
Collec&ve	  flow	  and	  charged	  hadron	  
correla&ons	  in	  2.76	  TeV	  PbPb	  collisions	  at	  CMS	  

Sandra	  S.	  Padula	  
	  
	  
	  
	  
	  

	  
for	  the	  CMS	  collabora&on	  

	  
ICHEP	  2012,	  Melbourne	  –	  July.06.2012	  



beam	  

(contains	  the	  
impact	  parameter)	  

Origin	  of	  azimuthal	  correla&ons	  

Sandra	  S.	  Padula	   ICHEP	  2012	  -‐	  Melbourne	  

par&cipants	  

Event	  Plane	  

Smooth	  Ini&al	  Condi&ons	  	  

•  Smooth	  IC	  
–  	  odd	  harmonics	  =	  0	  (by	  symmetry)	  

•  Fluctua&ons	  in	  	  IC	  	  	  	  
à	  give	  rise	  to	  odd	  harmonics	  ≠	  0	   Fluctua&ons	  in	  IC	  

2	  

dN

d�
⇠ 1 + 2v2 cos 2(��  2) + 2v3 cos 3(��  3) + ...

Ellip&c	  flow	   Triangular	  flow	  



Azimuthal	  correla&ons	  inves&gated	  in	  CMS	  	  

Hydrodynamic	  flow	  
driven	  by	  asymmetric	  
pressure	  gradients	  &	  
spa&al	  anisotropies	  

3	  

Path-‐length	  	  
dependent	  	  

energy	  loss	  

SoV-‐hard	  interplay	  
(hadrons	  from	  	  

thermal	  quarks	  +	  
jet	  fragmenta&on)	  
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low	  pT	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  intermediate	  pT	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  high	  pT	  

3	  



Highlights	  

•  Measuring	  azimuthal	  anisotropy	  of	  charged	  par&cles:	  	  
–  Physics	  mo&va&on:	  

•  EoS,	  opacity,	  and	  viscosity	  of	  the	  medium	  
•  Ini&al	  condi&ons	  and	  the	  role	  of	  fluctua&ons	  

–  Ellip&c	  anisotropy	  at	  lower	  pT	  à	  different	  methods	  
•  Event	  Plane	  	  
•  Cumulants	  	  

–  Two-‐par&cle:	  v2{2}	  	  
–  Four-‐par&cle:	  v2{4}	  

•  Lee-‐Yang	  Zeros	  
–  Ellip&c	  anisotropy	  at	  high	  pT	  (Event	  Plane)	  
– Dihadron	  correla&ons	  

•  Inves&gate	  anisotropies	  of	  higher	  order	  Fourier	  harmonics	  

•  Summary	  

Sandra	  S.	  Padula	   ICHEP	  2012	  -‐	  Melbourne	   4	  



	  TRACKER	  	  
(Pixels	  and	  Strips)	  

EM	  Calorimeter	  (ECAL)	  
Beam	  Scin&llator	  Counters	  (BSC)	  

Forward	  
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CMS Detector 

(2.9<|η|<5.0)	  

|Δφ|≤	  2π,	  |Δη|<	  5	  
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Four	  methods:	  EP,	  v2{2},	  v2{4},	  LYZ	  
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Event	  Plane	   Two-‐par0cle	  Cumulant	  

Four-‐par0cle	  Cumulant	  
Lee-‐Yang	  Zeros	  

v2{EP} = hcos
⇥
2(��  EP)
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i/R

Consider	  all	  	  
four-‐par0cle	  	  
correla0ons	  	  

Consider	  all	  	  	  two-‐
par0cle	  correla0ons	  	  

Consider	  all	  	  
par0cle	  	  
correla0ons	  	  
(not	  all	  shown)	  
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	  	  ψ2	  
Need	  to	  correct	  for	  ψEP	  resolu0on	  (R)	  

v2{2} =

q
hcos

⇥
2(�1 � �2)

⇤
i

v2{4} = (2hcos[2(�1 � �2)]i2 � hcos(�1 + �2 � �3 � �4)i)1/4



Event 1 

Background	  distribu&on:	  Signal	  
distribu&on:	  

Event 2 

same  
event  
pairs 

mixed  
event  
pairs 

Particle 1: trigger 
Particle 2: associated 

Di-hadron correlations (5th method)  
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1	  

