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

3 orthogonal directions (Rlong, Rside and Rout)

● Compared to RHIC
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● Decoupling time: τf(LHC) ≈ 10-11 fm/c ~ 1.4 x τf(RHIC)
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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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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
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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%
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• 	
  Iden>cal	
  varia>on	
  of	
  par>cle	
  
produc>on	
  with	
  centrality	
  
(volume)	
  at	
  RHIC	
  and	
  LHC!	
  
⇒ 	
  Global	
  features	
  of	
  the	
  system	
  
independent	
  on	
  energy	
  
⇒ 	
  Ini>al	
  condi>ons!	
  

The	
  same	
  experiment	
  under	
  
vastly	
  different	
  condiCons!	
  

Centrality	
  of	
  the	
  collisions:	
  	
  	
  	
  	
  	
  	
  	
  	
  peripheral	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  semi-­‐central	
  	
  	
  	
  	
  	
  	
  	
  central	
  

More	
  on	
  RHIC:	
  	
  
Phobos	
  (Phys.	
  Rev.	
  Le+.	
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  (2009))	
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  (2011)	
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independent	
  on	
  energy	
  
⇒ 	
  Ini>al	
  condi>ons!	
  

The	
  same	
  experiment	
  under	
  
vastly	
  different	
  condiCons!	
  

Centrality	
  of	
  the	
  collisions:	
  	
  	
  	
  	
  	
  	
  	
  	
  peripheral	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  semi-­‐central	
  	
  	
  	
  	
  	
  	
  	
  central	
  

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

Centrality	
  dependence	
  of	
  par>cle	
  produc>on	
  

         
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 

SystemaCc	
  control:	
  compare	
  RHIC	
  to	
  LHC	
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Direct	
  photons	
  	
  
QGP	
  shines	
  

Obtained from π0 measurement and 
mT scaling for other mesons 

At pT < 2.2 GeV/c, the spectrum 
is fitted with an exponential, 
inverse slope parameter T: 

(Au-Au centrality 0-20%) 

Outlook	
  for	
  Run-­‐2:	
  higher	
  precision	
  data	
  (higher	
  collision	
  energy)	
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  Onset	
  of	
  de-­‐confined	
  medium	
  

•  Strangeness	
  enhancement	
  –	
  especially	
  
mulC-­‐strange	
  baryons	
  

•  Also	
  in	
  high-­‐mulCplicity	
  p-­‐Pb	
  collisions	
  ?	
  
–  Xi/p	
  reaches	
  Pb-­‐Pb	
  values	
  

M. Floris SQM 2015 - ALICE Overview

Strangeness in p-Pb collisions

22

Strangeness enhancement in p-Pb collisions! 
• Ξ reaches the Pb-Pb (Grand Canonical?) value 
• Lift of canonical suppression? Poor GC fit in p-Pb

Ξ/π Ω/π

M. Nicassio, Fri 17:20 
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A	
  heavy-­‐ion	
  collison	
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ParCcle	
  producCon	
  –	
  staCsCcal	
  hadronizaCon	
  models	
  
18	
  

Yields	
  described	
  by	
  thermal	
  (3)	
  models	
  with	
  
Tch=155-­‐156	
  MeV	
  
•  Similar	
  temperature	
  as	
  at	
  RHIC,	
  however	
  proton/

pion	
  below	
  the	
  fit	
  –	
  the	
  tension	
  already	
  present	
  at	
  
RHIC	
  	
  

•  Strange	
  parCcles	
  constrain	
  the	
  fit	
  

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)

N i∝V∫
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Equilibrium SHM Fits in Central Pb-Pb 
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N.B.  
RHIC (STAR) 
√s = 200 GeV   
χ2/NDF~1 

Better fit in 
60-80%, 

Petran et al, arXiv:1310.5108 
Wheaton et al, 

Comput.Phys.Commun, 180 84 
Andronic et al, PLB  673 142

π K± K0 K* φ p Λ Ξ Ω d  H3
Λ He
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CollecCve	
  expansion	
  –	
  	
  
parCcle	
  spectra	
  –	
  kineCc	
  freeze-­‐out	
  

•  CollecCve	
  expansion	
  modifies	
  
parCcle	
  spectra	
  –	
  mass	
  dependence	
  

•  KineCc	
  freeze-­‐out	
  and	
  radial	
  flow:	
  
–  interacCng	
  system	
  expands	
  into	
  vacuum	
  
–  =>	
  radial	
  flow	
  is	
  a	
  natural	
  consequence	
  
–  Cascade	
  process	
  =>	
  an	
  ordering	
  of	
  

parCcles	
  with	
  the	
  highest	
  common	
  
underlying	
  velocity	
  at	
  the	
  outer	
  edge	
  

•  Hadrons	
  are	
  released	
  in	
  the	
  final	
  
stage	
  and	
  therefore	
  measure	
  
“FREEZE-­‐OUT”	
  Temperature	
  
–  =>	
  simple	
  parametrizaCon	
  -­‐	
  radially	
  

boosted	
  source	
  with	
  velocity	
  β	
  (y=0)	
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“COLLECTIVITY”	
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CollecCve	
  Flow	
  of	
  QCD	
  MaFer	
  

x
y z

Ini>al	
  spa>al	
  anisotropy	
  

py 

px 

Final	
  momentum	
  anisotropy	
  22

22
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ReacCon	
  plane	
  defined	
  by	
  
“sog”	
  (low	
  pT)	
  parCcles	
  	
  

EllipCc	
  flow 

INTERATIONS	
  
(	
  hydrodynamics?	
  )	
  

ReacCon	
  plane	
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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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2 - a n d 4 - p a r t i c l e c u m u l a n t m e t h o d s , a fi t o f t h e d i s t r i b u t i o n o f
t h e fl o w v e c t o r , a n d t h e L e e - Y a n g z e r o s m e t h o d . F o r t h e c u m u -
l a n t s t h e m e a s u r e m e n t s a r e s h o w n f o r a l l c h a r g e d p a r t i c l e s ( f u l l
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a r e s h i f t e d f o r v i s i b i l i t y . R H I C m e a s u r e m e n t s f o r A u - A u a tffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼ 2 0 0 G e V , i n t e g r a t e d o v e r t h e p t r a n g e 0 : 1 5 < p t <

2 : 0 G e V = c , f o r t h e e v e n t p l a n e v 2 f E P g a n d L e e - Y a n g z e r o s a r e
s h o w n b y t h e s o l i d c u r v e s .
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Azimuthal	
  anisotropy	
  

•  Collec>ve	
  behavior	
  observed	
  in	
  Pb-­‐Pb	
  collisions	
  at	
  LHC	
  (integrated:	
  
+0.3	
  v2RHIC	
  –	
  consequence	
  of	
  larger	
  <pT>)	
  -­‐>	
  v2(pT)	
  similar	
  to	
  RHIC	
  –	
  
almost	
  ideal	
  fluid	
  at	
  LHC	
  ?	
  Similar	
  observa>on	
  down	
  to	
  ~20	
  GeV!	
  

