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•  Heavy	
  ion	
  /	
  QGP	
  Primer	
  
•  The	
  ALICE	
  Detector	
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  Results	
  
–  Various	
  collision	
  systems	
  and	
  energies	
  	
  

•  pp,	
  p-­‐Pb,	
  Pb-­‐Pb	
  
•  2.76	
  TeV,	
  5.02	
  TeV,	
  7	
  TeV	
  and	
  13	
  TeV	
  

–  Bulk	
  Observables	
  
•  MulQplicity,	
  Flow	
  

– Hard	
  Probes	
  
•  Jets,	
  Heavy	
  Flavor	
  

•  ALICE	
  Upgrades	
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Quark	
  Gluon	
  Plasma	
  
Nuclear	
  MaWer	
  under	
  extreme	
  condiQons	
  

3	
  

Normal	
  nuclear	
  
maWer	
  (confined)	
  

QGP	
  
(deconfined)	
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170	
  MeV	
  è	
  2�1012K	
  100,000	
  Qmes	
  hoWer	
  than	
  the	
  sun’s	
  core!	
  



EvoluQon	
  of	
  the	
  Collision	
  

•  2	
  classes	
  of	
  observables	
  
– Hard	
  probes	
  (jets,	
  high	
  pT	
  hadrons,	
  heavy	
  flavor)	
  
– Bulk	
  measurements	
  (mulQplicity,	
  ellipQc	
  flow)	
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Timeline of  a Collision
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string & hadronic TM

illustration: S. Bass

incoming
nuclei

• radius of Au nuclei: ~7fm = 7x10-15m

• time to traverse the nucleus: 7x10-15m/(3x108m/s)=20x10-23s

hot
matter 

hadronic
gas 

Incoming	
  Nuclei	
  

IniQal	
  State	
  

QGP	
  
Hydrodynamic	
  expansion	
  

HadronizaQon	
  

Freeze-­‐out	
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what happens to the energy?

• is the energy thermalized in the end?
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Event	
  CategorizaQon	
  

•  MulQplicity	
  increases	
  with	
  centrality	
  
•  Ncoll	
  =	
  number	
  of	
  binary	
  collisions	
  	
  

	
  	
  

•  Centrality	
  relates	
  to	
  impact	
  
parameter	
  (b)	
  or	
  amount	
  of	
  
overlap	
  	
  

•  %	
  refers	
  to	
  total	
  cross-­‐
secQon	
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A. M. Sickles

nucleons in nuclei
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central collision
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Npart ~ 2*A
Ncoll large

peripheral collision
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The	
  ALICE	
  Detector	
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Tracking	
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ALICE performance

Central barrel:
➢ Tracking and PID in |η|<1
➢ Multiplicity measurement in |η|<5

ALICE, PLB754 (2016) 373

➢ dN
ch
/dη vs η in Pb-Pb collisions at √s

NN
=2.76 TeV, using SPD and FMD

See talk by Stefania Bufalino 

on tuesday afternoon



ParQcle	
  IdenQficaQon	
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ALICE performance

Central barrel:
➢ Tracking and PID in |η|<1

ALICE, PLB752 (2016) 267 ALICE, Eur.Phys.J.Plus 131(2016)5,168

➢ Precise particle id based on dE/dx: 
TPC, TRD, ITS

➢ anti-4He nuclei observed directly 

➢ Combined dE/dx and TOF 
measurements offer π/K/p 
separation up to high momenta

See talk by Marian Ivanov 
on monday afternoon
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Jet	
  reconstrucQon	
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•  DCal	
  added	
  for	
  Run	
  2	
  	
  



Muon	
  IdenQficaQon	
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ALICE performance

MUON arm:
➢ Muon reconstruction in -4<η<-2.5
➢ ψ and Υ measurements down to p

T
=0

ALICE, EPJ C76 (2016) 4, 184

➢ ψ and Y cross-section measurement in pp collisions at √s=8 TeV
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ALICE, EPJ C76 (2016) 4, 184

➢ ψ and Y cross-section measurement in pp collisions at √s=8 TeV



ALICE	
  Data:	
  Run	
  1	
  

Megan	
  Connors	
  	
   11	
  

System	
   Energy	
  √sNN 
(TeV)	
  

