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Strategy:	
  How	
  to	
  study	
  QCD	
  maBer	
  
experimentally?	
  

•  Need	
  to	
  find	
  those	
  observables	
  that:	
  
– Are	
  sensi5ve	
  to	
  crucial	
  parameters	
  of	
  hot	
  QCD	
  
ma?er	
  

– Can	
  be	
  modeled	
  well	
  –	
  theoreIcal	
  understanding	
  
– Can	
  be	
  measured	
  well	
  –	
  experimental	
  control	
  
– Can	
  connect	
  theory	
  and	
  data	
  

•  =>	
  Inclusive	
  measurements;	
  correlaIons;	
  
compare	
  with	
  more	
  elementary	
  collisions	
  (p-­‐p,	
  
p-­‐A);	
  compare	
  different	
  energy	
  regimes	
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Outline	
  

•  “Calibra5on”:	
  measurements	
  of	
  ion-­‐collisions	
  
vs	
  measurements	
  of	
  partonic	
  plasma	
  –	
  energy	
  
density	
  –	
  par5cle	
  mul5plici5es	
  

•  The	
  medium,	
  equa5on	
  of	
  state,	
  symmetries	
  
– hadrochemistry,	
  ellip5c	
  flow,	
  energy	
  density	
  
fluctua5ons	
  and	
  their	
  consequences	
  

•  Probing	
  the	
  medium	
  with	
  jets	
  
– Parton	
  energy	
  loss,	
  gluon	
  vs	
  light-­‐	
  vs	
  heavy-­‐quark	
  
– Hard	
  hadron	
  produc5on	
  and	
  their	
  correla5ons	
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A	
  Large	
  Ion	
  Collider	
  Experiment	
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HEAVY-­‐ION	
  COLLISIONS	
  AND	
  
“CALIBRATION”	
  MEASUREMENTS	
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4Trigger, data samples, centrality

● MB triggers:  Coincidences
● SPD Fast-Or (≥2 chip hits)
● V0 (A side, -1.7<η<-3.7)
● V0 (C side,  2.8<η< 5.1)

● Centrality in PbPb
● Amplitudes in V0 scintillators
● Reproduced with Glauber Model

System E (TeV) Trigger Events ∫Ldt

pp 7 MB
Rare

1500M
200M

25 nb-1

2 pb-1

pp 2.76 MB
Rare

65M
~9M

1.1 nb-1

~20 nb-1

PbPb 2.76 MB 30M 3 μb-1

Trigger	
  and	
  centrality	
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ParIcle	
  producIon	
  in	
  Pb-­‐Pb	
  

Energy	
  dependence	
  	
  
	
  p-­‐p	
  ~	
  sNN0.11	
  	
  
	
  A-­‐A	
  ~	
  sNN0.15	
  (most	
  central	
  -­‐	
  2x	
  RHIC)	
  	
  
	
   	
  –	
  stronger	
  rise	
  than	
  log	
  extrapolaIon	
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Energy	
  dependence	
  

         
FIGURE 2.  Left panel: Charged particle pseudorapidity density per participant pair for central AA and 
non-singly diffractive pp collisions as a function of √sNN. Curves are fits to the two data sets. Right 
panel: Comparison of dNch/dη for ALICE Pb-Pb measurement at top with model predictions grouped 
below by similar theoretical approaches separated by dashed lines. See text and Ref. [3] for details and 
model references. 

 
The ALICE result for dNch/dη at midrapidity for Pb-Pb at √sNN = 2.76 TeV is 

dNch/dη = 1584 ± 4 (stat.) ± 76 (sys.). This is shown in Fig. 2 (right panel) with 
predictions from various models. As a whole the perturbative QCD-inspired Monte 
Carlo models (figure, notation and references used in Fig. 2 are from Ref. [3]) based 
either on HIJING, the Dual Parton Model, or Ultrarelativistic Quantum Molecular 
Dynamics are consistent with the ALICE data.  
 

     
FIGURE 3.  Left panel: Charged particle pseudorapidity density per participant pair for Pb–Pb and pp 
collisions at √sNN = 2.76 TeV (left vertical scale) and Au–Au collisions at 0.2 TeV (right vertical scale), 
plotted as a function of 〈Npart〉. Statistical errors are negligible, uncorrelated uncertainties indicated by 
error bars, and correlated uncertainties as gray band. Right panel: Comparison of model predictions for 
Pb–Pb at √sNN = 2.76 TeV with the ALICE data from left panel. Note offset zero. See Ref. [4].   
 

Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
(right ordinate scale) as a function of 〈Npart〉, i.e. centrality. The centrality dependence 
is strikingly similar for the ALICE and RHIC data. A comparison of these data to 
model predictions can be seen in Fig. 3 (right panel). Both the two-component HIJING 
2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 

Comparison	
  to	
  predicIons	
  



ParIcle	
  producIon	
  in	
  Pb-­‐Pb	
  

Feedback	
  within	
  the	
  heavy-­‐ion	
  community:	
  
1.	
  MulIplicity	
  is	
  crucial	
  [input]	
  for	
  modeling	
  	
  
2.	
  SaturaIon	
  models	
  tend	
  to	
  predict	
  lower	
  mulIplicity	
  
3.	
  Data	
  driven	
  extrapolaIons	
  did	
  not	
  seem	
  to	
  anIcipate	
  the	
  
results	
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SystemaIc	
  control:	
  compare	
  RHIC	
  to	
  LHC	
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• 	
  IdenIcal	
  variaIon	
  of	
  parIcle	
  
producIon	
  with	
  centrality	
  
(volume)	
  at	
  RHIC	
  and	
  LHC!	
  
⇒ 	
  Global	
  features	
  of	
  the	
  system	
  
independent	
  on	
  energy	
  
⇒ 	
  IniIal	
  condiIons!	
  

The	
  same	
  experiment	
  under	
  
vastly	
  different	
  condi5ons!	
  

Centrality	
  of	
  the	
  collisions:	
  	
  	
  	
  	
  	
  	
  	
  	
  peripheral	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  semi-­‐central	
  	
  	
  	
  	
  	
  	
  	
  central	
  

More	
  on	
  RHIC:	
  	
  
Phobos	
  (Phys.	
  Rev.	
  Le:.	
  102,	
  142301	
  (2009))	
  

PRL	
  106,	
  032301	
  (2011)	
  

Centrality	
  dependence	
  of	
  parIcle	
  producIon	
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  energy	
  vs	
  centrality	
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9Transverse energy vs. centrality

● Hadronic transverse energy 
measured with barrel tracking 
detectors 

● Model dependent correction 
(f~0.55) to convert into total 
transverse energy

● From RHIC to LHC
● Similar centrality dependence
● ~2.5 increase in 2dEt/dη/Npart

● ~2.7 increase in dEt/dη

– Consistent with increase of <pT>

● Bjorken energy density PRC, 71, 034908 (2005)
PRC, 70, 054907 (2004)

QM11

τ ϵLHC≃2.5×τ ϵRHIC

ϵ(τ)=
1

A τ

dET

d η
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Hadronic	
  transverse	
  energy	
  measured	
  
with	
  barrel	
  tracking	
  detectors	
  	
  
•  Model	
  dependent	
  correc5on	
  (f~0.55)	
  

to	
  convert	
  into	
  total	
  transverse	
  
energy	
  

	
  
RHIC	
  to	
  LHC:	
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•  ~2.5	
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  in	
  2dEt/dη/Npart	
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Fig. 4: Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red filled dot) is compared
to those obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and
RHIC [39, 40, 41, 42, 30, 43].

