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fixed values of Nch, which agrees well with measurements reported by ATLAS [29, 47] at
√
s = 0.9 and

7 TeV. We note a change in slope for all three collision energies at roughly the same value of Nch ≈ 10.
This change in slope was also observed at Tevatron [24, 26] and recently at the LHC [27, 29].

In Monte Carlo event generators, high multiplicity events are produced by multiple parton interactions.
An incoherent superposition of such interactions would lead to a constant 〈pT〉 at high multiplicities.
The observed strong correlation of 〈pT〉 with Nch has been attributed, within PYTHIA models, to color
reconnections (CR) between hadronizing strings [34]. In this mechanism, which can be interpreted as a
collective final-state effect, strings from independent parton interactions do not hadronize independently,
but fuse prior to hadronization. This leads to fewer hadrons, but more energetic. The CR strength
is implemented as a probability parameter in the models. The CR mechanism bears similarity to the
mechanism of string fusion [48] advocated early for nucleus-nucleus collisions. A model based on
Pomeron exchange was shown to fit the pp data [49]. A mechanism of collective string hadronization is
also used in the EPOS model, which was shown recently to describe a wealth LHC data in pp, p–Pb, and
Pb–Pb collisions [50].
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Fig. 2: Average transverse momentum 〈pT〉 versus charged-particle multiplicity Nch in pp, p–Pb, and Pb–Pb
collisions for |η | < 0.3. The boxes represent the systematic uncertainties on 〈pT〉. The statistical errors are
negligible.

Figure 2 shows the average transverse momentum 〈pT〉 of charged particles versus the charged-particle
multiplicity Nch as measured in pp collisions at

√
s = 7 TeV, in p–Pb collisions at √sNN = 5.02 TeV, and

in Pb–Pb collisions at √sNN = 2.76 TeV. In p–Pb collisions, we observe an increase of 〈pT〉 with Nch,
with 〈pT〉 values similar to the values in pp collisions up to Nch ≈ 14. At multiplicities above Nch ≈ 14,
the measured 〈pT〉 is lower in p–Pb collisions than in pp collisions; the difference is more pronounced
with increasing Nch. This difference cannot be attributed to the difference in collision energy, as the
energy dependence of 〈pT〉 is rather weak, see Fig. 1. In contrast, in Pb–Pb collisions, with increasing
Nch, there is only a moderate increase in 〈pT〉 up to high charged-particle multiplicity with a maximum
value of 〈pT〉= 0.685±0.016 (syst.) GeV/c, which is substantially lower than the maximum value in pp.
For pp and p–Pb, Nch> 14 corresponds to about 10% and 50% of the INEL>0 cross section, respectively,
while for Pb–Pb collisions this fraction is about 82%; Nch > 40 corresponds to the upper 1% of the cross
section in p–Pb and to about 70% most central Pb–Pb collisions. This illustrates that the same Nch value

Proton-‐proton	  and	  p-‐Pb	  follow	  the	  
same	  trend	  up	  to	  Nch~15;	  however:	  
this	  is	  90%	  of	  pp	  x-‐sec$on	  and	  50%	  
of	  p-‐Pb	  x-‐sec$on	  (different	  biases)	  
	  
	  
pp	  and	  p-‐Pb	  –	  much	  stronger	  
increase	  than	  in	  Pb-‐Pb	  
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Multiplicity dependence of the average transverse momentum . . . 5
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Fig. 3: Average transverse momentum 〈pT〉 as a function of charged-particle multiplicity Nch measured in pp
(upper panel), p–Pb (middle panel), and Pb–Pb (lower panel) collisions in comparison to model calculations. For
pp collisions, calculations with PYTHIA 8 [42] with tune 4C are shown with and without the color reconnection
(CR) mechanism. The p–Pb and Pb–Pb data are compared to calculations with the DPMJET, HIJING, AMPT, and
EPOS Monte Carlo event generators. The lines show calculations in a Glauber Monte Carlo approach (see text).

corresponds to a very different collision regime in the three systems.