Year	
   Integrated	
  
luminosity	
  

Main	
  Goal	
  

Pb-­‐Pb	
   2.76	
   2010	
   10	
  μb-­‐1	
   First	
  Pb-­‐Pb	
  data	
  
taking	
  at	
  LHC	
  

Pb-­‐Pb	
   2.76	
   2011	
   0.1	
  nb-­‐1	
  
Study	
  hot	
  &	
  
dense	
  QCD	
  
maWer	
  

p-­‐Pb	
  &	
  
Pb-­‐p	
   5.02	
   2013	
   15	
  nb-­‐1	
  

15	
  nb-­‐1	
  

Study	
  Cold	
  
Nuclear	
  MaWer	
  
effects	
  

pp	
   0.9	
   2009-­‐10	
   0.15	
  nb-­‐1	
   Commissioning	
  

pp	
   7	
   2010	
   7	
  nb-­‐1	
  

Reference	
  for	
  

Pb-­‐Pb	
  and	
  p-­‐Pb	
  	
  

pp	
   2.76	
   2011	
   1.1	
  nb-­‐1	
  

pp	
   7	
   2011	
   4.8	
  pb-­‐1	
  

pp	
   8	
   2012	
   9.7	
  pb-­‐1	
  



ALICE	
  Data:	
  Run	
  2	
  Heavy	
  Ion	
  

•  From	
  2015	
  Pb-­‐Pb	
  
collisions	
  at	
  5.02	
  TeV	
  

•  Data	
  Collected:	
  
– Minimum	
  Bias:	
  19	
  μb-­‐1	
  	
  

– EMCal:	
  126	
  μb-­‐1	
  	
  
– Dimuons:	
  241	
  μb-­‐1	
  	
  
– Ultra-­‐peripheral:	
  139	
  μb-­‐1	
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2015 Pb-Pb run at √s
NN

=5.02 TeV

Pb-Pb collisions at √sNN=5.02 TeV 

➢ Minimum bias: 19 μb-1

➢ Dimuons: 241 μb-1

➢ ECAL: 126 μb-1

➢ Ultra-peripheral collisions: 139 μb-1

➢ First papers have been published

➢ Charged particle density            
Phys.Rev.Lett. 116(2016)222302

➢ Anisotropic flow                         
Phys.Rev.Lett. 116(2016)132302



ALICE	
  Data:	
  Run	
  2	
  pp	
  

•  pp	
  collisions	
  at	
  13	
  TeV	
  
•  High	
  mulQplicity	
  trigger	
  
–  Look	
  for	
  onset	
  of	
  collecQvity	
  
in	
  small	
  systems	
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2015 pp runs

➢ pp collisions at √s=13 TeV 
➢ Minimum bias: 11 nb-1

➢ Dimuons: 4.35 pb-1

➢ High multiplicity events: 2.05 pb-1

➢ Study of the onset for collective 
effects in pp collisions

➢ pp collisions at √s=5.02 TeV
(reference for p-Pb and Pb-Pb 
measurements) 
➢ Minimum bias: 2.5 nb-1

➢ Dimuons: 112 nb-1

See talk by Vytautas Vislavicius 
on tuesday morning

•  pp	
  collisions	
  at	
  5.02	
  TeV	
  
–  Important	
  reference	
  for	
  
p-­‐Pb	
  and	
  Pb-­‐Pb	
  data!	
  



Results:	
  Bulk	
  ProperQes	
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MulQplicity	
  in	
  5.02	
  TeV	
  Pb-­‐Pb	
  Collisions	
  
Par$cle	
  density	
  of	
  the	
  medium	
  created	
  

•  Centrality	
  dependence	
  
similar	
  to	
  2.76	
  TeV	
  trend	
  

•  Central	
  (0-­‐5%)	
  Pb-­‐Pb	
  
mulQplicity,	
  1943±54,	
  is	
  
~	
  2.5	
  Qmes	
  larger	
  than	
  
pp	
  collisions	
  	
  

•  Peripheral	
  collisions	
  
approach	
  pp	
  and	
  p-­‐Pb	
  
mulQpliciQes	
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dN
ch

/dη in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)222302

➢ <dNch/dη> (0-5%) = 1943±54

➢ x 2.5 the average multiplicity per 
participant pair in a pp collision at 
the same energy

➢ The average yield per participant pair is 
strongly dependent on collision centrality

– Similar trend seen at √sNN=2.76 TeV 

– Yield in peripheral collisions close to 
the one measured in p-Pb and pp 
collisions

peripheral

central

See talk by Christian Holm 
on tuesday afternoon



MulQplicity	
  in	
  13	
  TeV	
  pp	
  collisions	
  
Par$cle	
  density	
  achieved	
  in	
  pp	
  	
  

