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•  Heavy Ion collisions 
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– Heavy flavor correlation �
•  Summary 
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Heavy Ion Collisions�
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mesons 

baryons 

4RHIC's major discoveries

Jet quenching is a final state effect

PRL 91 (2003) vol 7

HICにおけるこれまでの成果�
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Previous*soP*photon*results*from*PHENIX�

P.R.L.*109,*122302(2012)�P.R.L.*104,*132301(2010)*
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There)is)a)large)excess)with)respect)to)scaled)p+p,)and)very)large))
flow)in)the)1]4)GeV/c)region.� PRL 98, 162301 (2007) 

•  Large elliptic flow 
–  Mass ordering 
–  Quark number scaling? 

•  High pT particle suppression 
•  Jet quenching 
•  Thermal photon? 
•  J/ψ suppression(&regeneration) 
•  Baryon enhancement  
•  Strange enhancement 
•  … 

確からしいこと 
•  Ideal hydrodynamics 
•  強結合性(sQGP) 
•  Coaleasence な粒粒⼦子⽣生成 
•  ... 
 
 



Hannah Petersen Quark Matter 2014  
Student Day

Final State Rescattering
•Why it matters: 

–Separation of chemical and kinetic freeze-out 

–Influences the dynamics of identified particles:  
•Increase of mean transverse momentum by up to 30% 

•Mass splitting for anisotropic flow 

•How large is the effect on higher harmonics? What is the viscous correction 
to the distribution functions on the Cooper-Frye surface?
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Time-space evolution of  HIC �
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Roberto Preghenella

Collective phenomena

25

bulk matter created in 
high-energy heavy-ion 

collisions can be 
described in terms of 

hydrodynamics!
!

• initial hot and dense partonic 
matter rapidly expands 

• collective flow develops and 
the system cools down 

• phase transition to hadron 
gas when Tcritical is reached !

resulting in
• dependence of the shape of the pT distribution on the particle mass 
• azimuthal anisotropic flow patterns (initial spatial anisotropy) 

are there final state dense matter effects in p-Pb?
2014/05/19� QM2014*@*Darmstadt� ��

Previous*soP*photon*results*from*PHENIX�

P.R.L.*109,*122302(2012)�P.R.L.*104,*132301(2010)*

Min.*Bias�

There)is)a)large)excess)with)respect)to)scaled)p+p,)and)very)large))
flow)in)the)1]4)GeV/c)region.�

• lifetime 
t ~∼ 10 fm/c~∼ 10­−23 s 
• system size 
r ~∼ 10 fm~∼ 10­−14 m�

•  初期状態は物理理量量に影響を与える 
–  Hadron相も 

Hannah Petersen Quark Matter 2014  
Student Day

Third Harmonic Coefficient

Triangular Flow

•Fluctuations introduce higher order flow coefficients that have been 
observed at the RHIC and LHC experiments (first results at QM 2011) 

•Many more detailed measurements and calculations since then

14

Initial State Fluctuations

B. Alver and G. Roland, PRC 2010; NEXspheRIO, PRL 103,242301, 2009; P. Sorensen, JPG, 37, 
094011,2010 ...  and many more, results taken from PHENIX in Phys.Rev.Lett. 107 (2011) 252301

Hannah Petersen Quark Matter 2014  
Student Day

Viscous Hybrid

• Hybrid calculation confirms previously found low values of 
viscosity during the hot and dense stage of the evolution 

• Initial Conditions yield a factor of 2 uncertainty
26
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Elliptic flow from viscous 
hydrodynamics+hadron transport 
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Viscous H
ybrid

•
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ybrid calculation c
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 values of 

viscosity during the hot and dense stage of the evolution 

•
Initial Conditions yield a factor of 2 uncertainty
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H.Song et al, PRL 106, 192301 (2011)

Elliptic flow
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 viscous 
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Rescattering in hadron phase �
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Werner et al, Phys.Rev. C85 (2012) 064907 
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Initial state effect theories�
•  Glauber: 

–   geometric model determining wounded nucleons based on 
the inelastic nucleon-nucleon cross section (whole family of  
variants)  

•  MC-KLN:  
–  Color-Glass-Condensate (CGC) based model using kT  

factorization  
•  IP-Glasma:  

–  CGC based model using classical Yang-Mills evolution of  
early-time gluon fields, including fluctuations in the particle 
production  

•  pQCD+saturation:  
–  calculate minijets using pQCD to get energy deposited in 

the collision region  
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p-A 衝突実験�
•  Initial state effectsの検証 

–  Gluon shadowing 

–  Gluon saturation 
–  Cronin effect 

•  <kT> broadening 

–  … 

7�

Other effects 
Break up 
Collectivity�

JHEP07 102 

anti-‐‑‒shadowing�

shadowing�

原⼦子核核⼦子中でのGluon PDFの変化、多重散乱�



Charged particles RpA�
•  p-Aでsuppressionは⾒見見られない 
•  AAで⾒見見られる⼤大きな収量量抑制はfinal state effectによるもの 

–  QGP中でのenergy loss�

Roberto Preghenella

No modification in p-Pb

7

ALICE, PRL 110 (2013) 082302

p-Pb confirms that it comes 
from a final-state effect 
parton in-medium energy loss

ALICE, PLB 720 (2013) 52

charged particle spectra 
strongly modified in Pb-Pb 
collisions in a wide pT range

Pb-Pb p-Pb

Pb-Pb

8�

Cronin enhancement? �



Hadron production in p-Pb �
•  Mass ordering？ 

–  φもenhancement? 
•  RHICでは⾒見見えていない 

–  Baryon enhancement, strangeness enhancement? 

Roberto Preghenella
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Identified particle RpPb

19

pions and kaons!
consistent with no 

modification at mid-pT

rather pronounced 
peak for protons

even stronger 
enhancement for 

cascades

particle species dependence suggests final state effects 
recombination, collective flow, …

p-Pb
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Nuclear Modification Factors 
•  In Pb–Pb: 

–  More suppression of K*0 than of 
charged hadrons for pT<2 GeV/c 
(consistent with re-scattering) 

–  Differences between p and φ due 
to differences in reference (pp) 
spectra 

–  Strong suppression of all 
hadrons at high pT 

•  In p–Pb: 
–  No suppression of φ w.r.t. pp for 

pT > 1.5 GeV/c 
–  Intermediate pT: Cronin peak for 

p, smaller peak for φ$
–  Possible mass dependence or 

baryon/meson differences in RpPb 

17 
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Particle ratio �
•  p/πのoverall ratioは変わらない 

–  Λ/πが緩やかに増加 

•  pT 依存性 
–  Baryon enhancement 

–  Radial flow？Coaleascence? 

10�

PLB 728 (2014) 25–38 �



p/φ ratio �

11�

•  High pTではevent activity依存性は⾒見見られない 
•  Central衝突でマグニチュードは異異なるがLow pTでsuppress 

p/φ vs. pT in p–Pb 
•  p/φ in low-multiplicity p–Pb similar to peripheral Pb–Pb and pp 
•  For pT > 1 GeV/c: no multiplicity dependence in p–Pb 
•  For pT < 1 GeV/c: decrease of p/φ for high-multiplicity 

–  Possible flattening of ratio: hint of onset of collective behavior in 
high-multiplicity p–Pb? 
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Strangeness enhancement �
•  Strangeness enhancementを確認 

–  pp-pPb-PbPbとスムーズに増加 
–  Ξ :Thermal modelの予想値と同程度度 
–  Ω:Thermal modelの予想値には達していない 

12�

D. Colella (INFN Bari, Italy) HOT QUARKS '14 - Las Negras (Spain) Sept. 21-28, 2014 

Results 
Strangeness enhancement 

  Hyperon to pion ratios in p--Pb: 
  Multi-strange baryon production with respect to 

pions increases for larger dNch/dη  
  Lowest multiplicity ratios are compatible with pp 

values 
  Compared to Pb--Pb:    

  (Ξ−+Ξ+)/(π++π�) reaches values comparable to 
central Pb--Pb  

  (Ω−+Ω+)/(π++π−) reaches values close to results 
from peripheral Pb--Pb  

  Comparison with thermal models: 
&  GSI model [1]: Tch = 156 MeV 
…    THERMUS model [2]: Tch = 155 MeV  
  (Ξ−+Ξ+)/(π++π�) values are comparable to 

thermal model predictions 
  (Ω−+Ω+)/(π++π−) values do not reach the 

equilibrium limits 
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Mean pT in p-Pb �
•  pp 

–  color reconnection を⼊入れる
とdataを再現 

•  p-Pb 
–  saturate, mass 依存性 

–  Radial flowによるpush? 

13�

6 ALICE Collaboration
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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. The
data are compared to calculations with the DPMJET, HIJING, AMPT, and EPOS Monte Carlo event generators.
For pp collisions, calculations with PYTHIA 8 [42] with tune 4C are shownwith and without the color reconnection
(CR) mechanism. The lines show calculations in a Glauber Monte Carlo approach (see text).

The data are compared to the geometrical scaling recently proposed in [54] (and refs. therein) within
the color-glass condensate model [55]. In this picture, the ⟨pT⟩ is a universal function of the ratio of
the multiplicity density and the transverse area of the collision, ST, calculated within the color-glass
model [14]. A reasonable agreement was found between this model and CMS data [56]. Employing
the parametrizations of ST for pp and p–Pb proposed in [54], the scaling plot in Fig. 4 is obtained. The
ALICE pp data as well as the p–Pb data at low and intermediate multiplicities are compatible with the
proposed scaling. As already noted above while discussing Fig. 2 and Fig. 3, the behavior of p–Pb data at
high multiplicities, Nch ! 14, shows a departure from the pp values and cannot be described by a binary
collision superposition of pp data. The deviation from scaling visible in Fig. 4 for (Nch/ST)1/2 ! 1.2 is
related to these observations.

In summary, we have presented the average transverse momentum ⟨pT⟩ in dependence of the charged-
particle multiplicity Nch measured in p–Pb collisions at

√sNN = 5.02 TeV, in pp collisions at collision
energies of

√
s = 0.9, 2.76, and 7 TeV and in peripheral Pb–Pb collisions at √sNN = 2.76 TeV in the

kinematic range 0.15 < pT < 10.0 GeV/c and |η | < 0.3. In pp and p–Pb collisions, a strong increase
of ⟨pT⟩ with Nch is observed, which is understood, in models of pp collisions, as an effect of color
reconnections between strings produced in multiple parton interactions. Whether the same mechanism is
at work in p–Pb collisions, in particular for incoherent proton-nucleon interactions, is an open question.
The EPOS model describes the p–Pb data assuming collective flow; it remains to be further studied if
initial state effects are compatible with the data. The ⟨pT⟩ values in Pb–Pb collisions, instead, indicate a

PLB 727 (2013) 371–380 �

PLB 728 (2014) 25-38 �

30Identified-particle pT spectra vs multiplicity

● Spectra measured in bins of multiplicity

● For kaons and more for protons shape 

changes with increasing multiplicity

● As expected from radial flow
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CMS, arXiv:1307.3442|ylab|<1

π± 0.1  1.2 GeV/‒ c

K± 0.2  1.05 GeV/‒ c

p(p) 0.4  1.7 GeV/‒ c

pT
flow= pT+mβT

flow γT
flow

Radial flow expected to reflect in 
spectra, in particular in p/π ratio

Shuryak and Zahed, PRC 88 (2013) 044915

EPOS LHC 
Include Hydro 
evolutionarXiv:1306.0121  



Geometric scaling of  mean pT �
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Transverse Momentum of Protons, Pions and Kaons in
High Multiplicity pp and pA Collisions: Evidence for

the Color Glass Condensate?

Larry McLerrana,b,c, Michal Praszalowiczd, Björn Schenkea

a
Physics Dept., Bldg. 510A, Brookhaven National Laboratory, Upton, NY 11973, USA

b
RIKEN BNL Research Center, Bldg. 510A

Brookhaven National Laboratory, Upton, NY 11973, USA

c
Physics Department, China Central Normal University, Wuhan, 430079, China

d
M. Smoluchowski Institute of Physics, Jagellonian University

Reymonta 4, 30-059, Krakow, Poland

Abstract

The CMS experiment at the Large Hadron Collider has recently presented data
on the average transverse momentum of protons, kaons and pions as a function
of particle multiplicity. We relate the particle multiplicity to saturation momen-
tum using recently published computations of the interaction radius determined
from the theory of the Color Glass Condensate. We show that the pp and the
pA experimental data scale in terms of these saturation momenta. Computing
transverse momentum spectra for identified particles using Boltzmann-type dis-
tributions and relating di↵erent associated multiplicities using geometric scaling,
these simple distributions reproduce the observed dependence of the mean trans-
verse momentum on particle multiplicities seen in both pp and pA interactions
for pions to good accuracy, and to fair agreement for protons and kaons.

1. Introduction

At very high energies, produced particle multiplicities can become very large.
The gluons which are ultimately responsible for producing particles acquire
very high densities per unit area, and are controlled by a scale, the saturation
momentum [1],

Q

2
sat ⇠

dN

dy

1

ST
(1)

where ST is an appropriately defined measure of transverse interaction area that
we discuss in some detail in Sect. 2. The constant of proportionality in Eq. (1)
goes as 1/↵s, where ↵s is measured at the saturation scale. For large enough
saturation momenta, this dependence is rather weak, and for the analysis in this
paper, we will ignore it.

In the theory of the Color Glass Condensate (CGC) [2]–[6], which is supposed
to describe the high energy limit of QCD, if we ignore the weak saturation mo-
mentum dependence of coupling constant, particle densities for particle species

Preprint submitted to Elsevier June 12, 2013
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13 the pp radius we take

Rpp = 1 fm⇥ fpp

✓
3

q
dNg/dy

◆
(7)

with

fpp(x) =

⇢
0.387 + 0.0335x+ 0.274x2 � 0.0542x3 if x < 3.4,
1.538 if x � 3.4.

(8)

3. Scaling of the Measured hpTi as a Function of Multiplicity

If particle distributions have the scaling property of Eq. (2), then for a single
particle species, the distributions will map into one another if plotted vs. the
saturation momentum. The saturation momentum squared would be linear
in the associated multiplicity were it not for the dependence of area of the
interaction region upon multiplicity. The data presented by CMS is shown
in Fig. 2. We have then computed the saturation momentum associated with
each multiplicity for pp and pA, then replotted the data as a function of the
corresponding saturation momenta, or the square root of the ratio of multiplicity
and the transverse area. We see that to within experimental accuracy, the
identified proton, kaon and pion spectra map into one another as shown in
Fig. 3. A physical interpretation of this behavior is that local particle production
is determined by the system’s properties within flux tubes of size 1/Qsat and
not a↵ected by the total system size.