The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/$ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at √ sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at √ sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

ParIcle	
  producIon	
  in	
  	
  Pb-­‐Pb:	
  	
  
Measurements	
  of	
  source	
  dimensions	
  

1.	
  Energy	
  dependence:	
  	
  
• 	
  system	
  with	
  larger	
  (2x)	
  volume	
  and	
  (1.4x)	
  lifeIme	
  (w.r.t	
  RHIC);	
  follows	
  the	
  
trend	
  of	
  mulIplicity;	
  faster	
  expansion	
  <=>	
  larger	
  collecIve	
  flow	
  

2.	
  Pair	
  momentum	
  dependence:	
  	
  
• 	
  larger	
  radii,	
  strong	
  dependence	
  on	
  kT;	
  Rout/Rside	
  smaller	
  than	
  at	
  RHIC;	
  
overall	
  agreement	
  with	
  extrapolaIons	
  

3.	
  Important	
  constrains	
  to	
  [hydrodynamical]	
  modelling	
  

Phys.Le?.B	
  696:328-­‐337,2011	
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Freeze-­‐out	
  volume	
  

8System size vs. energy

● Interferometry of identical particles
● Obtain HBT radii of spherical source in 

3 orthogonal directions (Rlong, Rside and Rout)

● Compared to RHIC
● Freeze-out volume: VLHC ≈ 5000 fm3 ~ 2 x VRHIC 

● Decoupling time: τf(LHC) ≈ 10-11 fm/c ~ 1.4 x τf(RHIC)

PLB, 696 (2011), 328

Freeze-out volume Decoupling time

LCMS
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Fig. 5: The decoupling time extracted from Rlong(kT ). The ALICE result (red filled dot) is compared to those
obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and RHIC [39,
40, 41, 42, 30, 43].

transverse radii. The homogeneity volume is found to be larger by a factor of two. The decoupling time
for midrapidity pions exceeds 10 fm/c which is 40% larger than at RHIC. These results, taken together
with those obtained from the study of multiplicity [23, 24] and the azimuthal anisotropy [11], indicate
that the fireball formed in nuclear collisions at the LHC is hotter, lives longer, and expands to a larger
size at freeze-out as compared to lower energies.
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longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at √ sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at √ sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and
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fusion, rises more strongly with centrality than observed. The remaining models, all 
different implementations of the saturation picture, show a characteristically weak 
dependence of multiplicity on centrality. For more details see Refs. [4] and [5]. 

Identified Particle Ratios 

The ratios of the multiplicities of particles of different species created in Pb-Pb 
collisions at the LHC can provide information on the degree of thermalization and the 
chemical equilibrium values in these collisions. A priori, differences are not expected 
if particle production is dominated by production at chemical freezeout. ALICE has 
measured the K-/π- and p-/ π- ratios as a function of dNch/dη for Pb-Pb at √sNN = 2.76 
TeV and found the same values and dependence for dNch/dη > 80 as in Au–Au 
collisions at 0.2 TeV.[6] Additional multiplicity ratios are expected soon. 

Identified Particle Spectra 

The transverse momentum spectra of identified pions, kaons and protons were 
measured for both charge states (positive and negative) in Pb-Pb collisions at √sNN = 
2.76 TeV in ALICE. Results are presented in Fig. 4 (left panel) for π-, K-, p- and K0

s in 
0-5% central collisions. Results from STAR and PHENIX are also shown for Au–Au 
collisions at 0.2 TeV. The ALICE data exhibit a stronger power law dependence, as 
expected, especially for anti-protons compared to RHIC. This suggests stronger radial 
flow at the LHC. Blast wave fits to spectra indicate an increase of the average radial 
boost velocity up to (2/3)c and a decrease in the kinetic freezeout temperature to just 
below 100 MeV relative to RHIC data as seen in Fig. 4 (right panel)."
"

          
FIGURE 4.  Left panel: Transverse momentum spectra of various identified particles in ALICE and at 
RHIC as described in the legend. Right panel: 1 σ-contours for best-fit values for the kinetic freezeout 
temperature and the average radial boost velocity from the Blast Wave model.[7]  

 
It"is"of"interest"to"investigate"whether"the"“baryon anomaly” observed at RHIC is 

present at the LHC. The observation at RHIC of enhanced baryon to meson ratios for 
transverse momenta up to about 7 GeV/c has been described in terms of quark 
recombination. The Λ/ K0

s ratios measured in ALICE as a function of pT are shown"in 
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14Comparison with thermal model

SQM11

All yields (except protons) described by thermal model for 

grand-canonical ensemble with Tch=164 MeV (and μb=1 MeV) 
● Similar temperature as at RHIC, however proton/pion below fit

– Tension already present at RHIC
● Strange particles constrain fit
● Conclusions are model independent (confirmed with THERMUS) 

Model: A.Andronic et al., PLB 673, 142 (2009)
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Fig. 5 (left panel) for different centralities in Pb–Pb collisions at"√sNN = 2.76 TeV and 
for pp at √s = 0.9 and 7 TeV. The Λ/ K0

s ratio in peripheral Pb–Pb collisions is slightly 
larger than that for pp interactions at √s = 7 TeV where"Λ/ K0

s ~ 0.5. For more central 
collisions, the"Λ/ K0

s ratio increases and develops a maximum, reaching a ratio Λ/ K0
s 

~ 1.5 for pT ~ 3-3.5 GeV/c in 0-5% central collisions.  A comparison with resultsa from 
RHIC for 0-5% central and 60-80% peripheral Au-Au collisions in Fig. 5 (right panel) 
shows only slightly larger ratios at the LHC, but perhaps a persistence of ratios larger 
than those of pp out to higher pT. "

 
FIGURE 5.  Left panel: Λ/ K0

s ratios at midrapidity as a function of transverse momentum for various 
centralities in Pb-Pb collisions at √sNN = 2.76 TeV. Ratios are also presented for minimum bias pp 
events at 0.9 and 7 TeV. Right panel: Comparison of central and peripheral collision ratios from the left 
panel with ratios in similar Au-Au collisions at √sNN = 0.2 TeV. See text for details. 

COLLECTIVE FLOW 

Charged Particle Elliptic Flow 

Elliptic flow (v2) measurements at RHIC indicate that multiple interactions within a 
very short timescale create a strongly-interacting medium of low viscosity in these 
collisions, more precisely a low value of the ratio shear viscosity (η) / entropy (s). 
Furthermore, since the temperature dependence of η/s of this medium is unknown, a 
measurement of the elliptic flow at the LHC and determination of η/s are needed. In 
Fig. 6 (left panel) is the “world’s data” on the elliptic flow v2 integrated over pT as a 
function of √sNN.[8] The integrated elliptic flow of charged particles at the LHC 
increases by ~ 30% over that of the top energy at RHIC. Thus, the hot medium created 
in Pb-Pb collisions at the LHC behaves very much like that at RHIC and should 
provide constraints on the temperature dependence of η/s. 

Differential elliptic flow measurements are sensitive to the dynamical evolution and 
freezeout conditions of the system. Displayed in Fig. 6 (right panel) is the elliptic flow 
v2(4) determined from the 4-particle cumulant as a function of pT for ALICE data [8] 
at √sNN = 2.76 TeV and STAR data at √sNN = 200 GeV, 62.4 GeV and 39 GeV [9]. 
The pT dependence of v2(4) appears essentially identical for 20-30% centrality Pb-Pb 
collisions at the LHC and Au-Au collisions at RHIC from √sNN = 2.76 TeV down to

                                                
a STAR data are multiplied by 0.8 to account for the anti-baryon/baryon ratio and a 10 % feed-down correction is made. 
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i t i e s [ 7 ] b u t i s i n a g r e e m e n t w i t h s o m e m o d e l s t h a t i n c l u d e
v i s c o u s c o r r e c t i o n s w h i c h a t t h e L H C b e c o m e l e s s i m p o r -
t a n t [ 1 2 , 1 5 – 1 8 ] .