•  Good	
  agreement	
  with	
  PYTHIA	
  and	
  EPOS	
  
expectaQons	
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Charged particle density at √s=13 TeV

ALICE, PLB753 (2016) 319

➢ dN
ch
/dη (|η|<0.5, INEL) = 5.31±0.18

➢ Good agreement between data and PYTHIA6 calculations for the p
T
 

integrated densities

➢ EPOS-LHC and PYTHIA8 describe fairly well the p
T
 dependent densities



Anisotropic	
  flow	
  in	
  Pb-­‐Pb	
  at	
  5.02	
  TeV	
  
Bulk	
  mo$on	
  in	
  the	
  QGP	
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Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV
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Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV

•  Flow	
  measured	
  with	
  4	
  
parQcle	
  cumulants	
  

•  EllipQc	
  flow	
  (v2)	
  in	
  Pb-­‐Pb	
  
collisions	
  at	
  5.02	
  TeV	
  
similar	
  to	
  2.76	
  TeV	
  	
  	
  
– Recent	
  2.76	
  TeV	
  
publicaQon:	
  
arXiv:1606.06057	
  



Anisotropic	
  flow	
  in	
  Pb-­‐Pb	
  at	
  5.02	
  TeV	
  
Bulk	
  mo$on	
  in	
  the	
  QGP	
  

•  Flow	
  measured	
  with	
  2	
  
parQcle	
  cumulants	
  

•  Higher	
  order	
  
harmonics	
  in	
  Pb-­‐Pb	
  
collisions	
  at	
  5.02	
  TeV	
  
similar	
  to	
  2.76	
  TeV	
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Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV

➢ Higher harmonics (v
3
,v

4
) as functions 

of p
T
 are also unchanged with energy

➢ v
3
 becomes larger than v

2
 at          

p
T
>2 GeV/c in central collisions

(central)

(semi-central)
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Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV



Anisotropic	
  flow	
  in	
  Pb-­‐Pb	
  at	
  5.02	
  TeV	
  
Bulk	
  mo$on	
  in	
  the	
  QGP	
  

•  Mild	
  increase	
  with	
  
collision	
  energy	
  for	
  pT	
  
integrated	
  	
  aWributed	
  
to	
  increase	
  in	
  <pT>	
  

•  Hydrodynamical	
  
calculaQons	
  	
  
– Supports	
  a	
  low	
  shear	
  
viscosity	
  to	
  entropy	
  
density	
  raQo	
  (η/s)	
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Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV

➢ Higher harmonics (v
3
,v

4
) as functions 

of p
T
 are also unchanged with energy

➢ v
3
 becomes larger than v

2
 at          

p
T
>2 GeV/c in central collisions

➢ p
T
-integrated v

2
, v

3
 and v

4 
indicate a 

mild increase with collisions energy 
attributed to the increase in <p

T
>

➢ Good agreement with hydrodynamical 
calculations
➢ Measurements support a low value 

for the shear viscosity to entropy 
density ratio (η/s)

Ionut Arsene, LHCP 2016, Lund 10

Anisotropic flow in Pb-Pb at √s
NN

=5.02 TeV

ALICE, PRL116(2016)132302

dN

d ϕ
∝1+2 v1cos (ϕ−Ψ)+2 v2 cos [2(ϕ−Ψ)]+2v3 cos[3(ϕ−Ψ)]+...

➢ Anisotropic flow measurements using 
two- and multi-particle cumulants

➢ Elliptic flow results v
2
(p

T
) show very 

similar values to the ones seen at 
√s

NN
=2.76 TeV



MulQplicity	
  dependence	
  of	
  
Strangeness	
  in	
  7	
  TeV	
  pp	
  collisions	
  

	
  

•  Strange	
  parQcle	
  producQon	
  increases	
  vs	
  mulQplicity	
  faster	
  than	
  non-­‐strange	
  
parQcles	
  

•  First	
  observaQon	
  of	
  an	
  enhanced	
  producQon	
  of	
  strange	
  parQcles	
  in	
  high	
  
mulQplicity	
  pp	
  collisions	
  	
  

•  Not	
  reproduced	
  in	
  MC	
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Multiplicity-dependent enhancement of strange and multi-strange . . . ALICE Collaboration
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Fig. 3: (color online) Particle yield ratios L/K0
S = (L+

L)/2K0
S and p/p = (p + p)/(p+ + p�) as a function of

hdNch/dhi measured in the rapidity interval |y| < 0.5.
The empty and dark-shaded boxes show the total sys-
tematic uncertainty and the contribution uncorrelated
across multiplicity bins, respectively. The values are
compared to calculations from MC models [39–43] in
pp collisions at

p
s = 7 TeV and to results obtained in

p–Pb collisions at the LHC [25].
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Fig. 4: (color online) Particle yield ratios to pions of
strange and multi-strange hadrons normalised to the val-
ues measured in the inclusive INEL>0 pp sample, both
in pp and in p–Pb collisions. The common system-
atic uncertainties cancel in the double-ratio. The empty
boxes represent the remaining uncorrelated uncertain-
ties. The lines represent a simultaneous fit of the results
with the empirical scaling formula in Equation 1.