4. Do the Identified Particle pT Distributions Obey Geometric Scal-
ing?

We describe the transverse momentum spectra of particle species i by the
distribution

f(mi, T
e↵
i , pT) ⇠ e

�(mT )i/T
eff
i

, (9)

where (mT )i =
p

p

2
T +m

2
i and the e↵ective temperature T

e↵ is parametrized
as

T

e↵
i = i Qp = i

r
Ntrack

ST
, (10)

where we have neglected any dependence on QA in pA collisions as discussed
above. From this distribution we can compute the dependence of the mean
transverse momentum of particle species i on multiplicity using

hpTii =
R
p

2
TdpT f(mi, T

e↵
i , pT)R

pTdpT f(mi, T
e↵
i , pT)

=
m

2
i

mi + T

e↵
i

K2

✓
mi

T

e↵
i

◆
e

mi/T
eff
i

, (11)

where K2 is the modified Bessel function of the second kind.
Results for protons, kaons, and pions are shown in Figs. 4 - 6. The only

di↵erence between results for pp and pPb collisions is the transverse size entering
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is determined by the system’s properties within flux tubes of size 1/Qsat and
not a↵ected by the total system size.
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Figure 3: Mean transverse momentum in pp and pPb collisions measured by the CMS

collaboration vs.
p
Ntrack scaled by the square root of the transverse area Spp = ⇡R2

pp and

SpPb = ⇡R2
pPb, respectively.

dependence of minimum bias pp collisions for charged particle distributions, and
identified particle distributions seem to provide a good description.

One of the key issues in pA collisions is whether some degree of collectivity
is needed to describe the data [26], at least for the highest multiplicities. In
this note we show that simple scaling arguments can explain the flattening of
the mean pT for identified particles with 3

p
dN/dy which is often attributed to

flow. Once new data characterizing pPb collisions, especially on interferometric
radii [27], are available, then one will be able to distinguish between di↵erent
scenarios of particle production mechanisms in pA collisions.

One might ask about the implications of the scaling discussed in this paper
for heavy ion collisions. In such collisions the collision area is controlled by the
geometry of the collisions, and the typical multiplicity scales with the number of
participants. However, in heavy-ion collisions significant final state interactions
of particles should generate flow, and modify the transverse momentum. The
good description of heavy ion collisions by hydrodynamic simulations suggests,
at least for central collisions, that initial state e↵ects on the typical transverse
momentum are largely washed out by final state interactions.
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will take to be around 5 charged particles per unit rapidity. In addition, the ratio
of the radius for pp and pA can be more or less unambiguously defined and is
largely independent of a cuto↵ in the energy density at which it is measured, the
absolute values of the radii depend more strongly on the precise definition. This
leads to an overall constant uncertainty in the saturation momentum, which will
however not be important in our scaling analysis.
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Figure 1: Radius RpPb =

p
SpPb/⇡ for pPb collisions and Rpp =

p
Spp/⇡ for pp collisions vs

(dNg/dy)1/3 as computed in the IP-Glasma model [23] together with the corresponding fits.

The results for the radii of [23] are shown in Fig. 1, where the fitted curves
are our parametrization of the computations. RpPb as a function of the gluon
multiplicity is parametrized as

RpPb = 1 fm⇥ fpPb

✓
3

q
dNg/dy

◆
(4)

with

fpPb(x) =

8
<

:

0.21 + 0.47x if x < 3.5,
1.184� 0.483x+ 0.305x2 � 0.032x3 if 3.5  x < 5,
2.394 if x � 5.

(5)

The gluon multiplicity dNg/dy can be approximately related to the number of
tracks seen in the CMS experiment by

dNg

dy

⇡ 3

2

1

�⌘

Ntrack (6)

where �⌘ ⇠ 4.8 units of pseudo-rapidity. The cuto↵ in this formula, where we
no longer trust the computation of the radius, corresponds to Ntrack ⇠ 20. For

4
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Figure 4: Mean transverse momentum in pp and pPb collisions for pions vs. Ntrack compared

to experimental data from the CMS collaboration. The di↵erence between pp and pPb results

stems solely from di↵erent transverse areas.
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Blast wave fit �
•  Dataをよく再現 

–  Radial flowを⽰示唆? 

•  ただしppも同じ傾向を⽰示す 
–  Fitting rangeは？(pT, η) �
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Blast-Wave model!
characterize spectral shapes 
and test collective radial flow 
spectra from thermal sources Tkin 

expanding with common velocity ⟨βΤ⟩ 
Schnedermann et al., PRC 48 (1993) 2462 

!
coherent fit of stable hadrons 

π K K0S p Λ Ξ Ω 
!

reasonably good description!
data / model agreement 

extends to higher pT for higher 
particle masses

π
K

p
K0S

Λ
Ξ
Ω

p-Pb

15�
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A Large Ion Collider Experiment

Blast-Wave Parameters – Adding pp

π/K/p Blast-Wave analysis:
● pp data:

● Shows similar behavior as p-Pb and Pb-Pb
● Note: slightly different fit ranges for pp

● PYTHIA 8:
● Blast-Wave fit results from PYTHIA (with Color 

Reconnection) show similar trend, but this is not 
hydrodynamic flow

low mult high mult fit quality high multiplicity pp 

Caveat: potential bias by selecting 
multiplicity at mid-rapidity

Jonas Anielski   -   Hot Quarks   -   September 2014 46

A Large Ion Collider Experiment

Blast-Wave Fit Parameters p-Pb and Pb-Pb
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A Large Ion Collider Experiment

Blast-Wave Fit Parameters p-Pb and Pb-Pb
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A Large Ion Collider Experiment

Global Blast-Wave Fit

Hydrodynamic-inspired model, 
that assumes
● hard sphere uniform density 

particle source with temperature T
● collective transverse radial flow 

velocity β

● Simultaneous fit of all particles with 3 
free parameters:

<β
T
>     radial flow (2βs/(2+n))

T
fo
        freeze-out temperature

n          velocity profile

● Global fit performed in the following p
T
 

ranges:

π            0.5 – 1.0 GeV/c
K            0.2 – 1.5 GeV/c
p            0.3 – 3.0 GeV/c

Phys.Lett. B728 (2014) 25–38

Multiplicity � high�



8 5 Results

passoc
T < 3 GeV/c, and with the track multiplicity in the range 220  Noffline

trk < 260. For PbPb
collisions, this Noffline

trk range corresponds to an average centrality of approximately 60%, as
shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (Noffline

trk ⇠ 110) pp collisions
at

p
s = 7 TeV [38] and pPb collisions at psNN = 5.02 TeV [39–41]. The structure is also prominent

in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < ptrig

T < 3 GeV/c and 1 < passoc
T < 3 GeV/c

within the 220  Noffline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range Noffline

trk < 20 (open) and 220 
Noffline

trk < 260 (filled). Various selections of ptrig
T are shown for a fixed passoc

T range of 1–2 GeV/c
in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

Ridge structure in p-Pb �
•  High Multiplicity p-Pb(pp)でもA-A衝突と同程度度の⻑⾧長距離離相関 
•  AAのridgeとの関係は？ 

–  Collective flow?�

16�

…*and*three*“ridges”*found*

Michael*Weber*(CERN)*@*WPCF*2014*@*25.08.2014* 5*

The tale of three ridges…. 

!  Manifestation of QCD in different high density systems  

!  But is there an effective mechanism that rules them all? Is it initial 
state effect, final state effect or both? 

!  What is its detailed pT, η, and centrality dependence? How these 
dependences compare between different systems? 
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n = 1 n = 2 n = 3 n = 4 n = 5

Residual pair acceptance [%] 1.0–5.0 <0.5 1.0–4.0 7.0–12 7.0–20

ZYAM procedure [%] 0.6 0.3 0.3 0.5 0.6

Tracking efficiency& material [%] 1.0 0.4 0.8 1.2 2.4

Monte Carlo consistency [%] 4.0 1.0 2.0 4.0 8.0

Residual pileup [%] 0–2.0 0–2.0 0–2.0 0–2.0 0–2.0

Uncertainty on scale factor α [%] 8.0–30 0.2–10 0.2–12 0.2–14 1.0–14
Choice of peripheral events

for N rec
ch > 160 or EPb

T >100 GeV [%] 4.0 1.0 1.0 2.0 4.0

TABLE IV: Summary of relative systematic uncertainties on vn, for n = 1 to 5.

for events selected by N rec
ch ≥ 220. This event class contains a small fraction (3 × 10−5) of the minimum-bias p+Pb

events with highest multiplicity. The correlation functions are compared to the distributions of the recoil component,
αY corr

peri (∆φ) in Eq. (6), estimated from the peripheral event class defined by EPb

T < 10 GeV. The scale factor α is
chosen such that the near-side short-range yield matches between the two event classes (see Eq. (6) and discussion
around it). Figure 5 shows a clear near-side excess in the full paT range studied in this analysis. An excess above the
estimated recoil contribution is also observed on the away-side over the same pT range.
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FIG. 5: The per-trigger yield distributions Y corr(∆φ) and Y recoil(∆φ) for events with N rec
ch ≥ 220 in the long-range region

|∆η| > 2. The distributions are shown for 1 < pbT < 3 GeV in various paT ranges. They are compared to the recoil contribution
estimated from a peripheral event class defined by EPb

T < 10 GeV using a rescaling procedure (see Eq. (6) and discussion around
it). The curves are Fourier fits including the first five harmonics.

To further quantify the properties of the long-range components, the Y corr(∆φ) distributions are integrated over
|∆φ| < π/3 and |∆φ| > 2π/3, similar to the procedure used in previous analyses [23, 24]. The integrated yields, Yint,
are obtained in several event classes and are plotted as a function of paT in Fig. 6. The near-side yields increase with
trigger pT, reach a maximum at pT ∼ 3 GeV, and then decrease to a value close to zero at pT > 10 GeV. This trend is
characteristic of the pT dependence of the Fourier harmonics in A+A collisions. In contrast, the away-side yields show
a continuous increase across the full pT range, due to the contribution of the recoil component that mostly results

pT dependence of  ridge �
•  High multiplicity eventsでnear side, away sideともに⼤大き
な相関 

•  High pT でも依然として相関が残っている  �
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Measurement of long-range pseudorapidity correlations and
azimuthal harmonics in√

sNN=5.02 TeV proton-lead collisions
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Abstract

Measurements of two-particle correlation functions and the first five azimuthal harmonics, v1 to
v5, are presented, using 28 nb−1 of p+Pb collisions at a nucleon-nucleon center-of-mass energy of
√
sNN = 5.02 TeV measured with the ATLAS detector at the LHC. Significant long-range “ridge-like”

correlations are observed for pairs with small relative azimuthal angle (|∆φ| < π/3) and back-to-back
pairs (|∆φ| > 2π/3) over the transverse momentum range 0.4 < pT < 12 GeV and in different intervals
of event activity. The event activity is defined by either the number of reconstructed tracks or the
total transverse energy on the Pb-fragmentation side. The azimuthal structure of such long-range
correlations is Fourier decomposed to obtain the harmonics vn as a function of pT and event activity.
The extracted vn values for n = 2 to 5 decrease with n. The v2 and v3 values are found to be positive
in the measured pT range. The v1 is also measured as a function of pT and is observed to change
sign around pT ≈ 1.5–2.0 GeV and then increase to about 0.1 for pT > 4 GeV. The v2(pT), v3(pT) and
v4(pT) are compared to the vn coefficients in Pb+Pb collisions at

√
sNN = 2.76 TeV with similar event

multiplicities. Reasonable agreement is observed after accounting for the difference in the average pT
of particles produced in the two collision systems.

c⃝ 2014 CERN for the benefit of the ATLAS Collaboration.
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Double-ridge structure �
•  Central – Peripheral 

–  Assume no change of  Jet(and recoil) structure 

–  Double-ridge structure �

18�

2PC Analysis – recoil subtraction   14 

Y(Δϕ,Δη) =     YRidge(Δϕ)   +   YA(Δϕ,Δη)  +    YN(Δϕ,Δη) 

Signal of interest Away-side recoil Near-side jet peak 

� Jet peak & recoil in central collisions are estimated from the 
peripheral collisions and subtracted. 
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FIG. 4: The 2-D correlation function in ∆φ and ∆η for events with N rec
ch ≥ 220 (a) before and (b) after subtraction of the

peripheral yield. Panel (c) shows the corresponding 1-D correlation functions in ∆φ for pairs integrated over 2 < |∆η| < 5
from panels (a) and (b), together with Fourier fits including the first five harmonics. Panel (d) shows the 2nd,3rd, and 4th-order
Fourier coefficients as a function of |∆η| calculated from the 2-D distributions in panel (a) or panel (b), represented by the
open or filled symbols, respectively. The error bars and shaded boxes are statistical and systematic uncertainties, respectively.

correlation component using the peripheral events and is then subtracted,

Y sub(∆φ,∆η) = Y (∆φ,∆η)− αY corr
peri (∆φ,∆η), Y sub(∆φ) = Y (∆φ)− αY corr

peri (∆φ), (6)

where the Y corr in a low-activity or peripheral event class, denoted by Y corr
peri , is used to estimate and subtract (hence

the superscript “sub” in Eq. (6)) the short-range correlation at the near-side and the recoil at the away-side. The
parameter α is chosen to adjust the near-side short-range correlation yield in the peripheral events to match that in
the given event class for each paT and pbT combination, α = Y N−Peak/Y N−Peak

peri . This scaling procedure is necessary
to account for enhanced short-range correlations and away-side recoil in higher-activity events, under the assumption
that the relative contribution of the near-side short-range correlation and away-side recoil is independent of the event
activity. A similar rescaling procedure has also been used by the CMS Collaboration [28]. The default peripheral
event class is chosen to be EPb

T < E0
T = 10 GeV. However, the results have also been checked with other E0

T values,
as well as with a peripheral event class defined by N rec

ch < 20. In the events with the highest multiplicity, the value of
α determined with the default peripheral event class varies from ∼ 2 at pT ≈ 0.5 GeV to ∼ 1 for pT > 3 GeV, with a
pT-dependent uncertainty of 3–5%.
The uncertainty on b

ZYAM
only affects the recoil-subtracted correlation functions through the Y corr

peri term in Eq. (6).
This uncertainty is usually very small in high-activity p+Pb collisions, due to their much larger pedestal level than
for the peripheral event class.
Figures 4(a) and (b) show, respectively, the 2-D correlation functions before and after the subtraction procedure

given by Eq. (6). Most of the short-range peak and away-side recoil structures are removed by the subtraction, and
the remaining distributions exhibit a ∆φ-symmetric double-ridge that is almost independent of ∆η. Figure 4(c) shows
the corresponding 1-D correlation functions before and after recoil subtraction in the long-range region of |∆η| > 2.