•  New	
  input	
  to	
  the	
  energy	
  dependence	
  of	
  collec>ve	
  flow	
  
•  Addi>onal	
  constraints	
  on	
  Eq-­‐Of-­‐State	
  and	
  transport	
  proper>es	
  	
  

22	
  

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

PRL, 105, 252302 (2010)

Multi-particle 
methods

PRL	
  105,	
  252302	
  (2010)	
  Energy	
  dependence	
  of	
  v2	
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Shear	
  viscosity	
  in	
  fluids	
  
23	
  

mfpLA
F

λρηη v~;v=

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

η→0:	
  strongly	
  coupled	
  (perfect)	
  fluid	
  
η→∞:	
  weakly	
  coupled	
  (ideal)	
  gas	
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How	
  ideal	
  fluid	
  is	
  QCD	
  MaFer?	
  
24	
  

Shear	
  viscosity	
  –	
  lower	
  limit:	
  
KSS	
  (string	
  theory);	
  Gyullassy-­‐Danielewicz	
  
(quantum	
  mechanics	
  	
  +	
  ballisCc	
  theory)	
  

Hot,	
  deconfined	
  QCD	
  maoer	
  flows	
  
as	
  an	
  almost	
  perfect	
  liquid	
  

⌘

s
>

1
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 p
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2
 v
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Figure 7: The temperature dependence of the viscosity to entropy density ⌘/s. The blue band
represents the range allowed by our current understanding based on models compared to data
with a minimum at the transition temperature. pQCD calculations and the string theory limit are
also shown. The shaded vertical regions represent the ranges of initial temperatures probed by
RHIC and the LHC.

initial- and final-state correlations are expected to vary. This program will allow us to explore the
boundary of perfect fluidity in QCD matter at the smallest scales ever achieved [104].

Addressing these open questions on the possible role of hydrodynamics in the smallest hadronic
systems will play an important role not only in completing our standard model of a strongly
coupled QGP matter, but also in providing new opportunities to probe the structure of protons.
If indeed final-state e↵ects described by hydrodynamic flows are proven to be the dominant
source of correlations, the presence of a tiny low viscosity fluid enables the study of protons and
sub-nucleonic scale fluctuations at very short time scales [95,105,106]. The high-density gluon
state inside a proton is of fundamental interest as the equations of QCD are expected to become
classical [107, 108]. This transition has the potential to reveal how a classical system can emerge
from QCD. In light of recent exciting observations, this topic should be studied in future p+A
programs covering the wide kinematic range provided by RHIC and the LHC and ultimately in an
EIC which is the highest priority for new construction in our community.
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entropy	
  raCo:	
  η/s	
  ~	
  0.2	
  
	
  

25	
  

arXiv:	
  1405.4632	
  



Higher	
  harmonics	
  in	
  azimuthal	
  decomposiCon	
  
26	
  

19Higher harmonic flow

ψ
3

ψ
RP

ψ
2

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

Fluctua>ons	
  in	
  ini>al	
  state	
  lead	
  to	
  e-­‐by-­‐e	
  fluctua>ng	
  symmetry	
  planes	
  
	
   	
   	
  =>	
  Odd	
  harmonics	
  are	
  not	
  zero	
  

dN

d�'
⇠ 1 + 2v2 cos(2�') + ...

DPF	
  2015,	
  Ann	
  Arbor,	
  Heavy-­‐ions	
  



Higher	
  harmonics	
  –	
  the	
  measurements	
  
27	
  

19Higher harmonic flow

ψ
3

ψ
RP

ψ
2

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

v3	
  -­‐	
  triangular	
  flow	
  :	
  	
  
-­‐	
  weak	
  centrality	
  dependence	
  
-­‐	
  vanishes	
  as	
  expected	
  when	
  
measured	
  w.r.t.	
  reacCon	
  plane	
  
	
  
Similar	
  pT	
  dependence	
  for	
  all	
  vn	
  
Also	
  similar	
  to	
  RHIC	
  
	
  
Higher	
  harmonics	
  -­‐	
  addiConal	
  
constraints	
  on	
  η/s	
  

19Higher harmonic flow

ψ
3

ψ
RP

ψ
2

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

DPF	
  2015,	
  Ann	
  Arbor,	
  Heavy-­‐ions	
  



0-­‐5%	
  

p-­‐Pb:	
  p/φ	
  raCo	
  vs	
  pT	
  

60-­‐80%	
  

Flow	
  and	
  parCcle	
  mass…	
  
Focus	
  on	
  the	
  φ	
  meson	
  

DPF	
  2015,	
  Ann	
  Arbor,	
  Heavy-­‐ions	
  

•  Pb-­‐Pb:	
  Hydrodynamics	
  +	
  hadronic	
  
rescaFering	
  model	
  struggles	
  with	
  v2	
  

•  v2	
  at	
  low	
  pT	
  follows	
  mass	
  ordering	
  
•  v2	
  at	
  high	
  pT	
  close	
  to	
  p	
  in	
  central	
  and	
  
close	
  to	
  π	
  in	
  mid-­‐central	
  

•  In	
  central	
  collisions	
  p	
  and	
  φ	
  pT	
  
spectra:	
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  shape	
  up	
  to	
  ~4	
  GeV/c	
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  from	
  radial	
  flow	
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  in	
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  (not	
  number	
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  quarks)	
  is	
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driver	
  of	
  v2	
  and	
  spectra	
  	
  
in	
  central	
  Pb-­‐Pb	
  collisions	
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  p/φ	
  raCo	
  vs	
  pT	
  

0-­‐10%	
  

80-­‐90%	
  

28	
  

arXiv:	
  1404.0495	
  



2-­‐parCcle	
  correlaCons	
  

C (��, �⌘) in events with N rec
ch > 120

φ∆

0

2

4

η∆

-4
-2

0
2

4

)φ
∆,η

∆
C

(

0.98

1

1.02

ATLAS Preliminary
-114 nb≈int=13 TeV, Ls

Data 2015

<5.0 GeVa,b
T

0.5<p

120≥ rec
 chN

“Ridge” develops

at �� ⇡ 0 over all

the measured �⌘

Peak at
(��,�⌘) ⇡ (0, 0)
arises mainly from
jets.

Structure at �� ⇡ ⇡
arises mainly from
recoil-jets in dijet
events.