I n s u m m a r y w e h a v e p r e s e n t e d t h e fi r s t e l l i p t i c fl o w
m e a s u r e m e n t a t t h e L H C . T h e o b s e r v e d s i m i l a r i t y a t
R H I C a n d t h e L H C o f p t - d i f f e r e n t i a l e l l i p t i c fl o w a t l o w
p t i s c o n s i s t e n t w i t h p r e d i c t i o n s o f h y d r o d y n a m i c m o d e l s
[ 7 , 1 4 ] . W e fi n d t h a t t h e i n t e g r a t e d e l l i p t i c fl o w i n c r e a s e s
a b o u t 3 0 % f r o m

ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼ 2 0 0 G e V a t R H I C t o
ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼

2 : 7 6 T e V . T h e l a r g e r i n t e g r a t e d e l l i p t i c fl o w a t t h e L H C i s
c a u s e d b y t h e i n c r e a s e i n t h e m e a n p t . F u t u r e e l l i p t i c fl o w
m e a s u r e m e n t s o f i d e n t i fi e d p a r t i c l e s w i l l c l a r i f y t h e r o l e o f
r a d i a l e x p a n s i o n i n t h e f o r m a t i o n o f e l l i p t i c fl o w .
T h e A L I C E C o l l a b o r a t i o n w o u l d l i k e t o t h a n k a l l i t s

e n g i n e e r s a n d t e c h n i c i a n s f o r t h e i r i n v a l u a b l e c o n t r i b u t i o n s
t o t h e c o n s t r u c t i o n o f t h e e x p e r i m e n t a n d t h e C E R N a c -
c e l e r a t o r t e a m s f o r t h e o u t s t a n d i n g p e r f o r m a n c e o f t h e
L H C c o m p l e x . T h e A L I C E C o l l a b o r a t i o n a c k n o w l e d g e s
t h e f o l l o w i n g f u n d i n g a g e n c i e s f o r t h e i r s u p p o r t i n b u i l d i n g
a n d r u n n i n g t h e A L I C E d e t e c t o r : C a l o u s t e G u l b e n k i a n
F o u n d a t i o n f r o m L i s b o n a n d S w i s s F o n d s K i d a g a n ,
A r m e n i a ; C o n s e l h o N a c i o n a l d e D e s e n v o l v i m e n t o
C i e n t ı´ fi c o e T e c n o l o ´ g i c o ( C N P q ) , F i n a n c i a d o r a d e
E s t u d o s e P r o j e t o s ( F I N E P ) , F u n d a c ¸ a ˜ o d e A m p a r o a `

P e s q u i s a d o E s t a d o d e S a ˜ o P a u l o ( F A P E S P ) ; N a t i o n a l
N a t u r a l S c i e n c e F o u n d a t i o n o f C h i n a ( N S F C ) , t h e
C h i n e s e M i n i s t r y o f E d u c a t i o n ( C M O E ) , a n d t h e
M i n i s t r y o f S c i e n c e a n d T e c h n o l o g y o f C h i n a ( M S T C ) ;
M i n i s t r y o f E d u c a t i o n a n d Y o u t h o f t h e C z e c h R e p u b l i c ;
D a n i s h N a t u r a l S c i e n c e R e s e a r c h C o u n c i l , t h e C a r l s b e r g
F o u n d a t i o n , a n d t h e D a n i s h N a t i o n a l R e s e a r c h
F o u n d a t i o n ; T h e E u r o p e a n R e s e a r c h C o u n c i l u n d e r t h e
E u r o p e a n C o m m u n i t y ’ s S e v e n t h F r a m e w o r k P r o g r a m m e ;
H e l s i n k i I n s t i t u t e o f P h y s i c s a n d t h e A c a d e m y o f F i n l a n d ;
F r e n c h C N R S - I N 2 P 3 , t h e ‘ ‘ R e g i o n P a y s d e L o i r e , ’ ’
‘ ‘ R e g i o n A l s a c e , ’ ’ ‘ ‘ R e g i o n A u v e r g n e , ’ ’ a n d C E A ,
F r a n c e ; G e r m a n B M B F a n d t h e H e l m h o l t z A s s o c i a t i o n ;
H u n g a r i a n O T K A a n d N a t i o n a l O f fi c e f o r R e s e a r c h a n d
T e c h n o l o g y ( N K T H ) ; D e p a r t m e n t o f A t o m i c E n e r g y a n d
D e p a r t m e n t o f S c i e n c e a n d T e c h n o l o g y o f t h e G o v e r n m e n t
o f I n d i a ; I s t i t u t o N a z i o n a l e d i F i s i c a N u c l e a r e ( I N F N ) o f
I t a l y ; M E X T G r a n t - i n - A i d f o r S p e c i a l l y P r o m o t e d
R e s e a r c h , J a p a n ; J o i n t I n s t i t u t e f o r N u c l e a r R e s e a r c h ,
D u b n a ; N a t i o n a l R e s e a r c h F o u n d a t i o n o f K o r e a ( N R F ) ;
C O N A C Y T , D G A P A , M e ´ x i c o , A L F A - E C , a n d t h e
H E L E N P r o g r a m ( H i g h - E n e r g y p h y s i c s L a t i n - A m e r i c a n -
E u r o p e a n N e t w o r k ) ; S t i c h t i n g v o o r F u n d a m e n t e e l
O n d e r z o e k d e r M a t e r i e ( F O M ) a n d t h e N e d e r l a n d s e
O r g a n i s a t i e v o o r W e t e n s c h a p p e l i j k O n d e r z o e k ( N W O ) ,
N e t h e r l a n d s ; R e s e a r c h C o u n c i l o f N o r w a y ( N F R ) ; P o l i s h
M i n i s t r y o f S c i e n c e a n d H i g h e r E d u c a t i o n ; N a t i o n a l
A u t h o r i t y f o r S c i e n t i fi c R e s e a r c h – N A S R ( A u t o r i t a t e a
N a t¸ i o n a l a ˘ p e n t r u C e r c e t a r e S ¸ t i i n t¸ i fi c a ˘ – A N C S ) ; F e d e r a l
A g e n c y o f S c i e n c e o f t h e M i n i s t r y o f E d u c a t i o n a n d
S c i e n c e o f R u s s i a n F e d e r a t i o n , I n t e r n a t i o n a l S c i e n c e a n d
T e c h n o l o g y C e n t e r , R u s s i a n A c a d e m y o f S c i e n c e s ,
R u s s i a n F e d e r a l A g e n c y o f A t o m i c E n e r g y , R u s s i a n
F e d e r a l A g e n c y f o r S c i e n c e a n d I n n o v a t i o n s , a n d C E R N -
I N T A S ; M i n i s t r y o f E d u c a t i o n o f S l o v a k i a ; C I E M A T ,
E E L A , M i n i s t e r i o d e E d u c a c i o ´ n y C i e n c i a o f S p a i n ,
X u n t a d e G a l i c i a ( C o n s e l l e r ı´ a d e E d u c a c i o ´ n ) , C E A D E N ,
C u b a e n e r g ı´ a , C u b a , a n d I A E A ( I n t e r n a t i o n a l A t o m i c
E n e r g y A g e n c y ) ; T h e M i n i s t r y o f S c i e n c e a n d
T e c h n o l o g y a n d t h e N a t i o n a l R e s e a r c h F o u n d a t i o n
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  (integrated:	
  

+0.3	
  v2RHIC	
  –	
  consequence	
  of	
  larger	
  <pT>)	
  -­‐>	
  v2(pT)	
  similar	
  to	
  RHIC	
  –	
  
almost	
  ideal	
  fluid	
  at	
  LHC	
  ?	
  

2.	
  New	
  input	
  to	
  the	
  energy	
  dependence	
  of	
  collecIve	
  flow	
  
3.	
  AddiIonal	
  constraints	
  on	
  Eq-­‐Of-­‐State	
  and	
  transport	
  properIes	
  	
  

19	
  

QCD	
  &	
  Diffrac5on,	
  Krakow,	
  2011	
  

15Integrated elliptic flow

Integrated v2: ~30% larger than at RHIC 
                      (due to the increase of <pT>) v

2
=〈cos [2 (ϕ−Ψ RP )] 〉

Two-particle 
methods
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Multi-particle 
methods
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17Identified particle elliptic flow

● Pronounced mass dependence due to radial flow 

● Viscous hydro predictions are able to describe the data

● As at RHIC, rescatterings in the hadronic phase (UrQMD afterburner) 
are needed to also match the anti-protons

QM11

10-20% 40-50%

Hydro:      U.Heinz et al., arXiv: 1105.3226
+UrQMD: U.Heinz et al., arXiv: 1108.5323  
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18D0 elliptic flow
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● First direct measurement of D0-meson flow in heavy-ion collisions
● Yield extracted from invariant mass spectra of Kπ candidates 

in- and out-of plane 

SQM11

      Charm mesons also exhibit elliptic flow
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SQM11

      Charm mesons also exhibit elliptic flow

First	
  D-­‐meson	
  ellipIc	
  flow	
  measurement	
  in	
  heavy-­‐ion	
  collisions	
  
Measured	
  via	
  Kπ	
  invariant	
  mass	
  –	
  in-­‐	
  and	
  out-­‐	
  of	
  plane	
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19Higher harmonic flow
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PRL, 107, 032301 (2011)