8

φ∆ 0
2

4

η∆

)η
∆, φ

∆
Y( 1.65

1.7

1.75

   -4
    -

2     
0     

 2     
4

 220≥ rec
chN (a)

φ∆ 0
2

4

η∆

)η
∆, φ

∆(
su

b
Y

1.65
1.7

1.75

   -4
    -

2     
0     

 2     
4

 220≥ rec
chN (b)

φ∆
0 1 2 3

Pe
r-t

rig
ge

r y
ie

ld

11

11.2

11.4

11.6

)φ∆Y(
)φ∆(subY

ATLAS p+Pb
 = 5.02 TeVNNs

-1 28 nb≈ intL

| < 5η∆2 < |

 <3 GeVa,b

T
1< p

(c)

|η∆|
0 2 4

nv

0

0.05

0.1

0.15

unsub
2v

 2× unsub
3v

 3× unsub
4v

2v
 2× 3v
 3× 4v

(d)

FIG. 4: The 2-D correlation function in ∆φ and ∆η for events with N rec
ch ≥ 220 (a) before and (b) after subtraction of the

peripheral yield. Panel (c) shows the corresponding 1-D correlation functions in ∆φ for pairs integrated over 2 < |∆η| < 5
from panels (a) and (b), together with Fourier fits including the first five harmonics. Panel (d) shows the 2nd,3rd, and 4th-order
Fourier coefficients as a function of |∆η| calculated from the 2-D distributions in panel (a) or panel (b), represented by the
open or filled symbols, respectively. The error bars and shaded boxes are statistical and systematic uncertainties, respectively.

correlation component using the peripheral events and is then subtracted,

Y sub(∆φ,∆η) = Y (∆φ,∆η)− αY corr
peri (∆φ,∆η), Y sub(∆φ) = Y (∆φ)− αY corr

peri (∆φ), (6)

where the Y corr in a low-activity or peripheral event class, denoted by Y corr
peri , is used to estimate and subtract (hence

the superscript “sub” in Eq. (6)) the short-range correlation at the near-side and the recoil at the away-side. The
parameter α is chosen to adjust the near-side short-range correlation yield in the peripheral events to match that in
the given event class for each paT and pbT combination, α = Y N−Peak/Y N−Peak

peri . This scaling procedure is necessary
to account for enhanced short-range correlations and away-side recoil in higher-activity events, under the assumption
that the relative contribution of the near-side short-range correlation and away-side recoil is independent of the event
activity. A similar rescaling procedure has also been used by the CMS Collaboration [28]. The default peripheral
event class is chosen to be EPb

T < E0
T = 10 GeV. However, the results have also been checked with other E0

T values,
as well as with a peripheral event class defined by N rec

ch < 20. In the events with the highest multiplicity, the value of
α determined with the default peripheral event class varies from ∼ 2 at pT ≈ 0.5 GeV to ∼ 1 for pT > 3 GeV, with a
pT-dependent uncertainty of 3–5%.
The uncertainty on b

ZYAM
only affects the recoil-subtracted correlation functions through the Y corr

peri term in Eq. (6).
This uncertainty is usually very small in high-activity p+Pb collisions, due to their much larger pedestal level than
for the peripheral event class.
Figures 4(a) and (b) show, respectively, the 2-D correlation functions before and after the subtraction procedure

given by Eq. (6). Most of the short-range peak and away-side recoil structures are removed by the subtraction, and
the remaining distributions exhibit a ∆φ-symmetric double-ridge that is almost independent of ∆η. Figure 4(c) shows
the corresponding 1-D correlation functions before and after recoil subtraction in the long-range region of |∆η| > 2.
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Figure 7 also shows (solid lines) the recoil component estimated from the low event-activity class (EPb

T < 10 GeV)
via the rescaling procedure discussed in Sec. III D. The yield difference between the away-side and the near-side in
this pT range is reproduced by this estimate of the recoil component. In other pT ranges, a systematic difference
between the recoil component and the yield difference is observed and is attributed to the contribution of a genuine
dipolar flow, v1,1, to the correlation function (see discussion in Sec. IVC).
To quantify the ∆φ dependence of the measured long-range correlations, the first five harmonics of the correlation

functions, v1 to v5, are extracted via the procedure described in Sec. III E. The following section summarizes the
results for v2–v5, and the results for v1 are discussed in Sec. IVC.

B. Fourier coefficients v2–v5

Figure 8 shows the v2, v3, and v4 obtained using the 2PC method described in Sec. III E for 1 < pbT < 3 GeV.
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FIG. 8: The Fourier coefficients v2, v3, and v4 as a function of paT extracted from the correlation functions for events with
N rec

ch ≥ 220, before (denoted by vunsubn ) and after (denoted by vn) the subtraction of the recoil component. Each panel shows
the results for one harmonic. The pairs are formed from charged particles with 1 < pbT < 3 GeV and |∆η| > 2. The error bars
and shaded boxes represent the statistical and systematic uncertainties, respectively.

The results are shown both before (denoted by vunsubn ) and after the subtraction of the recoil component (Eq. (6)).
The recoil contribution affects slightly the vn values for trigger pT < 3 GeV, but becomes increasingly important for
higher trigger pT and higher-order harmonics. This behavior is expected as the dijet contributions, the dominant
contribution to the recoil component, increase rapidly with pT (for example see Fig. 5 or Ref. [9]). At high pT, the
contribution of dijets appears as a narrow peak at the away-side, leading to vunsubn coefficients with alternating sign:
(−1)n [9]. In contrast, the vn values after recoil subtraction are positive across the full measured pT range. Hence,
the recoil subtraction is necessary for the reliable extraction of the long-range correlations, especially at high pT.
Figure 9 shows the trigger pT dependence of the v2–v5 in severalN rec

ch event classes. The v5 measurement is available
only for three event-activity classes in a limited pT range. All flow harmonics show similar trends, i.e. they increase
with pT up to 3–5 GeV and then decrease, but remain positive at higher pT. For all event classes, the magnitude of the
vn is largest for n = 2, and decreases quickly with increasing n. The ATLAS data are compared to the measurement
by the CMS experiment [28] for an event-activity class in which the number of offline reconstructed tracks, Noff

trk,
within |η| < 2.4 and pT > 0.4 GeV is 220 ≤ Noff

trk < 260. This is comparable to the 220 ≤ N rec
ch < 260 event class used

in the ATLAS analysis. A similar recoil removal procedure, with Noff
trk < 20 as the peripheral events, has been used

for the CMS data. Excellent agreement is observed between the two results.
The extraction of the vn from vn,n relies on the factorization relation in Eq. (9). This factorization is checked by

calculating vn using different ranges of pbT for events with N rec
ch ≥ 220 as shown in Fig. 10. The factorization behavior
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Measurements of two-particle correlation functions and the first five azimuthal harmonics, v1 to
v5, are presented, using 28 nb−1 of p+Pb collisions at a nucleon-nucleon center-of-mass energy of
√
sNN = 5.02 TeV measured with the ATLAS detector at the LHC. Significant long-range “ridge-like”

correlations are observed for pairs with small relative azimuthal angle (|∆φ| < π/3) and back-to-back
pairs (|∆φ| > 2π/3) over the transverse momentum range 0.4 < pT < 12 GeV and in different intervals
of event activity. The event activity is defined by either the number of reconstructed tracks or the
total transverse energy on the Pb-fragmentation side. The azimuthal structure of such long-range
correlations is Fourier decomposed to obtain the harmonics vn as a function of pT and event activity.
The extracted vn values for n = 2 to 5 decrease with n. The v2 and v3 values are found to be positive
in the measured pT range. The v1 is also measured as a function of pT and is observed to change
sign around pT ≈ 1.5–2.0 GeV and then increase to about 0.1 for pT > 4 GeV. The v2(pT), v3(pT) and
v4(pT) are compared to the vn coefficients in Pb+Pb collisions at

√
sNN = 2.76 TeV with similar event

multiplicities. Reasonable agreement is observed after accounting for the difference in the average pT
of particles produced in the two collision systems.
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Figure 12 shows the centrality dependence of v2, v3, and v4 as a function of N rec
ch and EPb

T . The results are obtained

for 0.4 < pa,bT < 3 GeV, both before and after subtraction of the recoil contribution. The difference between vunsubn

and vn is very small in central collisions, up to 3–4% for both event-activity definitions. For more peripheral collisions,
the difference is larger and reaches 20–30% for N rec

ch ∼ 40 or EPb

T ∼ 30 GeV. The sign of the difference also alternates
in n (already seen in Fig. 8): i.e. vunsubn > vn for even n and vunsubn < vn for odd n. This behavior is characteristic of
the influence of the away-side dijet contribution to vunsubn .
The vn values in Fig. 12 exhibit modest centrality dependence. The change of v2 is less than 8% over 140 < N rec

ch <
300 (top 0.5% of MB-triggered events) or 130 < EPb

T < 240 GeV (top 0.05% of MB-triggered events), covering about
half of the full dynamic range. The centrality dependence of v3 is stronger and exhibits a nearly linear increase with
N rec

ch and EPb

T .
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FIG. 12: The centrality dependence of v2, v3, and v4 as a function of N rec
ch (top row) and EPb

T (bottom row) for pairs with
0.4 < pa,b

T
< 3 GeV and |∆η| > 2. The results are obtained with (symbols) and without (lines) the subtraction of the recoil

contribution. The error bars and shaded boxes on vn data represent the statistical and systematic uncertainties, respectively,
while the error bars on the vunsubn represent the combined statistical and systematic uncertainties.

Figure 12 shows that the overall centrality dependence is similar for N rec
ch and EPb

T . The correlation data (not the fit,
Eq. (2)) in Fig. 2 are used to map the N rec

ch -dependence in the top row of Fig. 12 to a corresponding EPb

T -dependence.
The EPb

T -dependence of vn mapped from N rec
ch -dependence is then compared to the directly measured EPb

T -dependence
in Fig. 13. Good agreement is seen for v2 and v3.

C. First-order Fourier coefficient v1

A similar analysis is performed to extract the dipolar flow v1. Figure 14 shows the v1,1 values as a function of paT
in various ranges of pbT before and after the recoil subtraction. Before the recoil subtraction, vunsub1,1 values are always

negative and decrease nearly linearly with paT and pbT, except for the pT region around 3–4 GeV where a shoulder-like
structure is seen. This shoulder is very similar to that observed in A+A collisions, which is understood as a combined
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pairs (|∆φ| > 2π/3) over the transverse momentum range 0.4 < pT < 12 GeV and in different intervals
of event activity. The event activity is defined by either the number of reconstructed tracks or the
total transverse energy on the Pb-fragmentation side. The azimuthal structure of such long-range
correlations is Fourier decomposed to obtain the harmonics vn as a function of pT and event activity.
The extracted vn values for n = 2 to 5 decrease with n. The v2 and v3 values are found to be positive
in the measured pT range. The v1 is also measured as a function of pT and is observed to change
sign around pT ≈ 1.5–2.0 GeV and then increase to about 0.1 for pT > 4 GeV. The v2(pT), v3(pT) and
v4(pT) are compared to the vn coefficients in Pb+Pb collisions at
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FIG. 9: The vn(paT) with n = 2 to 5 for six N rec
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are compared to the CMS data [28] obtained by subtracting the peripheral events (the number of offline tracks Noff
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can also be studied via the ratio [48, 49]

rn(paT, p
b
T) =

vn,n(paT, p
b
T)

√

vn,n(paT, p
a
T)vn,n(p

b
T, p

b
T)

, (11)

with rn = 1 for perfect factorization. The results with recoil subtraction (rn) and without subtraction (runsubn ) are
summarized in Fig. 11, and they are shown as a function of pbT − paT, because by construction the ratios equal one

for pbT = paT. This second method is limited to pa,bT ! 4 GeV, since requiring both particles to be at high pT reduces
the number of the available pairs for vn,n(paT, p

a
T) or vn,n(p

b
T, p

b
T). In contrast, for the results shown in Fig. 10, using

Eqs. (9) and (10), the restriction applies to only one of the particles, i.e. pbT ! 4 GeV.
Results in Figs. 10 and 11 show that, in the region where the statistical uncertainty is small, the factorization holds

to within a few percent for v2 over 0.5 < pa,bT < 4 GeV, within 10% for v3 over 0.5 < pa,bT < 3 GeV, and within 20–30%

for v4 over 0.5 < pa,bT < 4 GeV (Fig. 10 only). Furthermore, in this pT region, the differences between rn and runsubn

are very small (< 10%) as shown by Fig. 11, consistent with the observation in Fig. 8. This level of factorization is
similar to what was observed in peripheral Pb+Pb collisions [9].
Figure 11 also compares the rn data with a theoretical calculation from a viscous hydrodynamic model [50]. The

model predicts at most a few percent deviation of rn from one, which is attributed to pT-dependent decorrelation
effects associated with event-by-event flow fluctuations [48]. In most cases, the data are consistent with the prediction
within uncertainties.
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Why elliptic flow?
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M. Luzum,  

J. Phys. G: Nucl. Part. Phys. 38 (2011) 124026 

● Elliptic flow (v
2
) is sensitive to the system 

evolution

● Constrains the initial conditions, deconfined 

phase, particle production mechanisms

● Identified particle v
2
 allows for precision 

measurements 

● Adds further constraints to initial conditions, 

deconfined phase, particle production 

mechanisms

● Probes the freeze-out conditions of the system 

(temperature, radial flow, ...)

● Checks the number of constituent quarks (NCQ) 

scaling

4 

Flow cumulants and coefficients  

!  Cumulants formed from vn moments. Moments 
from multi-particle correlations (n=flow harmonic, 
<vn>m = <m>). 
 

!  Methods have different sensitivity to flow 
fluctuations and non-flow 

 

!  If non-flow dominates, naively expected to 
scale with Multiplicity (M) as: 
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to induce hydrodynamic flow using a lattice QCD equation
of state [19]. Combined with spatial anisotropies in the initial
p-Pb state, this mechanism would induce global correlations
of soft particles with significant values of v2 and v3. A
second proposal is that the ridge arises from collimated (in
!ϕ) correlated two-gluon production from the color glass
condensate (CGC) [20]. This leads to few-particle correlations,
rather than a global modulation of soft particles. Finally, the
third explanation invokes the CGC initial state with a finite
number of sources that form the eccentricity [21]. In contrast
to the previous explanation, this approach allows for nonzero
values of v2 from four-, six-, and eight-particle correlations in
high multiplicity p-Pb collisions.

Whether the current measurements in high-multiplicity
p-Pb events reveal the onset of collective behavior, or can be
explained in terms of few-particle correlations (i.e., nonflow),
is the main goal of this analysis. We report the multiplicity
dependence of the two-, four-, and six-particle correlations
(cumulants) for charged particles, that can be used as a tool
to investigate multiparticle correlations of various harmonics
[23,24]. We present the results in both p-Pb and Pb-Pb colli-
sions at

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV respectively.