Lévy [25] parametrization, which gives the best description of the data for all particles and all event
classes over the full pT range (Figure 1). Several other fit functions [46] (Boltzmann, mT-exponential,
pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the corresponding
systematic uncertainties. The fraction of extrapolated yield for highest(lowest) multiplicity event class is
about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negligible for K0

S. The uncertainty
on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total yield for L, X and W, respec-
tively, and it is negligible for K0

S. The total systematic uncertainty on the pT-integrated yields amounts
to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0

S, L, X and W, respectively. A significant fraction of this
uncertainty is common to all multiplicity classes and it is estimated to be about 5%, 6%, 6% and 9% for
K0

S, L, X and W, respectively. In Figure 2, the ratios of the yields of K0
S, L, X and W to the pion (p++p�)

yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at the LHC [13, 25, 27]. The
results on pion production have been obtained for the same event classes reported here, following the
analysis method discussed in [47]. A significant enhancement of strange to non-strange hadron pro-
duction is observed with increasing particle multiplicity in pp collisions. The behaviour observed in
pp collisions resembles that of p–Pb collisions at a slightly lower centre-of-mass energy [27], both in
the values of the ratios and in their evolution with the event activity. This suggests that the origin of
strangeness production in hadronic collisions is driven by the characteristics of the event activity rather
than by the initial-state collision system or energy.

Figure 3 shows that the yield ratios L/K0
S = (L+L)/2K0

S and p/p = (p+p)/(p++p�) do not change signif-
icantly with multiplicity, demonstrating that the observed enhanced production rates of strange hadrons
with respect to pions is not due to the difference in the hadron masses. The results in Figures 2 and 3 are
compared to calculations from MC models commonly used for pp collisions at the LHC: PYTHIA8 [39],
EPOS LHC [40] and DIPSY [41–43]. We also compared with PHOJET [48] and HERWIG [49, 50] cal-
culations whose results significantly deviate from the data and were therefore not included in the figures
for clarity. The kinematic domain and the multiplicity selections are the same for MC and data, namely,

6

arXiv:1606.07424	
  



Results:	
  Jets	
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Jets	
  in	
  Pb-­‐Pb	
  at	
  2.76	
  TeV	
  
Partonic	
  energy	
  loss	
  

§  Jet	
  suppression	
  observed	
  in	
  Pb-­‐Pb	
  	
  
§  Energy	
  loss	
  in	
  QGP	
  

Pb	
  

p	
   p	
  

Pb	
  

RAA =
dN jet

AA / dpT
Ncoll dN jet

pp / dpT
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Jet	
  
Quenching!	
  

Jet spectra: RAA!

6"

•  Flattish RAA ! !
•  i.e., not very far from a 

constant fractional shift*!
•  some slope expected from 

increasing quark-gluon ratio!
•  ~ Reasonably described by 

models that get hadron RAA!

•  Reasonable agreement 
across experiments given 
measurement differences 
(more work needed) !

ATLAS PRL114 (2015) 072302!

ALICE PLB746 (2015) 1!

* Not to be equated w/ fractional e-loss if jet-by-jet fluctuations are important (which they are!) !



Charged	
  Jets	
  in	
  p-­‐Pb	
  at	
  5.02	
  TeV	
  
Cold	
  Nuclear	
  MaBer	
  Effects	
  

•  Charge	
  jets	
  uQlize	
  the	
  tracking	
  
system	
  only	
  =	
  more	
  staQsQcs	
  

•  QpPb	
  ~	
  1	
  for	
  all	
  centrality	
  
classes	
  
– No	
  or	
  very	
  liWle	
  cold	
  nuclear	
  
maWer	
  effect	
  in	
  this	
  kinemaQc	
  
range	
  

–  Suppression	
  in	
  Pb-­‐Pb	
  is	
  a	
  QGP	
  
effect	
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Charged jet production in p-Pb at √s
NN