In Pb–Pb collisions, substantial rescattering of constituents are thought to lead to a redistribution of the
particle spectrum where most particles are part of a locally thermalized medium exhibiting collective,
hydrodynamic-type, behavior. The moderate increase of 〈pT〉 seen in Pb–Pb collisions (in Fig. 2, for
Nch ! 10) is thus usually attributed to collective flow [51]. The p–Pb data exhibit features of both pp
and Pb–Pb collisions, at low and high multiplicities, respectively. However, the saturation trend of 〈pT〉
versus Nch is less pronounced in p–Pb than in Pb–Pb collisions and leads to a much higher value of
〈pT〉 at high multiplicities than in Pb–Pb. An increase in 〈pT〉 of a few percent is expected in Pb–Pb
from √sNN =2.76 TeV to 5 TeV, but it appears unlikely that the p–Pb 〈pT〉 values will match those in
Pb–Pb at the same energy. While the p–Pb data cannot exclude collective hydrodynamic-type effects for
high-multiplicity events, it is clear that such a conclusion requires stronger evidence. The features seen
in Fig. 2 do not depend on the kinematic selection; similar trends are found for |η | < 0.8 (|ηlab| < 0.8,
for p–Pb collisions) or for pT > 0.5 GeV/c.

Figure 3 shows a comparison of the data to model predictions for 〈pT〉 versus Nch in pp collisions at√
s = 7 TeV, p–Pb collisions at √sNN = 5.02 TeV and Pb–Pb collisions at

√sNN = 2.76 TeV. For pp
collisions, calculations using PYTHIA 8 with tune 4C are shown with and without the CR mechanism.
As shown earlier [26, 29], the model only gives a fair description of the data when the CR mechanism

Global	  event	  proper$es:	  	  
mean	  pT	  vs	  mul$plicity	  

•  Proton-‐proton:	  PYTHIA	  -‐	  strong	  increase	  with	  
Nch	  aUributed	  to	  Color	  Reconnec$ons	  
between	  hadronizing	  strings	  -‐	  a	  collec5ve	  final	  
state	  effect	  

	  
	  
•  p-‐Pb:	  	  

•  Glauber	  MC	  (incoherent	  p-‐N’s)	  using	  
measured	  <pT>	  in	  pp	  does	  not	  work	  

•  Coherent	  effects	  via	  strings	  from	  
different	  pN?	  

•  EPOS	  includes	  collec5ve	  effects.	  	  
	  
	  
•  Pb-‐Pb:	  DPMJet	  gets	  trend	  right.	  EPOS	  has	  

different	  shape	  for	  very	  peripheral	  collisions.	  	  
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Pion/Kaon/Proton	  in	  pp	  and	  Pb-‐Pb	  
4	  

Baryon/meson	  anomaly	  
-‐	  Radial	  flow	  /	  recombina5on?	  

Jet	  quenching	  /	  modifica5ons	  
of	  jet	  fragmenta5on?	  

Radial	  flow	  (mesons	  –	  protons	  –	  mass	  dependence)	  
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Λ/K0	  in	  Pb-‐Pb	  collisions	  
5	  

•  Integrated	  ra5o	  independent	  of	  centrality	  (Λ/K0s	  ~	  0.25)	  
•  Intermediate	  pT:	  Λ/K0s	  ra5o	  enhanced	  in	  central	  Pb-‐Pb	  	  
•  consistent	  with	  radial	  flow	  

•  High-‐pT:	  ra5o	  consistent	  with	  vacuum-‐like	  fragmenta5on.	  	  