The multiplicity dependence of these measurements will help
decipher how flow and nonflow contribute. In Sec. II, we will
introduce multiparticle cumulants and discuss their response
to nonflow and flow fluctuations. In Sec. III we will describe
the analysis details. Section IV shows our results, and Sec. V
presents our summary.

II. MULTIPARTICLE CUMULANTS

The measurements of vn in Eq. (1) can be done using a
variety of methods, which have different sensitivities to flow
fluctuations (event-wise variations in the flow coefficients)
and nonflow. Nonflow refers to correlations not related to
the common symmetry plane #n, such as those due to
resonances and jets. Multiparticle cumulants are utilized since
their response to flow fluctuations and nonflow is considered
well understood. For a given harmonic n, the average strength
of two-particle correlations is determined by forming the
following from all pairs:

⟨2⟩ = ⟨ein(ϕ1−ϕ2)⟩. (2)

The ϕ values used in the subtraction will originate from
different particles to prevent autocorrelations. The single
angular brackets denote averaging of particle pairs within
the same event. The two-particle cumulant is obtained by
averaging ⟨2⟩ over an event ensemble, and is denoted as

cn{2} = ⟨⟨2⟩⟩. (3)

In the absence of nonflow, cn{2} provides a measure of ⟨v2
n⟩

without the need to measure #n. Respectively, the average
strength of four particle correlations is determined by forming
the following from all quadruplets:

⟨4⟩ = ⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩. (4)

Consequently, the four-particle cumulant is then

cn{4} = ⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩2. (5)

The subtraction removes nonflow contributions present in
two-particle correlations. In the absence of nonflow, cn{4}

provides a measure of ⟨v4
n⟩ − 2⟨v2

n⟩2. Respectively, the average
strength of six-particle correlations is determined by forming
the following from all sextuplets:

⟨6⟩ = ⟨ein(ϕ1+ϕ2+ϕ3−ϕ4−ϕ5−ϕ6)⟩. (6)

The six-particle cumulant is then

cn{6} = ⟨⟨6⟩⟩ − 9⟨⟨4⟩⟩⟨⟨2⟩⟩ + 12⟨⟨2⟩⟩3 . (7)

In this case, the subtraction removes nonflow contributions
present in two- and four-particle correlations. In the absence
of nonflow, cn{6} provides a measure of ⟨v6

n⟩ − 9⟨v4
n⟩⟨v2

n⟩ +
12⟨v2

n⟩3. As mentioned earlier, the quantities ⟨2⟩, ⟨4⟩, or ⟨6⟩ can
be determined by averaging over all particles in a given event.
The quantities can also be determined using the Q-cumulants
of different harmonics, which offers a highly efficient method
of evaluating multiparticle correlations without having to con-
sider all combinations [24]. The flow coefficients from two-,
four-, and six-particle cumulants can finally be obtained from

vn{2} =
√

cn{2}, (8)

vn{4} = 4
√

−cn{4}, (9)

vn{6} = 6

√
1
4
cn{6}. (10)

If the value of vn does not fluctuate and there is no nonflow,
vn{2} = vn{4} = vn{6}. A variation in vn on an event by
event basis leads to differences in each of the values. If the
variation is presented with a characteristic standard deviation
σvn

, vn{2} =
√

⟨vn⟩2 + σ 2
vn

. When σvn
≪ vn, vn{4} = vn{6} =√

⟨vn⟩2 − σ 2
vn

[25,26]. Therefore, the difference in vn{2} and
vn{4} can be used to infer the scale of vn fluctuations σvn

.
The presence of nonflow influences the cumulants as follows.
Assuming large multiplicity events are a superposition of
low multiplicity events, the contribution from nonflow (or
few-particle correlations) is expected to be diluted as [25]

cn{m} ∝ 1
Mm−1

, (11)

where M is the multiplicity of the event. Therefore measuring
both cn{2}, cn{4}, and cn{6} as a function of multiplicity will
help determine whether the underlying correlations are global
or few-particle. One can also suppress nonflow by requiring
the particles to have a relatively large separation in η, since
resonances and jets will produce particles with similar rapidity.

III. ANALYSIS DETAILS

The two data sets analyzed were recorded during the
p-Pb (in 2013) and the Pb-Pb (in 2010) runs at a center of
mass energy of

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV,

respectively. The Pb-Pb run had equal beam energies giving a
nucleon-nucleon center of mass system with rapidity yNN = 0.
However, the p-Pb run had different beam energies per nucleon
for the p and Pb beam, and resulted in a center of mass system
moving in the laboratory frame with yNN = 0.465. All kine-
matic variables are reported in the laboratory frame. Charged
particles are detected using the time projection chamber (TPC),
the primary tracking detector of ALICE. The TPC has an
angular acceptance of 0 < ϕ < 2π , |η| < 0.9 for tracks with
full radial track length (ϕ is the azimuthal angle and η is the
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In this analysis, the CMS high quality tracks as described in [37] are used. Additionally, a
reconstructed track is only considered as a primary-track candidate if the significance of the
separation along the beam axis (z) between the track and the best vertex, dz/s(dz), and the sig-
nificance of the impact parameter relative to the best vertex transverse to the beam, dT/s(dT),
are each less than 3. The relative uncertainty of the transverse-momentum measurement,
s(pT)/pT, is required to be less than 10%. To ensure high tracking efficiency and to reduce
the rate of misidentified tracks, only tracks within |h| < 2.4 and with pT > 0.3 GeV/c are used
in the analysis. A different pT cutoff of 0.4 GeV/c is used in the multiplicity determination
because of constraints on the online processing time for the high-level trigger.

The entire pPb data set is divided into classes of reconstructed track multiplicity, Noffline
trk , where

primary tracks with |h| < 2.4 and pT > 0.4 GeV/c are counted. The multiplicity classification
in this analysis is identical to that used in Ref. [28], where more details are provided. A subset
of peripheral PbPb data collected during the 2011 LHC heavy-ion run with a minimum bias
trigger are also reanalyzed in order to compare directly the pPb and PbPb systems at the same
track multiplicity. This PbPb sample is reprocessed using the same event selections and track
reconstruction as for the present pPb analysis, although a different trigger is used. A descrip-
tion of the 2011 PbPb data can be found in Ref. [38].

Extending the previous two- and four-particle azimuthal correlation measurements of Ref. [28],
six and eight-particle azimuthal correlations [29] are evaluated in this analysis as follow:

hh6ii ⌘
DD

ein(f1+f2+f3�f4�f5�f6)
EE

,

hh8ii ⌘
DD

ein(f1+f2+f3+f4�f5�f6�f7�f8)
EE

. (1)

Here fi(i = 1, ..., 8) are the azimuthal angles of one combination of multiple particles in an
event, and hh·ii represents the average over all combinations from all events within a given
multiplicity range.

In the context of hydrodynamic models, multiparticle azimuthal correlations arise from anisotropic
collective expansion of the created medium driven by an asymmetric initial-state collision ge-
ometry. The corresponding Fourier harmonics vn can be related to multiparticle azimuthal
correlations with

vn{6} = 6

r
1
4

cn{6} ,

vn{8} = 8

r
� 1

33
cn{8}, (2)

where the cumulants, cn{6} and cn{8}, are calculated as

cn{6} = hh6ii � 9 · hh4iihh2ii+ 12 · hh2ii3 ,
cn{8} = hh8ii � 16 · hh6iihh2ii � 18 · hh4ii2 + 144 · hh4iihh2ii2 � 144hh2ii4, (3)

using the Q-cumulant method as formulated in Ref. [29, 30].
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v2 stays large when computed with multi-particles 
v2{4} = v2{6} = v2{8} = v2{LYZ} have different sensitivity to non-flow effects 

there is true collectivity in p-Pb

Pb-Pb p-Pb

True collective effect
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to induce hydrodynamic flow using a lattice QCD equation
of state [19]. Combined with spatial anisotropies in the initial
p-Pb state, this mechanism would induce global correlations
of soft particles with significant values of v2 and v3. A
second proposal is that the ridge arises from collimated (in
!ϕ) correlated two-gluon production from the color glass
condensate (CGC) [20]. This leads to few-particle correlations,
rather than a global modulation of soft particles. Finally, the
third explanation invokes the CGC initial state with a finite
number of sources that form the eccentricity [21]. In contrast
to the previous explanation, this approach allows for nonzero
values of v2 from four-, six-, and eight-particle correlations in
high multiplicity p-Pb collisions.

Whether the current measurements in high-multiplicity
p-Pb events reveal the onset of collective behavior, or can be
explained in terms of few-particle correlations (i.e., nonflow),
is the main goal of this analysis. We report the multiplicity
dependence of the two-, four-, and six-particle correlations
(cumulants) for charged particles, that can be used as a tool
to investigate multiparticle correlations of various harmonics
[23,24]. We present the results in both p-Pb and Pb-Pb colli-
sions at

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV respectively.

The multiplicity dependence of these measurements will help
decipher how flow and nonflow contribute. In Sec. II, we will
introduce multiparticle cumulants and discuss their response
to nonflow and flow fluctuations. In Sec. III we will describe
the analysis details. Section IV shows our results, and Sec. V
presents our summary.

II. MULTIPARTICLE CUMULANTS

The measurements of vn in Eq. (1) can be done using a
variety of methods, which have different sensitivities to flow
fluctuations (event-wise variations in the flow coefficients)
and nonflow. Nonflow refers to correlations not related to
the common symmetry plane #n, such as those due to
resonances and jets. Multiparticle cumulants are utilized since
their response to flow fluctuations and nonflow is considered
well understood. For a given harmonic n, the average strength
of two-particle correlations is determined by forming the
following from all pairs:

⟨2⟩ = ⟨ein(ϕ1−ϕ2)⟩. (2)

The ϕ values used in the subtraction will originate from
different particles to prevent autocorrelations. The single
angular brackets denote averaging of particle pairs within
the same event. The two-particle cumulant is obtained by
averaging ⟨2⟩ over an event ensemble, and is denoted as

cn{2} = ⟨⟨2⟩⟩. (3)

In the absence of nonflow, cn{2} provides a measure of ⟨v2
n⟩

without the need to measure #n. Respectively, the average
strength of four particle correlations is determined by forming
the following from all quadruplets:

⟨4⟩ = ⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩. (4)

Consequently, the four-particle cumulant is then

cn{4} = ⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩2. (5)

The subtraction removes nonflow contributions present in
two-particle correlations. In the absence of nonflow, cn{4}

provides a measure of ⟨v4
n⟩ − 2⟨v2

n⟩2. Respectively, the average
strength of six-particle correlations is determined by forming
the following from all sextuplets:

⟨6⟩ = ⟨ein(ϕ1+ϕ2+ϕ3−ϕ4−ϕ5−ϕ6)⟩. (6)

The six-particle cumulant is then

cn{6} = ⟨⟨6⟩⟩ − 9⟨⟨4⟩⟩⟨⟨2⟩⟩ + 12⟨⟨2⟩⟩3 . (7)

In this case, the subtraction removes nonflow contributions
present in two- and four-particle correlations. In the absence
of nonflow, cn{6} provides a measure of ⟨v6

n⟩ − 9⟨v4
n⟩⟨v2

n⟩ +
12⟨v2

n⟩3. As mentioned earlier, the quantities ⟨2⟩, ⟨4⟩, or ⟨6⟩ can
be determined by averaging over all particles in a given event.
The quantities can also be determined using the Q-cumulants
of different harmonics, which offers a highly efficient method
of evaluating multiparticle correlations without having to con-
sider all combinations [24]. The flow coefficients from two-,
four-, and six-particle cumulants can finally be obtained from

vn{2} =
√

cn{2}, (8)

vn{4} = 4
√

−cn{4}, (9)

vn{6} = 6

√
1
4
cn{6}. (10)

If the value of vn does not fluctuate and there is no nonflow,
vn{2} = vn{4} = vn{6}. A variation in vn on an event by
event basis leads to differences in each of the values. If the
variation is presented with a characteristic standard deviation
σvn

, vn{2} =
√

⟨vn⟩2 + σ 2
vn

. When σvn
≪ vn, vn{4} = vn{6} =√

⟨vn⟩2 − σ 2
vn

[25,26]. Therefore, the difference in vn{2} and
vn{4} can be used to infer the scale of vn fluctuations σvn

.
The presence of nonflow influences the cumulants as follows.
Assuming large multiplicity events are a superposition of
low multiplicity events, the contribution from nonflow (or
few-particle correlations) is expected to be diluted as [25]

cn{m} ∝ 1
Mm−1

, (11)

where M is the multiplicity of the event. Therefore measuring
both cn{2}, cn{4}, and cn{6} as a function of multiplicity will
help determine whether the underlying correlations are global
or few-particle. One can also suppress nonflow by requiring
the particles to have a relatively large separation in η, since
resonances and jets will produce particles with similar rapidity.

III. ANALYSIS DETAILS

The two data sets analyzed were recorded during the
p-Pb (in 2013) and the Pb-Pb (in 2010) runs at a center of
mass energy of

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV,

respectively. The Pb-Pb run had equal beam energies giving a
nucleon-nucleon center of mass system with rapidity yNN = 0.
However, the p-Pb run had different beam energies per nucleon
for the p and Pb beam, and resulted in a center of mass system
moving in the laboratory frame with yNN = 0.465. All kine-
matic variables are reported in the laboratory frame. Charged
particles are detected using the time projection chamber (TPC),
the primary tracking detector of ALICE. The TPC has an
angular acceptance of 0 < ϕ < 2π , |η| < 0.9 for tracks with
full radial track length (ϕ is the azimuthal angle and η is the

054901-2
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In this analysis, the CMS high quality tracks as described in [37] are used. Additionally, a
reconstructed track is only considered as a primary-track candidate if the significance of the
separation along the beam axis (z) between the track and the best vertex, dz/s(dz), and the sig-
nificance of the impact parameter relative to the best vertex transverse to the beam, dT/s(dT),
are each less than 3. The relative uncertainty of the transverse-momentum measurement,
s(pT)/pT, is required to be less than 10%. To ensure high tracking efficiency and to reduce
the rate of misidentified tracks, only tracks within |h| < 2.4 and with pT > 0.3 GeV/c are used
in the analysis. A different pT cutoff of 0.4 GeV/c is used in the multiplicity determination
because of constraints on the online processing time for the high-level trigger.