9 / 19

Δ𝜑	
  azimuthal	
  angle	
  difference	
  
-­‐	
  angle	
  in	
  the	
  transverse	
  plane	
  

Δη	
  -­‐	
  longitudinal	
  -­‐	
  pseudo-­‐
rapidity	
  distance	
  	
  

CMS	
  

“Ridge”	
  

DPF	
  2015,	
  Ann	
  Arbor,	
  Heavy-­‐ions	
  

29	
  



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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ALICE INTERNAL ONLY 8

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.

DRAFT v0.84 $Revision: 631 :$ $Date: 2012-12-01 16:02:43 +0100 (Sat, 01 Dec 2012) :$
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¾ The strength of the near-side ridges in both hemispheres are compatible with each other!
¾ Different probed rapidity ranges in both beam configurations show no sizable effect.

Two-particle correlations in the forward region

¾ Compare both hemispheres (Pb or p direction) in common absolute activity ranges.
¾ Five identical activity ranges for the p+Pb and Pb+p configurations,

accounting for the same particle production in 2.0 < 𝜂 < 4.9.

LHCB-CONF-2015-004

LHCB-­‐CONF-­‐2015-­‐004	
  

v2(Pb-­‐going)	
  >	
  v2(p-­‐going)	
  	
  
and	
  independent	
  of	
  pT	
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Fig. 3: The second-order harmonic calculated with the two-particle (circles) and four-particle (stars) cumulants as a function
of transverse momentum in four di↵erent activity intervals. Bars denote statistical errors; systematic uncertainties are shown
as shaded bands. The v2 derived from the Fourier decomposition of two-particle correlations [3] is shown by squares.

a↵ected by the dijet correlations on the away-side362
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In Ref. [3], the away-side non-flow correlation is364

estimated using the yield measured in the lowest365

⌃EPb
T collisions and is then subtracted from the366

higher ⌃EPb
T collisions. The result of that study,367

v2{2PC}, is shown in Fig. 3 for the four activ-368

ity intervals with largest ⌃EPb
T , and compared to369

v2{4}. Good agreement is observed between v2{4}370

and v2{2PC} for collisions with ⌃EPb
T > 55 GeV.371

For ⌃EPb
T < 55 GeV, the disagreement could be372

due either to the subtraction procedure used to ob-373

tain v2{2PC} or to non-flow e↵ects in v2{4}, or to374

a combination.375

The dependence on the collision activity of the376
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5 GeV, is shown in Fig. 4. The large magni-378

tude of v2{2} compared to v2{4} suggests a sub-379

stantial contamination from non-flow correlations.380

The value of v2{4} is approximately 0.06, with lit-381
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are also compared to the v2{2PC} values obtained384

from two-particle correlations. Good agreement is385

observed at large ⌃EPb
T , while at lower ⌃EPb

T the386
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to di↵erent sensitivity of the two methods to non-388
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low ⌃EPb
T collisions. Although v2{4} is constructed390

to suppress local two-particle correlations, it may391

still include true multi-particle correlations from392
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Fig. 4: The second-order harmonic, v2, integrated over pT

and ⌘, calculated with two- and four-particle cumulants (cir-
cles and stars, respectively), as a function of ⌃E

Pb
T . System-

atic uncertainties are shown as shaded bands. Also shown is
v2{2PC} (squares) and predictions from the hydrodynamic
model [18] (triangles) for the same selection of charged par-
ticles as in the data.

the lowest ⌃EPb
T . If the HIJING results, shown in395

Fig. 2, were used to correct the measured cumulants396

for this non-flow contribution, the extracted v2{4}397

would be decreased by at most 10% for v2{4} shown398

in Fig. 4. However, this correction is not applied to399

the final results.400

It is notable that the trend of the pT depen-401

dence of both v2{4} and v2{2PC} in p+Pb col-402

lisions resembles that observed for v2 measured403

with the event-plane method in Pb+Pb collisions404
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Figure 2: The v2 values as a function of Noffline
trk . Open data points are published two- and four-

particle v2 results [35]. Solid data points are v2 results obtained from six- and eight-particle
cumulants, and LYZ methods, averaged over the particle pT range of 0.3–3.0 GeV/c, in PbPb atpsNN = 2.76 TeV (left) and pPb at psNN = 5.02 TeV (right). Statistical and systematic uncertain-
ties are indicated by the error bars and shaded regions, respectively.

in pPb collisions at psNN = 5.02 TeV. The v2{2} and v2{4} data are taken from previously pub-
lished CMS results [35]. The solid curves correspond to theoretical predictions for both large
and small systems based on hydrodynamics and the assumption that the initial-state geome-
try is purely driven by fluctuations [50]. The ratios from PbPb collisions are also shown for
comparison. Note that the geometry of very central PbPb collisions might be dominated by
fluctuations, but for these semi-peripheral PbPb collisions the lenticular shape of the overlap
region should also strongly contribute to the v2 values. The CMS pPb data are consistent with
the predictions within statistical and systematic uncertainties. The systematic uncertainties in
the ratios presented in Fig. 3 are estimated to be 2.4% for v2{4}/v2{2} for both pPb and PbPb
collisions, 1% for v2{6}/v2{4} in pPb and PbPb collisions, and 3.6% and 1% for v2{8}/v2{6}
in pPb and PbPb collisions, respectively. Since they are all derived from the same data, the
systematic uncertainties for the different cumulant orders are highly correlated and therefore
partially cancel in the ratios.

Recently, other theoretical models based on quantum chromodynamics, and not involving hy-
drodynamics, have also been suggested to explain the observed multi-particle correlations in
pPb collisions [52, 53]. Unlike the descriptions based on hydrodynamic behavior, these models
do not require significant final-state interactions among quarks and gluons. They suggest sim-
ilar values for v2{4}, v2{6}, v2{8}, and v2{LYZ}, without yet, however, providing quantitative
predictions.

In summary, multi-particle azimuthal correlations among six, eight, and all particles have been
measured in pPb collisions at psNN = 5.02 TeV by the CMS experiment. The new measure-
ments extend previous CMS two- and four-particle correlation analyses of pPb collisions and
strongly constrain possible explanations for the observed correlations. A direct comparison of
the correlation data for pPb and PbPb collisions is presented as a function of particle multi-
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To quantify the strength of the ridge, the “per-trigger-particle yield” is
defined:
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Multiplicity-dependence of Ridge yield
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2 David d’Enterria

2 Jet quenching and parton energy loss in QCD matter

In this first Section, we introduce the general concepts, basic variables and formulas
of energy loss of a fast charged particle in a dense thermalised plasma (starting with
the somewhat simpler QED case), and we enumerate the expected phenomenological
consequences of QCD energy loss for gluons and light- and heavy-quarks traversing
a hot and dense QGP.