=5.02 TeV 

ALICE, EPJ C76 (2016) 5, 271

➢ Charged jets production in p-Pb 
collisions measured as a function of 
centrality

➢ Q
pPb

~1 for all centrality classes and 

independent of the resolution 
parameter R and jet p

T

➢ No or very small CNM effects in 
this kinematic range

QpPb=
d pPb

2N /d ηdpT

⟨Ncoll ⟩ d
2
N pp /d ηdpT

Ionut Arsene, LHCP 2016, Lund 17

Charged jet production in p-Pb at √s
NN

=5.02 TeV 

ALICE, EPJ C76 (2016) 5, 271

➢ Charged jets production in p-Pb 
collisions measured as a function of 
centrality

➢ Q
pPb

~1 for all centrality classes and 

independent of the resolution 
parameter R and jet p

T

➢ No or very small CNM effects in 
this kinematic range

QpPb=
d pPb

2N /d ηdpT

⟨Ncoll ⟩ d
2
N pp /d ηdpT



Jet	
  Shapes	
  in	
  Pb-­‐Pb	
  at	
  2.76	
  TeV	
  
How	
  are	
  jets	
  modified	
  in	
  the	
  QGP?	
  

•  Radial	
  moment,	
  g,	
  is	
  lower	
  in	
  Pb-­‐Pb	
  data	
  compared	
  to	
  PYTHIA	
  
–  The	
  jet	
  core	
  is	
  more	
  collimated	
  in	
  Pb-­‐Pb	
  

•  pT	
  dispersion	
  pTD	
  is	
  higher	
  in	
  Pb-­‐Pb	
  than	
  PYTHIA	
  
–  Fewer	
  jet	
  consQtuents	
  and/or	
  larger	
  pT	
  dispersion	
  

•  Be	
  aware	
  of	
  jet	
  definiQons:	
  These	
  are	
  R=0.2	
  jets	
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Jet shapes in Pb-Pb at √s
NN

=2.76 TeV 

g=∑
i∈ jet

pT , i

pT

jet
|ri| pT D=

√∑i
pT ,i

2

∑
i
pT ,i

➢ Radial moment (g) is a p
T
-weighted 

width of a jet
➢ Collimated jets have lower g

➢ p
T
D measures the p

T
 dispersion

➢ Jets with fewer constituents 
typically have higher p

T
D

➢ Radial moment shifted to lower values in Pb-Pb relative to PYTHIA
➢ Jet cores are more collimated in Pb-Pb

➢ p
T
D shifted to higher values in Pb-Pb relative to PYTHIA

➢ Fewer jets constituents and/or larger p
T
 dispersion



Jet	
  Shapes	
  in	
  Pb-­‐Pb	
  at	
  2.76	
  TeV	
  
How	
  are	
  jets	
  modified	
  in	
  the	
  QGP?	
  

•  JEWEL	
  (model	
  with	
  QGP	
  effects)	
  gives	
  qualitaQve	
  
agreement	
  with	
  the	
  data	
  
–  JEWEL	
  jets	
  are	
  collimated	
  due	
  to	
  sov	
  parQcle	
  emission	
  
at	
  large	
  angles	
  (outside	
  of	
  R=0.2	
  jet	
  cone)	
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Jet shapes in Pb-Pb at √s
NN

=2.76 TeV 

g=∑
i∈ jet

pT , i

pT

jet
|ri| pT D=

√∑i
pT ,i

2

∑
i
pT ,i

➢ Qualitative agreement with JEWEL model calculations
➢ Jets in model calculations become collimated due to soft particle 

emission at large angles, which ends up outside the jet cone 



Strange	
  Hadron	
  ProducQon	
  in	
  Jets	
  
Is	
  there	
  a	
  baryon	
  enhancement	
  in	
  jets?	
  	
  

•  Baryon	
  enhancement	
  has	
  been	
  observed	
  in	
  Pb-­‐Pb	
  and	
  p-­‐Pb	
  
for	
  inclusive	
  parQcles	
  	
  

•  Λ/K0s	
  raQo	
  in	
  jets	
  is	
  significantly	
  lower	
  than	
  the	
  inclusive	
  
measurement	
  in	
  both	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  

•  Λ/K0s	
  raQo	
  in	
  jets	
  is	
  consistent	
  with	
  PYTHIA	
  
•  Baryon	
  enhancement	
  in	
  p-­‐Pb	
  &	
  Pb-­‐Pb	
  collisions	
  not	
  from	
  jets	
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Production of strange hadrons in jets