The entire pPb data set is divided into classes of reconstructed track multiplicity, Noffline
trk , where

primary tracks with |h| < 2.4 and pT > 0.4 GeV/c are counted. The multiplicity classification
in this analysis is identical to that used in Ref. [28], where more details are provided. A subset
of peripheral PbPb data collected during the 2011 LHC heavy-ion run with a minimum bias
trigger are also reanalyzed in order to compare directly the pPb and PbPb systems at the same
track multiplicity. This PbPb sample is reprocessed using the same event selections and track
reconstruction as for the present pPb analysis, although a different trigger is used. A descrip-
tion of the 2011 PbPb data can be found in Ref. [38].

Extending the previous two- and four-particle azimuthal correlation measurements of Ref. [28],
six and eight-particle azimuthal correlations [29] are evaluated in this analysis as follow:
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,
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. (1)

Here fi(i = 1, ..., 8) are the azimuthal angles of one combination of multiple particles in an
event, and hh·ii represents the average over all combinations from all events within a given
multiplicity range.

In the context of hydrodynamic models, multiparticle azimuthal correlations arise from anisotropic
collective expansion of the created medium driven by an asymmetric initial-state collision ge-
ometry. The corresponding Fourier harmonics vn can be related to multiparticle azimuthal
correlations with

vn{6} = 6

r
1
4

cn{6} ,

vn{8} = 8

r
� 1

33
cn{8}, (2)

where the cumulants, cn{6} and cn{8}, are calculated as

cn{6} = hh6ii � 9 · hh4iihh2ii+ 12 · hh2ii3 ,
cn{8} = hh8ii � 16 · hh6iihh2ii � 18 · hh4ii2 + 144 · hh4iihh2ii2 � 144hh2ii4, (3)

using the Q-cumulant method as formulated in Ref. [29, 30].
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● Characteristic mass splitting observed as known from PbPb

● Crossing of proton and pion at similar pT (2-3 GeV/c) 

with protons pushed further out in the pPb case

● If interpreted in hydro picture, suggestive of strong radial flow

Identified v2 �
•  Mass ordering 

–  RHICd+Auでも確認 
–  PbPbと似た傾向 
–  Radial flow? 
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mass ordering observed at low pT 
lower v2 for heavier particles 

crossing at higher pT 
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Identified v2(2PC) in p-Pb and Pb-Pb �
•  Low multiplicityでは粒粒⼦子依存性は⾒見見られない�
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Identified v2(2PC) in p-Pb and Pb-Pb �
•  p-Pb とPb-Pbで同じような傾向 

–  2GeV/c付近で交差�
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Quark number scaling of  v2�
•  Pb-Pb よりp-Pbでよく⼀一致 

–  Pb-Pb衝突ではhadron相での寄与が⼤大きい？ 
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Quark number scaling of  v3�
•  Pb-Pbと同様の傾向  
•  v3でもquark number scalingは成り⽴立立っているように⾒見見える�High(mul/plicity(v3(in(pPb�
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Eta dependence of  ridge �
•  異異なる粒粒⼦子密度度 
•  Initial stateと他の効果の選別が可能?�

29�

•  v2*depends*on*eta*(parKcle*density*dependence)*
•  Can*this*disKnguish*between*CGC*and*Hydro?*

η*dependence*of*ridge*in*p@Pb*

Michael*Weber*(CERN)*@*WPCF*2014*@*25.08.2014* 22*
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In pPb, η-dependence of v2 
• In pPb collisions, v2 depends on η  
Æ More v2 with higher particle densities  

14 

Talk by Xu 
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v2 comparison with peripheral AA 
collisions � •  Multiplicityは同程度度 

–  Pb-Pb:<Nch> = 259 ± 13 
–  p-Pb:<Nch> = 259 ± 13 

•  v3のみ同じマグニチュード 
–  v２v４:初期形状の効果？ 

•  Mean pT ratio(radial flowの効
果？)で割って,さらに0.66で
scaleさせるとほぼ⼀一致する 

𝑣௡  scaling between the p+Pb and Pb+Pb systems. 

25 

 
 

� 𝑣ଶ values, after 
scaling the 𝑝் 
axis, differ only 
by a scale factor 
between the two 
systems. 
 

� Suggests a similar 
origin for 𝑣ଶ in 
the two systems? 
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To further investigate the origin of this effect, we plot, in
Fig. 4, the PHENIX results for both dþ Au and Auþ Au
scaledby the eccentricity ("2), as calculated in aMC-Glauber
model, as a function of the charged-particle multiplicity at
midrapidity. Due to the lack of available multiplicity data for
the dþ Au centrality selection the dNch=d! value is calcu-
lated from HIJING [27]. The 0%–5% dþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV have a dNch=d! similar to those of mid-
central pþ Pb collisions at the LHC, while the "2 values for
dþ Au collisions are about 50% larger than those calculated
for the midcentral pþ Pb collisions. The key observation is
that the ratiov2="2 is consistent betweenRHICand theLHC,
despite the factor of 25 difference in collision center of mass
energy.A continuation of this trend is seen by also comparing
to v2="2 as measured in Auþ Au [34–36] and Pbþ Pb
[37,38] collisions. The "2 values calculated depend on the
nucleon representation used in the MC-Glauber model. In
large systems, this uncertainty is small, but in small systems,
such as dþ Au, this uncertainty becomes much more sig-
nificant. For illustration, "2 has been calculated using three
different representations of the participating nucleons, point-
like centers, Gaussians with " ¼ 0:4 fm, and uniform disks
with R ¼ 1 fm for the PHENIX data. The scaling feature is
robust against these geometric variations, which leads to an
approximately 30% difference in the extracted "2 in dþ Au
collisions (othermodels, e.g., Ref. [32], could produce larger
variations).

In summary, a two-particle anisotropy at midrapidity in
the 5% most central dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV is observed. The excess yield in central com-
pared to peripheral events is well described by a quadru-
pole shape. The signal is qualitatively similar, but with a
significantly larger amplitude than that observed in long-
range correlations in pþ Pb collisions at much higher

energies. While our acceptance does not allow us to
exclude the possibility of centrality dependent modifica-
tions to the jet correlations, the subtraction of the periph-
eral jetlike correlations has been checked both by varying
the !! cuts and exploiting the charge sign dependence of
jet-induced correlations. The observed results are in agree-
ment with a hydrodynamic calculation for dþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
We find that scaling the results from RHIC and the LHC

by the initial second-order participant eccentricity from the
MC-Glauber model [14] may bring the results to a com-
mon trend as a function of dNch=d!. This may suggest that
the phenomena observed here are sensitive to the initial
state geometry, and that the same underlying mechanism
may be responsible in both pþ Pb collisions at the LHC
and dþ Au collisions at RHIC. It may also imply a rela-
tionship to the hydrodynamical understanding of v2 in
heavy ion collisions. The observation of v2 at both RHIC
and the LHC provides important new information. Models
intended to describe the data must be capable of also
explaining their persistence as the center of mass energy
is varied by a factor of 25 from RHIC to the LHC.
We thank the staff of the Collider-Accelerator and

Physics Departments at Brookhaven National Laboratory
and the staff of the other PHENIX participating institutions
for their vital contributions. We acknowledge support
from the Office of Nuclear Physics in the Office of
Science of the Department of Energy, the National
Science Foundation, Abilene Christian University
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FIG. 3 (color online). Charged hadron second-order anisot-
ropy, v2, as a function of transverse momentum for (filled
[blue] circles) PHENIX and (open [black] squares) ATLAS
[9]. Also shown are hydrodynamic calculations from Bozek
[14,31] (dotted [blue] curve) and Bzdak et al. [32,39] for
impact-parameter glasma initial conditions (solid curve) and
the MC-Glauber model initial conditions (dashed curve).

FIG. 4 (color online). The eccentricity-scaled anisotropy,
v2="2, vs charged-particle multiplicity (dNch=d!) for dþ A
and pþ Pb collisions [8,9]. Also shown are Auþ Au data atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [34–36] and Pbþ Pb data at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV [37,38]. The v2 are for similar pT selections. The
colored curves are for different nucleon representations in the "2
calculation in the MC-Glauber model. The errors shown are
statistical only and only shown on the dþ Au point with the
pointlike centers "2 for clarity. Owing to the lack of available
multiplicity data in pþ Pb and dþ Au collisions, the dNch=d!
values for those systems are calculated from HIJING [27]. All
dNch=d! values are in the center of mass system.
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High pT RpPb�
•  Jet 

–  Modification はない  

•  High pT charged particle 
–  ALICE, CMS, ATLASで違い 

–  pp referenceの違い�

31�

Christof Roland Hot Quarks 2014, Las Negras 11 

(Charged) jet RpPb  

Jet RpPb close to or slightly above one 

EPJC74 (2014) 2951 CMS-PAS-HIN-14-001 

Roberto Preghenella

Charged-particle RpPb at large pT

16

Charged particles RpPb

urgent need for a pp 5.02 TeV reference data

the discrepancy mainly comes 
from tension in the pp reference

pp reference

p-Pb

Roberto Preghenella

Charged-particle RpPb at large pT

15

Charged particles RpPb

CMS observes strong 
enhancement at large pT 

confirmed by ATLAS!
ATLAS, ATLAS-CONF-2014-029 

!
not seen by ALICE!

different impression when 
looking at ALICE points

p-Pb



Electromagnetic probe �
•  Direct photon 

–  Low pT enhancement無し 

•  Low mass dielectron 
–  Enhancement無し�

32�

A. ADARE et al. PHYSICAL REVIEW C 87, 054907 (2013)
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FIG. 2. (Color online) (a) The invariant cross sections of the direct
photon in p + p [6,7] and d + Au collisions. The p + p fit result with
the empirical parameterization described in the text is shown, as well
as NLO pQCD calculations, and the scaled p + p fit is compared with
the d + Au data. The solid and open symbols show the results from
the virtual photon and π0-tagging methods, respectively. The asterisk
symbols show the result from the statistical subtraction method for
d + Au data, overlapping with the virtual photon result in 3 < pT <

5 GeV/c. The bars and bands represent the point-to-point and pT -
correlated uncertainties, respectively. (b) The p + p data over the
fit. The uncertainties of the fit owing to both point-to-point and pT -
correlated uncertainties of the data are summed quadratically, and the
sum is shown as dotted lines. The NLO pQCD calculations divided
by the fit are also shown.

III. RESULTS

Figure 2 shows the direct photon cross sections in p + p and
d + Au collisions from both virtual- and real-photon analyses
[7]. The NLO pQCD calculations agree with the p + p data
well for a wide pT range and show a preference for the choice
µ = 0.5pT . Unfortunately, the NLO pQCD calculation with
a low-mass cutoff scale less than 1.0pT is not available for
pT < 2.0 GeV/c. Thus, we use an empirical parametrization,
Eq. (3), inspired by a NLO pQCD formulation for p + p →
γX [19]:

E
d3σ

dp3
= ap

−(b+c ln xT )
T

(
1 − x2

T

)n
, (3)
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p
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FIG. 3. (Color online) Nuclear modification factor for d + Au,
RdA, as a function of pT . The solid and open symbols show the
results from the virtual- and real-photon measurements, respectively.
The bars and bands represent the point-to-point and pT -correlated
uncertainties, respectively. The box on the right shows the uncertainty
of TdA for d + Au. The curves indicate the theoretical calculations
[26] with different combinations of the CNM effects such as the
Cronin enhancement, isospin effect, nuclear shadowing, and initial-
state energy loss.

where a, b, c, and n are free parameters and xT =
2pT /

√
s. The first factor, p

−(b+c ln xT )
T , is a power law with a

logarithmic scaling correction, where pT is given in GeV/c.
The convolution of two PDFs in colliding protons con-
sequently introduces the factor, (1 − x2

T )n, which naturally
leads to a drop of the cross section to 0 at xT = 1. The
virtual-photon (1.5 < pT < 5 GeV/c) and real-photon (pT >
5 GeV/c) results are fit simultaneously, and the point-to-
point uncertainty of the data is considered at fitting. The
pT -correlated uncertainty of the fit is identical with that
of the data. The quadratic sum of these fit uncertainties is
indicated as dotted lines in Fig. 2. The fit describes the
data very well for the entire pT range. The fit parameters
with uncertainty (excluding the pT -correlated uncertainty) are
a = (6.6 ± 3.3) × 10−3 (mb GeV−2 c3), b = 6.4 ± 0.3, c =
0.4 ± 0.2, and n = 17.6 ± 14.9, with χ2/NDF = 22.4/16.
The factor of the power law, b + c ln xT , becomes 4.6–5.5
for 0.01 < xT < 0.1.

The d + Au data illustrate full consistency between the
three aforementioned independent analyses. The independent
results are in good agreement in the overlap region from
3.0 < pT < 6.0 GeV/c. The virtual photon analysis reaches
down to 1 GeV/c, and the π0-tagging method extends to
16 GeV/c. The d + Au data are in agreement with the
binary collision scaled p + p fit result across the entire pT

coverage. According to the LO pQCD formulation [25], the
power of the pT spectrum in the high-pT region should be
sensitive to the shape of the PDF in the nucleus. A power
law fit, Ap−n

T , is performed with the d + Au data for pT >
8 GeV/c, as done for p + p (n = 7.08 ± 0.09stat ± 0.1syst) [7]
and Au + Au (n = 7.18 ± 0.14stat ± 0.06syst for most central)
[8]. The fit gives a power of n = 7.17 ± 0.76stat ± 0.01syst,
consistent with p + p and Au + Au, implying that no signif-
icant modification in the shape of the PDFs is observed for
xT > 0.08.

Figure 3 shows the nuclear modification factor for d +
Au, RdA, calculated as the d + Au data divided by the

054907-6

Phys. Rev. C 87, 054907�
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”

arXiv:1405.4004�

Thermal radiationはない？�



ここまでのまとめ�
•  ソフトなプローブに対してはcollectivityがあるように⾒見見える 

–  CNM等他の効果がどの様に測定に効いてくるのかよく分からない 
–  Thermal radiationは確認されず 

•  ハードなプローブ(Jet, high pT particle)でppからの変化はない 
–  Short path length？ 
–  Heavy quarkは？ 

•  p-Pb衝突からどのような知⾒見見が得られるか？ 
–  原⼦子核効果がないとういう訳ではない 
–  QGPが出来ているとしても系のサイズ⼩小さく、寿命は短い？ 

→ QGP, HRGからの寄与は相対的に⼩小さい？ 
•  果たして⼩小さな系でも局所熱平衡に達するのか？ 

– 熱化機構の検証？ 
•  v2の起源は？ Initial fluctuation? 