SubmiUed	  
arXiv	  0764109	  	  



NB:	  Iden$fied	  par$cles	  in	  p-‐Pb	  
6	  
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•  Baryon	  to	  meson	  ra5o:	  	  
•  similar	  trend	  of	  p/pion	  ra$o	  in	  p-‐Pb	  as	  in	  Pb-‐Pb	  per	  dNch/dη	  	  
•  follows	  a	  power-‐law	  with	  a	  same	  exponent	  B(pT)	  in	  two	  systems	  (although	  

in	  p-‐Pb	  much	  smaller	  than	  in	  Pb-‐Pb	  case)	  -‐	  similar	  case	  for	  proton/pion	  ra5o	  
•  Same	  trend	  in	  proton-‐proton	  collisions	  
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Lambda/Kaon	  ra5o	  vs.	  charged	  par5cle	  mul5plicity	  density	  

Pb-‐Pb	  
p-‐Pb	  
pp	  

R = A(dNch/d⌘)
B



Collec$ve	  flow	  of	  iden$fied	  par$cles	  
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•  v2/nq	  scaling	  at	  the	  LHC	  less	  obvious	  (within	  ~20%)	  
•  For	  (mT-‐m0)/nq>1	  GeV/c	  v2	  of	  p	  is	  lower	  than	  of	  π	  
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ALI−DER−55764

•  Mass	  ordering	  for	  mul5-‐strange	  baryons	  	  
•  Described	  by	  hydrodynamical	  model(s)	  

20-‐40%	  

40-‐50%	  

40-‐50%	  

Not	  shown:	  v3(pT)	  –	  mass	  ordering	  reproduced	  by	  hydro;	  
pion-‐proton	  intersect	  –	  expected	  from	  coalescence	  

7	  



COLLECTIVE	  FLOW	  AND	  JET	  
QUENCHING	  
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v2	  at	  high-‐pT	  and	  RAA	  
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Fig. 5. (Color online.) v2 (top) and v3 (bottom) of charged pion and proton
as a function of transverse momentum for 10–50% centrality class compared to
unidentified charged particles results from the event plane method. For clarity, the
markers for v2 and v3 at pT > 8 GeV/c are slightly shifted along the horizontal
axis. PHENIX π0 v2 measurements [46] are also shown. The dashed line represents
the WHDG model calculations for neutral pions [43] extrapolated to the LHC col-
lision energy for the 20–50% centrality range. Error bars (shaded boxes) represent
the statistical (systematic) uncertainties.

transverse momentum. For pT > 8 GeV/c, we find that the uniden-
tified charged particle v2 in 0–70% and v3 in 0–20% centrality
ranges are finite, positive and only weakly dependent on trans-
verse momentum, while v3 for 20–50% and v4 for 5–50% cen-
trality are consistent with zero within rather large statistical and
systematic uncertainties. The observed difference in the centrality
dependence of v4/Ψ4 and v4/Ψ2 , and the results on v2 obtained
with the event plane and four-particle cumulant methods indi-
cate that the effect of flow fluctuations extends at least up to
pT = 8 GeV/c and does not change significantly in magnitude,
except for very central collisions. It shows that the effect of fluc-
tuations of the initial collision geometry on particle production is
similar at low and intermediate pT regions, which are considered
to be dominated by hydrodynamical flow and quark coalescence,
respectively. For pT > 10 GeV/c, where particle production is dom-
inated by fragmentation of hard partons, the response to fluctua-
tions of the initial collision geometry might be different, but more
data is needed to study this regime in more detail. The pion v2
at LHC energies is very close to that measured at RHIC out to
pT = 16 GeV/c and is reproduced by WHDG model calculations
for pT > 8 GeV/c. The proton v2 and v3 are finite, positive, and
have a larger magnitude than that of the pion for pT < 8 GeV/c,
indicating that the particle type dependence, which is typical at
low pT, persists out to intermediate transverse momenta. The pion

and proton v3 are consistent with zero within uncertainties for
pT > 8 GeV/c.

Acknowledgements

The ALICE Collaboration would like to thank all its engineers
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the
outstanding performance of the LHC complex.