2.1 Hard probes of hot and dense QCD matter

Among all available observables in high-energy nuclear collisions, particles with
large transverse momentum and/or mass, pT ,m !Q0 ≫ΛQCD , whereQ0 =O(1 GeV)
and ΛQCD ≈ 0.2 GeV is the QCD scale, constitute valuable tools to study “tomo-
graphically” the hottest and densest phases of the reaction (Fig. 1). Indeed, such
“hard probes”(i) originate from partonic scatterings with large momentum transfer
Q2 and thus are directly coupled to the fundamental QCD degrees of freedom, (ii) are
produced in very short time-scales, τ∼ 1/pT ≪ 1/Q0 ∼ 0.1 fm/c, allowing them to
propagate through (and be potentially affected by) the medium, and (iii) their cross
sections can be theoretically predicted using the perturbative QCD (pQCD) frame-
work [4].

Fig. 1. Examples of hard probes whose modifications in high-energy AA collisions provide
direct information on properties of QCD matter such as the transport coefficient q̂, the initial
gluon rapidity density dNg/dy, and the critical temperature Tcrit and energy density εcrit [1].

Jet production in hadronic collisions is a paradigmatic hard QCD process. An
elastic (2→ 2) or inelastic (2→ 2+X) scattering of two partons from each one of
the colliding hadrons (or nuclei) results in the production of two or more partons
in the final-state. At high pT , the outgoing partons have a large virtuality Q which
they reduce by subsequently radiating gluons and/or splitting into quark-antiquark
pairs. Such a parton branching evolution is governed by the QCD “radiation prob-
abilities” given by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [5] down to virtualities O(1 GeV2). At this point, the produced partons frag-
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Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-
mated spray of hadrons resulting from the fragmentation of an outgoing parton is
called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-
tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other
goes through the dense plasma created (characterised by transport coefficient q̂, gluon density
dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-
ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma pro-
duced in the reaction (Fig. 2). The energy lost by a particle in a medium, ΔE , pro-
vides fundamental information on its properties. In a general way, ΔE depends both
on the characteristics of the particle traversing it (energy E , mass m, and charge) and
on the plasma properties (temperature T , particle-medium interaction coupling1 α,
and thickness L), i.e. ΔE(E,m,T,α,L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path λ = 1/(ρσ), where ρ is the medium density (ρ ∝ T 3 for an
ideal gas) and σ the integrated cross section of the particle-medium interaction2,

• the opacity N = L/λ or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )∼ gT (where g is the coupling parameter) is the inverse of
the screening length of the (chromo)electric fields in the plasma.mD characterises
the typical momentum exchanges with the medium and also gives the order of
the “thermal masses” of the plasma constituents,

• the transport coefficient q̂≡m2D/λ encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing
particle per unit path-length. q̂ combines both thermodynamical (mD,ρ) and dy-
namical (σ) properties of the medium [7, 8, 9]:

q̂ ≡ m2D/λ = m2D ρ σ . (2)

1 The QED and QCD coupling “constants” are αem = e2/(4π) and αs = g2/(4π) respectively.
2 One has λ∼ (αT )−1 since the QED,QCD screened Coulomb scatterings are σel ∝ α/T 2.
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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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  ó	
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  structure	
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Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions atp
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)⇤

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-
metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events
with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are
reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.
The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse
energy above the ambient background. The transverse energies of dijets in opposite hemispheres is
observed to become systematically more unbalanced with increasing event centrality leading to a
large number of events which contain highly asymmetric dijets. This is the first observation of an
enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,
which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are
expected to produce an evanescent hot, dense state, with
temperatures exceeding two trillion kelvins, in which the
relevant degrees of freedom are not hadrons, but quarks
and gluons. In this medium, high-energy quarks and glu-
ons are expected to transfer energy to the medium by
multiple interactions with the ambient plasma. There is
a rich theoretical literature on in-medium QCD energy
loss extending back to Bjorken, who proposed to look
for “jet quenching” in proton-proton collisions [1]. This
work also suggested the observation of highly unbalanced
dijets when one jet is produced at the periphery of the
collision. For comprehensive reviews of recent theoretical
work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-
ments established that high transverse momentum (p

T

)
hadrons are produced at rates a factor of five or more
lower than expected by assuming QCD factorization
holds in every binary collision of nucleons in the on-
coming nuclei [4, 5]. This observation is characterized
by measurements of R

AA

, the ratio of yields in heavy
ion collisions to proton-proton collisions, divided by the
number of binary collisions. Di-hadron measurements
also showed a clear absence of back-to-back hadron pro-
duction in more central heavy ion collisions [5], strongly
suggestive of jet suppression. The limited rapidity cover-
age of the experiment, and jet energies comparable to the
underlying event energy, prevented a stronger conclusion
being drawn from these data.

The LHC heavy ion program was foreseen to provide
an opportunity to study jet quenching at much higher
jet energies than achieved at RHIC. This letter provides
the first measurements of jet production in lead-lead col-
lisions at

p
s

NN

= 2.76 TeV per nucleon-nucleon col-
lision, the highest center of mass energy ever achieved
for nuclear collisions. At this energy, next-to-leading-
order QCD calculations [6] predict abundant rates of jets
above 100 GeV produced in the pseudorapidity region
|⌘| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during
the 2010 lead-lead run at the LHC and correspond to an
integrated luminosity of approximately 1.7 µb

�1.
For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where
those jets have an azimuthal angle separation, �� =
|�1 � �2| > ⇡/2 to reduce contributions from multi-jet
final states. In this letter, jets with �� > ⇡/2 are la-
beled as being in opposite hemispheres. The jet energy
imbalance is expressed in terms of the asymmetry A

J

,

A

J

=
E

T1 � E

T2

E

T1 + E

T2
,�� >

⇡

2
(1)

where the first jet is required to have a transverse en-
ergy E

T1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
E

T2 > 25 GeV. The average contribution of the under-
lying event energy is subtracted when deriving the in-
dividual jet transverse energies. The event selection is
chosen such that the first jet has high reconstruction ef-
ficiency and the second jet is above the distribution of
background fluctuations and the intrinsic soft jets asso-
ciated with the collision. Dijet events are expected to
have A

J

near zero, with deviations expected from gluon
radiation falling outside the jet cone, as well as from in-
strumental e↵ects. Energy loss in the medium could lead
to much stronger deviations in the reconstructed energy
balance.
The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-
tromagnetic (EM) and hadronic calorimeters. These al-
low e�cient reconstruction of jets over a wide range in
the region |⌘| < 4.5. The detector also provides precise
charged particle and muon tracking. An event display
showing the Inner Detector and calorimeter systems is
shown in Fig. 1.
Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-
netic calorimeter that covers the pseudorapidity range
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FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.