– 観測量量にはより⼤大きなinitial state依存性が予想される 
 

33�



理理論論的理理解に向けて�
•  Hydro calculation 

–  Glauber-3+1D event-by-event viscous hydro 
–  IP-Glasma+MUSIC 

 

•  Thermalizationの問題 
–  AdS/CFT calculation(PRL108 (2012) 201602) 

•  describe early thermalization?pAでは？   
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Fig. 7. v2{2} for pions, kaons and protons in p-Pb collisions calculated in our
model, plotted as a function of the transverse momentum. The data come from
Ref. [6].
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• Can fluid dynamics work in such small systems?  
Viscous corrections become very large  

• Initial state strongly depends on model 

• Some models work, some don’t. Not yet settled…
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更更なるridge構造の理理解に向けて�
•  結局起源はまだよく分からない 

–  恐らくいろいろな効果の⾜足し合わせ 
–  vn相関, event plane相関と同等の 
 　 　の測定は可能か？ 
–  よりlong-rangeでの相関？�
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The Q2 dependence of RA
F2
is weaker and has thus been more difficult to measure. Data with high

enough precision, however, exist. The NMC collaboration discovered a clear Q2 dependence in the
ratio dσµSn/dσµC [47], i.e. the scale dependence of the ratio F Sn

2 /FC
2 , at x >∼ 0.01. Since F p(n)/A

2 =
∑

q e2
qx[fp(n)/A

q + fp(n)/A
q̄ ] + O(αs), the nuclear effects in the ratio RA

F2
directly translate into nuclear

effects in the parton distributions: fp/A
i ̸= fp

i .

The nPDFs, fp/A
i , also obey the DGLAP equations in the large-Q2 limit. They can be determined

by using a global DGLAP fit procedure similar to the case of the free proton PDFs. Pioneering studies
of the DGLAP evolution of the nPDFs are found in e.g. Ref. [48–51]. References for various other
studies of perturbative evolution of the nPDFs and also to simpler Q2-independent parametrizations of
the nuclear effects in the PDFs can be found e.g. in Refs. [52, 53]. The nuclear case is, however, more
complicated because of additional variables, the mass number A and the charge Z , and, because the
number of data points available in the perturbative region is more limited than for the PDFs of the free
proton. The DIS data play the dominant role in the nuclear case as well. However, as illustrated by Fig. 8,
no data are available from nuclear DIS experiments below x <∼ 5 · 10−3 at Q2 >∼ 1 GeV2. This makes
the determination of the nuclear gluon distributions especially difficult. Further constraints on the global
DGLAP fits of the nPDFs can be obtained from e.g. the Drell-Yan (DY) process measured in fixed-target
pA collisions [54, 55]. Currently, there are two sets of nPDFs available which are based on the global
DGLAP fits to the data: (i) EKS98 [27, 28] (the code in Refs. [56, 57]), and (ii) HKM [29] (the code in
Ref. [58]). We shall compare the main features of these two analyses and comment on their differences
below.
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Fig. 8: The average values of x andQ2 of the DIS data from NMC [59–61] (triangles) and E665 [62, 63] (diamonds) in lA, and
of x2 and M2 of the DY dilepton data [54] (squares) in pA. The heavy quark mass scales are shown by the horizontal dashed
lines. The initial scale Q2

0 ism2
c in EKRS and 1 GeV2 in HKM. For the rest of the figure, see the text in Sec. 4.13.

4.12 Comparison of EKS98 and HKM
EKS98 and overview of constraints available from data. The parametrization EKS98 [27] is based
on the results of the DGLAP analysis [28] and its follow-up [27]. We refer to these together as EKRS

Heavy flavorを⽤用いた原⼦子核効果の検証�
•  p-Pb衝突は当初考えられていた初期状態の効果だけが反映され
ている訳ではなさそう？ 

•  Charm quarkや Bottom quarkに対してはどうか？ 

–  CNM以外の影響は少ないはず 
–  mc(〜～1.4GeV/c2)は飽和スケールに対して⼩小さい 

•  Qs
2〜～3-10 GeV 
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Azimuthal anisotropy of charm production in Pb–Pb collisions at √sNN = 2.76 TeV 25
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Figure 11: (colour online) Model comparisons for average D meson v2 in the 30–50% centrality class (upper-
left), average D meson RAA in the 0–20% centrality class (upper-right) [13], D0 RAA in-plane and out-of-plane
in the 30–50% centrality class (lower panels). The seven model calculations are described in the text: WHDG
rad+coll [18], POWLANG [19], Cao, Qin, Bass [46], MC@sHQ+EPOS, Coll+Rad(LPM) [79], BAMPS [21],
TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

0.08 from low to high pT), which is close to that observed in data. The nuclear modification factor
is substantially overestimated below pT ≈ 5 GeV/c and correctly described at higher pT.

III TAMU elastic [44]. This is a heavy-flavour transport model based on collisional, elastic processes
only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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shown by two lines that represent their uncertainty.

0.08 from low to high pT), which is close to that observed in data. The nuclear modification factor
is substantially overestimated below pT ≈ 5 GeV/c and correctly described at higher pT.

III TAMU elastic [44]. This is a heavy-flavour transport model based on collisional, elastic processes
only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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๏ Comparison of theoretical model predictions to different observables 
simultaneously.

๏ Constraints on the description of the energy-loss mechanisms. 
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Various observables provide 
constraints for the models
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Heavy flavor measurement in PbPb �
•  ⼤大きなsuppression, nonzero v2 

–  RAA(g)〜～R(D)? 
–  Recombination? 
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Figure 11: (colour online) Model comparisons for average D meson v2 in the 30–50% centrality class (upper-
left), average D meson RAA in the 0–20% centrality class (upper-right) [13], D0 RAA in-plane and out-of-plane
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TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

0.08 from low to high pT), which is close to that observed in data. The nuclear modification factor
is substantially overestimated below pT ≈ 5 GeV/c and correctly described at higher pT.

III TAMU elastic [44]. This is a heavy-flavour transport model based on collisional, elastic processes
only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.
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RpPb of  open heavy flavors�
•  不不定性の範囲内でppと⼀一致 
•  理理論論予想ではRpPbに対する差は⼩小さい 

– 不不定性をのぞいてもsensitivityはない? 
•  Event activity dependenceは？ 

•  新しい測定量量->ペア相関�

39�

D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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Heavy quarks pair production �
•  LHC energyではNLO dominant 

–  FONLLと⼀一致 

– 異異なる相関 
•  MPIによる多重⽣生成 
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Fig. 1a–f. Examples of heavy-flavor production diagrams. a,b Leading order. c Pair creation (with gluon emission). d Flavor
excitation. e Gluon splitting. f Events classified as gluon splitting but of flavor-excitation character

ter the hard scattering, Fig. 1e. Here the dominant source
is gluons in the final-state showers, since time-like gluons
emitted in the initial state are restricted to a smaller max-
imum virtuality. Except at high energy, most gluon split-
tings in the initial state instead result in flavor excitation,
already covered above. An ambiguity of terminology ex-
ists with initial-state evolution chains where a gluon first
branches to QQ and the Q later emits another gluon that
is the one to enter the hard scattering, Fig. 1f. From an
ideological point of view, this is flavor excitation, since
it is related to the evolution of the heavy-flavor parton
distribution. From a practical point of view, however, we
will choose to classify it as gluon splitting, since the hard
scattering does not contain any heavy flavors.

In summary, the three classes above are then charac-
terized by having 2, 1 or 0, respectively, heavy flavors in
the final state of the hard subprocess. Of course, all this
assumes that only one heavy-flavor pair is produced in
an event – one could have e.g. double flavor excitation
QQ′ → QQ′ – which normally is a good first approxima-
tion. Only in high-p⊥ processes at high energies do profuse
shower evolution make the multiple gluon-splitting process
relevant.

To the above heavy-flavor sources, one could add the
creation in decays of heavier resonances, such as Z0 → bb,
W+ → cs, H0 → bb, t → bW+ and, of course, b → c. In
the current paper we will have little to say about these.
However, c and b production at LEP1 clearly provides the
basis that we can build on here, by testing both the show-
ering and the hadronization of heavy flavors, although
in a different environment. For primary-produced heavy
flavors, everything appears to be well understood in the
framework of our models. Some discrepancies have been
noted in the rate of hard gluon emission off b’s [16], i.e.
in the region where the shower is not expected to be per-
fect anyway, and even so discrepancies are tiny compared
with typical uncertainties in hadronic collisions. Rather
more worrisome is the observed rate of secondary heavy-
flavor production, i.e. what we have called gluon splitting
above. There the LEP observations exceed the rate pre-

dicted by shower programs [17,18], and also by analyti-
cal calculations [19], by maybe as much as 50% [20,19].
The error bars are large, however, so the true excess could
be lower. The possibility of higher rates already exists in
some models [21], and one could imagine modifications
to others. Currently the data are too poor to tell much
about whether the shape agrees or not with models. We
will therefore assume that only the rate could be a prob-
lem, and then any effect in hadronic collisions could be
absorbed under the general heading of K factors, i.e. a
rescaling in rate by higher-order corrections.

2.1.2 Parton-shower particulars

The perturbative shower approach is implemented in the
Pythia program [17] that we will use for the studies in this
paper.

Pair creation is easy to generate by itself, by allowing
only the two hard processes qq → QQ and gg → QQ, using
the LO matrix elements with quark masses included. The
full phase space can be populated, i.e. down to p̂⊥ = 0,
since the quark mass provides the soft cut-off. The Q2

scale of the process, used to set the range of allowed shower
evolution as described below, is here taken to be Q2 =
m2

Q + p̂2
⊥.

Flavor excitation can be obtained by only sampling
the heavy flavor Q/Q from one of the incoming hadrons
(a standard option of the program) while allowing all fla-
vors from the other hadron. The two sides of the event
are covered by two separate runs, added for the final re-
sults. We have not implemented any special matrix ele-
ments for the scattering of one heavy quark against an-
other massless parton; instead massless matrix elements
are used. Since the heavy-flavor parton distributions van-
ish for scales Q2 < m2

Q, where we associate Q2 = p̂2
⊥ =

t̂û/ŝ for massless kinematics, it follows that ŝ > 4m2
Q.

The mass corrections to the matrix elements are therefore
not expected to be very large. (In practice, massive four-
vectors are constructed from the massless ones by a scaling
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ideological point of view, this is flavor excitation, since
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distribution. From a practical point of view, however, we
will choose to classify it as gluon splitting, since the hard
scattering does not contain any heavy flavors.

In summary, the three classes above are then charac-
terized by having 2, 1 or 0, respectively, heavy flavors in
the final state of the hard subprocess. Of course, all this
assumes that only one heavy-flavor pair is produced in
an event – one could have e.g. double flavor excitation
QQ′ → QQ′ – which normally is a good first approxima-
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in the region where the shower is not expected to be per-
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with typical uncertainties in hadronic collisions. Rather
more worrisome is the observed rate of secondary heavy-
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rescaling in rate by higher-order corrections.
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The perturbative shower approach is implemented in the
Pythia program [17] that we will use for the studies in this
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Pair creation is easy to generate by itself, by allowing
only the two hard processes qq → QQ and gg → QQ, using
the LO matrix elements with quark masses included. The
full phase space can be populated, i.e. down to p̂⊥ = 0,
since the quark mass provides the soft cut-off. The Q2
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t̂û/ŝ for massless kinematics, it follows that ŝ > 4m2
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ish for scales Q2 < m2

Q, where we associate Q2 = p̂2
⊥ =

t̂û/ŝ for massless kinematics, it follows that ŝ > 4m2
Q.

The mass corrections to the matrix elements are therefore
not expected to be very large. (In practice, massive four-
vectors are constructed from the massless ones by a scaling
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subdivision of course is unobservable and model-depen-
dent. It will still provide helpful insights.

The most basic and inclusive observable is the total
heavy-flavor cross section. In Fig. 4 we present it as a func-
tion of the pp center-of-mass energy, from the fixed-target
régime to LHC and beyond, both for charm and bottom.
The cross section is divided into the contributions from the
three perturbative production channels. As noted before,
we assume that no non-perturbative effects contribute to
the total cross section. The level of the total cross sec-
tion is in sensible agreement with the present data (not
shown), indicating that there is no need for any further
significant production mechanism.

For small (fixed-target) energies the pair-creation cross
section is dominating the production, followed by a non-
negligible fraction of flavor excitation, whereas gluon split-
ting is very small. As the energy is increased, flavor excita-
tion overtakes pair production and gluon splitting is catch-
ing up. At very large energies gluon splitting becomes the
dominant production mechanism, so that the low-energy
pattern is completely reversed.

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

100 1000 10000

C
ro

ss
 s

ec
tio

n 
ra

tio

√s (GeV)

Pair creation
Flavour excitation

Gluon splitting

Fig. 5. Dependence of the charm cross section on model as-
pects, for pp collisions as a function of ECM =

√
s. Shown is the

ratio of cross sections: pair creation for mc = 1.7GeV/mc =
1.3GeV, flavor excitation for GRV 94L/CTEQ 5L parton dis-
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The reason is not so difficult to understand. If we think
of any partonic process, it will only contain one hardest
2 → 2 scattering whatever the energy, whereas the num-
ber of branchings in the associated initial- and final-state
showers will increase with energy. This increase comes in
part from the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from
the increase in accessible and typical virtuality scales Q2

for the hard subprocess. The multiplication effect is at its
full for gluon splitting, whereas flavor-excitation topolo-
gies are more restrictive. At small energies, however, the
less demanding kinematical requirements for flavor exci-
tation in a shower gives it an edge over gluon splitting.

The total cross section is strongly dependent on QCD
parameters such as the heavy-quark mass, parton distri-
butions, and factorization and renormalization scales. It
is not our aim here to present theoretical limits and errors
– this has been done elsewhere [13]. However, Fig. 5 gives
some examples of how much results may vary. Clearly, the
quark-mass choice is very important, especially for charm.
Maybe surprisingly, the charm parton distributions in the
proton do not differ by that much, probably reflecting a
convergence among the common parton distributions and
in the scheme adapted for g → QQ branchings in the evo-
lution equations. Among the examples given, the largest
uncertainty comes from the choice of the heavy quark
mass. However, it should be remembered that the vari-
ations above have no formal meaning of a ‘1σ’ range of
uncertainty, but merely reflects some more or less random
variations.

To gain further insight into the properties of the per-
turbative production processes, one may study “non-obs-
ervables” that characterize the hard-scattering process as-
sociated with the production, such as the p̂⊥ of the hard
interaction. We also show kinematical distributions, like
the rapidity and transverse momentum of the heavy
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dent. It will still provide helpful insights.

The most basic and inclusive observable is the total
heavy-flavor cross section. In Fig. 4 we present it as a func-
tion of the pp center-of-mass energy, from the fixed-target
régime to LHC and beyond, both for charm and bottom.
The cross section is divided into the contributions from the
three perturbative production channels. As noted before,
we assume that no non-perturbative effects contribute to
the total cross section. The level of the total cross sec-
tion is in sensible agreement with the present data (not
shown), indicating that there is no need for any further
significant production mechanism.