● Fluctuations in initial state lead to e-
by-e fluctuating symmetry planes

● Odd harmonics are not zero
● Triangular flow (v3 harmonic)

● Weak centrality dependence
● Vanishes as expected when 

measured wrt reaction plane
● Similar pT dependence for all vn

● Higher harmonics provide 
additional constraints on η/s

●  η/s small, similar as at RHIC

v2

v3

Alver, Roland, 2010

FluctuaIons	
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  lead	
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  planes	
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20Identified particle triangular flow 

Elliptic flow Triangular flow

● Very similar mass splitting measured for v3 as for v2

● Further support of the hydrodynamic nature of v3

● Note that the crossing between (anti-) protons and pions 
happens at the same pT (~2.5 GeV/c) which for v2 at RHIC 
was considered to be a sign of recombination

QM11 QM11

10-20%10-20% EllipIc	
   Triangular	
  

Similar	
  mass	
  dependence	
  in	
  v2	
  and	
  v3	
  –	
  support	
  for	
  hydrodynamic	
  nature	
  of	
  v3	
  
	
  
Note:	
  Curves	
  for	
  both	
  v2	
  and	
  v3	
  for	
  (anI-­‐)protons	
  and	
  pions	
  cross	
  at	
  pT	
  ~	
  2.5	
  GeV/c	
  
-­‐	
  In	
  the	
  case	
  of	
  v2	
  at	
  RHIC	
  it	
  was	
  discussed	
  as	
  a	
  signature	
  of	
  recombinaIon	
  



PROBING	
  THE	
  HOT	
  QCD	
  MATTER	
  

QCD	
  &	
  Diffrac5on,	
  Krakow,	
  2011	
  

25	
  



Jet	
  quenching	
  via	
  hadron	
  suppression	
  

QCD	
  &	
  Diffrac5on,	
  Krakow,	
  2011	
  

26	
  

8 The ALICE Collaboration
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Figure 3: RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at
√ sNN = 2.76 TeV. Error bars

indicate the statistical uncertainties. The boxes contain the systematic errors in the data and the pT dependent
systematic errors on the pp reference, added in quadrature. The histograms indicate, for central collisions only,
the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by the use of the pp̄ measurement
at √ sNN = 1.96 TeV [26] in the interpolation procedure (solid) and by applying NLO scaling to the pp data at 0.9
TeV (dashed) (see text). The vertical bars around RAA = 1 show the pT independent uncertainty on � Ncoll � .
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Figure 4: Comparison of RAA in central Pb–Pb collisions at LHC to measurements at
√ sNN = 200 GeV by the

PHENIX [30] and STAR [31] experiments at RHIC. The error representation of the ALICE data is as in Fig. 3.
The statistical and systematic errors of the PHENIX data are shown as error bars and boxes, respectively. The
statistical and systematic errors of the STAR data are combined and shown as boxes. The vertical bars around
RAA = 1 indicate the pT independent scaling errors on RAA.
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Figure 2: The pT distributions of primary charged particles at mid-rapidity (|! | < 0.8) in central (0–5%) and
peripheral (70–80%) Pb–Pb collisions at √ sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ≈ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of
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RaIo	
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#(parIcles	
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  in	
  AA	
  collision	
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  collision)	
  
	
  
#(parIcles	
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  collision)	
  	
  

suppression	
  

1.   Strong	
  depleIon	
  of	
  high-­‐pT	
  hadrons	
  in	
  A-­‐A	
  collisions	
  
–	
  consistent	
  with	
  parton	
  energy	
  loss	
  (jet	
  quenching)	
  

2.	
  QualitaIvely	
  new	
  feature	
  :	
  evoluIon	
  of	
  RAA	
  as	
  a	
  funcIon	
  of	
  pT	
  
3.	
  New,	
  much	
  anIcipated	
  constraint	
  for	
  parton	
  energy-­‐loss	
  models	
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RAA vs. reaction plane

● Suppression out-of-plane stronger
● Longer in-medium path length
● Significant effect even at 20 GeV/c

● Provides additional constraints to 
energy loss models

● Path length dependence of energy loss
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Suppression	
  out-­‐of-­‐plane	
  stronger	
  <=	
  longer	
  in-­‐medium	
  
path	
  length	
  -­‐	
  significant	
  effect	
  even	
  at	
  20	
  GeV/c	
  
=>	
  Path	
  length	
  dependence	
  of	
  energy	
  loss	
  
Addi5onal	
  constraints	
  to	
  energy	
  loss	
  models	
  (?)	
  -­‐	
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informa5on	
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  v2	
  at	
  high	
  pT	
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  at the time of decoupling is more difficult to assess, as it is determined by the initial 
temperature and equation of state of the system. The expansion rate and the spatial 
extent at decoupling can be accessed in experiment using intensity interferometry, or 
Bose–Einstein correlations of identical bosons emitted close in phase space. A 
homogeneity volume V can be measured from the 3-dimensional spatial extent of the 
system from such correlation analyses. ALICE finds this volume to be V ~ 300 fm3 for 
central Pb-Pb collisions at √sNN = 2.76 TeV.[14] This is about twice that measured at 
RHIC in central Au-Au collisions at √sNN = 200 GeV. In the same ALICE analysis, the 
decoupling time is found to be 10 – 11 fm/c for central Pb-Pb collisions, or about 40 
percent longer than at RHIC. Thus, the fireball formed in heavy ion collisions at the 
LHC is hotter (higher ε), lives longer and expands to a larger size at freeze-out than at 
RHIC. 

            
FIGURE 9.  Nuclear modification factor (RAA) as a function of transverse momentum for 0 – 5% 
central Pb-Pb collisions at √sNN = 2.76 TeV. Left panel: Charged particles. Right panel: Λ and Ks

0.  

HARD PROBES 

Charged and Identified Particle Nuclear Modification Factors 

Charged particles in central Au-Au collisions from RHIC at √sNN = 200 GeV are 
found to be suppressed by a factor of 4 – 5 for transverse momenta (pT) above a few 
GeV/c compared to a superposition of independent proton-proton collisions. Since 
parton fragmentation is the dominant production mechanism of high pT particles, this 
suggests strong parton energy loss in the medium. The nuclear modification factor 
RAA(pT) for central Pb+Pb collisions at √sNN = 2.76 TeV has been measured by ALICE 
and is presented in Fig. 9 (left panel). See Ref. [12] for definition of RAA and details. 
The suppression at the LHC as measured by ALICE is slightly larger than at RHIC, 
with a sharp rise for pT > 6 GeV/c. Also shown are results of calculations from energy 
loss models (see Ref. [12]) that have been constrained to fit the RHIC RAA data. These 
models reproduce the rising trend in the data, but the absolute values vary depending 
upon the degree of quenching and the quenching mechanisms. 

Measurements of the nuclear modification factor for identified particles are 
underway in ALICE. Shown in Fig. 9 (right panel) are the RAA(pT) for Λ and Ks

0 in 0-

5% central Pb+Pb collisions at √sNN = 2.76 TeV compared to charged particles. A 
distinct difference between the baryon (Λ) and meson (Ks

0) are observed. Baryons are 
not as suppressed as mesons at low to intermediate pT. This is expected from the 
stronger radial boost from flow for baryons and the resultant “baryon anomaly” 
observed in Figs. 4 and 5, respectively. Similar results have been seen at RHIC.  

Heavy Quark Nuclear Modification Factors 

Particles containing quarks of heavy flavor (most prominently c and b quarks at the 
LHC) are expected to probe the hot, dense phase of ultra-relativistic heavy ion 
collisions. Leading particles with open charm or beauty should be sensitive to 
properties of the medium, such as the energy density, and provide information on the 
interaction of partons with the medium via in-medium energy loss. Quarkonia are 
expected to be sensitive probes of the initial temperatures and deconfinement via color 
screening effects. 

 
FIGURE 10.  Left panel: Nuclear modification factor (RAA) for particles associated with heavy flavor 
production and decays as described in legend as a function of transverse momentum for central Pb-Pb 
collisions at √sNN = 2.76 TeV in ALICE and for J/ψ from B-decays in CMS.[15]  Right panel: RAA as a 
function of 〈Npart〉 for J/ψ in Pb-Pb collisions in ALICE at √sNN = 2.76 TeV and Au-Au collisions in 
PHENIX[16] at √sNN = 0.2 TeV. 