|⌘| < 3.2. The hadronic calorimetry in the range |⌘| < 1.7
is provided by a sampling calorimeter made of steel and
scintillating tiles. In the end-caps (1.5 < |⌘| < 3.2),
LAr technology is also used for the hadronic calorime-
ters, matching the outer |⌘| limits of the electromag-
netic calorimeters. To complete the ⌘ coverage, the LAr
forward calorimeters provide both electromagnetic and
hadronic energy measurements, extending the coverage
up to |⌘| = 4.9. The calorimeter (⌘,�) granularities are
0.1 ⇥ 0.1 for the hadronic calorimeters up to |⌘| = 2.5
(except for the third layer of the Tile calorimeter, which
has a segmentation of 0.2⇥0.1 up to |⌘| = 1.7), and then
0.2⇥ 0.2 up to |⌘| = 4.9. The EM calorimeters are longi-
tudinally segmented into three compartments and feature
a much finer readout granularity varying by layer, with
cells as small as 0.025⇥0.025 extending to |⌘| = 2.5 in the
middle layer. In the data taking period considered, ap-
proximately 187,000 calorimeter cells (98% of the total)
were usable for event reconstruction.

The bulk of the data reported here were triggered
using coincidence signals from two sets of Minimum
Bias Trigger Scintillator (MBTS) detectors, positioned
at z = ±3.56 m, covering the full azimuth between
2.09 < |⌘| < 3.84 and divided into eight � sectors and two
⌘ sectors. Coincidences in the Zero Degree Calorimeter
and LUCID luminosity detectors were also used as pri-
mary triggers, since these detectors were far less suscep-
tible to LHC beam backgrounds. These triggers have a
large overlap and are close to fully e�cient for the events
studied here.

In the o✏ine analysis, events are required to have a
time di↵erence between the two sets of MBTS counters
of �t < 3 ns and a reconstructed vertex to e�ciently
reject beam-halo backgrounds. The primary vertex is
derived from the reconstructed tracks in the Inner De-
tector (ID), which covers |⌘| < 2.5 using silicon pixel and

strip detectors surrounded by straw tubes. These event
selection criteria have been estimated to accept over 98%
of the total lead-lead inelastic cross section.
The level of event activity or “centrality” is char-

acterized using the total transverse energy (⌃E
T

) de-
posited in the Forward Calorimeters (FCal), which cover
3.2 < |⌘| < 4.9, shown in Fig. 2. Bins are defined in cen-
trality according to fractions of the total lead-lead cross
section selected by the trigger and are expressed in terms
of percentiles (0-10%, 10-20%, 20-40% and 40-100%) with
0% representing the upper end of the ⌃E

T

distribution.
Previous heavy ion experiments have shown a clear cor-
relation of the ⌃E

T

with the geometry of the overlap
region of the colliding nuclei and, correspondingly, the
total event multiplicity. This is verified in the bottom
panel of Fig. 2 which shows a tight correlation between
the energy flow near mid-rapidity and the forward ⌃E

T

.
The forward ⌃E

T

is used for this analysis to avoid biasing
the centrality measurement with jets.
Jets have been reconstructed using the infrared-safe

anti-k
t

jet clustering algorithm [9] with the radius pa-
rameter R = 0.4. The inputs to this algorithm are “tow-
ers” of calorimeter cells of size �⌘⇥�� = 0.1⇥ 0.1 with
the input cells weighted using energy-density dependent
factors to correct for calorimeter non-compensation and
other energy losses. Jet four-momenta are constructed
by the vectorial addition of cells, treating each cell as an
(E, ~p) four-vector with zero mass.

The jets reconstructed using the anti-k
t

algorithm con-
tain a mix of genuine jets and jet-sized patches of the un-
derlying event. For each event, we estimate the average
transverse energy density in each calorimeter layer in bins
of width �⌘ = 0.1, and averaged over azimuth. In the
averaging, we exclude jets with D = E

T

(max)/hE
T

i, the
ratio of the maximum tower energy over the mean tower
energy, greater than 5. The value D

cut

= 5 is chosen
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FIG. 3: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed PYTHIA dijets
(solid yellow histograms), as a function of collision centrality (left to right from peripheral to central events). Proton-proton
data from

p
s = 7 TeV, analyzed with the same jet selection, is shown as open circles. (bottom) Distribution of ��, the

azimuthal angle between the two jets, for data and HIJING+PYTHIA, also as a function of centrality.

(asymmetries larger than 0.6 can only exist for leading
jets substantially above the kinematic threshold of 100
GeV transverse energy). The �� distributions show that
the leading and second jets are primarily back-to-back in
all centrality bins; however, a systematic increase is ob-
served in the rate of second jets at large angles relative
to the recoil direction as the events become more central.

Numerous studies have been performed to verify that
the events with large asymmetry are not produced by
backgrounds or detector e↵ects. Detector e↵ects primar-
ily include readout errors and local acceptance loss due to
dead channels and detector cracks. All of the jet events
in this sample were checked, and no events were flagged
as problematic. The analysis was repeated first requiring
both jets to be within |⌘| < 1 and |⌘| < 2, to see if there
is any e↵ect related to boundaries between the calorime-
ter sections, and no change to the distribution was ob-
served. Furthermore, the highly-asymmetric dijets were
not found to populate any specific region of the calorime-
ter, indicating that no substantial fraction of produced
energy was lost in an ine�cient or uncovered region.

To investigate the e↵ect of the underlying event, the
jet radius parameter R was varied from 0.4 to 0.2 and
0.6 with the result that the large asymmetry was not re-
duced. In fact, the asymmetry increased for the smaller
radius, which would not be expected if detector e↵ects
are dominant. The analysis was independently corrobo-
rated by a study of “track jets”, reconstructed with ID
tracks of p

T

> 4 GeV using the same jet algorithms. The
ID has an estimated e�ciency for reconstructing charged

hadrons above p

T

> 1 GeV of approximately 80% in the
most peripheral events (the same as that found in 7 TeV
proton-proton operation) and 70% in the most central
events, due to the approximately 10% occupancy reached
in the silicon strips. A similar asymmetry e↵ect is also
observed with track jets. The jet energy scale and under-
lying event subtraction were also validated by correlating
calorimeter and track-based jet measurements.
The missing E

T

distribution was measured for mini-
mum bias heavy ion events as a function of the total E

T

deposited in the calorimeters up to about ⌃E
T

= 10 TeV.
The resolution as a function of total E

T

shows the same
behavior as in proton-proton collisions. None of the
events in the jet selected sample was found to have an
anomalously large missing E

T

.
The events containing high-p

T

jets were studied for the
presence of high-p

T

muons that could carry a large frac-
tion of the recoil energy. Fewer than 2% of the events
have a muon with p

T

> 10 GeV, potentially recoiling
against the leading jet, so this can not explain the preva-
lence of highly asymmetric dijet topologies in more cen-
tral events.
None of these investigations indicate that the highly-

asymmetric dijet events arise from backgrounds or
detector-related e↵ects.
In summary, first results are presented on jet recon-

struction in lead-lead collisions, with the ATLAS detector
at the LHC. In a sample of events with a reconstructed
jet with transverse energy of 100 GeV or more, an asym-
metry is observed between the transverse energies of the
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Semi-inclusive hadron-jet measurement in central Pb–Pb ALICE Collaboration

loss of the recoil jet population via energy transport to large angles, outside the jet cone.

