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Ultra-­‐Rela)vis)c	
  Heavy-­‐Ion	
  Physics:
Study	
  of	
  Emergent	
  Proper)es	
  of	
  QCD

■ It	
  is	
  a	
  hard	
  problem	
  to	
  determine	
  the	
  
properKes	
  of	
  water	
  and	
  its	
  phases	
  
(ice,	
  water,	
  steam)	
  from	
  the	
  known	
  
properKes	
  of	
  a	
  water	
  molecule

■ Ultra-­‐relaKvisKc	
  heavy-­‐ion	
  physics:
Study	
  of	
  emergent	
  properKes	
  of	
  QCD
(condensed-­‐maWer	
  aspects	
  of	
  QCD)

2

viscosity?

equa)on	
  of	
  state?

transi)on	
  temperature?

#	
  degrees	
  of	
  freedom?„More	
  is	
  different“

source:	
  urqmd.org

source:	
  de.wikipedia.org

Philip	
  W.	
  Anderson,	
  Science,	
  177,	
  1972,	
  S.	
  393

http://de.wikipedia.org
http://de.wikipedia.org
http://www.andersonlocalization.com/pdf/more_is_different.pdf
http://www.andersonlocalization.com/pdf/more_is_different.pdf
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QCD	
  in	
  the	
  High	
  Temperature	
  &	
  High	
  Density	
  Sector

■ Weakly	
  coupled	
  sector	
  of	
  
QCD	
  well	
  tested	
  
(e.g.	
  with	
  jets)

■ Heavy-­‐ion	
  physics:
Strong	
  coupling	
  at	
  
large	
  temperature

■ PredicKon	
  from	
  first	
  QCD	
  
principles	
  (la_ce	
  QCD):	
  
transiKon	
  to	
  QGP

‣ Tc	
  =	
  150	
  -­‐	
  160	
  MeV

‣ εc	
  ≈	
  0.5	
  GeV/fm3

3

Early	
  universe	
  (t	
  ≈	
  10-­‐5	
  s),
Tc	
  =	
  150	
  -­‐	
  160	
  MeV
from	
  la_ce	
  QCD

RHIC,	
  LHC

[reflects	
  the	
  net	
  baryon	
  density]

Heavy-­‐ion	
  physics	
  =	
  QCD	
  thermodynamics
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Towards	
  a	
  Standard	
  Reac)on	
  Model:	
  
The	
  Hydro	
  Paradigm

■ Gluons	
  liberated	
  from	
  the	
  
nuclear	
  wave	
  funcKon	
  during	
  
collision

■ Rapid	
  thermalizaKon:
QGP	
  created	
  at	
  ~	
  1	
  fm/c

■ Longitudinal	
  and	
  transverse	
  
expansion	
  describable	
  by	
  
almost	
  ideal	
  relaKvisKc	
  
hydrodynamics	
  (η/s	
  ≈	
  0)*

■ TransiKon	
  QGP	
  →	
  hadrons

■ Chemical	
  freeze-­‐out	
  at	
  
Tch	
  ≈	
  Tc	
  	
  	
  (Tc	
  	
  =	
  150	
  -­‐	
  160	
  MeV)

■ KineKc	
  freeze-­‐out	
  at	
  
Tfo	
  ∼	
  100	
  MeV

4

*	
  conjectured	
  lower	
  bound	
  from	
  string	
  theory:	
  η/s|min	
  =	
  1/4π
Phys.Rev.LeD.	
  94	
  (2005)	
  111601

2.5 Transverse phase space: equilibrium and the QGP state

Figure 2.17: Schematic light cone diagram of the evolution of a high energy
heavy ion collision, indicating a formation phase τ0 (see text).

enters interaction. In the simple case of extremely high Q2 processes the an-
swer is that all constituents are resolved. However, at modest Q2 (dominating
bulk hadron production) the characteristic QCD saturation scale Q2

s(x) gains
prominence, defined such that processes with Q2 < Q2

s do not exploit the initial
transverse parton densities at the level of independent single constituent color
field sources (see equation 2.11). For such processes the proper formation time
scale, τ0, is of order of the inverse saturation momentum [61], 1/Qs ∼ 0.2 fm/c
at

√
s = 200 GeV . The first profile of the time evolution, sketched in Fig. 2.17,

should correspond to proper time t = τ0 = 0.25 fm/c at RHIC energy. At
top SPS energy,

√
s = 17.3 GeV , we can not refer to such detailed QCD con-

siderations. A pragmatic approach suggests to take the interpenetration time,
at γ ≈ 8.5, for guidance concerning the formation time, which thus results as
τ0 ≈ 1.5 fm/c.

In summary of the above considerations we assume that the initial partonic
color sources, as contained in the structure functions (Fig. 2.13), are spread out
in longitudinal phase space after light cone proper time t = τ0 ≈ 0.2 fm/c, at
top RHIC energy, and after τ0 ≈ 1.5 fm/c at top SPS energy. No significant
transverse expansion has occured at this early stage, in a central collision of A ≈
200 nuclei with transverse diameter of about 12 fm. The Bjorken estimate [45]
of initial energy density ε (equation 2.1) refers to exactly this condition, after
formation time τ0. In order to account for the finite longitudinal source size and
interpenetration time, at RHIC, we finally put the average τ0 ≈ 0.3fm, at

√
s =

200 GeV , indicating the ”initialization time” after which all partons that have
been resolved from the structure functions are engaged in shower multiplication.
As is apparent from Fig. 2.17, this time scale is Lorentz dilated for partons
with a large longitudinal momentum, or rapidity. This means that the slow

39

arxiv:0807.1610



A	
  Large	
  Ion	
  Collider	
  Experiment

ALICE | DPG spring meeting | March 5, 2013 | Klaus Reygers 5

Hydrodynamic	
  modeling	
  essenKal	
  for	
  determinaKon	
  of	
  
medium	
  properKes,	
  e.g.	
  η/s

We	
  need	
  to	
  turn	
  all	
  experimental	
  knobs	
  to	
  test	
  
and,	
  if	
  necessary,	
  amend	
  the	
  hydro	
  picture	
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ALICE

TPC

TRD

PHOS

TOF

dipole	
  magnet

L3	
  magnet

ITS

muon	
  tracking
(2.5	
  <	
  η	
  <	
  4)

ZDC

ZDC

ITS	
  SPD

ITS	
  SDD

ITS	
  SSD

EMCAL

HMPID

V0	
  and	
  T0
	
  	
  	
  	
  	
  (C	
  side)

FMD

PMD

V0	
  and	
  T0
(A	
  side)
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German	
  groups	
  in	
  responsible	
  
posiKon	
  for	
  key	
  components:
■ Time	
  projecKon	
  chamber	
  (TPC)
■ TransiKon	
  radiaKon	
  detector	
  (TRD)
■High	
  level	
  trigger	
  (HLT)
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ALICE:	
  Excellent	
  Tracking	
  and	
  Par)cle	
  Iden)fica)on

■ Robust	
  tracking	
  over	
  
large	
  pT	
  range	
  
(~	
  0.1	
  GeV/c	
  <	
  pT	
  <	
  100	
  GeV/c)

■ Very	
  good	
  secondary	
  vertex	
  
resoluKon	
  
(e.g.	
  for	
  D	
  and	
  B	
  mesons)