2	  

S(�⌘,��) =
1

Ntrig

d2N
same

d�⌘ d��
B(�⌘,��) =

1
N

trig

d2N
mix

d�⌘ d��

Associated hadron yield per trigger: 
1

Ntrig

d2N
pair

d�⌘ d��
= B(0, 0)⇥ S(�⌘,��)

B(�⌘,��)

	  	  1st	  analysis:	  	  	  PbPb@	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  2.76	  GeV:	  	  
0-‐5%	  most	  central	  coll.	  à	  JHEP07,	  076	  (2011)	  

p
sNN

�⌘ = ⌘assoc � ⌘trig

�� = �assoc � �trig

3 < ptrigT < 3.5GeV/c

1 < passocT < 1.5GeV/c

Eur.	  Phys.	  J.	  C	  72	  (2012)2012	  	  



V3Δ 
V1Δ 

V2Δ V4Δ V5Δ 

2<|Δη|<4 2<|Δη|<4	  

Fourier	  analysis	  of	  Δφ	  correla&ons	  	  

Sandra	  S.	  Padula	   ICHEP	  2012	  -‐	  Melbourne	   8	  

n=2 

n=3 

n=4 

	  v	  b	  

2 < |�⌘| < 4

Exclusion	  region	  in	  	  	  	  	  	  

Flow	  driven	  correla&ons:	  
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trig
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trig
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(N
max

= 5)

Complementary	  to	  standard	  flow	  methods	  
(i.e.,	  EP,	  cumulants,	  LYZ)	  

n=5 

�⌘��Fourier	  decomposi&on:	  fizng	  the	  1D	  	  	  	  	  	  	  -‐projected	  distribu&on	  for	  1	  <	  |	  	  	  	  	  	  |	  <	  4	  as	  



v2(pT):	  results	  for	  the	  4	  first	  methods	  
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•  	  	  	  	  	  	  All	  methods:	  	  
	  

–  v2(pT)	  grows	  	  
up	  to	  40-‐50%,	  	  
then	  decreases	  	  

 
 

 
 
 

 
 
 
 

–  Behavior	  with	  
pT	  :	  rise	  up	  to	  	  
pT	  ~	  3GeV/c,	  
then	  	  
gradually	  	  
decreases	  
(except	  v2{2}	  
above	  50%)	  

arXiv:1204.1409	  
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v2/ε	  scales	  with	  the	  
charged-‐par&cle	  
rapidity	  density	  &	  

	  is	  in	  good	  agreement	  
with	  PHOBOS	  
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v2(pT):	  comparison	  with	  ALICE	  &	  low	  energies	  
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–  (1)	  CMS	  &	  ALICE	  for	  v2{2}	  and	  v2{4}	  à	  	  good	  agreement	  within	  uncertain&es	  

–  (2)	  	  Qualita&ve	  	  	  	  	  	  	  	  	  	  	  	  	  dependence	  of	  integrated	  v2	  [4.7	  GeV	  (AGS)	  -‐2.76	  TeV	  
(LHC)]:	  20-‐30%	  	  log	  	  increase	  	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  from	  RHIC@200GeV	  to	  LHC@2.76	  GeV	  

systematics 

(1)	   (2)	  

p
sNN

(EP)	  

p
sNN

arXiv:1204.1409	  

arXiv:1204.1409	  



v2(pT)	  extended	  to	  high	  pT	  &	  versus	  Npart	  	  (EP) 
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–  First	  precise	  measurements	  of	  v2(pT)	  up	  to	  pT ~	  60	  GeV/c	  (comparison	  with	  ATLAS)	  

–  v2	  gradually	  decreases	  above	  pT=10	  GeV/c;	  remains	  ≠	  0	  up	  to	  very	  high	  pT	  	  

Pb	
 Pb	   Pb	
Pb	  

Charles Maguire (Vanderbilt) 

Hard Probes 2012 (Sardinia) 

Azimuthal Correlations in CMS  

Hydrodynamic flow 

driven by asymmetric 

pressure gradients 

2 

Path-length  

dependent  

energy loss 

Soft-hard 

interplay 

recombination 

 
high-‐pT	  par&cles:	  	  	  
v2	  reflects	  path	  	  
dependence	  of	  
jet	  energy	  loss	  

arXiv:	  1204.1850	  	  



2nd-‐5th	  order	  single-‐par&cle	  azimuthal	  harmonics	  

•  Assuming	  factoriza&on,	  i.e.,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  where	  	  