For small (fixed-target) energies the pair-creation cross
section is dominating the production, followed by a non-
negligible fraction of flavor excitation, whereas gluon split-
ting is very small. As the energy is increased, flavor excita-
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dominant production mechanism, so that the low-energy
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The reason is not so difficult to understand. If we think
of any partonic process, it will only contain one hardest
2 → 2 scattering whatever the energy, whereas the num-
ber of branchings in the associated initial- and final-state
showers will increase with energy. This increase comes in
part from the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from
the increase in accessible and typical virtuality scales Q2

for the hard subprocess. The multiplication effect is at its
full for gluon splitting, whereas flavor-excitation topolo-
gies are more restrictive. At small energies, however, the
less demanding kinematical requirements for flavor exci-
tation in a shower gives it an edge over gluon splitting.

The total cross section is strongly dependent on QCD
parameters such as the heavy-quark mass, parton distri-
butions, and factorization and renormalization scales. It
is not our aim here to present theoretical limits and errors
– this has been done elsewhere [13]. However, Fig. 5 gives
some examples of how much results may vary. Clearly, the
quark-mass choice is very important, especially for charm.
Maybe surprisingly, the charm parton distributions in the
proton do not differ by that much, probably reflecting a
convergence among the common parton distributions and
in the scheme adapted for g → QQ branchings in the evo-
lution equations. Among the examples given, the largest
uncertainty comes from the choice of the heavy quark
mass. However, it should be remembered that the vari-
ations above have no formal meaning of a ‘1σ’ range of
uncertainty, but merely reflects some more or less random
variations.

To gain further insight into the properties of the per-
turbative production processes, one may study “non-obs-
ervables” that characterize the hard-scattering process as-
sociated with the production, such as the p̂⊥ of the hard
interaction. We also show kinematical distributions, like
the rapidity and transverse momentum of the heavy
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More on production mechanism:
Multiplicity dependences of charm production
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D0, D+, D*+ corrected yields vs mult, pp

!
• Self-normalized D-meson yields in different pT bins are in agreement within 

uncertaintes 
• D0, D+ and D*+-meson results compatible within uncertaintes 
• D0, D+ and D*+-meson yields show an increase with charged-particle multiplicity
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D vs multiplicity - Physics motivation

What has been observed for heavy flavours:

!
• Multiparton Interactions (MPIs) at the LHC? 
!
!
!

!

➣ NA27 (pp collisions at √s = 28 GeV): events with charm have 
larger charged particle multiplicity NA27 Coll. Z.Phys.C41:191

➣ LHCb: double charm production agrees better with models 
including double parton scattering J. High Energy Phys., 06 (2012) 141!

➣ ALICE: approximately linear increase of J/ψ yield as a 
function of multiplicity arXiv:1202.2816 [hep-ex]!

poster: 
E.Leogrande

R.Russo

!
➣particle production in high-energy pp collisions at the LHC 

expected to have a substantial contribution from MPIs 
➣CMS: studies on jet and underlying event ➞ better 

agreement with models including MPIsEur. Phys. J. C 73 (2013) 2674!

!
!
➣ALICE minijet analysis in pp ➞ increase of MPIs with 
charged particle multiplicity JHEP 09 (2013) 049!

For heavy flavours:

• LHCb: double charm production 
agrees better with models including 
double parton scattering

J. High Energy Phys., 06 (2012) 141

Particle production in pp 
collisions at LHC shows 
better agreement with 
models including MPIs

Eur. Phys. J. C 73 (2013) 2674

• D-meson yields increase with charged-particle multiplicity                
→ presence of MPI and contribution on the a harder scale?

due to MPIs?
MPIs involving only light quarks and 
gluons? 

Eur. Phys. J. C 17, 137–161 (2000) �
JINST 01 (2012) 128 �



Heavy flavor correlation �
•  dihadron correlation in d+Au 

–  Shadowing?CGC? 

•  Heavy quark pairに対しては？ 
–  i.e. CGC(Fujii, Watanabe) 

•  測定可能か？ 
–  D/B-D/B 
–  D/B-hadron 
–  Lepton-hadron 
–  Lepton-Lepton 

41�

J
H
E
P
0
6
(
2
0
1
2
)
1
4
1

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

-2 -1 0 1 2
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

|��| /⇡ �y

d
l
n
�

⇤

d
|�

�
|
⇥

⇡

0
.
1

⇤

d
l
n
�

⇤

d
�
y

⇥
1

0
.
1
2
5

⇤

LHCb LHCb

a) b)l J/ D0

n J/ D+

s J/ D+
s

l J/ D0

n J/ D+

s J/ D+
s

Figure 15. Distributions of the di↵erence in azimuthal angle (a) and rapidity (b) for J/ D0,
J/ D+ and J/ D+

s

events. The dashed line shows the expected distribution for uncorrelated events.

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.5 1 1.5 2
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

|��| /⇡ |�y|

d
l
n
�

⇤

d
|�

�
|
⇥

⇡

0
.
1

⇤

d
l
n
�

⇤

d
|�

y
|

⇥
1

0
.
1

⇤

LHCb LHCb

a) b)l D0D0

n D0D+
l D0D0

n D0D+

Figure 16. Distributions of the di↵erence in azimuthal angle (a) and rapidity (b) for D0D0 and
D0D+ events. The dashed line shows the expected distribution for uncorrelated events.

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

|��| /⇡ |��| /⇡

d
l
n
�

⇤

d
|�

�
|
⇥

⇡

0
.
0
5

⇤

d
l
n
�

⇤

d
|�

�
|
⇥

⇡

0
.
0
5

⇤

LHCb LHCb

a) b)
l D0D0

n D0D�

s D0D�
s

t D0⇤̄�
c

n D+D�

s D+D�
s

t D+⇤̄�
c

Figure 17. Distributions of the di↵erence in azimuthal angle for CC events: a) D0D
0

, D0D�,
D0D�

s

and D0⇤̄�
c

; b) D+D�, D+D�
s

and D+⇤̄�
c

.

– 25 –

J
H
E
P
0
6
(
2
0
1
2
)
1
4
1

0 0.5 1 1.5 2
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.5 1 1.5 2
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

|�y| |�y|

d
l
n
�

⇤

d
|�

y
|

⇥
1

0
.
2

⇤

d
l
n
�

⇤

d
|�

y
|

⇥
1

0
.
2

⇤

LHCb LHCb

a) b)

l D0D0

n D0D�

s D0D�
s

t D0⇤̄�
c

n D+D�

s D+D�
s

t D+⇤̄�
c

Figure 18. Distributions of the di↵erence in rapidity for CC events: a) D0D
0

, D0D�, D0D�
s

and
D0⇤̄�

c

; b) D+D�, D+D�
s

and D+⇤̄�
c

. The dashed line shows the expected distribution for uncorre-
lated events.

5 10 15 20
-410

-310

-210

-110

5 10 15 20

-310

-210

-110

m

J/ C

m

CC

⇥
GeV/c

2

⇤ ⇥
GeV/c

2

⇤

d
l
n
�

⇤

d
m

J/
 

C

h
1

5
0
0

M
e
V
/
c

2

i

d
l
n
�

⇤

d
m

C
C

h
1

5
0
0

M
e
V
/
c

2

i

LHCb LHCb

a) b)

l J/ D0

n J/ D+

s J/ D+
s

l D0D0

n D0D+

Figure 19. a) Invariant mass spectra for J/ D0, J/ D+ and J/ D+

s

events. b) Invariant mass
spectra for D0D0 and D0D+ events.

5 10 15 20

-310

-210

-110

5 10 15 20

-310

-210

-110

m
CC

m
CC

⇥
GeV/c

2

⇤ ⇥
GeV/c

2

⇤

d
l
n
�

⇤

d
m

C
C

h
1

5
0
0

M
e
V
/
c

2

i

d
l
n
�

⇤

d
m

C
C

h
1

5
0
0

M
e
V
/
c

2

i

LHCb LHCb

a) b)

l D0D0

n D0D�

s D0D�
s

t D0⇤̄�
c

n D+D�

s D+D�
s

t D+⇤̄�
c

Figure 20. Invariant mass spectra for CC events: a) D0D
0

, D0D�, D0D�
s

and D0⇤̄�
c

; b) D+D�,
D+D�

s

and D+⇤̄�
c

.

– 26 –

JHEP06(2012) 141 �
Gluon splitting�

LHCb pp@√s = 7TeV, 2 < y < 4, 3 < pT < 12 GeV/c  

E. Braidot / Nuclear Physics A 854 (2011) 168–174 171

Fig. 2. Uncorrected coincidence probability versus azimuthal angle difference between two forward neutral pions in p+p
collisions (left) compared to peripheral (center) and central d+Au collisions (right). Data are shown with statistical errors
and fit with a constant plus two Gaussian functions (in red). CGC expectations [16] have been superimposed (in blue) to
data for central d + Au collisions. (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

ters within the FMS fiducial volume. Pion candidates are required to have an invariant mass in the
interval 0.05 < Mγ γ < 0.25 GeV/c2. The pair with the largest pT is selected as the leading (trig-
ger) pion and its azimuthal coordinate is compared inclusively with those of all other (associated)
pion candidates. Trigger particles are selected with a transverse momentum of p

(trg)
T > 2.0 GeV/c

while associated particles are required to have p
(trg)
T > p

(assc)
T > 1.0 GeV/c. In Fig. 2 we com-

pare "ϕ for p + p interactions with peripheral and central d + Au collisions. All the distributions
present two signal components, surmounting a constant background representing the underlying
event contribution (larger in d + Au). The peak centered at "ϕ = 0 (near-side peak) represents
the contribution from pairs of pions belonging to the same jet. It is not expected to be affected by
saturation effects, therefore it is a useful tool to check the effective amount of broadening in the
away-side peak. This second peak, centered at "ϕ = π , represents the back-to-back contribution
to the coincidence probability which is expected to disappear in going from p + p to d + Au
if saturation sets in. Data are fit with a constant plus two Gaussians centered at "ϕ = 0 and
"ϕ = π . Data show that the width of the near-side peak remains nearly unchanged from p + p
to d + Au, and particularly from peripheral to central d + Au collisions. The away-side peak,
instead, presents strong differences between peripheral and central d + Au collisions. Peripheral
d + Au collisions are more similar to p + p, even though the back-to-back peak appears broad-
ened and smaller in height relative to the near-side peak than in p + p. Central d + Au collisions
show a substantially reduced away side peak that is significantly broadened.

The rightmost panel of Fig. 2 shows also a comparison (in blue) with theoretical expecta-
tions calculated using the CGC framework. Inclusive particle production in interactions between
a dilute system (deuteron) and a saturated target (gold) has been calculated using a fixed satura-
tion scale QS [12] and, consequently, used to compute di-hadron correlations [16]. Calculations
consider valence quarks in the deuteron scattering off low-x gluons in the nucleus with impact
parameter b = 0. CGC calculations show qualitative consistency with data in their expectations
of a strong suppression of the away-side peak in central d + Au collisions.

4. Systematics

Further studies have been performed on this analysis with the goal of evaluating the ex-
pectations of “conventional” calculations of azimuthal correlations, using PYTHIA 6.222 and

NPA 854 (2011) 168–174�
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leptons from semi-leptonic 
heavy flavor hadron decays
 

Direct open charm or bottom 
reconstruction

Open heavy flavor

Courtesy of David Tlusty

Heavy flavor analysis �
•  Direct reconstruction 

– 直接測定で感度度はいい 

– しかしハドロンを⽤用いた直接崩壊測定はbranch, 検出効率率率
ともに悪い(10%以下@ALICE, Low pTだともっと悪い) 

•  Semi-leptonic decay channel 
– 間接的測定なので相関は弱まる 
–  Branchはやや⼤大きい(〜～10%) 

– 検出効率率率はいい 

–  Trigger eventsが使える 

42�
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D mesons in ALICE

6

D%mesons%in%ALICE%%
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Figure 3.7: PHENIX detector setup for the 2006 p+p run. Steel is shown in
grey, and active detectors in green.

e-μ correlation in d+Au �
•  Forward-central相関 
•  ppで⾒見見えているback-to-backの相関がd+Auでは⾒見見えない 

–  Shadowing effect? �

43�

electron-muon correlation in d+Au
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Suppression of e°µ correlations in d+Au collisions

This indicates that the cc̄ is correlation is itself modified by nuclear effects

Is the suppression from shadowing, or gluon saturation?

Phys. Rev. C 89, 034915 (2014)

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 22

Phys.Rev.C89, 034915(2014) �
x≈10­−2 Q2≈10 GeV2�

e�

μ�

PHENIX experiment �



Dielectron in d+Au �
•  Mass とpTでcharmとbottomの寄与を選別 
•  bb cross sectionの導出 

–  ppとの⽐比較 
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”
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data are plotted above 1.0 GeV/c2, as lower mass e+e�

are dominated by hadronic decay contributions. In the
mass regions where the inclusive e+e� yield is dominated
by vector meson decays only upper limits can be quoted
for the subtracted spectra. We use pT bins of 500 MeV/c
up to pT =3 GeV/c. Above pT = 3.0 GeV/c, statistical
limitations dictate the use of broader pT bins.

V. HEAVY FLAVOR CROSS SECTION
DETERMINATION
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FIG. 5: Top panel compares the mass dependence of e+e�

pair yield with pythiaand mc@nlocalculations. The bottom
panel shows the comparison for the pT dependence. The gray
panel shown in top panel is not used in the fitting and is
excluded in the pT projection.

Figure 5 compares the projections of the e+e� yield
from heavy flavor decays onto the mass and pT axes to
the pythiaand mc@nlocalculations. The absolute nor-
malization of each calculation was adjusted to the data as
discussed below. The shape of the measured distributions
is well described by both simulations. Both projections
illustrate the fact that bottom production is dominant at
high mass or pT .