9.2 Azimuthal correlations

Figure 11 shows the uncorrected F(Dj) distributions for central Pb–Pb data and pp simulations. As
noted in Sect. 5.2, we compare the uncorrected F(Dj) distribution of Pb–Pb data to a reference distribu-
tion for pp collisions (PYTHIA, Perugia 10 tune), modified by the background and instrumental effects
expected for central Pb–Pb collisions. We recall that F(Dj) suppresses the uncorrelated contribution
from MPI, which otherwise would provide a significant background at large p �Dj .
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Fig. 11: F(Dj) distributions for 0-10% central Pb–Pb data (black circles) and pp collisions simulated by detector-
level PYTHIA events embedded into central Pb–Pb events (red squares), at

p
sNN = 2.76 TeV. Jets have 40 <

preco,ch
T,jet < 60, with preco,ch

T,jet not corrected for background fluctuations and instrumental effects. The lines show the
result of fitting Eq. 8 to the distributions, with the value of s from the fit as indicated. The error bars show
statistical errors only. The Pb–Pb data points are the same as the solid circles shown in the left panel of Fig. 4.

The absolute yield of the Pb–Pb distribution is seen to be smaller than that of the pp reference. This
is consistent with the suppression observed for DIAA (Fig. 9), which is the ratio of the integrals of the
F(Dj) distributions over the range p �Dj < 0.6.

The F(Dj) distributions for Pb–Pb and pp collisions are characterized by fitting a function corresponding
to an exponential plus a pedestal term [42],

f (Dj) = p0 ⇥ e(Dj�p)/s + p1, (8)

where the parameter s reflects the width of the distribution. The fit range is 2p/3 < Dj < p . The
fitted values are sPb�Pb = 0.173±0.031(stat.)±0.005(sys.) and sPYTHIA = 0.164±0.015(stat.), which
are consistent within uncertainties. We find no evidence from this comparison for medium-induced
acoplanarity of recoil jets with uncorrected energy in the range 40 < preco,ch

T,jet < 60 GeV/c.

The azimuthal distribution between a direct photon (pT,g > 60 GeV/c) and a recoil jet (pT,jet > 30
GeV/c) has been measured in central Pb–Pb collisions and compared to that from PYTHIA events
embedded in a simulation of Pb–Pb collisions [42]. Fits of an exponential function to these distribu-
tions give similar values of s for central Pb–Pb and embedded PYTHIA, likewise indicating no evidence
for medium-induced acoplanarity, though the values of s are larger than those for the analysis reported
here. Comparison of the shape of the azimuthal distribution of di-jet pairs in central Pb–Pb data and
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Figure 1: (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing
from left to right) overlaid with pp reference data. Jets have 100 < pT < 300 GeV/c, and tracks
have pT > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp reference.
Error bars are statistical, and boxes show the systematic uncertainty.
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Figure 2: (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing
from left to right) overlaid with pp reference data. Jets have 100 < pT < 120 GeV/c, and tracks
have pT > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp reference.
Error bars are statistical, and boxes show the systematic uncertainty.
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The differential jet shape, r(r), describes the radial distribution of transverse momentum inside
the jet cone:
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where the jet cone is divided into six annuli with radial width dr = 0.05, and each annulus has
an inner radius of ra = r � dr/2 and outer radius of rb = r + dr/2.

Here r =
p
(htrack � hjet)2 + (ftrack � fjet)2  0.3 is the reconstructed track’s radial distance

from the jet axis, defined by the coordinates hjet and fjet. The transverse momenta of the recon-
structed track and jet are denoted ptrack

T and pjet
T respectively. After applying tracking efficiency

corrections, the transverse momentum of all charged particles with pT > 1 GeV/c in each annu-
lus is summed to obtain the fraction of the total jet pT carried by these particles. The results are
averaged over the total number of selected jets, Njet.

In heavy-ion collisions, particles from the underlying event that happen to fall inside the jet
cone would modify its shape. To compensate, this contribution is subtracted following a pro-
cedure previously employed by CMS in the measurement of the jet fragmentation function [25].
To estimate the charged-particle background, a “background cone” is defined by reflecting the
original jet axis about h = 0, while preserving its f coordinate (“h-reflected” method). To avoid
overlap between the signal jet region and the background cone, jets with axes in the region
|hjet| < 0.3 are excluded from the analysis. Larger exclusion regions, up to |hjet| < 0.8 have also
been studied to investigate possible biases in this procedure due to large-angle correlations be-
tween the particles originating from different jets in the event. The size of the exclusion region
is not found to be a significant source of systematic uncertainty in the jet-shape measurement.

The charged particles that are found in the background cone are used to evaluate the back-
ground jet shape using Eq. 1, which is then subtracted from the reconstructed jet shape that
contains both signal and background particles. After background subtraction, the integral of
r(r) over the range 0  r  R is normalized to unity. The normalization factor accounts for
the average fraction of the total jet pT carried by charged particles with pT > 1 GeV/c. The
differential jet shapes reconstructed using all charged particles (labeled “Signal+Bkg”) and the
corresponding background distributions (labeled “Bkg”) are shown in Fig. 1 for the most pe-
ripheral (70–100%) and the most central (0–10%) collisions. The background is a small fraction
of the result ( 1%) in the centre of the jet but contributes a larger fraction further away from
the jet axis. In peripheral events, the fraction of background at large radii is only about 15%,
but it is significantly larger (⇡ 85%) in central events.

The background-subtraction technique is validated using MC simulations. Jets generated with
PYTHIA are embedded into heavy-ion underlying event of various centrality classes generated
with the HYDJET event generator. The results of the differential jet-shape measurements from
embedded events are then compared to those obtained from a PYTHIA jet sample at the gener-
ator level, using the same analysis procedure. The ratios of the background-subtracted shapes
measured from PYTHIA +HYDJET sample and those measured in the PYTHIA sample are shown
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bins containing �� = 0 and ⇡/2, and calculating the cor-
responding yields at those �� values. From these yields,
f
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was calculated analogously to f

2

. The magnitude of
the correction is typically a few percent. The f corr
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values
are shown in Fig. 3. For a pure cos 2�� modulation of
the jet yields, f corr
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test for deviations of the �� dependence of the jet yields
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each p

T

and centrality interval in Fig. 3.

