0.2

0.4

0.6
Pb-Pb 0-5% centrality

Pb-Pb 60-90% centrality
pp

c) background subtracted
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eral Pb-Pb events (red circles) and pp events (blue squares).
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traction while the dashed lines are used for the estimation of the
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cate statistical uncertainties only.
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Fig. 5: Nuclear modification factor for peripheral (open blue circles) and central (solid red circles) for Au+Au
collisions measured at 200 GeV. Plot was generated with data from [31]. Right plot: Two particle azimuthal
correlation function measured at central rapidity region of p+p collisions (black histogram) and central Au+Au
collisions (blue star symbols), presented by the STAR experiment. Plot was generated with data from [32].

spectra.
At the LHC, the ALICE experiment has also showed that the suppression in the high momentum

region is still present even at collision energy of 2.76 TeV. In figure 06, extracted from Ref. [34], it is
seen that the suppression measured in central Pb+Pb collisions is even larger than observed by the STAR
experiment, suggesting that the medium formed at the LHC is denser than the one formed at RHIC. The
higher pT range achieved by the ALICE data also allows us to observe the increase of the ratio, from
pT 7 GeV/c to 20 GeV/c, which suggests that the suppression for more energetic partons is decreasing.
Perhaps, with some more statistics, it will be possible to observe the limit where no more suppression
would be observed. Also, more detailed measurements such as identified particle RAA and two particle
correlation functions should help to further complete the picture and bring new ideas on how to probe the
formed medium. CMS experiment also showed similar results consistent with jet quenching in Pb+Pb
collisions [35].

Another surprising result from RHIC was the observation of signatures consistent with the forma-
tion of a system that exhibits collective behavior. The bulk of the produced particles are in the low pT
region, where the spectrum seems to follow a typical exponential fall, similar to a Maxwell-Boltzmann
distribution. The systematic behavior of the measured slope parameters from spectra of different par-
ticles is consistent with a rapidly expanding thermal source defined by a common kinetic freeze-out
temperature and a common expansion velocity. Moreover, the relative abundance of the different types
of particles is well described by statistical thermal models that assume chemical equilibration between
the light quarks and even the strange quarks. There are different implementations of thermal models
that consider total or partial equilibration of light and strange quarks and also grand-canonical or canon-
ical ensembles [36, 37]. But all models seem to describe reasonably well the different particle ratios,
indicating some degree of equilibration. In figure 07, top panel, an example of the agreement between
the measured ratios and the thermal model fit is presented, where data is from central Au+Au collisions
measured by STAR and the horizontal bars are the fit results of the THERMUS code [37]. Figure 07 was
extracted from Ref. [14]. The chemical freeze-out temperature obtained from this fit of around 160 MeV
is already very close to the limit predicted by Lattice QCD for the phase transition. In the lower panel of
figure 07 we show a compilation of the chemical freeze-out temperatures and baryonic potential values
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Fig. 2: Nuclear modification factor RAA of charged particles measured in Pb–Pb collisions in nine centrality in-
tervals. The boxes around data points denote pT-dependent systematic uncertainties. The systematic uncertainties
on the normalization which are related to hTAAi and the normalization of the pp data are added in quadrature and
shown as boxes at RAA = 1.

we studied a variation of the most abundant charged particle species (pions, kaons, protons) by ±30%
to match the measured ratios and their uncertainties [22]. The material budget was varied by ±7% [23],
and the secondary yield from strangeness decays in the Monte Carlo by ±30% to match the measured
dxy distributions. Moreover, we used a different event generator, DPMJET [24], to calculate MC cor-
rection maps. The systematic uncertainties on the pT spectra, related to the high-pT fake track rejection
procedure, were estimated by varying the track matching criteria in the range 25 < c2

TPC�ITS < 49, and
amount to 1–4% (1–2%) in the most central (peripheral) collisions. The total systematic uncertainties on
the corrected pT spectra depend on pT and event centrality and amount to 8.2–13.5% (10.3–13.4%) in
the most central (peripheral) collisions.

A dedicated run of the LHC to collect pp reference data at
p

s = 2.76 TeV took place in March 2011.
Data taken in this run were used to measure the charged particle pT spectrum that forms the basis of the
pp reference spectrum for RAA. Using these data the systematic uncertainties in RAA related to the pp
reference could be significantly improved (Table 2) compared to the previous publication [15], allowing
for an exploration of high-pT particle suppression in Pb–Pb out to 50 GeV/c. More details about the pp
reference determination can be found in [16].

3 Results

The fully corrected pT spectra of inclusive charged particles measured in Pb–Pb collisions at
p

sNN =
2.76 TeV in nine different centrality intervals, and the scaled pp reference spectra are shown in Fig. 1.
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•  RaEo	  flauens	  out	  as	  we	  approach	  more	  peripheral	  events	  

•  RaEo	  is	  not	  consistent	  with	  1	  even	  for	  most	  peripheral	  collisions	  
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