 
ALICE has measured the nuclear modification factors for hadrons with heavy 

flavor in Pb-Pb central collisions at √sNN = 2.76 TeV. RAA(pT) are presented in Fig. 10 
(left panel) for D-mesons at mid-rapidity (utilizing displaced decay vertex 
reconstruction) and for electrons and muons at mid- and forward-rapidity, 
respectively. D-mesons are as suppressed as charged particles (mostly pions), as seen 
at RHIC. Prompt J/ψ from B-decays as measured in CMS[15] are similarly 
suppressed, as also shown in Fig. 10 (left panel). Displayed in Fig. 10 (right panel) are 
RAA(pT) as a function of centrality (〈Npart〉) for J/ψ from ALICE in Pb-Pb collisions at 
√sNN = 2.76 TeV and from PHENIX[16] in Au-Au collisions at √sNN = 0.2 TeV. A 
weaker dependence with centrality is observed in ALICE at the LHC than observed in 
PHENIX at RHIC. In the most central collisions (large 〈Npart〉) the RAA(pT) is a factor 
of 2 larger at the LHC than at RHIC for forward-rapidities. These differences persist at 
midrapidity, but to a lesser degree. 
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  ΔEheavy-­‐q	
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  only	
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  theory?	
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  precision	
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49RAA for heavy hadrons
D-meson data and NLO calculation D-meson and charged pion RAA

● Reference from measured D0, D+ and D* pT differential cross-
sections in pp at 7 TeV scaled to 2.76 TeV with FONLL 

● Suppression of prompt D mesons by 4-5 for pT > 5 GeV/c

● At high pT similar suppression for D mesons and pions

– Calculations indicate small shadowing at this pT 

● At low pT there may be a hint of RAA
D > RAA

π 
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RHIC in central Au-Au collisions at √sNN = 200 GeV. In the same ALICE analysis, the 
decoupling time is found to be 10 – 11 fm/c for central Pb-Pb collisions, or about 40 
percent longer than at RHIC. Thus, the fireball formed in heavy ion collisions at the 
LHC is hotter (higher ε), lives longer and expands to a larger size at freeze-out than at 
RHIC. 

            
FIGURE 9.  Nuclear modification factor (RAA) as a function of transverse momentum for 0 – 5% 
central Pb-Pb collisions at √sNN = 2.76 TeV. Left panel: Charged particles. Right panel: Λ and Ks

0.  

HARD PROBES 

Charged and Identified Particle Nuclear Modification Factors 

Charged particles in central Au-Au collisions from RHIC at √sNN = 200 GeV are 
found to be suppressed by a factor of 4 – 5 for transverse momenta (pT) above a few 
GeV/c compared to a superposition of independent proton-proton collisions. Since 
parton fragmentation is the dominant production mechanism of high pT particles, this 
suggests strong parton energy loss in the medium. The nuclear modification factor 
RAA(pT) for central Pb+Pb collisions at √sNN = 2.76 TeV has been measured by ALICE 
and is presented in Fig. 9 (left panel). See Ref. [12] for definition of RAA and details. 
The suppression at the LHC as measured by ALICE is slightly larger than at RHIC, 
with a sharp rise for pT > 6 GeV/c. Also shown are results of calculations from energy 
loss models (see Ref. [12]) that have been constrained to fit the RHIC RAA data. These 
models reproduce the rising trend in the data, but the absolute values vary depending 
upon the degree of quenching and the quenching mechanisms. 

Measurements of the nuclear modification factor for identified particles are 
underway in ALICE. Shown in Fig. 9 (right panel) are the RAA(pT) for Λ and Ks

0 in 0-

Strange	
  baryons	
  vs	
  mesons	
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Di-­‐hadron	
  CorrelaIons	
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Two-­‐parIcle	
  correlaIons	
  	
  
	
  -­‐	
  condiIonal	
  [per-­‐trigger]	
  yields	
  

	
   and	
  
1

N
trig

dN
assoc

d��
1

N
trig

d2N
assoc

d�⇥d��

At	
  Low-­‐pT	
  :	
  
Ridge	
  
Hydrodynamics,	
  flow	
  

At	
  High-­‐pT	
  :	
  
Quenching/suppression,	
  
broadening	
  

ICP:	
  Yields	
  in	
  central	
  v.s.	
  peripheral	
  
	
   	
   	
   	
   	
   	
   	
  collisions	
  

IAA:	
  Yields	
  in	
  A-­‐A	
  compared	
  to	
  p-­‐p	
  
	
  



22Fourier decomposition

● Extract 1D Δϕ correlations by integrating the 
C(Δη,Δϕ) in 0.8<|Δη|<1.8 (long) range 

● Then do Fourier decomposition

Δφ Δη

● With present statistics, few (5) components describe 
long range correlations at low pT

● Strong near-side ridge and 
double-peak on away-side

arXiv:1109.2501 (sub. to PLB)
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IntegraIon	
  of	
  the	
  correlaIon	
  funcIon	
  in	
  	
  
0.8	
  <	
  |Δη|	
  <	
  1.8	
  (long)	
  and	
  Fourier	
  decomposiIon	
  
CollecIve	
  flow:	
  the	
  coefficients	
  factorize	
  VnΔ=vn(pTT)vn(pTA)	
  

Few	
  components	
  describe	
  the	
  low-­‐pT	
  correlaIons	
  
ó  Strong	
  near	
  side	
  ridge	
  and	
  double-­‐peak	
  on	
  the	
  away	
  
ó Also	
  recoil	
  jet	
  up	
  to	
  pTtrig>8	
  &	
  pTassoc	
  6-­‐8	
  in	
  central	
  



Jet	
  quenching:	
  recoil	
  jet	
  suppression	
  via	
  
leading	
  hadron	
  azimuthal	
  correlaIons	
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Azimuthal	
  
Correla5on	
  
~	
  180	
  deg	
  

Leading	
  par5cle	
   4<	
  pTtrig	
  <	
  6	
  GeV/c	
  
pTassoc	
  >	
  2	
  GeV/c	
  

Intermediate pT di-hadrons: Strong modification of 
the recoil-jet indicates substantial partonic 
interaction within the medium -> quenching 
 
High-pT di-hadrons: Selection of non-interacting jets 
 
=> Limited sensitivity to quenching details  
	
  



RaIo	
  of	
  condiIonal	
  yields:	
  IAA	
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Central	
  events	
  
Near	
  side	
  slightly	
  enhanced	
  IAA	
  ~	
  1.2	
  
Away	
  side	
  suppressed	
  IAA	
  ~	
  0.5	
  –	
  0.7	
  

Peripheral	
  events	
  
IAA	
  consistent	
  with	
  1	
  
v2	
  contribuIon	
  small	
  except	
  the	
  lowest	
  
bin,	
  therein	
  v3	
  of	
  same	
  order	
  

�' ⇠ 0 �' ⇠ ⇡

CondiIonal	
  yields	
  in	
  AA	
  divided	
  by	
  yields	
  in	
  p-­‐p	
  



PREREQUISITES	
  FOR	
  COMPLETE	
  JET	
  
RECONSTRUCTION	
  IN	
  ALICE	
  

2011	
  complete	
  Electromagne5c	
  Calorimeter	
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Summa	
  summarum	
  

•  RHIC	
  vs	
  LHC:	
  Larger	
  (2x),	
  longer-­‐lived	
  
(1.4x)	
  and	
  denser	
  (2.5x)	
  system	
  produced	
  
with	
  strong	
  radial	
  flow,	
  β=0.66c	
  

•  Same	
  (RHIC&LHC)	
  chemical	
  freeze-­‐out	
  
temperatures	
  

•  Thermal	
  fits	
  fail	
  with	
  proton/pion	
  ra5o	
  
•  Strangeness	
  saturates	
  
•  Same	
  ellip5c	
  flow	
  as	
  at	
  RHIC	
  	
  
•  Flow	
  dominates	
  out	
  to	
  pT	
  =	
  3-­‐4	
  GeV	
  
•  “Intermediate”	
  pT	
  region	
  up	
  to	
  8	
  GeV/c	
  
•  Higher	
  harmonics	
  can	
  explain	
  low-­‐pT	
  

correla5ons	
  	
  
•  Heavy	
  quarks	
  v2	
  >	
  0	
  

•  Mach	
  cone	
  and	
  ridge	
  not	
  jet	
  phenomena	
  	
  
•  Jet	
  par5cle	
  yields	
  enhanced	
  on	
  near-­‐,	
  

suppressed	
  on	
  away-­‐side	
  	
  
•  Strong	
  high	
  pT	
  suppression	
  observed	
  for	
  

all	
  par5cles	
  	
  
–  Minimum	
  at	
  about	
  6-­‐8	
  GeV/c,	
  strong	
  rise	
  for	
  

pT>8	
  GeV/c	
  	
  

•  Reac5on-­‐plane	
  dependent	
  suppression	
  	
  
•  RAA:	
  Slight	
  mass	
  dependence	
  at	
  low	
  to	
  

intermediate	
  pT	
  -­‐	
  data	
  converge	
  at	
  high	
  pT	
  	
  
•  Charm	
  mesons	
  strongly	
  suppressed	
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“SOFT	
  &	
  BULK”	
   “HARD	
  PROBES”	
  

Thank	
  you!	
  