The ALICE Collaboration acknowledges the following funding
agencies for their support in building and running the ALICE de-
tector:

Calouste Gulbenkian Foundation from Lisbon and Swiss Fonds
Kidagan, Armenia;

Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq), Financiadora de Estudos e Projetos (FINEP), Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP);

National Natural Science Foundation of China (NSFC), the Chi-
nese Ministry of Education (CMOE) and the Ministry of Science and
Technology of China (MSTC);

Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg Founda-

tion and the Danish National Research Foundation;
The European Research Council under the European Communi-

ty’s Seventh Framework Programme;
Helsinki Institute of Physics and the Academy of Finland;
French CNRS-IN2P3, the ‘Region Pays de Loire’, ‘Region Alsace’,

‘Region Auvergne’ and CEA, France;
German BMBF and the Helmholtz Association;
General Secretariat for Research and Technology, Ministry of

Development, Greece;
Hungarian OTKA and National Office for Research and Technol-

ogy (NKTH);
Department of Atomic Energy and Department of Science and

Technology of the Government of India;
Istituto Nazionale di Fisica Nucleare (INFN) of Italy;
MEXT Grant-in-Aid for Specially Promoted Research, Japan;
Joint Institute for Nuclear Research, Dubna;
National Research Foundation of Korea (NRF);
CONACYT, DGAPA, México, ALFA-EC and the HELEN Program

(High-Energy physics Latin-American–European Network);
Stichting voor Fundamenteel Onderzoek der Materie (FOM)

and the Nederlandse Organisatie voor Wetenschappelijk Onderzoek
(NWO), Netherlands;

Research Council of Norway (NFR);
Polish Ministry of Science and Higher Education;
National Authority for Scientific Research – NASR (Autoritatea
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Jet	  quenching	  and	  non-‐zero	  v2	  are	  closely	  
related	  –	  signature	  of	  the	  physical	  
proper5es	  of	  QGP:	  	  
•  QGP	  is	  opaque	  to	  colored	  probes	  
•  In-‐medium	  energy-‐loss	  depends	  on	  the	  

path	  length	  
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The elliptic, v2, triangular, v3, and quadrangular, v4, azimuthal anisotropic flow coefficients are measured
for unidentified charged particles, pions, and (anti-)protons in Pb–Pb collisions at

√
sNN = 2.76 TeV with

the ALICE detector at the Large Hadron Collider. Results obtained with the event plane and four-particle
cumulant methods are reported for the pseudo-rapidity range |η| < 0.8 at different collision centralities
and as a function of transverse momentum, pT, out to pT = 20 GeV/c. The observed non-zero elliptic
and triangular flow depends only weakly on transverse momentum for pT > 8 GeV/c. The small pT
dependence of the difference between elliptic flow results obtained from the event plane and four-
particle cumulant methods suggests a common origin of flow fluctuations up to pT = 8 GeV/c. The
magnitude of the (anti-)proton elliptic and triangular flow is larger than that of pions out to at least
pT = 8 GeV/c indicating that the particle type dependence persists out to high pT.

 2013 CERN. Published by Elsevier B.V. All rights reserved.

The goal of ultra-relativistic nucleus–nucleus collisions is to
study nuclear matter under extreme conditions. For non-central
collisions, in the plane perpendicular to the beam direction, the
geometrical overlap region, where the highly Lorentz contracted
nuclei intersect and where the initial interactions occur, is az-
imuthally anisotropic. This initial spatial asymmetry is converted
via interactions into an anisotropy in momentum space, a phe-
nomenon referred to as transverse anisotropic flow (for a review
see [1]). Anisotropic flow has become a key observable for the
characterization of the properties and the evolution of the system
created in a nucleus–nucleus collision.