■ Excellent	
  momentum	
  
reconstrucKon	
  +	
  parKcle	
  ID	
  

‣ dE/dx,	
  Kme-­‐of-­‐flight,	
  
Cherenkov	
  radiaKon,	
  
transiKon	
  radiaKon,	
  
E/p	
  from	
  calorimeters

7

Example	
  of	
  ALICE‘s	
  PID	
  capabiliKes:
IdenKficaKon	
  of	
  anK	
  nuclei	
  up	
  to	
  anK-­‐4He	
  	
  

ToF
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LHC	
  Heavy-­‐Ion	
  Running

8

year system energy	
  (√sNN)
delivered	
  

int.	
  luminosity

2010 Pb-­‐Pb 2.76	
  TeV ~	
  10	
  μb-­‐1

2011 Pb-­‐Pb 2.76	
  TeV ~	
  150	
  μb-­‐1	
  

2013 p-­‐Pb 5.02	
  TeV ~	
  30	
  nb-­‐1

Luminosity	
  reached	
  in	
  2011:	
  2	
  ×	
  1026	
  cm-­‐2s-­‐1
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Global	
  Event	
  ProperKes
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Pb-­‐Pb	
  at	
  √sNN	
  =	
  2.76	
  TeV
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Charged	
  Par)cle	
  Mul)plicity	
  in	
  Pb-­‐Pb	
  at	
  √sNN	
  =	
  2.76	
  TeV

11

IniKal	
  energy	
  density	
  at	
  the	
  LHC	
  
well	
  above	
  εc	
  ≈	
  0.5	
  GeV/fm3	
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■ ~	
  25	
  000	
  produces	
  parKcles	
  in	
  
total	
  in	
  central	
  Pb-­‐Pb	
  
(full	
  phase	
  space,	
  charged	
  +	
  neutrals)

■ IniKal	
  energy	
  density	
  
(for	
  τ0	
  =	
  1	
  fm/c):
εLHC	
  ≈	
  15	
  GeV/fm3	
  ≈	
  3	
  ×	
  εRHIC
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π,	
  K,	
  p	
  Spectra	
  in	
  Pb-­‐Pb	
  at	
  2.76	
  TeV:
Characteris)c	
  Features	
  of	
  Isotropic	
  Radial	
  Flow

■ Fireball	
  pressure	
  creates	
  velocity	
  
profile

■ Stronger	
  modificaKon	
  of
pT	
  spectra	
  for	
  heavier	
  parKcles

12

pw/ flow

T = pw/o flowT + �T ,flow

�T ,flow

m

Change	
  of	
  shape	
  of	
  pT	
  spectra	
  from	
  pp	
  to	
  Pb-­‐Pb	
  as	
  expected	
  from
isotropic	
  radial	
  flow

π
K

p
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π,	
  K,	
  p	
  Spectra:	
  Comparison	
  to	
  Hydro	
  Models	
  and	
  RHIC	
  Data

■ Hydro	
  +	
  hadronic	
  cascade	
  
describes	
  data	
  (HKM)

■ Average	
  flow	
  velociKes
(from	
  blast-­‐wave	
  fits)

‣ <βT,flow>	
  ≈	
  0.65	
  c

‣ <βT,flow>LHC	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ≈	
  1.1	
  ×	
  <βT,flow>RHIC

13
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Fig. 1: (color online) Transverse momentum distributions of the sum of positive and negative particles (box:
systematic errors; statistical errors smaller than the symbol for most data points), fitted individually with a blast
wave function, compared to RHIC data and hydrodynamic models.

rameters at
p

sNN = 2.76 TeV, we performed a combined fit with a blast wave function [15]. It should
be noted that the value of the Tkin parameter extracted from the fit is sensitive to the fit range used for
the pions, because of the large contribution from resonance decays (mostly at low pT), which tend to
reduce Tkin. For this reason, the pT ranges 0.5-1 GeV/c, 0.2-1.5 GeV/c, 0.3-3 GeV/c for p , K, and p
were used. These hydro-motivated fits do not replace a full hydrodynamic calculation, but allow one
to compare with a few parameters the measurements of different experiments. The data are well de-
scribed by the combined blast wave fit with a collective radial flow velocity hbTi = 0.65± 0.02, and a
kinetic freeze-out temperature of Tkin = 96± 10 MeV. As compared to fits to central Au–Au collisions
at

p
sNN = 200 GeV/c, in similar pT ranges [35, 46], hbTi at the LHC is ⇠10% higher while Tkin is

comparable within errors.

The mid-rapidity (|y|< 0.5) pT-integrated particle yields were extracted by fitting the p , K, and p spectra
individually with a blast wave function, in order to extrapolate to zero pT. The individual fits are shown
in Fig. 1 as solid curves; the fraction of extrapolated yield is small: about 7%, 6%, and 4% for p , K, and
p. Its uncertainty was estimated using different fit functions [24]. The particle ratios are compared in
Fig. 2 to results at

p
sNN = 200 GeV and to the predictions from thermal models, using µB = 1 MeV and a

Tch of 164 MeV [7] or 170 MeV [17]. The value for µB is based on extrapolation from lower energy data.
Tch was found to be constant above a center-of-mass energy of a few ten GeV, so the value obtained from
fits to RHIC data was used. The systematic uncertainties on the particle ratios were computed taking into
account the correlated sources of uncertainty (mainly due to the tracking efficiency for different particles
and to PID and extrapolation for anti-particle over particle ratios). In the following we quote the total er-
ror for the ratios, as the statistical error is negligible. The anti-particle/particle ratios are all unity within
errors, consistent with a vanishing baryochemical potential µB. In order to minimize the sensitivity to
µB, the ratios K/p = (K+ +K�)/(p+ +p�) and p/p = (p+ p̄)/(p+ +p�) are also shown. The ratio
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ALICE,	
  Phys.Rev.LeD.	
  109	
  (2012)	
  252301

Data	
  support	
  hydro	
  picture	
  for	
  QGP	
  phase

(full	
  hydro	
  modeling	
  gives	
  
similar	
  results)
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Par)cle	
  Yields:	
  The	
  Puzzle	
  of	
  the	
  Small	
  Proton	
  Yields

■ Strangeness	
  enhancement	
  in	
  
Pb-­‐Pb	
  relaKve	
  to	
  pp

‣ 30%	
  for	
  K/π

‣ >	
  factor	
  3	
  for	
  Ω/π

■ StaKsKcal	
  model	
  describes	
  
strangeness	
  enhancement	
  with	
  
Tch	
  =	
  164	
  MeV

■ p/π	
  off	
  by	
  factor	
  >	
  1.5:
puzzling,	
  	
  
proton-­‐anKproton	
  annihilaKon	
  
in	
  hadronic	
  phase?

14

staKsKcal	
  model:

Small	
  overall	
  p/π	
  raKo	
  puzzling,	
  
physical	
  origin	
  to	
  be	
  clarified
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Phys.Rev.LeD.	
  110	
  (2013)	
  042501

µi = BiµB + SiµS + I3,iµI3
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( 1), elliptic ( 2), and triangular flow ( 3) in relation to the initial distribution of
participant nucleons in a single event from a Glauber Monte Carlo [19].

approximation in lumpy, event-by-event hydrodynamic calculations [9, 10, 11]. In this

context, one can see that the expression is just the first term in a controlled expansion,

with corrections coming from terms higher order in m ("
4,2 / {r4e2i�}), or in the Taylor

series ("3PP ).

As an aside, it should by now be clear that v

2

can not depend on a term that is

linear in "

3,3, as proposed in Ref. [10], because it does not have the correct symmetries.