ALICE	
  IS	
  A	
  VERSATILE	
  EXPERIMENT	
  
OTHER	
  MEASUREMENTS…	
  

NOTE:	
  Central	
  diffracIon	
  covered	
  by	
  Jan	
  Figiel	
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ParIcle	
  producIon	
  in	
  	
  
ultra-­‐peripheral	
  Pb-­‐Pb	
  collisions	
  

•  Invariant	
  mass	
  of	
  unlike	
  
sign	
  (2-­‐track)	
  events	
  with	
  
event	
  pT<0.15	
  GeV/c	
  

•  Pion	
  mass	
  is	
  assumed.	
  	
  
•  Trigger:	
  both	
  tracks	
  with	
  
hits	
  in	
  Silicon-­‐Pixel-­‐
Detector	
  and	
  Time-­‐Of-­‐
Flight	
  

•  Expect	
  a	
  low	
  mean	
  pT	
  

Pb+ Pb ! Pb+ Pb+ �0
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•  Invariant	
  mass	
  of	
  unlike	
  
sign	
  (2-­‐track)	
  events	
  with	
  
event	
  pT<0.15	
  GeV/c	
  

•  Pion	
  mass	
  is	
  assumed.	
  	
  
•  Trigger:	
  both	
  tracks	
  with	
  
hits	
  in	
  Silicon-­‐Pixel-­‐
Detector	
  and	
  Time-­‐Of-­‐
Flight	
  

•  Mean	
  pT	
  ~	
  0.05	
  GeV/c	
  

Mass	
  (GeV/c2)	
  

pT	
  (GeV/c2)	
  

Pb+ Pb ! Pb+ Pb+ �0
raw,	
  uncorrected	
  mass	
  distribu5on	
  

ParIcle	
  producIon	
  in	
  ultra-­‐peripheral	
  Pb-­‐
Pb	
  collisions	
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ElectromagneIc	
  dissociaIon	
  (EMD)	
  with	
  
ALICE	
  ZDC's	
  

Most	
  probable	
  channel:	
  	
  
	
  GDR	
  followed	
  by	
  neutron	
  emission	
  

	
  
Model	
  QED	
  descripIon:	
  RELDIS	
  	
  

	
  –	
  EMD	
  events	
  and	
  cross-­‐secIons	
  
	
  Pshenichnov,	
  I.A.,	
  et	
  al.	
  	
  
• 	
  Phys.Rev.	
  C60	
  (1999)	
  044901	
  
• 	
  Phys.Rev.	
  C64	
  (2001)	
  024903	
  
	
  

Trigger	
  ZNA	
  ||	
  ZNC	
  selects:	
  	
  
	
  single	
  EMD	
  (~185b);	
  	
  
	
  mutual	
  EMD	
  (~5.9	
  b)	
  
	
  nuclear	
  (7.8	
  b)	
  

Ultra-­‐peripheral	
  heavy-­‐ion	
  interacIon	
  -­‐>	
  EMD	
  of	
  nuclei	
  
	
  

ZDCs:	
  115	
  meters	
  away	
  from	
  
IP2	
  on	
  both	
  (A,C)	
  sides,	
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SINGLE	
  EMD	
   MUTUAL	
  EMD	
  

ZDC	
  signal:	
  Single	
  EMD	
  +	
  Mutual	
  EMD	
  +	
  Nuclear	
  effects	
  
Mutual	
  EMD	
  event	
  selecIon:	
  ZNC	
  &&	
  ZNA	
  +	
  ZDC	
  Ime	
  selecIon	
  +	
  	
  
(ZEM1<10	
  ||	
  ZEM2<10)	
  esImated	
  from	
  simulaIons	
  to	
  reject	
  nuclear	
  events	
  
Data:	
  1n	
  peak	
  resoluIon	
  ~20%	
  consistent	
  with	
  RELDIS	
  calculaIon	
  
RaIos:	
  1n/2n;	
  1n/3n;	
  2n/3n	
  are	
  under	
  invesIgaIon	
  
	
  

Fit	
  constrains:	
  	
  	
  µ2n = 2µ1n; �2n =
p
2�1n; µ3n = 3µ1n; �3n =

p
3�1n

1n	
  
1380	
  GeV	
  

2n	
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Single	
  and	
  mutual	
  EMD	
  with	
  ZDC	
  



Anti-Matter production in  

p+p and Pb+Pb collisions 

Natasha Sharma (Panjab University, Chandigarh),  

on behalf of the ALICE collaboration, LHCC Meeting, March 2011 

 Extraction of yields 

Housed in the L3 magnet at point 2 at 

CERN, the ALICE Time Projection 

Chamber is the largest of its kind in the 

world. It is the main tracking device of 

the experiment and provides also 

particle identification via the specific 

energy loss. 

Since the specific energy loss of a 

particle depends for a given momentum 

only on charge and rest mass, the 

simultaneous measurement of track 

curvature and signal height allows 

particle identification. 

The Inner Tracking System gives a 

precise determination of the event 

vertex, by which primary and 

secondary particles are separated.  

These figures show the particle 

identification through their specific 

energy loss vs rigidity in the ALICE 

TPC. 

 Outlook  Work in Progress 

pp @ !s = 7 TeV 

PbPb @ 2.76 TeV 

•! Nearly 11 M minimum bias events are analyzed for PbPb collisions 

and over 350 M events are analyzed for pp @ !s = 7 TeV 

•! Nuclei and anti-nuclei produced in the collisions have Distance of 

Closest Approach (DCA) always near to zero. Nuclei can also be 

produced by interaction with the material. Their yield is then 

determined after background subtraction in the DCAXY distribution. 

Four candidates of 4He are 

found in the PbPb collisions at 

!sNN = 2.76 TeV 

Out of these, three candidates 

are confirmed by Time of Flight 

(TOF) measurement 

•! Final spectra will be obtained after including efficiency and 

annihilation probability 

•! Work in progress for anti-hypertriton 

•! Work in progress to estimate anti-4He yields 

The raw yields are determined by analyzing the DCA distribution (left) for 

different pt bins. 