Sandra	  S.	  Padula	   ICHEP	  2012	  -‐	  Melbourne	   13	  

vn(pT
trig) =

Vn�(pT
trig, pT

low)
vn(pT

low)
vn(pT

low) =
q

Vn�(pT
low, pT

low)

-‐	  Non-‐zero	  v3	  and	  v5	  à	  reflect	  	  
fluctua&ons	  in	  IC	  
-‐	  For	  most	  peripheral	  (>	  30%)	  à	  	  
v3-‐v5	  truncated	  due	  to	  sta&s&cal	  	  
limita&ons	  	  

Eur.	  Phys.	  J.	  C	  (2012)	  72:2012	  	  

(	  	  	  	  	  	  included	  for	  completeness)	  



Summary	  &	  highlights	  
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v2(pT) at LHC with 4+1 
complementary methods 
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a function of Npart, for representative low (1–1.5 GeV/c),
intermediate (3–3.5 GeV/c), and high (8–20 GeV/c) p

trig
T

ranges.
A strong centrality dependence of v2 is observed in

Figs. 9 and 10 for all p
trig
T ranges, while the higher-order

harmonics v3–v5 do not vary significantly over the range of
Npart. This behaviour is expected in the context of both the

hydrodynamic flow phenomena for lower-pT particles [43]
and the path-length dependence of the parton energy-loss
scenario for high-pT particles [44]. The v2 harmonics are
sensitive to the eccentricity of the almond-shaped initial col-
lision region that becomes larger for the peripheral events,
whereas the higher-order harmonics are driven by fluctua-
tions of the initial geometry that have little dependence on

Fig. 9 The single-particle azimuthal anisotropy harmonics v2–v5
extracted from the long-range (2 < |!η| < 4) azimuthal dihadron cor-
relations as a function of p

trig
T , combined with 1 < passoc

T < 3 GeV/c,
for twelve centrality intervals in PbPb collisions at

√
sNN = 2.76 TeV.

Most of the statistical error bars are smaller than the marker size.
The systematic uncertainties (not shown in the plots) are indicated in
Table 2

Fig. 10 The single-particle azimuthal anisotropy harmonics, v2–v5,
extracted from the long-range (2 < |!η| < 4) azimuthal dihadron cor-
relations as a function of Npart in PbPb collisions at

√
sNN = 2.76 TeV

for 1 < passoc
T < 3 GeV/c in three p

trig
T ranges of 1–1.5, 3–3.5 and

8–20 GeV/c. Most of the statistical error bars are smaller than the
marker size. The systematic uncertainties (not shown in the plots) are
indicated in Table 2

Pb	
 Pb	   Pb	
Pb	  

Dihadron	  higher	  
order	  vn	  à	  new	  
insight	  in	  IC,	  etc.	  

First v2 measurements 
at 20< pT ≤ 60 GeV/c  

High-pT v2 results à constraints  
on energy loss models B. Betz,  

M. Gyulassy, arXiv:1201.0281 
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BACK	  UP	  
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»  Centrality	  dependence	  of	  the	  harmonics,	  v2 to	  v5	  à	  3	  pTtrig	  ranges:	  	  

	  

»  Strong	  v2	  x	  Npart	  dependence	  on	  centrality	  (not	  significant	  for	  v3-‐v5)	  

•  Expected	  from	  both	  hydrodynamic	  flow	  phenomena	  (lower-‐pT)	  &	  
path-‐length	  dependence	  of	  the	  parton	  energy-‐loss	  (higher	  pT)	  

•  v2 à	  sensi&ve	  to	  the	  len&cular	  shape	  (larger	  for	  peripheral	  coll.)	  of	  
ini&al	  collision	  region;	  v3-‐v5	  mostly	  driven	  by	  fluctua&ons	  in	  IC	  

Extracted	  single-‐par&cle	  azimuthal	  anisotropy	  harmonics	  
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A strong centrality dependence of v2 is observed in
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extracted from the long-range (2 < |!η| < 4) azimuthal dihadron cor-
relations as a function of p

trig
T , combined with 1 < passoc
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for twelve centrality intervals in PbPb collisions at