It would have to depend on combinations like "

3,3"
⇤
3,1 or "2

3,3"
⇤2
2,2, etc.

Similar approximate proportionality relations have been found to reasonably well

describe the results for v
3

[10, 11] and v

1

[12], while v
4

and v

5

are more complicated [11].

In retrospect, this is unsurprising since the possible v

4

terms "
4,4 and "

2

2,2 are typically

of the same size, with the former being more important in central collisions and the

latter more important in peripheral collisions, in agreement with results from Ref. [11].

Explicitly this could read something like:

hei4�i = v

4

e

in 4 = C

1

{r2e2i�}2

{r2}2

+ C

2

{r4e4i�}
{r4} (9)

A similar statement can be made about the dependence of v
5

on "

5,5 and "

3,3"2,2.

The hydrodynamic response has been confirmed to significantly damp higher

harmonics [18], in agreement with data [2]. Thus, once the hydrodynamic response is

mapped out for the first ⇠6 flow harmonics to the order desired, for each centrality and

each set of parameter values, all useful information about the hydrodynamic model is

known. This makes it clear exactly what properties of the initial geometry are important,

and allows one to quickly calculate correlations arising from an arbitrary set of initial

conditions.

4. Flow vs. data

Now that we have a picture of flow, one can look in detail at the long-range two-particle

correlation data to see whether they quantitatively agree with this picture, or if one

should instead conclude that other correlations are likely to be present.
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participant nucleons in a single event from a Glauber Monte Carlo [19].

approximation in lumpy, event-by-event hydrodynamic calculations [9, 10, 11]. In this

context, one can see that the expression is just the first term in a controlled expansion,

with corrections coming from terms higher order in m ("
4,2 / {r4e2i�}), or in the Taylor

series ("3PP ).

As an aside, it should by now be clear that v

2

can not depend on a term that is

linear in "

3,3, as proposed in Ref. [10], because it does not have the correct symmetries.

It would have to depend on combinations like "

3,3"
⇤
3,1 or "2

3,3"
⇤2
2,2, etc.

Similar approximate proportionality relations have been found to reasonably well

describe the results for v
3

[10, 11] and v

1

[12], while v
4

and v

5

are more complicated [11].

In retrospect, this is unsurprising since the possible v

4

terms "
4,4 and "

2

2,2 are typically

of the same size, with the former being more important in central collisions and the

latter more important in peripheral collisions, in agreement with results from Ref. [11].

Explicitly this could read something like:

hei4�i = v
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A similar statement can be made about the dependence of v
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5,5 and "
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The hydrodynamic response has been confirmed to significantly damp higher

harmonics [18], in agreement with data [2]. Thus, once the hydrodynamic response is

mapped out for the first ⇠6 flow harmonics to the order desired, for each centrality and

each set of parameter values, all useful information about the hydrodynamic model is

known. This makes it clear exactly what properties of the initial geometry are important,

and allows one to quickly calculate correlations arising from an arbitrary set of initial

conditions.

4. Flow vs. data

Now that we have a picture of flow, one can look in detail at the long-range two-particle

correlation data to see whether they quantitatively agree with this picture, or if one

should instead conclude that other correlations are likely to be present.
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Anisotropic	
  Flow
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  anisotropy	
  in	
  momentum	
  space	
  

Revised	
  picture	
  (ca.	
  2010):

Fourier
decomposiKon:

Classical	
  view:

Importance	
  of	
  iniKal	
  
energy	
  density	
  fluctuaKons

v2 : elliptic flow, v3 : triangular flow

larger	
  pressure	
  gradient	
  
in	
  plane	
  than	
  out-­‐of-­‐plane

figure	
  from	
  arXiv:1107.0592
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Iden)fied	
  Par)cle	
  v2:
Mass	
  Ordering	
  Supports	
  Hydro	
  Picture

■ Hydro	
  predicts	
  mass	
  
ordering

17

v
2

⇠ 1

T
(pT � h�T ,flow

i ·mT )

■ Indeed	
  observed!

-1.5-1.0-0.5 0.5 1.0 1.5

-1.5

-1.0

-0.5

0.5

1.0

1.5

v2	
  =	
  0.25

N.	
  Borghini,	
  J.-­‐Y.	
  Ollitrault,	
  
Phys.LeD.	
  B642	
  (2006)	
  227

http://arxiv.org/find/nucl-th/1/au:+Borghini_N/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Borghini_N/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ollitrault_J/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ollitrault_J/0/1/0/all/0/1
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Hydro	
  Models	
  Describe	
  Iden)fied	
  Par)cle	
  v2

18

VISHNU
Heinz,	
  Shen,	
  Song,
arXiv:1108.5323

■ Shear	
  viscosity	
  reduces	
  
differences	
  between	
  
expansion	
  velociKes	
  and	
  leads	
  
to	
  smaller	
  v2

■ Hydro	
  +	
  hadronic	
  cascade	
  
(VISHNU)	
  describes	
  data	
  with	
  
η/s	
  ≈	
  0.2	
  =	
  	
  2.5	
  ×	
  1/4π
(color	
  glass	
  condensate	
  iniKal	
  
condiKon)

■ Current	
  systemaKc	
  
uncertainty	
  on	
  η/s:	
  50%
(e.g.	
  modeling	
  of	
  iniKal	
  state)

http://arxiv.org/abs/arXiv:1108.5323
http://arxiv.org/abs/arXiv:1108.5323
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π,	
  K,	
  p	
  v3:	
  
Mass	
  Spliing	
  As	
  Expected	
  From	
  Hydro	
  Flow
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Event-­‐by-­‐Event	
  v2	
  Distribu)ons

20

 (%)2v
0 10 20 30

2
 d

N
/d

v
e

v
e

n
ts

1
/N

-210

-110

1

10

210

3
10

410

0-5%

5-10%

10-20%

 = 2.76 TeV
NN

sPb-Pb 

 (%)2v
0 10 20 30

2
 d

N
/d

v
e

v
e

n
ts

1
/N

-210

-110

1

10

210

3
10

410

20-30%

30-40%

40-50%

ALI−PREL−43690

Direct	
  measure	
  of	
  hydro	
  response	
  to	
  
iniKal	
  energy	
  density	
  fluctuaKons.	
  
Helps	
  constrain	
  η/s.
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v2	
  >	
  0	
  at	
  Large	
  pT:	
  Parton	
  Energy	
  Loss
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  expected	
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ALICE,	
  Physics	
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Jet	
  Quenching
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Hard	
  Probes	
  in	
  Heavy-­‐Ion	
  Collisions

■ Hard	
  probes	
  are	
  a	
  useful	
  tool	
  because

‣ they	
  are	
  produced	
  in	
  the	
  early	
  stage	
  of	
  a	
  
heavy-­‐ion	
  collisions,	
  prior	
  to	
  the	
  formaKon	
  
of	
  the	
  quark-­‐gluon	
  plasma

‣ their	
  iniKal	
  producKon	
  rate	
  can	
  be	
  
calculated	
  with	
  perturbaKve	
  QCD	
  
(„calibrated	
  probe“)

■ Interplay	
  between

‣ Understanding	
  of	
  the	
  mechanism	
  of	
  
parton	
  energy	
  loss	
  and

‣ CharacterizaKon	
  of	
  the	
  QGP

23
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Charged	
  Hadron	
  RAA	
  in	
  Pb-­‐Pb	
  at	
  √s	
  =	
  2.76	
  TeV

■ Expect	
  RAA	
  =	
  1	
  in	
  the	
  hard	
  
scaWering	
  regime	
  without	
  
nuclear	
  effects	
  (pT	
  >	
  2	
  GeV/c)

■ Suppression	
  by	
  a	
  factor	
  7	
  
at	
  pT	
  ≈	
  6-­‐7	
  GeV/c

■ Rise	
  of	
  RAA	
  for	
  pT	
  >	
  7	
  GeV/c	
  
indicates	
  decrease	
  of	
  
relaKve	
  parton	
  energy	
  loss	
  
ΔE/E	
  with	
  increasing	
  E	
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Particle Production at Large Transverse Momentum 5
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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.