 Goals 

•! Comparison of yields in pp and PbPb collisions 

•! Comparison of particle ratios with thermal and coalescence model 

•! Understanding of the production mechanism 

 Particle Identification 

Panjab University , Chandigarh, India. 

pp @ !s = 7 TeV PbPb @ 2.76 TeV 

3He 
__ d 

_ 

d 
_ 

d 

___ 

Search for Anti-

HyperTriton is 

ongoing via its 

displaced vertex 

Performance 

19.03.11 

AnI-­‐Alpha	
  candidates	
  in	
  Pb-­‐Pb	
  
m =

z ·Rp
�2 � 1

<
dE

dx
>=

4⌅Ne4

mc2
z2

�2
(
1

2
ln

2mc2E
max

�2⇥2

I2
� �2

2
� ⇤(�)

2
)

Time	
  of	
  flight	
  (sensiIve	
  to	
  m/z-­‐raIo):	
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Three	
  candidates	
  
confirmed	
  by	
  TOF	
  
analysis	
  



EXTRA	
  SLIDES	
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ParIcle	
  raIos	
  –	
  PbPb	
  at	
  2.76	
  TeV	
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12Particle ratios

● Anti-particle/particle ratios close to 1
● As expected at LHC: μb ≈ 0

● Strange/non-strange ratio constant
● Above SPS energies, strange 

quarks are thermalized

dN/dηπ-/π+               K-/K+               p/p

12Particle ratios

● Anti-particle/particle ratios close to 1
● As expected at LHC: μb ≈ 0

● Strange/non-strange ratio constant
● Above SPS energies, strange 

quarks are thermalized

dN/dηπ-/π+               K-/K+               p/p

An5-­‐par5cle/par5cle	
  ra5os	
  ~	
  1	
  	
  
	
  <=>	
  LHC:	
  μb	
  ≈	
  0	
  	
  

	
  
Strange/non-­‐strange	
  ra5o	
  constant	
  	
  
Above	
  SPS	
  energies,	
  strange	
  quarks	
  are	
  
thermalized	
  	
  
	
  

AnI-­‐K/K	
  



RelaIvisIc	
  (Ideal)	
  Hydrodynamics	
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Heavy	
  
par5cles	
  

Light	
  
par5cles	
  

Ideal	
  hydro:	
  qualita5ve	
  agreement	
  but	
  missing	
  the	
  details	
  

@µT
µ⌫ = 0

Shear	
  viscosity	
  η	
  =	
  0	
  

Heinz	
  ‘04	
  	
  

Mass	
  hierarchy	
  vs	
  momentum	
  
is	
  characteris5c	
  of	
  common	
  
velocity	
  distribu5on	
  



Shear	
  viscosity	
  in	
  fluids	
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mfpLA
F

λρηη v~;v=

Weak	
  coupling	
  
• 	
  small	
  cross	
  sec5on,	
  long	
  mean	
  free	
  path	
  
⇒	
  large	
  viscosity	
  
	
  
Strong	
  coupling	
  
• 	
  large	
  cross	
  sec5on,	
  small	
  mean	
  free	
  path	
  
⇒	
  small	
  viscosity	
  

η→0:	
  strongly	
  coupled	
  (perfect)	
  fluid	
  
η→∞:	
  weakly	
  coupled	
  (ideal)	
  gas	
  



How	
  perfect	
  fluid	
  is	
  QCD	
  MaBer?	
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Shear	
  viscosity	
  –	
  lower	
  limit:	
  

Romatschke	
  ‘08	
  

KSS	
  (string	
  theory);	
  Gyullassy-­‐Danielewicz	
  
(quantum	
  mechanics	
  	
  +	
  ballis5c	
  theory)	
  

Hydro:	
  Luzum	
  ‘10	
  

Hot,	
  deconfined	
  QCD	
  maBer	
  flows	
  as	
  an	
  almost	
  perfect	
  fluid	
  

ALICE	
  DATA	
  -­‐	
  LHC	
  

⌘

s
>

1
4⇡



Bremsstrahlung	
  energy	
  loss	
  in	
  QCD	
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Define	
  a	
  transport	
  coefficient:	
  
	
  
	
  

Partonic	
  energy	
  loss	
  in	
  QCD	
  medium	
  is	
  propor5onal:	
  
• 	
  to	
  squared	
  average	
  path	
  length	
  (Note:	
  QED	
  ~	
  linear)	
  
• 	
  to	
  density	
  of	
  the	
  medium	
  
⇒ 	
  energy	
  flow	
  (parton+radiaIon)	
  modified	
  as	
  compared	
  to	
  jet	
  in	
  vacuum	
  
⇒ 	
  jet	
  “quenched”	
  (“souened”	
  fragmentaIon)	
  

t
formation

< L, ! < !
c

�dE/dx ⇠ ↵sq̂L
2q̂ ⇠ µ2/�

High	
  energy	
  color	
  charged	
  probe	
  
propaga5ng	
  through	
  color	
  charged	
  medium	
  

(LPM	
  effect;	
  mul5ple	
  so{	
  radia5ons)	
  



Jet	
  quenching	
  via	
  hadron	
  suppression	
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Expected	
  evoluIon	
  with	
  centrality	
  

New	
  constraint	
  to	
  jet	
  quenching	
  modeling…	
  



Fourier	
  coefficients	
  of	
  2-­‐parIcle	
  
correlaIons	
  –	
  relaIon	
  to	
  hydrodynamics	
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23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Long	
  range	
  correlaIons	
  –	
  collecIve	
  flow:	
  the	
  coefficients	
  must	
  factorize	
  such	
  that:	
  
	
  

23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Global	
  fits	
  show:	
  	
  
-­‐  CollecIve	
  flow	
  dominates	
  to	
  about	
  3-­‐4	
  GeV/c	
  for	
  all	
  n>1	
  
-­‐  DescripIon	
  breaks	
  for	
  high	
  pT	
  or	
  peripheral	
  collisions	
  
-­‐  For	
  low	
  pT:	
  double	
  peak	
  and	
  ridge	
  structures	
  seen	
  in	
  two	
  parIcle	
  correlaIons	
  are	
  

naturally	
  explained	
  by	
  measured	
  anisotropic	
  flow	
  coefficients	
  	
  

24Check of factorization at low pT

C (ΔΦ)∼1+∑ vn
2
cos (ΔΦ)

PRL, 107, 032301 (2011)

QM11

● Cross check of vn results
● Consistent results for global fit 

and scalar product (SP)method 

● Extracted (SP) flow 
coefficients describe 
measured long-range 
two particle correlation 
structures 

Mach Cone and ridge structures seen in two particle correlations 
are naturally explained by measured anisotropic flow coefficients
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Detailed	
  characterizaIon	
  of	
  the	
  
background	
  is	
  a	
  prerequisite	
  for	
  jet	
  
reconstrucIon	
  in	
  Pb-­‐Pb	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Effect	
  on	
  inclusive	
  spectrum	
  in	
  A-­‐A:	
  
DemonstraIon	
  of	
  the	
  pT	
  smearing	
  	
  
(f(δpT))	
  due	
  to	
  background	
  
fluctuaIons.	
  
	
  
Detailed	
  correcIon	
  under	
  
preparaIon.	
  

precT = ptrueT + �pT

�p
T

= pcluster
T

� ⇥ ·A� pprobe
T

DefiniIon	
  of	
  δpT:	
  	
  

Measurement:	
  	
  

Shown:	
  FastJet	
  AnI-­‐kT	
  (R=0.4)	
  

δpT	
  
central	
   peripheral	
  



Experimental	
  control	
  of	
  
collision	
  geometry	
  

•  How	
  can	
  we	
  measure	
  impact	
  
parameter	
  in	
  heavy-­‐ion	
  
collisions?	
  

•  =>	
  Correlate	
  observables	
  
connected	
  only	
  by	
  geometry	
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y	
  
b	
  

x	
  

Collision	
  in	
  	
  
transverse	
  plane	
  

Cross-­‐sec5on	
  
frac5ons	
  

Energy	
  in	
  the	
  forward	
  region	
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ConsideraIons:	
  	
  
Near	
  Side	
  Enhancement	
  (IAA	
  >	
  1)	
  

•  Near	
  side	
  enhancement	
  in	
  ICP	
  
and	
  IAA,Pythia	
  in	
  central	
  events	
  
–  Near	
  side	
  is	
  modified	
  	
  

à	
  trigger	
  par5cle	
  interacts	
  with	
  
the	
  medium	
  

•  Possible	
  explana5on	
  
–  In	
  the	
  presence	
  of	
  quenching	
  

same	
  trigger	
  pT	
  might	
  probe	
  
higher	
  parton	
  pT	
  	
  

–  Increased	
  trigger	
  pT	
  à	
  
increased	
  yield	
  à	
  increased	
  
IAA,Pythia/ICP	
  

–  IAA,Pythia/ICP	
  on	
  away	
  side	
  would	
  
be	
  even	
  lower	
  without	
  this	
  
effect!	
  