➢ Λ/K0

S
 ratio in jets significantly lower than for the inclusive measurements in 

high multiplicity p-Pb and Pb-Pb collisions
➢ Ratio in jets consistent with PYTHIA expectations (i.e. vacuum fragmentation)
➢ Baryon enhancement seen in p-Pb and Pb-Pb collisions does not originate in 

jets



High	
  pT	
  ParQcle	
  ProducQon	
  in	
  5.02	
  TeV	
  Pb-­‐Pb	
  
Suppression	
  in	
  a	
  hoBer/denser	
  QGP	
  

•  Pb-­‐Pb	
  5.02	
  TeV	
  suppression	
  
similar	
  to	
  2.76	
  TeV	
  (common	
  
systemaQcs	
  not	
  yet	
  cancelled)	
  

•  Well	
  described	
  by	
  models	
  
•  AddiQonal	
  constraints	
  on	
  
medium	
  properQes	
  (q)	
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Results:	
  Heavy	
  Flavor	
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D0	
  meson	
  producQon	
  in	
  pp	
  at	
  7	
  TeV	
  
Baseline	
  measurement	
  &	
  constrain	
  theory	
  

•  Theories	
  agree	
  with	
  Data	
  
– Theory	
  uncertainQes	
  currently	
  larger	
  than	
  the	
  
experimental	
  uncertainQes	
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D0 cross-section down to p
T
=0 in pp at √s=7 TeV 

ALICE, arXiv: 1605.07569

➢ Data and theory calculations in agreement
➢ Theoretical uncertainties are currently larger than those of the measurements
➢ dσ/dy (prompt D0) = 518±43(stat.)+57

-102
(syst.)±18(lumi.)μb

➢ Updated total charm production cross-section

pp at √s=7 TeV



D0	
  meson	
  producQon	
  in	
  p-­‐Pb	
  
CNM	
  effects	
  on	
  D0	
  meson	
  produc$on	
  	
  

•  CompaQble	
  with	
  no	
  CNM	
  effects	
  
•  Cannot	
  yet	
  disQnguish	
  between	
  models	
  due	
  to	
  

experimental	
  uncertainQes	
  
–  More	
  p-­‐Pb	
  data	
  and	
  pp	
  reference	
  coming	
  soon!	
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D0 – meson nuclear modification in p-Pb

ALICE, arXiv: 1605.07569

➢ R
pPb

(p
T
>0, -0.96<y

cms
<0.04) = 0.89±0.11(stat.)+0.13

-0.18
(syst.)

➢ Measurement compatible with no CNM effects
➢ Experimental uncertainties are still too large to distinguish between the existing 

models 
➢ Much larger sample of p-Pb collisions and pp reference to be collected soon

Models with CNM only
Models with QGP



D-­‐h	
  correlaQons	
  in	
  pp	
  and	
  p-­‐Pb	
  
CNM	
  effects	
  on	
  c-­‐quark	
  fragmenta$on	
  	
  

•  Measure	
  hadron	
  yield	
  
on	
  near	
  and	
  away	
  side	
  
of	
  D-­‐meson	
  
momentum	
  vector	
  

•  Similar	
  correlaQon	
  
funcQons	
  in	
  both	
  pp	
  
and	
  p-­‐Pb	
  for	
  full	
  
kinemaQc	
  range	
  
measured	
  

•  Charm	
  quark	
  
fragmentaQon	
  appears	
  
unmodified	
  by	
  CNM	
  
effects	
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D – hadron correlations in pp and p-Pb
ALICE, arXiv: 1605.06963
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D meson p
T

5-8 GeV/c 8-16 GeV/c

➢ Look for hadronic activity near and 
away from the direction of the D-
meson momentum vector

➢ Very similar correlation functions 
obtained in both pp and p-Pb for all 
the scanned kinematic ranges
➢ Charm-quark fragmentation 

unmodified by CNM effects ?



J/Psi	
  suppression	
  in	
  5.02	
  TeV	
  Pb-­‐Pb	
  
Heavy	
  flavor	
  suppression	
  in	
  the	
  QGP	
  

•  Suppression	
  observed	
  in	
  5.02	
  TeV	
  Pb-­‐Pb	
  
•  15%	
  above	
  2.76	
  TeV	
  suppression	
  
•  Described	
  by	
  models	
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J/ψ suppression at forward rapidity in Pb–Pb collisions at √sNN = 5.02 TeV ALICE Collaboration

pT < 8 GeV/c. The centrality dependence, characterised by an increasing suppression with centrality
up to Npart ∼ 100, followed by an approximately constant RAA value, is similar at the two energies. A
systematic difference by about 15% is visible when comparing the two sets of results, even if the effect
is within the total uncertainty of the measurements. The RAA of prompt J/ψ would be about 10% higher
if Rnon-promptAA = 0 and about 5% (1%) smaller if Rnon-promptAA = 1 for central (peripheral) collisions.