RAA =
dN/dpT (A+ A)

hTAAi ⇥ d�/dpT (p + p)

from	
  Glauber	
  calculaKon

ALICE,	
  Phys.	
  LeD.	
  B720,	
  42	
  (2013)	
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p+Pb	
  at	
  √s	
  =	
  5.02	
  TeV:	
  No	
  Suppression
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ALI−PUB−44351

4	
  TeV 1.58	
  TeV/A

pp	
  reference	
  interpolated	
  
from	
  measurements	
  at	
  
√s	
  =	
  2.76	
  and	
  7	
  TeV

Absence	
  of	
  suppression	
  in	
  p-­‐Pb
confirms	
  that	
  suppression	
  in	
  
Pb-­‐Pb	
  is	
  a	
  final-­‐state	
  effect

p-­‐Pb	
  data	
  from	
  "pilot"	
  run	
  on	
  Sep	
  13,	
  2012

ALICE,	
  arXiv:1210.4520

http://arxiv.org/abs/arXiv:1210.4520
http://arxiv.org/abs/arXiv:1210.4520
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RAA	
  for	
  Iden)fied	
  Par)cles	
  in	
  Central	
  Pb+Pb

■ RAA(p)	
  >	
  RAA(K)	
  ≈	
  RAA(π)	
  
for	
  3	
  <	
  pT	
  <	
  8	
  GeV/c

■ Similar	
  p,	
  K	
  and	
  π	
  RAA	
  
for	
  pT	
  >	
  8	
  GeV/c	
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ALI−PREL−38283

Leading-­‐parton	
  energy	
  loss	
  followed	
  by	
  fragmentaKon	
  in	
  
QCD	
  vacuum	
  (as	
  in	
  pp)	
  for	
  pT,hadron	
  >	
  8	
  GeV/c?
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Further	
  Important	
  Constraints	
  for	
  Jet	
  Quenching	
  Models
from	
  RAA	
  of	
  Fully	
  Reconstructed	
  Jets

27
ALI-PREL-44216

■ Significant	
  suppression	
  also	
  
for	
  jets	
  (AnK-­‐kT,	
  R	
  =	
  0.2)

■ Rise	
  of	
  jet	
  RAA	
  with	
  pT	
  as	
  for	
  
single	
  hadrons
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D	
  Meson	
  RAA:	
  Charm	
  Quark	
  Energy	
  Loss	
  Surprisingly	
  Similar	
  
to	
  Quark	
  and	
  Gluon	
  Energy	
  Loss

■ Strong	
  suppression	
  also	
  for	
  
D	
  mesons	
  (which	
  cannot	
  be	
  
explained	
  by	
  shadowing)

■ Suppression	
  of	
  D	
  mesons	
  and	
  
pions	
  surprisingly	
  similar

‣ pions	
  mainly	
  from	
  gluons

‣ dead	
  cone	
  effect	
  for	
  c	
  and	
  b

■ LiWle	
  indicaKon	
  for	
  expected	
  
hierarchy	
  
(however,	
  need	
  to	
  careful	
  consider	
  
also	
  the	
  steepness	
  of	
  the	
  iniKal	
  
parton	
  spectra)

28

color	
  factor dead	
  cone	
  effect

RadiaKve	
  parton	
  energy	
  loss:

D	
  mesons charged	
  pions
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Surprisingly	
  Large	
  Ellip)c	
  Flow	
  for	
  D	
  Mesons

■ mc-­‐quark	
  >	
  250	
  ×	
  mu,d	
  

■ Not	
  at	
  all	
  obvious	
  that	
  charm	
  
quarks	
  take	
  part	
  in	
  collecKve	
  
flow

■ ObservaKon

‣ Significant	
  v2	
  for	
  D	
  mesons

‣ Within	
  current	
  errors	
  consistent	
  
with	
  charged	
  hadron	
  v2

29
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Charmonium
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Quarkonia	
  as	
  QGP	
  Signature:
Suppression	
  at	
  Low	
  √sNN	
  and	
  J/ψ	
  Enhancement	
  at	
  High	
  √sNN?	
  

■ Quarkonium	
  suppression	
  due	
  to	
  color	
  
screening

‣ Deconfined	
  maWer	
  prevents	
  binding	
  of	
  
c	
  anK-­‐c	
  (and	
  b	
  anK-­‐b)	
  quarks

‣ DissociaKon	
  temperature	
  depends	
  on	
  
binding	
  energy	
  
→ "QGP	
  thermometer"

31

■ Coalescence	
  picture	
  for	
  J/ψ‘s

‣ J/ψ‘s	
  from	
  quark	
  coalescences	
  	
  
at	
  phase	
  transiKon

‣ Expect	
  J/ψ	
  suppression	
  at	
  low	
  
beam	
  energies	
  (SPS,	
  RHIC)	
  and	
  
J/ψ	
  enhancement	
  at	
  high	
  
energies	
  (LHC)

r (fm) TD/Tc

J/ψ (1s) 0.42 1.2
ψ‘ (2s) 0.86 1.0
χc	
  (1p) 0.67 1.0

ϒ	
  (1s) 0.21 2.0

ϒ‘	
  (2s) 0.50 1.2

ϒ‘‘	
  (3s) 0.76 1.0

cc̄~	
  100	
  	
  	
  	
  	
  	
  	
  	
  pairs	
  in
central	
  Pb+Pb	
  at
the	
  LHC

→	
  J/ψ	
  through	
  
	
  	
  	
  	
  	
  coalescence?

Exact	
  values	
  model	
  dependent,	
  trend	
  stable

TD/Tc

Braun-­‐Munzinger,	
  Stachel,	
  Nature	
  448	
  (2007)	
  302-­‐309
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J/ψ	
  RAA:	
  Less	
  Suppression	
  at	
  the	
  LHC	
  than	
  at	
  RHIC

32

Note:	
  ContribuKon	
  from	
  B	
  feed-­‐down	
  small:	
  
~	
  10%	
  (from	
  pp-­‐measurement)	
  

■ Expect	
  larger	
  suppression	
  
at	
  the	
  LHC	
  if	
  J/ψ	
  
suppression	
  due	
  to	
  color	
  
screening	
  is	
  the	
  dominant	
  
effect

■ ObservaKon:

‣ Weaker	
  suppression	
  at	
  
the	
  LHC

‣ J/ψ	
  constant	
  at	
  the	
  LHC	
  
for	
  Npart	
  >	
  75	
  
(RAA	
  ≈	
  0.5	
  [pT	
  >	
  0	
  GeV/c])