Identified particle anisotropic flow provides valuable informa-
tion on the particle production mechanism in different trans-
verse momentum, pT, regions [1]. For pT < 2–3 GeV/c, the flow
pattern of different particle species is qualitatively described
by hydrodynamic model calculations [2]. At intermediate pT,
3 < pT < 6 GeV/c, the observed flow of the baryons is larger than
that of the mesons [3,4]. For pT ! 8 GeV/c, the fragmentation of
high-energy partons, resulting from initial hard scatterings, is ex-
pected to play the dominant role. While traversing the hot and
dense matter these partons experience collisional and radiative en-
ergy loss [5,6], which are strongly dependent on the thickness of
the created medium [7]. In the azimuthally asymmetric system,
the energy loss depends on the azimuthal emission angle of the
parton, which leads to an azimuthal anisotropy in particle produc-
tion at high pT [8,9].

! © CERN for the benefit of the ALICE Collaboration.

The magnitude of the anisotropic flow is characterized by the
coefficients in the Fourier expansion of the azimuthal distribution
of particles with respect to the collision symmetry plane [10,11]:

vn(pT,η) =
〈
cos

[
n(φ − Ψn)

]〉
, (1)

where pT, η, and φ are the particle’s transverse momentum,
pseudo-rapidity, and the azimuthal angle, respectively, and Ψn is
the n-th harmonic symmetry plane angle. For a smooth matter
distribution in the colliding nuclei, the symmetry planes of all
harmonics coincide with the reaction plane defined by the beam
direction and the impact parameter, the vector connecting the cen-
ters of the two colliding nuclei at closest approach. In this case, for
particles produced at midrapidity, all odd Fourier coefficients are
zero by symmetry. Due to event-by-event fluctuations of the posi-
tions of the participating nucleons inside the nuclei, the shape of
the initial energy density of the heavy-ion collision in general is
not symmetric with respect to the reaction plane, and the Ψn may
deviate from the reaction plane. This gives rise to non-zero odd
harmonic coefficients [12–18], and contributes to the difference in
flow coefficients calculated from two- or multi-particle azimuthal
correlations, and also to the difference in vn measured with re-
spect to different harmonic symmetry planes.

Large elliptic flow, v2, and significant triangular flow, v3, were
observed at the Relativistic Heavy Ion Collider (RHIC) [19–21]
and at the Large Hadron Collider (LHC) [22–28]. In this Let-
ter we present the measurement of unidentified charged parti-
cle anisotropic flow out to pT = 20 GeV/c, and for protons and

0370-2693/  2013 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.12.066



News	  from	  RAA	  of	  iden$fied	  par$cles	  RAA and RCP 
•  Central Collisions: 

–  RAA(φ) between RAA(π,K) and RAA(p) 
•   RAA(φ) tends to be below RAA(p) 

despite larger φ mass 
•  Consistent with RAA(p) within 

uncertainties 
–  RAA(φ) below RAA(Ξ) 

•  RAA values different despite 
similar strange quark content 

•  All RAA (except Ω) converge at high pT 
–  this occurs at ≈7 GeV/c for central 

collisions, ≈4 GeV/c for peripheral 
collisions 

•  RCP(K*0) tends to be lower than RCP(φ), 
but usually consistent within uncertainties 

19 

)c (GeV/
T
p

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
P

R

0

0.5

1

 = 2.76 TeVNNs(0-20%)/(60-80%), Pb-Pb 
uncertainties: stat. (bars), sys. (boxes), norm. (shaded)

0K*
q

)c (GeV/
T
p

0 1 2 3 4 5 6 7 8

AA
R

1

2

 = 2.76 TeVNNsPb-Pb/pp 
uncertainties: stat. (bars)
uncertainties: sys. (empty boxes)
uncertainties: norm. (filled boxes)
extrapolated points (shaded boxes)

  0-5%±/

  0-5%±K
  0-5%pp+

 0-10%q

 0-10%+
U+-U

 0-10%+
1+-1

)c (GeV/
T
p

0 1 2 3 4 5 6 7 8

AA
R

1

2

 = 2.76 TeVNNsPb-Pb/pp 
uncertainties: stat. (bars)
uncertainties: sys. (empty boxes)
uncertainties: norm. (filled boxes)
extrapolated points (shaded boxes)