An excess of very-low pT J/ψ , compared to the yield expected assuming a smooth evolution of the
J/ψ hadro-production and nuclear modification factor was observed in peripheral Pb–Pb collisions at√sNN= 2.76 TeV [46]. This excess might originate from the photo-production of J/ψ and could influence
the RAA in peripheral collisions. To quantify the expected difference between the hadronic J/ψ RAA and
the measured values the method described in [15] was adopted. The hadronic J/ψ RAA, for 0 < pT < 8
GeV/c, is estimated to be about 34%, 17% and 9% smaller than the measured values in the 80–90%,
70–80% and 60–70% centrality classes, respectively. The variation decreases to about 9%, 4% and 2%,
respectively, when considering the RAA for J/ψ with 0.3 < pT < 8 GeV/c, due to the remaining small
contribution of photo-produced J/ψ . Figure 4 shows RAA as a function of centrality, for 0.3 < pT < 8
GeV/c.

〉partN〈
0 50 100 150 200 250 300 350 400 450

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4  = 5.02 TeVNNsPb −ALICE, Pb
-µ+µ → ψInclusive J/

c < 8  GeV/
T
p < 4, 0.3 < y2.5 < 

 (TM1, Du and Rapp)c > 0.3 GeV/
T

pTransport, 
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
Co-movers (Ferreiro)

Fig. 4: (colour online). Comparison of the centrality dependence (with 10% width centrality classes) of the
inclusive J/ψ RAA for 0.3< pT < 8 GeV/c with theoretical models [47–52]. The model predictions do not include
the pT cut, which was anyway found to have a negligible impact, since they only include hadronic J/ψ production.
The error bars represent the statistical uncertainties, the boxes around the data points the uncorrelated systematic
uncertainties, while the correlated global uncertainty is shown as a filled box around RAA = 1. The brackets shown
in the three most peripheral centrality intervals represent the range of variation of the hadronic J/ψ RAA under
extreme hypothesis on the photo-production contamination on the inclusive RAA.

Comparing the results of Fig. 3 and Fig. 4, a less pronounced increase of RAA for peripheral events
can indeed be seen when such a selection is introduced. The same extreme hypotheses as in [15] were
made to define upper and lower limits, represented with brackets on Fig. 4. Thus, the selection of J/ψ
with pT > 0.3 GeV/c makes the results more suitable for a comparison with theoretical models that only
include hadronic J/ψ production.

We start by comparing the results to a calculation based on a statistical model approach [47], where
J/ψ are created, like all other hadrons, only at chemical freeze-out according to their statistical weights.

9

J/ψ suppression at forward rapidity in Pb–Pb collisions at √sNN = 5.02 TeV ALICE Collaboration
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Fig. 5: (colour online). The ratio of the inclusive J/ψ RAA for 0.3 < pT < 8 GeV/c between √sNN = 5.02 and
2.76 TeV, compared to theoretical models [47–52], shown as a function of centrality. The model predictions do
not include the pT cut, which was anyway found to have a negligible impact, since they only include hadronic J/ψ
production. The error bars represent the statistical uncertainties, the boxes around the data points the uncorrelated
systematic uncertainties, while the correlated global uncertainty is shown as a filled box around r = 1.

results obtained at √sNN = 2.76 TeV, and to theoretical models. The region pT < 0.3 GeV/c was not
excluded, because the contribution of J/ψ photo-production is negligible with respect to the hadronic one
for central events [46]. In the same figure the pT dependence of r is also shown. A hint for an increase
of RAA with

√sNN is visible in the region 2< pT < 6 GeV/c, while the results are consistent elsewhere.
The prompt J/ψ RAA is expected to be 7% larger (2% smaller) for pT < 1 GeV/c and 30% larger (55%
smaller) for 10 < pT < 12 GeV/c when the beauty contribution is fully (not) suppressed. Assuming that
Rnon-promptAA does not vary significantly between the two collision energies, the ratio r appears to be less
sensitive to the non-prompt J/ψ contribution. The effect is negligible for the case of full suppression of
beauty hadrons, while it varies from no increase at low transverse momentum up to a maximum increase
of about 15% for 5 < pT < 6 GeV/c if no suppression is assumed. The transport model of Ref. [50, 51]
(TM1) describes the data at low pT, but the overall shape of the pT dependence is steeper in the model,
which tends to underestimate the data at intermediate pT (3< pT < 7 GeV/c).