√
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Most of the statistical error bars are smaller than the marker size.
The systematic uncertainties (not shown in the plots) are indicated in
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Fig. 10 The single-particle azimuthal anisotropy harmonics, v2–v5,
extracted from the long-range (2 < |!η| < 4) azimuthal dihadron cor-
relations as a function of Npart in PbPb collisions at

√
sNN = 2.76 TeV

for 1 < passoc
T < 3 GeV/c in three p

trig
T ranges of 1–1.5, 3–3.5 and

8–20 GeV/c. Most of the statistical error bars are smaller than the
marker size. The systematic uncertainties (not shown in the plots) are
indicated in Table 2

Pb	
Pb	  Pb	
 Pb	  

Eur.	  Phys.	  J.	  C	  (2012)	  72:2012	  	  



v2	  from	  Di-‐hadron	  Correla&ons	  

v2(pT) from dihadron correlation method (derived using 
fixed 1< pT

assoc <1.5 GeV/c) agrees well with EP method 

§  Dihadron correlation 
2 < |Δη| < 4 

o  HF Event plane 
3 < |η| < 5 

0-5% 15-20% 35-40% 

Pb	
 Pb Pb	
Pb Pb	
Pb 

PbPb 2.76 TeV 

v2 

pT (GeV/c) arXiv:1201.3158"
arXiv:1204.1409 
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Fig. 1 Two-dimensional (2D) per-trigger-particle associated yield of
charged hadrons as a function of |!η| and |!φ| for 3 < p

trig
T <

3.5 GeV/c and 1 < passoc
T < 1.5 GeV/c, for twelve centrality ranges of

PbPb collisions at
√

sNN = 2.76 TeV. The near-side peak is truncated
in the two most peripheral distributions to better display the surround-
ing structure

due to statistical limitations, the distributions are truncated
at |!η| = 4. The analysis is performed in twelve central-
ity classes of PbPb collisions ranging from the most cen-
tral 0–5 % to the most peripheral 70–80 %. Within each
centrality range, the yield described in Eq. (1) is calcu-
lated in 0.5 cm wide bins of the vertex position (zvtx)
along the beam direction and then averaged over the range
|zvtx| < 15 cm.

When filling the signal and background distributions,
each pair is weighted by the product of correction factors
for the two particles. These factors are the inverse of an ef-
ficiency that is a function of each particle’s pseudorapidity
and transverse momentum,

εtrk(η,pT) = A(η,pT)E(η,pT)

1 − F(η,pT)
, (4)

where A(η,pT) is the geometrical acceptance, E(η,pT) is
the reconstruction efficiency, and F(η,pT) is the fraction of
misidentified tracks. The effect of this weighting factor only
changes the overall scale but not the shape of the associ-

ated yield distribution, which is determined by the signal-
to-background ratio.

As described in Ref. [1], the track-weighting procedure
is tested using MC events generated with HYDJET [39]
(version 1.6) propagated through a full detector simulation.
The tracking efficiencies themselves are checked using sim-
ulated tracks embedded into actual data events. Systematic
uncertainties due to variations of the track reconstruction ef-
ficiency as a function of vertex location and also the proce-
dure used to generate the background events are evaluated.
The individual contributions are added in quadrature to find
the final systematic uncertainties of 7.3–7.6 %.

4 Correlation functions and near-side yields

The two-dimensional (2D) per-trigger-particle associated
yield distribution of charged hadrons as a function of |!η|
and |!φ| is measured for each p

trig
T and passoc

T interval, and
in different centrality classes of PbPb collisions. An exam-

Ridge in PbPb - centrality dependence 

Pb	
Pb	  

Pb	
 Pb	  
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(30M	  events)	  

v2 not	  prominent	  

cos(2��)
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•  First	  obseva&on	  of	  long	  range	  near-‐side	  (Δφ	  ~	  0)	  	  
structure	  for	  pTtrig	  	  >	  20	  GeV/c	  	  	  	  
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–  v2(η)	  	  is	  larger	  at	  mid-‐rapidity	  