QualitaKvely	
  consistent	
  with	
  J/ψ	
  coalescence	
  picture

J/ψ	
  yields	
  for	
  pT	
  >	
  0	
  GeV/c

Pb-­‐Pb,	
  2.76	
  TeV

Au-­‐Au,	
  0.2	
  TeV
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J/ψ	
  RAA:	
  Stronger	
  Suppression	
  at	
  Forward	
  Rapidi)es

33

〉
part

N〈
0 50 100 150 200 250 300 350 400

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 1.9 %±ALICE common glob. sys. = 

-1bµ 70 ≈ = 2.76 TeV, L NNsALICE Preliminary, Pb-Pb 

>0
T

p<4, yALICE, 2.5<

-1bµ 15 ≈ = 2.76 TeV, L NNsALICE Preliminary, Pb-Pb    

>0
T

p|<0.9, yALICE, |

ALI−PREL−37249

QualitaKvely	
  consistent	
  
with	
  J/ψ	
  coalescence	
  
picture

Expect	
  opposite	
  trend	
  if	
  
J/ψ	
  suppression	
  is	
  driven	
  by	
  
energy	
  density

forward

mid-­‐rapidity
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Centrality	
  Dependence	
  of	
  J/ψ	
  <pT>	
  and	
  pT	
  Dependence	
  of	
  the	
  
J/ψ	
  RAA	
  Qualita)vely	
  Consistent	
  with	
  the	
  Coalescence	
  Picture	
  

34

 (GeV/c)
T

p
0 1 2 3 4 5 6 7 8

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

6%±<4, global sys.= y, centrality 0%-20%, 2.5<ψinclusive J/

10%±|<2.2, global sys.= y, centrality 0%-20%, 1.2<|ψinclusive J/

-1bµ70 ≈=2.76 TeV, LNNsALICE, Pb-Pb 

=0.2 TeVNNsPHENIX (PRC 84(2011) 054912), Au-Au 

ALI−DER−41642

〉
part

N〈1 10 210

 (
G

e
V

/c
)

〉
T

p〈

1

1.5

2

2.5

3

3.5
<4y=2.76 TeV, 2.5<sALICE, pp 

<4y=2.76 TeV, 2.5<
NN

sALICE, Pb-Pb 

|<2.2y=200 GeV, 1.2<|sPHENIX, pp 

|<2.2y=200 GeV, 1.2<|
NN

sPHENIX, Au-Au 

|<2.2y=200 GeV, 1.2<|
NN

sPHENIX, Cu-Cu 

ψInclusive J/

ALI−PREL−36179

Decrease	
  of	
  J/ψ	
  RAA	
  in	
  central	
  Pb-­‐Pb.
Not	
  observed	
  at	
  lower	
  energies	
  or	
  
for	
  other	
  parKcles	
  species	
  at	
  the	
  LHC.

Less	
  suppression	
  of	
  J/ψ	
  RAA	
  at	
  low	
  pT	
  at	
  LHC,	
  
in	
  contrast	
  to	
  constant	
  RAA(pT)	
  at	
  RHIC

Au-­‐Au,	
  Cu-­‐Cu,	
  0.2	
  TeV

Pb-­‐Pb,	
  2.76	
  TeV

Au-­‐Au,	
  0.2	
  TeV

Pb-­‐Pb,	
  2.76	
  TeV
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Significant	
  J/ψ	
  Ellip)c	
  Flow	
  (as	
  Expected	
  in	
  Coalescence	
  Models)

■ IndicaKon	
  for	
  J/ψ	
  v2	
  >	
  0	
  
for	
  2	
  <	
  pT	
  <	
  4	
  GeV/c

■ Significance:	
  2.2	
  σ

35
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Thermal	
  Photons
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Direct	
  Photon	
  Spectrum	
  in	
  Central	
  Pb-­‐Pb

■ Photons	
  reconstructed	
  via	
  
e+e-­‐	
  tracks	
  from	
  
conversion	
  in	
  detector	
  
material	
  (pconv	
  ≈	
  8.5%)

■ π0	
  spectrum	
  from	
  same	
  
photon	
  sample

■ γdirect	
  :=	
  γinclusive	
  -­‐	
  γdecay

■ Excess	
  above	
  decay	
  
photons:	
  ~	
  15%	
  
(for	
  1	
  <	
  pT	
  <	
  5	
  GeV/c,	
  0-­‐40%	
  Pb+Pb)

■ Low	
  pT	
  direct	
  photon	
  
spectrum	
  exponenKal	
  
with	
  inv.	
  slope	
  parameter
T	
  =	
  304	
  ±	
  51	
  MeV

37
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T

 exp(-p×Exponential fit: A 

ALI−PREL−27968

ConvenKonal	
  wisdom:	
  
Direct	
  photons	
  predominantly	
  from	
  early	
  hot	
  
QGP	
  phase	
  when	
  flow	
  has	
  not	
  fully	
  built	
  up	
  
(then	
  inv.	
  slope	
  T	
  is	
  related	
  to	
  QGP	
  temperature).	
  
Expect	
  small	
  direct-­‐photon	
  v2	
  in	
  this	
  case.	
  



v�,dir
2 =

Rv�,incl
2 � v�,decay

2

R � 1

R = � incl/�decay
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Measurement	
  of	
  the	
  Direct-­‐Photon	
  v2

■ Measure	
  inclusive	
  photon	
  v2

■ Subtract	
  decay	
  photon	
  v2

38

ALI-PREL-43608
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Large	
  Direct-­‐Photon	
  Ellip)c	
  Flow:	
  A	
  Big	
  Puzzle!

■ Direct-­‐photon	
  v2	
  much	
  larger	
  
than	
  expected	
  in	
  most	
  hydro	
  
models

■ Possible	
  soluKon	
  (van	
  Hees,	
  Rapp)

‣ Flow	
  builds	
  up	
  faster	
  than	
  
expected

‣ Thermal	
  photon	
  rates	
  in	
  
hadron	
  gas	
  so	
  far	
  
underesKmated

‣ Large	
  inv.	
  slope	
  of	
  would	
  
then	
  result	
  from	
  blueshi�:	
  

39

ALI-PREL-43588

Large	
  direct-­‐photon	
  v2	
  challenges	
  the	
  standard	
  hydro	
  picture
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Heavy-­‐Ion-­‐Like	
  Effects	
  in	
  p-­‐Pb?
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Per-­‐Trigger	
  Charged	
  Hadron	
  Yields	
  
in	
  Low	
  and	
  High-­‐Mul)plicity	
  p-­‐Pb	
  Collisions	
  at	
  √s	
  =	
  5.02	
  GeV

41

-­‐ =	
  ?

Check	
  what	
  remains	
  if	
  one	
  subtracts	
  the	
  jet-­‐like	
  correlaKon.	
  
Implicit	
  assumpKon:	
  Shape	
  of	
  jet	
  correlaKon	
  same	
  for	
  both	
  mulKplicity	
  classes

High	
  mulKplicity	
  events Low	
  mulKplicity	
  events

Two-­‐ParKcle	
  correlaKons:	
  jet-­‐like	
  correlaKons	
  +	
  X ALICE,	
  Phys.LeD.	
  B719	
  (2013)	
  29-­‐41
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Remaining	
  Correla)on:	
  Double-­‐Hump	
  Structure

■ Two	
  ridges	
  along	
  Δη	
  at	
  
Δφ	
  =	
  0	
  and	
  π

■ Looks	
  qualitaKvely	
  like	
  flow	
  
signal	
  in	
  Pb-­‐Pb	
  

■ Nicely	
  described	
  by	
  	
  v2	
  +	
  v3	
  
component

■ Intense	
  debate,	
  
possible	
  explanaKons:

‣ Hydro	
  flow	
  in	
  p-­‐Pb?