In the double di↵erential spectra, the separation of
e+e� pairs from charm and bottom decays becomes even
more evident. This is illustrated in Fig. 6. At lower pair
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FIG. 6: Double di↵erential e+e� pair yield from semi-
leptonic decays of heavy flavor as simulated by pythiaand
mc@nlo. Shown are mass projections in slices of pT . The pT
intervals are indicated in each panel.

momenta, charm production dominates the yield below
3 GeV/c2 mass. This dominance vanishes around pT = 2
GeV/c and reverses at higher pT , where bottom produc-
tion dominates. Note that this separation of bottom and
charm in mass versus pT is predicted by both generators
and is thus model independent.
To separate bottom and charm yields quantitatively,

we fit the distributions shown in Fig. 6 to the data shown
in Fig. 4 with two free parameters, Ncc̄ and Nbb̄. These,
in turn, are used to determine the charm and bottom
cross sections.
The fits are performed according to

dnhf
ee

dmdpT

���
PHENIX

= Ncc̄
dncc̄

ee

dmdpT
+Nbb̄

dnbb̄
ee

dmdpT
, (9)

where the left hand side is the measured yield per
minimum bias triggered event, as shown in Fig. 4.
The ncc̄

ee and nbb̄
ee are determined either using the

pythiasimulation or the mc@nlosimulation, where the
simulation output was normalized to one cc̄ or bb̄ pair in
4⇡. The nee include the branching ratios for both the
quark and anti-quark to decay semi-leptonically. Fur-
thermore, the simulated spectra require that the decay
e+ and e� each have pT > 200 MeV/c and that both
fall into the PHENIX acceptance and satisfy an explicit
cut on the pair mT > 450 MeV/c. The fits are per-



e-h correlation in p-Pb �
•  electron-charged hadron  

–  D/Bからのdecay 

•  Near side, away sideともcentralで
enhancement 

•  Double ridge structure  

–  Light flavor と同じ起源？ 

45�

What*about*heavy*flavours?*

Michael*Weber*(CERN)*@*WPCF*2014*@*25.08.2014* 23*

CorrelaKons*with*heavy*flavour*parKcles:*
•  Trigger*parKcles:*heavy*flavour*(c,b)*

decay*electron,*1.0@2.0*GeV/c*
•  Associated*parKcle:*charged*hadrons,*

0.5@2.0*GeV/c*

SubtracKon:*
•  Double@ridge*also*in*HF*correlaKons*
•  Mechanism*affects*also*HF*parKcles*

45�
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ICP is larger than unity for electrons with low pT. In order to quantify the change of the correlation distribution
in the (∆ϕ,∆η) space, the correlation distribution in low-multiplicity p-Pb collisions was subtracted from the one in
high-multiplicity collisions. In Figure 4 (left panel) the result of the subtraction is shown in the (∆η,∆ϕ) space. The
double ridge structure displayed in the left panel of Figure 4 indicates that the observed modification in the correla-
tion function is mainly due to correlations of long range in pseudorapidity. This is qualitatively similar to what was
observed for di-hadron correlation [6]. In that case, the observed double-ridge structure can be described by hydrody-
namic model calculations assuming an extended system in the final state, as well as by colour glass condensate (CGC)
model calculations, through which gluon saturation in the initial state is represented. The responsible mechanism for
this structure might affect charm and beauty quarks as well.
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Figure 4. Difference between two-particle correlation distribution in high (0-20%) and low (60-100%) multiplicity p-Pb collisions, in the (∆η,∆ϕ)
space (left panel) and the projection on the ∆ϕ axis (right panel).

5. Conclusions
Measurements of several observables related to heavy-flavour decay electrons were performed with ALICE in pp,

p-Pb and Pb-Pb collisions at the LHC. Interesting effects were observed, which can be attributed to the interaction
of heavy-quarks with the hot and dense medium produced in Pb-Pb collisions or to the cold nuclear matter effects in
p-Pb collisions, respectively.
In Pb-Pb collisions a strong modification in the pT-differential yield of electrons from heavy-flavour hadron decays,
due to parton energy-loss in the hot and dense QCD medium, was measured. In high-multiplicity p-Pb collisions
a double-ridge structure was observed in the two-particle correlation distribution triggered by heavy-flavour decay
electrons, similarly to what was observed for light-flavour hadrons, indicating that the responsible mechanism might
affect the dynamics of heavy quarks as well.
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√
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Dielectron channel in p-Pb �
•  Consistent with the hadronic cocktail calculation within 

the uncertainties 
–  Charm and bottom pair production: based on Pythia(pp simulation) 
–  TpPb =0.0983±0.0035(mb-1) scaling 

46�



Dielectron channel in p-Pb �
•  How about higher mass and higher pT? 

–  Bottom quark pairs  

•  TRD/EMCAL triggerによりmass領領域を拡張可能 

47�
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Future in LHC-ALICE �
•  e-μcorrelation  

–  Forward-backward correlation 

•  D-hadron 
–  Promising after ALICE upgrade 

– 特に2018年年以降降のITS, TPC アップグレードで統計, 系統
誤差ともに⼤大幅改善 

48�
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Summary�
•  pA衝突でのLong-range correlationの発⾒見見 

–  AA衝突ridgeと似た傾向 
•  Mass ordering 
•  Quark number scaling 

–  v2{4}=v2{6}=v2{8}=v2{LYZ}  
 → collectivity? 

•  Initial state(CGC, fluctuation, thermalization)の理理解がより
重要 

•  Heavy quark pair⽣生成におけるCNM効果の検証 
–  e-μ in d+Au: back-to-back correlationの抑制 
–  e-h in p-Pb: double ridge structure 
–  Dielectron channel: ongoing 
–  D-hadron: promising after ALICE upgrade �

49�

RHIC 
He+Au: 異異なる初期geometry 
eRHIC, LHeC 



Back up �
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Models for heavy quarks�

51�

•  Various models�

MinJung Kweon, Inha University High Energy Strong Interactions A School for Young Asian Scientists: , September 23rd, 2014

Observables constraining models
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๏ Comparison of theoretical model predictions to different observables 
simultaneously.

๏ Constraints on the description of the energy-loss mechanisms. 
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Heavy flavor production in HIC�
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Charm and bottom quarks are created at the early stage of  heavy-ion 
collisions through initial hard scattering. 
  → Good probe to study  the properties of  the medium  
•  Energy loss in medium 

–  Gluon radiation  
–  Collisional loss 
ΔEg >ΔEc> ΔEb due to dead cone effect 
Modification of  heavy flavor correaltion   

•  Thermalization of  charm quarks 
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FIG. 14: The first-order harmonic of 2PC before recoil subtraction vunsub1,1 (left panel) and after recoil subtraction v1,1 (right
panel) as a function of paT for different pbT ranges for events with N rec

ch ≥ 220. The error bars and shaded boxes represent the
statistical and systematic uncertainties, respectively.
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FIG. 15: The paT dependence of v1 extracted using the factorization relations Eqs. (13) and (14) in three reference pbT ranges for
events with N rec

ch ≥ 220. The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

D. Comparison of vn results between high-multiplicity p+Pb and peripheral Pb+Pb collisions

In the highest multiplicity p+Pb collisions, the charged particle multiplicity, N rec
ch , can reach more than 350 in

|η| < 2.5 and EPb

T close to 300 GeV on the Pb-fragmentation side. This activity is comparable to Pb+Pb collisions at√
sNN = 2.76 TeV in the 45–50% centrality interval, where the long-range correlation is known to be dominated by

collective flow. Hence a comparison of the vn coefficients in similar event activity for the two collision systems can
improve our current understanding of the origin of the long-range correlations.
The left column of Fig. 16 compares the vn values from p+Pb collisions with 220 ≤ N rec

ch < 260 to the vn values for
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contribution from the negative recoil and positive dipolar flow in this pT range [9, 51] according to the following
form [52, 53]:

vunsub1,1 (paT, p
b
T) ≈ v1(p

a
T)v1(p

b
T)−

paTp
b
T

M⟨p2T⟩
, (12)

where M and ⟨p2T⟩ are the multiplicity and average squared transverse momentum of the particles in the whole
event, respectively. The negative correction term reflects the global momentum conservation contribution, which is
important in low-multiplicity events and at high pT. The shoulder-like structure in Fig. 14 reflects the contribution
of the dipolar flow term v1(paT)v1(p

b
T).

After the recoil subtraction, the magnitude of v1,1 is greatly reduced, suggesting that most of the momentum
conservation contribution has been removed. The resulting v1,1 values cross each other at around paT ∼ 1.5–2.0 GeV.
This behavior is consistent with the expectation that the v1(pT) function crosses zero at pT ∼ 1–2 GeV, a feature that
is also observed in A+A collisions [9, 51]. The trigger pT dependence of v1 is obtained via a factorization procedure
very similar to that discussed in Sec. III E

v1(paT) ≡
v1,1(paT, p

b
T)

v1(pbT)
, (13)

where the dipolar flow in the associated pT bin, v1(pbT), is defined as

v1(pbT) = sign(pbT − p0T)
√

∣

∣v1,1(pbT, p
b
T)
∣

∣ , (14)

where sign(pbT − p0T) is the sign of the v1, defined to be negative for pbT < p0T = 1.5 GeV and positive otherwise. This
function is necessary in order to account for the sign change of v1 at low pT.
To obtain the v1(paT), three reference pbT ranges, 0.5–1 GeV, 3–4 GeV and 4–5 GeV, are used to first calculate

v1(pbT). These values are then inserted into Eq. (13) to obtain three v1(paT) functions. The uncertainties on the v1(paT)
values are calculated via an error propagation through Eqs. (13) and (14). The calculation is not possible for pbT in
the range of 1–3 GeV, where the v1,1 values are close to zero and hence the resulting v1(pbT) have large uncertainties.
The results for v1(paT) are shown in Fig. 15 for these three reference pbT bins. They are consistent with each other.

The v1 value is negative at low pT, crosses zero at around pT ∼ 1.5 GeV, and increases to 0.1 at 4–6 GeV. This
pT-dependence is similar to the v1(pT) measured by ATLAS experiment in Pb+Pb collisions at

√
sNN = 2.76 TeV [9],

except that the v1 value in Pb+Pb collisions crosses zero at lower pT (∼ 1.1 GeV), which reflects the fact that the
⟨pT⟩ in Pb+Pb at

√
sNN = 2.76 TeV is smaller than that in p+Pb at

√
sNN = 5.02 TeV.
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where M and ⟨p2T⟩ are the multiplicity and average squared transverse momentum of the particles in the whole
event, respectively. The negative correction term reflects the global momentum conservation contribution, which is
important in low-multiplicity events and at high pT. The shoulder-like structure in Fig. 14 reflects the contribution
of the dipolar flow term v1(paT)v1(p

b
T).

After the recoil subtraction, the magnitude of v1,1 is greatly reduced, suggesting that most of the momentum
conservation contribution has been removed. The resulting v1,1 values cross each other at around paT ∼ 1.5–2.0 GeV.
This behavior is consistent with the expectation that the v1(pT) function crosses zero at pT ∼ 1–2 GeV, a feature that
is also observed in A+A collisions [9, 51]. The trigger pT dependence of v1 is obtained via a factorization procedure
very similar to that discussed in Sec. III E

v1(paT) ≡
v1,1(paT, p
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, (13)

where the dipolar flow in the associated pT bin, v1(pbT), is defined as
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√
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∣

∣ , (14)

where sign(pbT − p0T) is the sign of the v1, defined to be negative for pbT < p0T = 1.5 GeV and positive otherwise. This
function is necessary in order to account for the sign change of v1 at low pT.
To obtain the v1(paT), three reference pbT ranges, 0.5–1 GeV, 3–4 GeV and 4–5 GeV, are used to first calculate

v1(pbT). These values are then inserted into Eq. (13) to obtain three v1(paT) functions. The uncertainties on the v1(paT)
values are calculated via an error propagation through Eqs. (13) and (14). The calculation is not possible for pbT in
the range of 1–3 GeV, where the v1,1 values are close to zero and hence the resulting v1(pbT) have large uncertainties.
The results for v1(paT) are shown in Fig. 15 for these three reference pbT bins. They are consistent with each other.

The v1 value is negative at low pT, crosses zero at around pT ∼ 1.5 GeV, and increases to 0.1 at 4–6 GeV. This
pT-dependence is similar to the v1(pT) measured by ATLAS experiment in Pb+Pb collisions at

√
sNN = 2.76 TeV [9],

except that the v1 value in Pb+Pb collisions crosses zero at lower pT (∼ 1.1 GeV), which reflects the fact that the
⟨pT⟩ in Pb+Pb at

√
sNN = 2.76 TeV is smaller than that in p+Pb at

√
sNN = 5.02 TeV.
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54Coherent MPI effects

ALICE, PLB 727 (2013) 371

Rise of <pT> can not be reproduced 
by incoherent superposition of MPI



Particle spectra�
•  Radial flowを⽰示唆？  �

55�

30Identified-particle pT spectra vs multiplicity

● Spectra measured in bins of multiplicity

● For kaons and more for protons shape 

changes with increasing multiplicity

● As expected from radial flow

KaonsPions ProtonsE
ve

nt
 m

ul
tip

lic
ity

CMS, arXiv:1307.3442|ylab|<1

π± 0.1  1.2 GeV/‒ c

K± 0.2  1.05 GeV/‒ c

p(p) 0.4  1.7 GeV/‒ c

pT
flow= pT+mβT

flow γT
flow

Radial flow expected to reflect in 
spectra, in particular in p/π ratio

Shuryak and Zahed, PRC 88 (2013) 044915
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A Large Ion Collider Experiment

Blast-Wave Model

Hydrodynamic-inspired model, that 
assumes

● hard sphere uniform density 
particle source with temperature T

● collective transverse radial flow 
velocity β

Transverse velocity distribution βr(r) for 

0 < r < R parametrized with 

● surface velocity βs 

● velocity profile n

Resulting spectrum is superposition of 
the individual thermal components, 
each boosted with the boost angle ρ

I0 and K1 modified Bessel functions

Schnedermann, PRC 48, 2462 (1993)



Blast wave fit in pp �

57�

Jonas Anielski   -   Hot Quarks   -   September 2014 20

A Large Ion Collider Experiment

Blast-Wave Parameters – Adding pp

π/K/p Blast-Wave analysis:
● pp data:

● Shows similar behavior as p-Pb and Pb-Pb
● Note: slightly different fit ranges for pp

● PYTHIA 8:
● Blast-Wave fit results from PYTHIA (with Color 

Reconnection) show similar trend, but this is not 
hydrodynamic flow

low mult high mult fit quality high multiplicity pp 

Caveat: potential bias by selecting 
multiplicity at mid-rapidity



Thermal model�
•  Baryon suppression? �
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A Large Ion Collider Experiment

Particle Production – The Big Picture

Strangeness enhancement K* suppression

Deuteron enhancement Baryon suppression?



Thermal model�
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Initial state dependence on η/s�
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η/s from comparison with observed v2
• Luzum & Romatschke, Phys.Rev.C78:034915,2008

• η/s = 0.08 or η/s = 0.16 depending on initialization
• consensus: 1 < 4πη

s
< 5

P. Huovinen @ QM Student lecture, May 18, 2014 31
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• η/s = 0.08 or η/s = 0.16 depending on initialization
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s
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P. Huovinen @ QM Student lecture, May 18, 2014 31

Phys.Rev.C78:034915,2008� Testing the initial state model in U+U collisions

27

B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. C89, 064908 (2014)

Experimental Data: STAR Collaboration, H. Wang, Nucl. Phys. A (in press, 10.1016/j.nuclphysa.2014.08.086)

Ultra-central collisions of deformed nuclei distinguish between 
different models of particle production - IP-Glasma preferred
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