–  constant	  or	  decreases	  very	  slowly	  
at	  larger	  values	  of	  |η|	  

–  integrated	  v2 vs.	  centrality	  for	  	  
|η|<	  0.8:	  increase	  from	  central	  to	  
peripheral	  collisions	  (max.	  ~	  40–50%)	  

0.3 < pT < 3 GeV/c|

Pb	
 Pb	  Pb	
Pb	  
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Fig. 3 The difference between short-range (0 < |!η| < 1) and long-
range (2 < |!η| < 4) per-trigger-particle associated yields of charged
hadrons as a function of |!φ| for 3 < p

trig
T < 3.5 GeV/c and 1 <

passoc
T < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions

at
√

sNN = 2.76 TeV. The statistical error bars are smaller than the
marker size. The grey bands denote the systematic uncertainties. The
pp result is superimposed in all panels, for reference purposes

whereas the away-side region (!φ ≈ π ) is mostly flat and
close to zero due to the weak !η dependence of the away-
side jet peak. A comparison to the pp data at

√
s = 2.76 TeV

is also presented, showing a similar structure to that in the
very peripheral 70–80 % PbPb data. However, the magni-
tude of the near-side peak is significantly enhanced in the
most central PbPb collisions as compared to pp. Most of the
systematic uncertainties manifest themselves as an overall
change in the scale of the correlation functions, with little
dependence on !φ and !η. Therefore, they largely cancel
when the difference between the short-range and long-range
regions is taken.

The strengths of the near-side peak and away-side re-
gion in the |!φ| distributions from Fig. 3 can be quanti-
fied by integrating over the two |!φ| ranges separated by
the minimum position of the distribution. This position is
chosen as |!φ| = 1.18, the average of the minima between
the near side and away side over all centralities. This choice
of integration range introduces an additional systematic un-
certainty in the integrated associated yields. The effect of
choosing different minima for integration ranges changes

the overall yield by an absolute amount of at most 0.007.
Similar shifts are calculated for each data point, then added
as an absolute value in quadrature to the other systematic
uncertainties.

Figure 4 shows the integrated associated yields of the
near-side peak and away-side regions as a function of Npart
in PbPb collisions at

√
sNN = 2.76 TeV, requiring 3 <

p
trig
T < 3.5 GeV/c, for four different intervals of passoc

T (1–
1.5, 1.5–2, 2–2.5, and 2.5–3 GeV/c). The grey bands repre-
sent the systematic uncertainties. For easier visual compar-
ison between the most central PbPb results and the values
one would expect from a trivial extrapolation of the pp re-
sults, the latter are also represented using horizontal lines
covering the full Npart range. The yield of the near-side peak
increases by a factor of 1.7 in going from the very peripheral
70–80 % to the most central 0–5 % PbPb events, for the low-
est passoc

T interval of 1–1.5 GeV/c. As passoc
T increases, the

centrality dependence of the near-side yield becomes less
prominent. An increase by a factor of only 1.3 is observed
for the highest passoc

T interval of 2.5–3 GeV/c. This is of par-
ticular interest because at RHIC energies for passoc

T down to

–  Near-‐side	  peak	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  ):	  	  
mostly	  jet	  fragmenta&on	  

–  Away-‐side	  region	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  ):	  	  
nearly	  flat	  (weakly	  	  
dependent	  in	  	  	  	  	  	  	  	  )	  

–  pp	  	  data	  at	  2.76	  GeV:	  
similar	  structure	  to	  70-‐80%	  
peripheral	  PbPb	  	  

–  Strength	  of	  2	  regions	  à	  
quan&fied	  by	  integra&ng	  
over	  2	  ranges	  wrt	  	  

�⌘

�⌘

�� ⇡ 0

�� ⇡ ⇡

��min ⇡ 1.18
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Fig. 4 The integrated associated yields of the near-side peak (|!φ| <
1.18) and away-side region (|!φ| > 1.18), requiring 3 < p

trig
T <

3.5 GeV/c for four different intervals of passoc
T , as a function of Npart

in PbPb collisions at
√

sNN = 2.76 TeV. The error bars correspond to

statistical uncertainties only. The grey bands denote the systematic un-
certainties. The lines represent the pp results (Npart = 2) superimposed
over the full range of Npart values