Similar variations of v
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2

and 4vjet
2

/(1 + 2vjet
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)
with hN

part

i are seen in the 60–80 GeV range, which has
the best statistical precision. A reduction in f

corr

2

and
v

jet

2

in both the most central and peripheral collisions is
not surprising; for very central collisions, the anisotropy
of the initial state is small and the possible �� varia-
tion of path lengths in the medium is limited. Although
the anisotropy is greater in peripheral collisions, there is
little suppression in the jet yields [3]. Therefore large
variations in jet yield as a function of �� would be un-
expected. The f

corr

2

and 4vjet
2

/(1 + 2vjet
2

) values are gen-
erally in agreement within uncertainties, indicating an
azimuthal dependence of relative suppression when mea-
sured with respect to the elliptic event plane that is dom-
inated by second-harmonic modulation.
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PbPb data simultaneously. This results in partial cancellation, giving a systematic uncertainty
of 16–21%, which is dominated by the b-tagging uncertainty. A significant suppression of the
yield with respect to the pp expectation is observed in b jets, which is indicative of the par-
ton energy loss in the hot medium. No strong trend is observed as a function of pT, although
the data hint a modest rise at higher pT. The data are compared to pQCD-based calculations
from [47]. The data are found to be consistent with a jet-medium coupling (gmed) in the range
of 1.8–2, similar to the value found for inclusive jets.
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Figure 3: The centrality integrated (0–100%) b-jet RAA as a function of pT. Vertical and hor-
izontal bars represent statistical uncertainties and bin widths, respectively, while filled boxes
represent systematics uncertainties. The normalization uncertainty from the integrated lumi-
nosity in pp collisions and from TAA is represented by the green band around unity. The data
are compared to pQCD-based calculations from [47].

Figure 4 shows RAA as a function of the number of participating nucleons (Npart), which is
derived from the centrality (as measured by the energy in the forward calorimeters) through a
Glauber calculation. Data for 80 < pT < 90 GeV/c and 90 < pT < 110 GeV/c are shown. For
both jet selections RAA shows a smooth decrease with increasing centrality from about 0.70–
0.75 to about 0.35–0.40.

The data presented in this study demonstrate the jet quenching phenomenon in the b-jet sector
using fully reconstructed b jets for the first time in heavy-ion collisions. Integrating over all
collision centralities, b jets are found to be suppressed over the 80–250 GeV/c pT range explored
in this study. For the 80–110 GeV/c pT range, RAA is found to decrease with collision centrality.
At larger pT, the trend is less evident due to the reduced statistical precision. The b-jet suppres-
sion is found to be qualitatively consistent with that of inclusive jets [31]. Although a sizeable
fraction of b-tagged jets come from gluon splitting, a large mass and/or flavor dependence for
parton energy loss can be excluded. For example, a model based on strong coupling (via the
AdS/CFT correspondence) [26], in which mass effects could persist to large pT would be in-
compatible with the current data, in contrast to a perturbative model in which mass effects are
expected to be small at large pT [47]. A milder mass dependence, but one which still persists to
large pT, as predicted for light and heavy flavor hadrons in Ref. [52], cannot be ruled out with
the present uncertainties.
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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i is the average transverse momen-
tum carried by the gluons in |pi, and ⇢ =

R
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denotes the density of scattering centers in the matter.
The corresponding quark energy loss can be expressed

as [57, 79],
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in terms of the jet transport parameter for a quark jet.
Note that an extra factor of 1 � (1 � z)/2 is included
here as compared to that used in Refs. [80, 81] due to
corrections beyond the helicity amplitude approximation
[79].

According to the definition of jet transport parame-
ter, we can assume it to be proportional to local parton
density in a QGP and hadron density in a hadronic gas.
Therefore, in a dynamical evolving medium, one can ex-
press it in general as [50, 57, 80]
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where ⇢
QGP

is the parton (quarks and gluon) density in
an ideal gas at a given temperature, f(⌧, r) is the fraction
of the hadronic phase at any given space and time, q̂0
denotes the jet transport parameter for a quark at the
center of the bulk medium in the QGP phase at the initial
time ⌧0, pµ is the four momentum of the jet and uµ is
the four flow velocity in the collision frame. The hadronic
phase of the medium is assumed to be a hadron resonance
gas, in which the jet transport parameter is approximated
as,
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where ⇢
M

and ⇢
B

are the meson and baryon density in
the hadronic resonance gas at a given temperature, re-
spectively, ⇢

N

= n0 ⇡ 0.17 fm�3 is the nucleon density in
the center of a large nucleus and the factor 2/3 accounts
for the ratio of constituent quark numbers in mesons and
baryons. The jet transport parameter for a quark at the
center of a large nucleus q̂

N

has been studied in deeply
inelastic scattering (DIS) [82, 83]. A recently extracted
value [81] q̂

N

⇡ 0.02 GeV2/fm from the HERMES [84]
experimental data is used here. All hadron resonances
with mass below 1 GeV are considered for the calcula-
tion of the hadron density at a given temperature T and
zero chemical potential. A full 3+1D ideal hydrodynam-
ics [64, 65] is used to provide the space-time evolution
of the local temperature and flow velocity in the bulk
medium along the jet propagation path in heavy-ion col-
lisions. The initial highest temperatures T0 in the center
of the most central heavy-ion collisions are set to repro-
duce the measured charged hadron rapidity density. The
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FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at

p
s = 200 GeV/n (upper panel)

and Pb+Pb collisions at
p
s = 2.76 TeV/n (lower panel) with

a range of values of initial quark jet transport parameter q̂0
at ⌧0 = 0.6 fm/c in the center of the most central collisions,
as compared to PHENIX data [77, 78] at RHIC and ALICE
[27] and CMS data [26] at LHC.

initial spatial energy density distribution follows that of
a Glauber model with Wood-Saxon nuclear distribution.
At the initial time ⌧0 = 0.6 fm/c, T0 = 373 and 473 MeV
for Au+Au collisions at RHIC and Pb+Pb collisions at
LHC, respective.