  0-5%±/

  0-5%±K
  0-5%pp+

 0-10%q

 0-10%+
U+-U

 0-10%+
1+-1

Same	  RAA	  for	  π,	  K,	  p	  at	  high-‐pT	  
within	  uncertain$es	  AND	  D-‐mesons	  
	  
φ	  in	  0-‐10%:	  	  
•  Similar	  to	  proton	  below	  2	  GeV/c	  
•  Between	  pion	  and	  proton	  above	  

2	  GeV/c	  

Ξ	  RAA	  compa$ble	  with	  protons	  
	  
Ω	  –	  large	  RAA	  consistent	  with	  
enhancement	  in	  HI	  collisions;	  
however,	  largely	  due	  to	  the	  
suppression	  in	  pp	  
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Challenge	  for	  theory	  –	  consistent	  descrip$on	  
of	  charm	  produc$on	  and	  its	  v2	  

•  The	  simultaneous	  descrip$on	  of	  D	  meson	  RAA	  and	  v2	  is	  a	  challenge	  
to	  theore$cal	  models	  

11	  



•  The	  simultaneous	  descrip$on	  of	  heavy	  flavor	  decay	  electrons	  RAA	  and	  v2	  is	  a	  
challenge	  to	  theore$cal	  models	  

•  Not	  shown:	  J/ψ:	  v2	  >	  0	  at	  LHC;	  RAA	  LHC	  >	  RAA	  RHIC	  for	  most	  central	  events	  

12	  Challenge	  for	  theory	  –	  consistent	  
descrip$on	  of	  HFE	  and	  its	  v2	  



On	  the	  other	  hand:	  RpPb	  =	  1	  
13	  

)2 (GeV), or mass (GeV/c
T

 (GeV/c), E
T

p

0 10 20 30 40 50 60 70 80 90 100

p
P

b
 ,

 R
P

b
P

b
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
 = 5.02 TeV, NSD (ALICE)

NN
s, p-Pb  

ch
N

 = 2.76 TeV, 0-10% (CMS)
NN

s, Pb-Pb  γ

 = 2.76 TeV, 0-10% (CMS)
NN

s, Pb-Pb  ±W

 = 2.76 TeV, 0-10% (CMS)
NN

s, Pb-Pb  
0

Z

, Pb-Pb (ALICE)
ch

N

, Pb-Pb (CMS)
ch

N

 = 2.76 TeV, 0-5% 
NN

s

ALI−DER−45646

ALICE:	  Phys.LeU.	  B	  720	  (2013)	  52-‐62;	  Phys.Rev.LeU.	  110	  (2013)	  082302	  
CMS:	  	  	  Eur.Phys.J.	  C72	  (2012)	  1945;	  Phys.LeU.	  B710	  (2012)	  256-‐277;	  

	  	  Phys.	  LeU.	  B	  715	  (2012)	  66-‐87;	  PAS	  HIN-‐13-‐004	  	  



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.
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Two-‐par$cle	  correla$ons	  in	  p-‐Pb	  
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High	  mul$plicity	  event	  class	   Low	  mul$plicity	  event	  class	  

Azimuthal	  s
epara5

on	  

Analysis	  in	  mul5plicity	  classes	  defined	  by	  the	  total	  charge	  in	  VZERO	  detector	  	  
(away	  from	  the	  central	  region)	  

	  

<dNch/dη>	  ~	  7	  <dNch/dη>	  ~	  35	   Remaining	  correla$on:	  	  
two	  twin	  long	  range	  structures	  

The	  method:	  from	  the	  high-‐mul$plicity	  yield	  subtract	  	  
the	  jet	  yield	  in	  low-‐mul$plicity	  events	  (no	  ridge)	  