2 GeV/c and similar p
trig
T ranges and methodology, although

for a lower density system (AuAu at
√

sNN = 0.2 TeV),
there is almost no centrality dependence observed [40]. On
both near and away sides, the yield in PbPb matches that in
pp for the most peripheral events. On the away side, the yield
in PbPb decreases with centrality, becoming negative for the
most central events. Variations in the event-mixing proce-
dure can cause large fluctuations but only at the very edge
of the acceptance around |!η| = 4.8. However, the corre-
lation function is only studied up to |!η| < 4 in this paper
so these fluctuations do not affect the results. The negative
values of the yields in Fig. 4 are caused by a slightly con-
cave structure on the away-side region (1.18 < |!φ| < π ),
i.e. the yields near |!η| ≈ 0 are smaller than those at higher
|!η|. The effect is more prominent for central PbPb events.
However, this concavity is seen only for |!η| < 2. Beyond
that region, the !η distribution is found to be largely flat up
to |!η| = 4. Similar behaviour was also observed at RHIC
for AuAu collisions at

√
sNN = 200 GeV [41]. This devia-

tion from pp may be related to the jet quenching phenom-
ena, which leads to a modification in the back-to-back jet
correlations in PbPb. Any effect that modifies the kinemat-
ics of dijet production could also result in a modification of
away-side distributions in !η. Additionally, any slight de-
pendence of the flow effect on η could also play a role. More
detailed theoretical models will be required to fully under-
stand the origin of this small effect.

5 Fourier decomposition analysis of the PbPb data

The first Fourier decomposition analysis of long-range
dihadron azimuthal correlations for PbPb collisions at√

sNN = 2.76 TeV was presented in Ref. [1]. This analysis
was motivated by the goal of determining whether the long-
range ridge effect was caused by higher-order hydrodynamic

flow harmonics induced by the initial geometric fluctuations.
This decomposition involves fitting the 1D !φ-projected
distribution for 2 < |!η| < 4 (to avoid the jet peak) with a
Fourier series given by

1
Ntrig

dNpair

d!φ
= Nassoc

2π

{

1 +
Nmax∑

n=1

2Vn! cos(n!φ)

}

, (6)

where Vn! are the Fourier coefficients and Nassoc represents
the total number of hadron pairs per trigger particle for the
given |!η| range and (p

trig
T ,passoc

T ) bin. The first five Fourier
terms (Nmax = 5) are included in both the current fits and
those in Ref. [1]. In this paper, the analysis of the Fourier
decomposition is extended to the full centrality range, and is
performed as a function of both p

trig
T and passoc

T .
The Fourier decomposition results have several system-

atic uncertainties. Because the tracking-correction-related
systematic uncertainties only change the overall scale of the
correlation functions, instead of the shape, they have only
a ±0.8 % uncertainty on the extracted Fourier coefficients
(Vn!), largely independent of n and collision centrality. In
addition, the results are insensitive to looser or tighter track
selections to within ±0.5 %. By comparing the Fourier coef-
ficients derived for two different zvtx ranges, |zvtx| < 15 cm
and |zvtx| < 5 cm, the systematic uncertainties due to the
dependence on the vertex position are estimated to be less
than ±0.5 %. Variations from the finite bin width of the
!φ histograms contribute the largest systematic uncertainty
to the analysis, especially for the higher-order components,
which are more sensitive to the fine structure of the distri-
butions. Reducing the binning of the !φ histograms by fac-
tors of 2, 4, and 8, the extracted Fourier coefficients vary by
±0.3–2.2 %. The effect of including additional higher-order
Fourier terms in the fit using Eq. (6) results in changes of at
most ±1.0 % (for n = 5), with Fourier terms up to n = 10

(expected	  for	  trivial	  extrapola&ons	  from	  pp	  results)	  

    	  =	  systema&c	  	  
	  	  	  	  	  uncertain&es	  

–  Near-‐side	  peak:	  increases	  by	  1.7	  from	  70=80%	  to	  0-‐5%	  [in	  (I)];	  but	  only	  1.3	  in	  
(IV)	  (at	  RHIC	  almost	  no	  centrality	  dependence)	  	  

–  Away-‐side:	  yield	  decrease	  with	  centrality	  (nega&ve	  for	  most	  central)	  

–  On	  both	  near	  and	  away	  sides	  à	  yield	  in	  PbPb	  matches	  that	  in	  pp	  for	  the	  
most	  peripheral	  events.	  	  