Toy	
  power	
  law	
  example:	
  A/(pT	
  –	
  ΔpT)n	
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Comparison	
  with	
  RHIC	
  
•  Caveat:	
  same	
  trigger	
  pT	
  

probes	
  different	
  parton	
  
pT	
  at	
  different	
  √sNN	
  

•  STAR	
  and	
  PHENIX	
  
subtract	
  v2	
  à	
  compare	
  
with	
  ALICE	
  line	
  
–  STAR	
  IAA	
  w.r.t.	
  to	
  dAu	
  

reference	
  
–  STAR	
  has	
  different	
  

centrality	
  for	
  peripheral	
  
events	
  

–  Away	
  side	
  larger	
  than	
  at	
  
STAR	
  

–  PHENIX	
  has	
  (slightly)	
  
different	
  pT,trig	
  ranges	
  

•  No	
  evidence	
  for	
  near-­‐
side	
  IAA	
  >	
  1	
  at	
  RHIC,	
  but	
  
not	
  excluded	
  

STAR:	
  stat.	
  unc.	
  only	
  

PHENIX,	
  PRL	
  104,	
  252301	
  (2010)	
  STAR,	
  PRL97,162301	
  (2006)	
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Theory	
  Comparison	
  

Near-­‐side	
  enhancement:	
  
-­‐	
  reproduced	
  by	
  AdS/CFT	
  pQCD	
  hybrid	
  (L3	
  
path	
  length	
  dependence)	
  and	
  ASW	
  (L2	
  
dependence)	
  
-­‐	
  YaJEM(-­‐D)	
  too	
  high	
  

AdS/CFT,ASW,	
  
Yajem(-­‐D):	
  
• LO	
  pQCD	
  
• WS	
  ma?er	
  dist.	
  
• Ideal	
  2+1d	
  hydro	
  
• Different	
  e-­‐loss	
  
scenarios	
  

X	
  N	
  Wang:	
  
• Hard	
  sphere	
  ma?er	
  
dist.	
  	
  
• NLO	
  pQCD	
  
• Avg.	
  e-­‐loss	
  
• 1D	
  expansion	
  

Away-­‐side	
  suppression:	
  
-­‐	
  reproduced	
  by	
  AdS/CFT,	
  ASW,	
  YaJEM-­‐D	
  
-­‐	
  YaJEM	
  too	
  high	
  (L	
  dependence)	
  
-­‐	
  X	
  N	
  Wang	
  slightly	
  too	
  low	
  

AdS/CFT,ASW,YaJEM(-­‐D)	
  simula5ons	
  from	
  T	
  Renk	
  [private	
  communica5on,	
  to	
  appear;	
  talk	
  Tu	
  16:40]	
  
X	
  N	
  Wang	
  [private	
  communica5on,	
  following	
  calcula5on	
  in	
  PRL98:212301	
  (2007)]	
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39 GeV. That the differential elliptic flow would remain the same over two orders of 
magnitude in energy was not anticipated. The increase in the integrated flow observed 
in Fig. 6 (left panel) therefore must be due to an increase in the average transverse 
momentum, partly attributed to increased radial flow, as seen in the spectra of Fig. 4 
(left panel).  
 

              
FIGURE 6. Left panel: Integrated elliptic flow (v2) as a function of √sNN for central heavy ion 
collisions (from Ref. [8]). Right panel: The elliptic flow determined from the 4-particle cumulant as a 
function of pT for 20-30% centrality ALICE data [8] at √sNN = 2.76 TeV and STAR data [9] at √sNN = 
39, 62.4, and 200 GeV. 

 

     
FIGURE 7.  Left panel: Elliptic flow (v2) as a function of transverse momentum for Pb-Pb collisions at 
√sNN = 2.76 TeV from ALICE and Au-Au collisions at √sNN = 200 GeV in PHENIX for 20 – 40% 
centrality. Also shown are results from hydrodynamics.[10] Right panel: v2 per quark as a function of 
transverse kinetic energy per quark as measured by v2 from π

±, K±, and p- in 40 – 50 % centrality from 
ALICE. 

Identified Particle Elliptic Flow 

The observed increase in radial flow at the LHC also results in a stronger particle 
mass dependence of the elliptic flow at the LHC than at RHIC. This can be observed 
in Fig. 7 (left panel), where the v2(pT) is presented for pions, kaons and anti-protons 
from ALICE and from PHENIX. The “mass splitting,” or the separation between the 
differential elliptic flow for different masses is observed to be larger at the LHC than 
at RHIC and also than that predicted by hydrodynamics.[10] Furthermore, the “quark 
number scaling” of v2(pT) observed at RHIC appears to be broken at the LHC as seen 
by the variation of the three curves in Fig. 7 (right panel). At pT > 2 GeV/c, the quark 



Fourier	
  decomposiIon	
  for	
  higher	
  pTs	
  

QCD	
  &	
  Diffrac5on,	
  Krakow,	
  2011	
  

59	
  

number scaling of v2(pT) still holds at the LHC (not shown) [11], supporting a 
description in terms of coalescence. 

 

                 
FIGURE 8. Azimuthal projections of correlation function data over 0.8 < |Δη| < 1.8. Left panel: low pT 
triggers (see legend). Right panel: high pT triggers. Dashed curve is result of a Fourier decomposition 
(fit) using the first 5 components (color curves). At bottom of figures are ratios of data to fit for cases of 
n = 5 and 10, with little observable difference (note more sensitive scale on left compared to right). 

Fourier Decomposition of Azimuthal Di-hadron Correlations 

Triggered di-hadron correlations can be used to identify and separate the regions of 
phase space in which collective effects dominate from those where jet-related 
correlations are dominant. If the two-particle correlation is connected by a common 
plane of symmetry then the factorization relation, VnΔ (pTassoc, pTtrig) = vn (pTassoc) · vn 
(pTtrig) should be satisfied, thus signifying the dominance of collective effects. This 
relation is not expected to hold for jet-related correlations such as those from jet 
fragmentation. Displayed in Fig. 8 are the correlation functions C(Δφ) = dNassoc 
/(Npairs · d(Δφ)) for individual events after normalizing by the same correlation in 
mixed events and integration over 0.8 < |Δη| < 1.8 for low and high pT trigger 
conditions. A Fourier decomposition of these long-range (in η) correlations using n = 
10 or even 5 harmonics yields a good fit (dashed curve) to the low pT trigger data as 
seen in Fig. 8 (left panel), but not for the high pT trigger in Fig. 8 (right panel) where 
the recoil jet dominates the correlation. Note also that the data in Fig. 8 (left panel) 
correspond to the most central data set (0 – 1 % centrality) and exhibit a double-hump 
structure on the away-side of the trigger particle. This complicated structure appears to 
be due simply to contributions of the various harmonic components, most probably 
fluctuations in the initial state configuration. Furthermore, the factorization hypothesis 
works well for pT up to ~ 3 – 4 GeV/c, but fails at higher pT where jet-like effects 
dominate correlations. For a more detailed analysis and discussion, see Refs. [12],[13]. 

SPACE-TIME EVOLUTION OF THE SYSTEM  

The hydrodynamic approach describes reasonably well the momentum distribution 
of particles in RHIC and LHC heavy ion collisions. However, their spatial distribution 

Low-­‐pT	
   High-­‐pT	
  



D	
  meson	
  producIon	
  in	
  p-­‐p	
  
Preliminary	
  cross	
  secIons	
  (with	
  108	
  m.b.	
  events):	
  D0,	
  D+,	
  D*	



Feed-­‐down	
  from	
  B	
  mesons	
  (auer	
  cuts	
  ~10-­‐15%	
  for	
  D0,	
  D+,	
  5%	
  for	
  D*)	
  
subtracted	
  based	
  on	
  FONLL	
  b	
  cross	
  secIon	
  
Will	
  be	
  done	
  based	
  on	
  data	
  (displaced	
  D	
  mesons)	
  with	
  full	
  2010	
  sample	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  (5x	
  more	
  staIsIcs)	
  
In	
  addi5on:	
  extended	
  reach	
  towards	
  pt=0	
  and	
  pt=20-­‐25	
  GeV	
  possible	
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Preliminary	
  cross	
  secIons	
  (with	
  108	
  m.b.	
  events):	
  D0,	
  D+,	
  D*	



FONLL:	
  Cacciari	
  et	
  al.	
  in	
  prepara5on,	
  	
  
GMVFNS,	
  Kniehl	
  et	
  al.	
  in	
  prepara5on	
  