‣ Effect	
  of	
  gluon	
  saturaKon	
  
(color	
  glass	
  condensate)?

42

Understanding	
  the	
  flow-­‐like	
  correlaKon	
  in	
  
p-­‐Pb	
  will	
  provide	
  deeper	
  understanding	
  
of	
  flow	
  signals	
  in	
  Pb-­‐PbALICE,	
  Phys.LeD.	
  B719	
  (2013)	
  29-­‐41



A	
  Large	
  Ion	
  Collider	
  Experiment

ALICE | DPG spring meeting | March 5, 2013 | Klaus Reygers

Conclusions

■ Radial	
  and	
  anisotropic	
  flow

‣ Hydro	
  describes	
  general	
  features	
  at	
  low	
  pT	
  (spectra,	
  vn)

‣ v2	
  and	
  higher	
  harmonics	
  seem	
  to	
  reflect	
  hydro	
  response	
  to	
  iniKal	
  energy	
  density	
  
fluctuaKons

‣ η/s	
  ≈	
  0.2	
  =	
  2.5	
  ×	
  1/4π

‣ Large	
  direct-­‐photon	
  v2	
  a	
  big	
  surprise	
  and	
  a	
  challenge	
  for	
  the	
  hydro	
  picture

■ Jet	
  quenching

‣ Surprisingly	
  similar	
  suppression	
  for	
  pions	
  and	
  D	
  mesons

‣ More	
  advanced	
  theory	
  needed	
  to	
  extract	
  medium	
  properKes	
  from	
  wealth	
  of	
  data

■ Charmonium

‣ QualitaKvely	
  consistent	
  with	
  coalescence	
  of	
  deconfined	
  charm	
  quarks

43

Comprehensive	
  set	
  of	
  data	
  from	
  first	
  two	
  heavy-­‐ion	
  runs.
Future	
  measurements	
  with	
  higher	
  staKsKcs	
  will	
  allow	
  to	
  pin	
  down
emergent	
  properKes	
  of	
  QCD	
  with	
  high	
  precision.
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ALICE	
  Talks	
  at	
  the	
  DPG	
  Spring	
  Mee)ng	
  2013
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Mo,	
  11:00	
  HK	
  3.1:	
  Heavy-­‐flavour	
  measurements	
  in	
  the	
  semi-­‐elect.	
  decay	
  channel	
  in	
  pp	
  and	
  Pb–Pb	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Markus	
  Fasel
Mo,	
  11:30	
  HK	
  3.2:	
  Measurement	
  of	
  B	
  meson	
  producNon	
  in	
  pp	
  at	
  √s	
  =	
  2.76	
  TeV	
  and	
  √s	
  =	
  7	
  TeV	
  via	
  displaced	
  electrons	
  in	
  ALICE	
  —	
  •Markus	
  Heide
Mo,	
  11:45	
  HK	
  3.3:	
  Background	
  subtracNon	
  techniques	
  for	
  heavy-­‐flavour	
  electrons	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •ChrisNan	
  Alberto	
  Schmidt
Mo,	
  12:00	
  HK	
  3.4:	
  Trennung	
  der	
  Charm-­‐	
  und	
  BeautyprodukNon	
  in	
  pp-­‐	
  und	
  Pb-­‐Pb-­‐Kollisionen	
  mit	
  ALICE	
  —	
  •MarNn	
  Völkl
Mo,	
  12:30	
  HK	
  3.6:	
  b-­‐Jet	
  tagging	
  in	
  ALICE	
  —	
  •Linus	
  Feldkamp
Mo,	
  16:45	
  HK	
  16.1:	
  Jet	
  ReconstrucNon	
  in	
  Pb-­‐Pb	
  and	
  pp	
  collisions	
  with	
  the	
  ALICE	
  experiment	
  —	
  •Oliver	
  Busch
Mo,	
  17:15	
  HK	
  16.2:	
  Jet	
  fragmentaNon	
  into	
  strange	
  hadrons	
  in	
  Pb-­‐Pb	
  collisions	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Alice	
  Zimmermann
Mo,	
  17:30	
  HK	
  17.4:	
  J/ψ	
  measurements	
  in	
  pp	
  collisions	
  with	
  the	
  ALICE	
  apparatus	
  at	
  the	
  LHC	
  —	
  •Jan	
  Wagner
Mo,	
  18:15	
  HK	
  16.6	
  :CorrecNon	
  of	
  detector	
  effects	
  with	
  the	
  HBOM	
  method	
  in	
  event	
  background	
  fluctuaNons
Mo,	
  18:30	
  HK	
  16.7:	
  Triggering	
  on	
  Jets	
  with	
  the	
  ALICE	
  TRD	
  —	
  •Jochen	
  Klein
Mo,	
  18:15	
  HK	
  17.7:	
  Low-­‐mass	
  dielectron	
  measurement	
  for	
  pp	
  collisions	
  with	
  ALICE	
  —	
  •Markus	
  K.	
  Köhler
Mo,	
  18:15	
  HK	
  22.6:	
  ALICE	
  TRD	
  GTU	
  Online	
  Tracking	
  Performance	
  in	
  √s	
  =	
  7	
  −	
  8	
  TeV	
  pp	
  collisions	
  —	
  •Reig	
  F.,	
  Kirsch	
  St.,	
  and	
  Lindenstruth	
  V.
Di,	
  14:00	
  HK	
  29.1:	
  J/ψ	
  producNon	
  in	
  Pb–Pb	
  collisions	
  at	
  √sNN	
  =	
  2.76	
  TeV	
  measured	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Jens	
  Wiechula
Di,	
  14:30	
  HK	
  29.2:	
  J/ψ-­‐Hadron	
  CorrelaNons	
  in	
  Proton-­‐Proton	
  Collisions	
  and	
  J/ψ	
  in	
  Proton-­‐Lead	
  Collisions	
  with	
  the	
  Central	
  Barrel	
  of	
  ALICE	
  at	
  the	
  LHC
Di,	
  14:30	
  HK	
  35.2:	
  Upgrade	
  des	
  ALICE	
  Inner	
  Tracking	
  Systems	
  und	
  die	
  Auswirkung	
  auf	
  Messungen	
  schwerer	
  Quarks	
  —	
  •Johannes	
  SNller
Di,	
  14:45	
  HK	
  29.3:	
  PerspecNves	
  of	
  ψ′	
  and	
  χc	
  measurements	
  in	
  ALICE	
  —	
  •Steffen	
  Weber
Di,	
  15:00	
  HK	
  29.4:	
  Electron	
  Trigger	
  with	
  the	
  ALICE	
  TRD	
  —	
  •Uwe	
  Westerhoff
Di,	
  15:30	
  HK	
  29.6:	
  EllipNc	
  Flow	
  of	
  J/ψ	
  at	
  Mid-­‐Rapidity	
  in	
  Pb–Pb	
  Collisions	
  at	
  √sNN=	
  2.76	
  TeV	
  with	
  the	
  ALICE	
  experiment	
  —	
  •Julian	
  Book
Di,	
  14:30	
  HK	
  34.2:	
  ExploiNng	
  Unused	
  Cluster	
  Resources	
  with	
  VirtualizaNon	
  —	
  •Stefan	
  Boeoger	
  and	
  Udo	
  Kebschull
Di,	
  14:45	
  HK	
  34.3:	
  Experience	
  Report:	
  System	
  Management	
  at	
  the	
  ALICE	
  HLT	
  Cluster	
  —	
  •Camilo	
  Lara	
  et	
  al.
Di,	
  15:45	
  HK	
  34.7:	
  Read-­‐Out	
  Receiver	
  Card	
  Upgrade	
  for	
  ALICE	
  DAQ	
  and	
  HLT	
  —	
  •Heiko	
  Engel	
  and	
  Udo	
  Kebschull
Di,	
  16:45	
  HK	
  39.1:	
  pT	
  Spectra	
  of	
  Charged	
  ParNcles	
  measured	
  in	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  Collisions	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Michael	
  Linus	
  Knichel
Di,	
  17:15	
  HK	
  39.2:	
  Pseudorapidity	
  density	
  of	
  charged	
  parNcles	
  in	
  p–Pb	
  collisions	
  at	
  √sNN	
  =	
  5.02	
  TeV	
  measured	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Jonas	
  Anielski
Di,	
  17:15	
  HK	
  40.2:	
  ProducNon	
  of	
  Low	
  Mass	
  Dielectrons	
  in	
  Pb-­‐Pb	
  collisions	
  with	
  ALICE	
  —	
  •Christoph	
  Baumann
Di,	
  17:30	
  HK	
  40.3:	
  ω	
  and	
  φ	
  Meson	
  Analysis	
  via	
  the	
  Dielectron	
  Channel	
  in	
  pp	
  at	
  √s=	
  7	
  TeV	
  with	
  ALICE	
  —	
  •Mahmut	
  Özdemir
Di,	
  17:45	
  HK	
  40.4:	
  Prospects	
  of	
  Low-­‐Mass	
  Dielectron	
  Measurements	
  in	
  ALICE	
  with	
  an	
  upgraded	
  Central	
  Barrel	
  Detector	
  —	
  •Patrick	
  Reichelt
Di,	
  18:00	
  HK	
  39.5:	
  Average	
  pT	
  in	
  pp,	
  Pb–Pb	
  and	
  p–Pb	
  collisions	
  with	
  ALICE	
  —	
  •Marco	
  Marquard	
  and	
  Philipp	
  Lueig
Di,	
  18:00	
  HK	
  40.5:	
  Measurement	
  of	
  direct	
  photons	
  in	
  pp	
  and	
  Pb-­‐Pb	
  collisions	
  with	
  ALICE	
  —	
  •MarNn	
  Wilde
Di,	
  18:15	
  HK	
  39.6:	
  Event-­‐by-­‐event	
  mean	
  pT	
  fluctuaNons	
  measured	
  by	
  the	
  ALICE	
  experiment	
  at	
  the	
  LHC	
  —	
  •Stefan	
  Heckel
Do,	
  14:00	
  HK	
  62.1:	
  (AnN-­‐)maoer	
  and	
  hyper-­‐maoer	
  producNon	
  at	
  the	
  LHC	
  with	
  ALICE	
  —	
  •Nicole	
  MarNn
Do,	
  14:00	
  HK	
  68.1:	
  Offline	
  Signal	
  Tail-­‐CorrecNon	
  for	
  the	
  ALICE	
  TPC	
  —	
  •Mesut	
  Arslandok
Do,	
  14:45	
  HK	
  62.3:	
  Strange	
  parNcle	
  producNon	
  in	
  Pb–Pb	
  collisions	
  at	
  √sNN	
  =	
  2.76	
  TeV	
  with	
  ALICE	
  at	
  the	
  LHC	
  —	
  •Maria	
  Nicassio
Do,	
  15:00	
  HK	
  62.4:	
  EllipNc	
  Flow	
  Measurement	
  of	
  Heavy	
  Flavour	
  Decay	
  Electrons	
  in	
  Pb-­‐Pb	
  Collisions	
  at	
  $\sqrt{s}$	
  2.76TeV	
  with	
  ALICE	
  —	
  •Theodor	
  Rascanu
Do,	
  15:45	
  HK	
  65.7:	
  Central	
  DiffracNon	
  in	
  Proton-­‐Proton	
  Collisions	
  at	
  √s=7	
  TeV	
  with	
  the	
  ALICE	
  Experiment	
  —	
  •Felix	
  Reidt
Do,	
  16:45	
  HK	
  80.1:	
  Status	
  and	
  future	
  of	
  the	
  ALICE	
  TPC,	
  a	
  high-­‐resoluNon	
  detector	
  for	
  the	
  highest	
  parNcle	
  mulNpliciNes	
  —	
  •ChrisNan	
  Lippmann
Do,	
  17:15	
  HK	
  80.2:	
  First	
  results	
  from	
  the	
  ALICE	
  GEM	
  TPC	
  prototype	
  test	
  —	
  •Piotr	
  Gasik
Do,	
  18:45	
  HK	
  80.8:	
  SimulaNonen	
  zur	
  Gasverstärkung	
  im	
  ALICE-­‐TRD	
  und	
  einem	
  Dri{monitor	
  GOOFIE	
  —	
  •Stephan	
  Dyba
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Large	
  p/π	
  Ra)o	
  in	
  Central	
  Pb+Pb	
  around	
  pT	
  ≈	
  3.5	
  GeV/c
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Radial	
  flow+	
  quark	
  coalescence?	
  Interplay	
  between	
  jets	
  and	
  expanding	
  bulk	
  (EPOS)?	
  