(I)	   (II)	   (III)	   (IV)	  



Centrali&es	  of	  the	  1D	  	  	  	  	  	  	  	  	  	  distribu&on	  	  
•  Averaging	  the	  2D	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  limited	  region	  in	  	  
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ple for trigger particles with 3 < p
trig
T < 3.5 GeV/c and as-

sociated particles with 1 < passoc
T < 1.5 GeV/c is shown in

Fig. 1, for centralities ranging from the 0–5 % most central
collisions, to the most peripheral (70–80 %) events. The 2D
correlations are rich in structure, and evolve with centrality.
The p

trig
T and passoc

T ranges shown in this figure were cho-
sen as an example because they demonstrate a good balance
of the following features. For the most central PbPb colli-
sions, a clear and significant ridge-like structure mostly flat
in !η, and extending to the limit of |!η| = 4, is observed at
!φ ≈ 0. At mid-peripheral events, a pronounced cos(2!φ)

component emerges, originating predominantly from ellip-
tic flow [10]. Lastly, in the most peripheral collisions, the
near-side ridge structure has largely diminished, while the
away-side back-to-back jet correlations can be clearly seen
at !φ ≈ π , but spread out in !η.

As was done in Ref. [1], to quantitatively examine the
features of short-range and long-range azimuthal correla-
tions, one-dimensional (1D) !φ correlation functions are

calculated by averaging the 2D distributions over a limited
region in !η from !ηmin to !ηmax:

1
Ntrig

dNpair

d!φ

= 1
!ηmax − !ηmin

∫ !ηmax

!ηmin

1
Ntrig

d2Npair

d!η d!φ
d!η. (5)

The results of extracting the 1D !φ correlations in the short-
range (0 < |!η| < 1) and long-range (2 < |!η| < 4) re-
gions are shown in Fig. 2. The associated yield distribution
per trigger particle is extracted for the same p

trig
T and passoc

T
ranges as in Fig. 1.

In order to study the short-range !φ correlations in the
absence of the flat background in !η, the 1D !φ distri-
bution in the long-range region is subtracted from that in
the short-range region. The resulting difference of the dis-
tributions is shown in Fig. 3. The near-side peak (!φ ≈ 0)
represents mainly the correlations from jet fragmentation,

Fig. 2 Short-range (0 < |!η| < 1, open circles) and long-range (2 <
|!η| < 4, red closed circles) per-trigger-particle associated yields of
charged hadrons as a function of |!φ| for 3 < p

trig
T < 3.5 GeV/c and

1 < passoc
T < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions

at
√

sNN = 2.76 TeV. The statistical error bars are smaller than the
marker size. The systematic uncertainties of 7.6 % for all data points
in the short-range region and 7.3 % for all data points in the long-range
region are not shown in the plots

1
N

trig

dN
pair

d��
=

1
(�⌘

max

��⌘
min

)
⇥

Z
�⌘

max

�⌘
min

1
N

trig

d2N
pair

d�⌘��
d�⌘

Short-‐range:	  	  
	  
	  
	  
	  
	  
	  
	  

Long-‐range:	  	  	  

0 < |�⌘| < 1

2 < |�⌘| < 4



Dihadron	  correla&ons	  and	  single-‐par&cle	  anisotropies	  

Sandra	  S.	  Padula	   ICHEP	  2012	  -‐	  Melbourne	   24	  

•	  For	  0-‐5%	  eventsà	  	  
complex	  situa&on:	  	  
factoriza&on	  does	  	  
not	  apply	  and	  other	  
mechanisms	  must	  	  
be	  at	  ac&on,	  perhaps	  a	  	  
complicated	  interplay	  of	  	  
different	  par&cle	  	  
produc&on	  mechanisms	  
	  between	  low-‐pT	  	  
(hydrodynamic	  flow)	  and	  	  
high-‐pT	  (dijet	  produc&on)	  	  
par&cles.	  

•	  Factoriza&on:	  valid	  up	  to	  	  
pTassoc	  ~	  3.5	  GeV/c	  	  &	  
pTassoc	  ~	  8	  GeV/c	  	  