14	  

ALICE:	  arXiv:1212.2001
	  	  



Twin	  ridge	  structure	  in	  p-‐Pb	  

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.
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Further	  inves$ga$ons	  reveal:	  	  
•  the	  full	  modula$on	  is	  (1)	  di-‐jets	  and	  (2)	  the	  

double-‐ridge	  structure	  –	  nothing	  more	  
•  Same	  yield	  near	  and	  away	  side	  for	  all	  classes	  of	  

pT	  and	  mul$plicity	  suggest	  a	  common	  
underlying	  process	  

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.
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Azimuthal	  separa/on	  

Remaining	  correla$on	  described	  by	  finite	  
amplitudes	  of	  Fourier	  terms	  

Similar	  observa$ons	  in	  Pb-‐Pb	  are	  
ascribed	  to	  collec$ve	  effects!	  

ALICE:	  arXiv:1212.2001
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Number	  of	  explana5ons	  put	  forward	  raging	  
from	  hydrodynamic	  flow	  to	  CGC	  formalisms	  



Twin	  ridge	  structure	  in	  p-‐Pb	  	  
with	  iden$fied	  par$cles	  
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Shown	  here:	  hadron-‐proton	  correla$on	  (high-‐low	  mult.	  percen$le	  subtracted)	  
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Jet	  peak	  excluded:	  Δη	  <	  0.8	  



v2	  coefficient	  in	  p-‐Pb	  
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Mesons	  (pions	  and	  kaons)	  following	  the	  same	  trend	  (	  <	  2.5	  GeV/c)	  
Intersec5on	  with	  protons	  ~2	  GeV/c	  
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Comparison	  of	  v2	  in	  Pb-‐Pb	  and	  p-‐Pb	  

Similar	  features	  in	  p-‐Pb	  and	  Pb-‐Pb:	  mass	  ordering	  at	  low-‐pT	  	  
-‐	  in	  Pb-‐Pb	  ascribed	  to	  hydrodynamics	  

High-‐mul$plicity	  p-‐Pb	  collisions	   10-‐20%	  Pb-‐Pb	  
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Summary	  &	  outlook	  
•  QGP	  is	  opaque	  to	  colored	  probes	  
•  Collec5ve	  flow	  measured	  for	  iden5fied	  par5cles	  in	  Pb-‐
Pb	  collisions;	  features	  consistent	  with	  hydronynamical	  
nature	  of	  QGP	  (RHIC:	  even	  at	  lowest	  √sNN)	  

•  Measurements	  of	  v2	  and	  RAA	  –	  complementary	  
observables	  –	  discrimina5ng	  input	  to	  theory	  

•  Min.	  bias	  collisions	  of	  p-‐Pb	  confirm	  jet	  quenching	  in	  
Pb-‐Pb	  is	  a	  final	  state	  effect	  

•  However,	  finite	  v2	  is	  found	  in	  most	  violent	  p-‐Pb	  
collisions	  and	  v2	  for	  iden5fied	  par5cles	  resembles	  
findings	  from	  Pb-‐Pb	  collisions	  

•  Similar	  features	  for	  par5cle	  ra5os	  vs.	  pT	  are	  found	  in	  pp	  
p-‐Pb	  and	  Pb-‐Pb	  collisions	  –	  another	  universal	  feature?	  

•  Wealth	  of	  results	  –	  interes5ng	  learning	  curve	  ahead!	  
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EXTRA	  SLIDES	  
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Thermal	  fits	  
21	  

Remaining	  data-‐fit	  tension	  –	  
possible	  contribu5ons:	  
•  late	  stage	  baryon-‐an5baryon	  

annihila5on	  (specifically	  p-‐pbar)	  
•  sequen5al	  freeze-‐out	  of	  

different	  different	  quark	  
flavours	  	  

•  non-‐equiibrium	  freezeout	  
condi5ons	  	  

•  Unknown/unmeasured	  baryon	  
resonance	  spectrum	  proton	  
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