➞	
  A	
  challenge	
  to	
  theory

EPOS,	
  K.	
  Werner	
  et	
  al.,	
  Phys.Rev.	
  C85	
  (2012)	
  064907
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Charged	
  Par)cle	
  Mul)plicity	
  in	
  Pb+Pb	
  at	
  √sNN	
  =	
  2.76	
  TeV

■ ~	
  30	
  000	
  parKcles	
  in	
  total	
  in	
  
central	
  Pb+Pb

■ RelaKve	
  increase	
  from	
  
p+p	
  to	
  A+A	
  idenKcal	
  
at	
  RHIC	
  and	
  LHC	
  
(holds	
  for	
  20	
  <	
  √sNN	
  <	
  2760	
  GeV)

■ IniKal	
  energy	
  density	
  
(for	
  τ0	
  =	
  1	
  fm/c):
εLHC	
  ≈	
  15	
  GeV/fm3	
  ≈	
  3	
  ×	
  εRHIC

47

ALICE,	
  Phys.Rev.LeW.	
  106	
  (2011)	
  032301

IniNal	
  energy	
  density	
  at	
  LHC	
  and	
  RHIC	
  well	
  above	
  εc	
  ≈	
  0.5	
  GeV/fm3	
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Charged	
  Par)cle	
  Mul)plicity	
  in	
  Pb+Pb	
  at	
  √sNN	
  =	
  2.76	
  TeV

■ ~	
  30	
  000	
  parKcles	
  in	
  total	
  in	
  
central	
  Pb+Pb

■ Power	
  law	
  increase	
  of	
  
dNch/dη	
  /	
  (Npart/2)

‣ p+p:	
  ∼ s0.11

‣ central	
  A+A:	
  ∼ s0.15

■ IniKal	
  energy	
  density	
  
(for	
  τ0	
  =	
  1	
  fm/c):
εLHC	
  ≈	
  15	
  GeV/fm3	
  ≈	
  3	
  ×	
  εRHIC
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IniKal	
  energy	
  density	
  at	
  LHC	
  and	
  RHIC	
  well	
  above	
  εc	
  ≈	
  0.5	
  GeV/fm3	
  