With the above medium modified fragmentation func-
tions and temperature dependence of the jet transport
coe�cient, one can calculate the nuclear modification fac-
tors and compare to the experimental data as shown in
Fig. 3. From �2 fits to experimental data at RHIC and
LHC as shown in Fig. 4, one can extract values of quark
jet transport parameter q̂0 at the center of the most cen-
tral A+A collisions at a given initial time ⌧0. Best fits
to the combined PHENIX data on neutral pion spectra
[77, 78] in 0-5% central Au + Au collisions at

p
s = 0.2

TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at ⌧0 = 0.6
fm/c). Similarly, best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0-5%
central Pb+Pb collisions at

p
s = 2.76 TeV/n leads to

q̂0 = 2.2± 0.5 GeV2/fm (at ⌧0 = 0.6 fm/c).
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According to the definition of jet transport parame-
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is the parton (quarks and gluon) density in
an ideal gas at a given temperature, f(⌧, r) is the fraction
of the hadronic phase at any given space and time, q̂0
denotes the jet transport parameter for a quark at the
center of the bulk medium in the QGP phase at the initial
time ⌧0, pµ is the four momentum of the jet and uµ is
the four flow velocity in the collision frame. The hadronic
phase of the medium is assumed to be a hadron resonance
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and ⇢
B

are the meson and baryon density in
the hadronic resonance gas at a given temperature, re-
spectively, ⇢

N

= n0 ⇡ 0.17 fm�3 is the nucleon density in
the center of a large nucleus and the factor 2/3 accounts
for the ratio of constituent quark numbers in mesons and
baryons. The jet transport parameter for a quark at the
center of a large nucleus q̂

N

has been studied in deeply
inelastic scattering (DIS) [82, 83]. A recently extracted
value [81] q̂

N

⇡ 0.02 GeV2/fm from the HERMES [84]
experimental data is used here. All hadron resonances
with mass below 1 GeV are considered for the calcula-
tion of the hadron density at a given temperature T and
zero chemical potential. A full 3+1D ideal hydrodynam-
ics [64, 65] is used to provide the space-time evolution
of the local temperature and flow velocity in the bulk
medium along the jet propagation path in heavy-ion col-
lisions. The initial highest temperatures T0 in the center
of the most central heavy-ion collisions are set to repro-
duce the measured charged hadron rapidity density. The

6 8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

A
A

R

 (GeV)
T

p

/fm2=0.8, 1.0, 1.2, 1.4, 1.7 GeV
0

q

PHENIX 2008 (0-5%)

PHENIX 2012 (0-5%)

10 20 30 40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

A
A

R

 (GeV)
T

p

/fm2=1.4, 1.8, 2.2, 2.6, 3.0 GeV
0

q

CMS (0-5%)
Alice (0-5%)

FIG. 3. (Color online) HT-BW results for the nuclear modifi-
cation factor at mid-rapidity for neutral pion spectra in 0�5%
central Au+Au collisions at

p
s = 200 GeV/n (upper panel)

and Pb+Pb collisions at
p
s = 2.76 TeV/n (lower panel) with

a range of values of initial quark jet transport parameter q̂0
at ⌧0 = 0.6 fm/c in the center of the most central collisions,
as compared to PHENIX data [77, 78] at RHIC and ALICE
[27] and CMS data [26] at LHC.

initial spatial energy density distribution follows that of
a Glauber model with Wood-Saxon nuclear distribution.
At the initial time ⌧0 = 0.6 fm/c, T0 = 373 and 473 MeV
for Au+Au collisions at RHIC and Pb+Pb collisions at
LHC, respective.

With the above medium modified fragmentation func-
tions and temperature dependence of the jet transport
coe�cient, one can calculate the nuclear modification fac-
tors and compare to the experimental data as shown in
Fig. 3. From �2 fits to experimental data at RHIC and
LHC as shown in Fig. 4, one can extract values of quark
jet transport parameter q̂0 at the center of the most cen-
tral A+A collisions at a given initial time ⌧0. Best fits
to the combined PHENIX data on neutral pion spectra
[77, 78] in 0-5% central Au + Au collisions at

p
s = 0.2

TeV/n gives q̂0 = 1.20 ± 0.30 GeV2/fm (at ⌧0 = 0.6
fm/c). Similarly, best fit to the combined ALICE [27]
and CMS [26] data on changed hadron spectra in 0-5%
central Pb+Pb collisions at

p
s = 2.76 TeV/n leads to

q̂0 = 2.2± 0.5 GeV2/fm (at ⌧0 = 0.6 fm/c).
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Suppression	
  vs.	
  binding	
  energy	
  of	
  quarkonia	
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RegeneraCon	
  ó	
  J/ψ	
  flow?	
  

July 13th, 2015                                                            DOE HI Review 

J/ψ v2 and RAA at RHIC 

12 

v2 

•  J/ψ production  
 – a mixture of initial production (high pT) and charm quark coalescence (low pT)  
•  Small v2 + RAA comparison to models - coalescence at RHIC is small  
•  High pT J/ψ suppression   - color screening signature at RHIC 

STAR, PRL 111 (2013) 052301, PLB 722 (2013) 55, PRC 90 (2014) 024906 
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Summary	
  

•  Note:	
  not	
  all	
  the	
  topics	
  where	
  covered	
  

•  QGP	
  is	
  a	
  strongly	
  coupled;	
  almost	
  perfect	
  fluid	
  with	
  the	
  smallest	
  η/s	
  of	
  all	
  known	
  
materials	
  

•  It	
  is	
  hot	
  –	
  it	
  dissolves	
  quarkonia	
  states	
  –	
  according	
  to	
  their	
  binding	
  energy	
  
•  It	
  is	
  dense	
  –	
  it	
  is	
  opaque	
  to	
  high-­‐energy	
  partons	
  and	
  modifies	
  their	
  structure	
  

transporCng	
  the	
  radiated	
  energy	
  to	
  large	
  angles;	
  lost	
  energy	
  depends	
  on	
  the	
  traversed	
  
path	
  length	
  (jet	
  v2>0)	
  

•  Charm	
  quarks	
  flow	
  within	
  the	
  medium	
  (strong	
  input	
  for	
  understanding	
  of	
  medium	
  
transport	
  properCes	
  –	
  thermalizaCon	
  and	
  elasCc	
  processes)	
  

•  First	
  indicaCons	
  that	
  charm	
  quark	
  looses	
  more	
  energy	
  than	
  boFom	
  quark	
  –	
  a	
  predicted	
  
mass	
  dependence	
  of	
  energy	
  loss	
  

•  Signals	
  of	
  collecCve	
  phenomena	
  seen	
  in	
  AA	
  also	
  present	
  in	
  high-­‐mulCplicity	
  pA	
  
collisions	
  –	
  signal	
  also	
  in	
  pp	
  collision	
  	
  -­‐	
  unexpected;	
  however,	
  droplets	
  of	
  plasma	
  where	
  
mean-­‐free	
  path	
  is	
  much	
  smaller	
  than	
  the	
  system	
  size	
  are	
  possible	
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Gunther Roland QCD Town MeetingJets at RHIC and LHC 14

Kinematic reach: Now and tomorrow(*)
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