5 Conclusion

We reported the ALICE measurement of inclusive J/ψ production in pp and Pb–Pb collisions at √sNN =
5.02 TeV at the LHC. A systematic difference by about 15% is visible when comparing the RAA measured
at √sNN = 5.02 TeV to the one obtained at √sNN = 2.76 TeV, even if such an effect is within the
total uncertainty of the measurements. When removing very-low pT J/ψ (pT < 0.3 GeV/c), the RAA
shows a less pronounced increase for peripheral events, which can be ascribed to the removal of a large
fraction of electromagnetic J/ψ production [46]. These results, as well as those on the ratio of the nuclear
modification factors between √sNN = 5.02 and 2.76 TeV, are described by theoretical calculations, and
closer to their upper limits. The pT dependence of RAA exhibits an increase at low pT, a feature that in the
model which is compared to the data is related to an important contribution of regenerated J/ψ . A hint for
an increase of RAA between

√sNN = 2.76 and 5.02 TeV is visible in the region 2< pT < 6 GeV/c, while
the results are consistent elsewhere. The results presented in this paper confirm that also at the highest
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Heavy	
  Flavor	
  v2	
  in	
  Pb-­‐Pb	
  at	
  2.76	
  TeV	
  
Do	
  heavy	
  quarks	
  thermalize	
  and	
  flow?	
  

•  Significant	
  non-­‐zero	
  ellipQc	
  flow	
  observed	
  
•  SensiQve	
  to	
  transport	
  properQes	
  of	
  the	
  QGP	
  
•  Models	
  including	
  collisional	
  energy	
  loss	
  and	
  hadronizaQon	
  
via	
  coalescence	
  agree	
  with	
  the	
  data	
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        Anisotropic flow of heavy-flavour decay           
    electrons in Pb-Pb collisions

ALICE, arXiv: 1606.00321

➢ Does heavy flavour thermalize and consequently flows in the QGP?
➢ Heavy flavour elliptic flow sensitive to transport properties of QGP
➢ Significant non-zero elliptic flow observed
➢ Models which implement strong collisional energy loss and hadronisation via 

coalescence agree with the data 



Future	
  Upgrades	
  

•  Heavy	
  ions	
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ALICE	upgrade:	new	glasses

18	June	2016	- LHCP	2016 P.	Antonioli	 - The	ALICE	upgrade
12

New	Inner	Tracking	System	(ITS)

New	Muon	Forward	
Tracker	(MFT)

Both	based	on	Monolithic	
Active	Pixel	Sensors	
(MAPS)

+	improved	 readout	for	TOF,	ZDC,	TRD,	
MUON	ARM
+	new	Central	Trigger	Processor
+	new	DAQ/Offline	architecture

New	Forward	Interaction
Trigger	(FIT)

TPC	with	GEM	
based	readout

12.5	G-pixel	camera	(10	m2)

LHCP	
  2016	
  



Summary	
  
•  ALICE	
  has	
  a	
  rich	
  physics	
  program	
  with	
  many	
  important	
  
measurements	
  in	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  collisions.	
  This	
  
talk	
  only	
  highlighted	
  a	
  few:	
  
–  The	
  QGP	
  flows	
  
–  Jets	
  are	
  quenched	
  in	
  the	
  QGP	
  (no/small	
  CNM	
  effects)	
  and	
  
appear	
  more	
  collimated	
  with	
  in	
  an	
  R=0.2	
  cone.	
  	
  Jet	
  
fragmentaQon	
  appears	
  pp	
  like	
  in	
  both	
  p-­‐Pb	
  and	
  Pb-­‐Pb.	
  

– Heavy	
  quarks	
  are	
  suppressed	
  and	
  have	
  non-­‐zero	
  v2	
  in	
  Pb-­‐Pb	
  
collisions.	
  No	
  or	
  liWle	
  CNM	
  effects	
  observed.	
  

–  Suppression	
  in	
  5.02	
  TeV	
  similar	
  to	
  2.76	
  TeV	
  Pb-­‐Pb	
  	
  	
  
•  ALICE	
  upgrades	
  underway	
  to	
  conQnue	
  strong	
  data	
  
taking	
  performance	
  in	
  the	
  future	
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