ALICE,	
  Phys.Rev.LeD.	
  105	
  (2010)	
  252301
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Similar	
  Charged	
  Hadron	
  v2(pT)	
  at	
  RHIC	
  and	
  LHC

■ v2(pT)[LHC]	
  =	
  v2(pT)[RHIC],	
  despite	
  factor	
  14	
  increase	
  in	
  √sNN

■ pT-­‐integrated	
  v2	
  at	
  LHC	
  30%	
  larger	
  due	
  to	
  larger	
  <pT>

49

ALICE,	
  Phys.Rev.LeD.	
  105	
  (2010)	
  252302

Au+Au at
p
sNN = 0.2TeV
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Par)cle	
  Ra)os:	
  The	
  Puzzle	
  of	
  the	
  Small	
  Proton	
  Yields

■ StaKsKcal/thermal	
  model

‣ two	
  free	
  parameters:
Tch	
  and	
  μB

■ Strangeness	
  enhancement	
  in	
  
Pb+Pb	
  nicely	
  describes	
  with	
  
Tch	
  =	
  164	
  MeV	
  ≈	
  Tc

‣ 30%	
  for	
  kaons

‣ >	
  factor	
  3	
  for	
  Ω

■ p/π	
  off	
  by	
  factor	
  >	
  1.5:
very	
  puzzling,	
  	
  
proton-­‐anKproton	
  annihilaKon	
  
in	
  hadronic	
  phase?

50

staKsKcal	
  model:

Small	
  overall	
  p/π	
  raKo	
  puzzling,	
  physical	
  origin	
  to	
  be	
  clarified
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Higher	
  harmonics:	
  Centrality	
  Dependence	
  (Charged	
  Hadrons)

■ Weak	
  centrality	
  dependence	
  
of	
  v3	
  and	
  v4

■ Mid-­‐central:	
  v2	
  >	
  v3

■ Central:	
  v2	
  ≈	
  v3

51
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Consistent	
  with	
  v3	
  from	
  hydro	
  response	
  to	
  iniKal	
  energy	
  density	
  fluctuaKons
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Charged	
  Hadrons:	
  Higher	
  Harmonics	
  (v2,	
  v3,	
  v4,	
  v5)

■ Sizeable	
  v3	
  observed

■ Hydro:

‣ Shear	
  viscosity	
  reduces	
  
differences	
  between	
  
expansion	
  velociKes	
  and	
  
leads	
  to	
  smaller	
  vn

‣ vn	
  depend	
  both	
  on	
  iniKal	
  
energy	
  density	
  distribuKon	
  
and	
  its	
  fluctuaKons	
  (Glauber	
  
MC,	
  CGC)	
  and	
  η/s

52
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increase	
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Glauber	
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condiKons

ALICE,	
  Phys.Rev.LeD.	
  107	
  (2011)	
  032301

-1.5-1.0-0.5 0.5 1.0 1.5

-1.5

-1.0

-0.5

0.5

1.0

1.5

-1.5-1.0-0.5 0.5 1.0 1.5

-1.5

-1.0

-0.5

0.5

1.0

1.5

v3	
  =	
  0.1v2	
  =	
  0.25



A	
  Large	
  Ion	
  Collider	
  Experiment

ALICE | DPG spring meeting | March 5, 2013 | Klaus Reygers

Example	
  for	
  the	
  Descrip)on	
  of	
  the	
  Iden)fied	
  Par)cle	
  v2	
  with	
  a	
  
Hydrodynamic	
  Model

53

 (GeV/c)
t

p
0 0.5 1 1.5 2 2.5 3 3.5

2v

0

0.1

0.2

0.3

 = 2.76 TeVNNsALICE preliminary, Pb-Pb events at 
centrality 10%-20%

|>1}η∆{SP, |
2

, v±π

|>1}η∆{SP, |
2

, v±K
|>1}η∆{SP, |

2
, vp

(CGC initial conditions)

/s=0.2)η(

hydro LHC

hydro+UrQMD LHC

ALI−PREL−10626

Hydro	
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  for	
  QGP	
  phase	
  +	
  hadronic	
  cascade	
  describes	
  v2	
  data	
  with	
  
η/s	
  ≈	
  0.2	
  =	
  	
  2.5	
  ×	
  1/4π	
  (with	
  color	
  glass	
  condensate	
  iniKal	
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(a) (b)
Figure 1: (a) The power nQ(pT )+1 that best approximates the production spectra for various partonic species Q [31] and
(b) RAA(pT ) for pions, charm mesons, and bottom mesons at 0-20% centrality collisions [37]. Both plots use

p
sNN = 2.76

ATeV.

unreasonable placeholder for the QGP temperature—g ⇠ 2 and � = g2Nc ⇠ 12 � 1; it’s worth
noting that in phenomenological applications T is never large compared to ⇤QCD. Also, for
T & Tc, lattice calculations nontrivially deviate from the Stefan-Boltzmann limit, and in such a
way that is reasonably well described using AdS/CFT [8]. Finally, the viscosity to entropy ratio
extracted from hydrodynamics calculations [9] suggest ⌘/s ⇠ 1/4⇡, which is readily explained
by AdS/CFT [10].

There have been calculations of the energy loss of both light and heavy quarks using the
AdS/CFT correspondence. For heavy flavor, the energy loss is a drag, dpT /dt = �µpT , where
µ = ⇡ �1/2T 2/2MQ [11, 12]; this is similar to weakly-coupled energy loss in the Bethe-Heitler
regime, but very di↵erent from the predictions of pQCD in the deep LPM region where dpT /dt ⇠
�L T 3 ln(pT /MQ) [13]. Comparison between AdS/CFT calculations and data are di�cult be-
cause there is no unique mapping from the parameters of QCD to those of N = 4 SYM and
AdS5 ⇥ S 5. Nevertheless, comparing over reasonable assumptions for parameter values in AdS/
CFT yields a quantitative agreement between theoretical predictions and data for non-photonic
electron suppression at RHIC [5, 14, 15]. But we see again the power of comparing theoretical
calculations to a wide range of data when we attempt to simultaneously describe the suppres-
sion of heavy flavor at LHC. Keeping all parameters fixed and only changing the temperature
of the medium (which we do according to the measured

p
s dependence of the multiplicity) we

can calculate zero parameter predictions for LHC, shown in Fig. 2. While the B meson suppres-
sion is currently consistent with data within the large experimental and theoretical uncertainties,
the AdS/CFT calculations significantly overpredict the suppression of D mesons. Before strong
conclusions are drawn, however, it turns out that momentum fluctuations [16, 17] (especially
longitudinal)—whose importance should only a↵ect momenta parametrically large compared to
the momenta at which the formalism breaks down, and were neglected in these calculations—
likely play a significant role numerically.

One wants not only to simultaneously compare AdS/CFT predictions to data as a function ofp
s but also as a function of parton species. Unfortunately the theory of light flavor energy loss

[21–23] is less well understood in AdS/CFT than for heavy quarks. Added di�culties arise in the
light sector due to the lack of 1) an analytic solution for falling string configurations and 2) a good
working definition for the energy lost by the probe (in principle one can exactly compute T µ⌫ for
the plasma and thus the energy lost by the probe, but this is an extremely di�cult problem both
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