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導⼊入

多くの⼈人に聞かれること  
RHICやLHCでQGPのようなものはあったのだろう。しかし、状況証拠でなく
QGPの確固たる実験的証拠がほしい！！  
QGPの発⾒見見はインパクトがあった。次に打ち上がる花⽕火(新聞に載るような記者
発表ネタ)はどんな内容なのか？
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これまでの重イオン実験に関する記者発表ネタ  

⽕火の⽟玉宇宙を再現(ジェットクエンチングの発⾒見見)  (2003)  

RHICにおける「完全な流流体」の発⾒見見(2005)  

4兆度度に成功「ビッグバン」直後を再現(2010)  

⼩小さい系(ストレンジネス増⼤大)  (2017,  CERNからプレスリリース)  

n-‐‑‒Ξの⼤大きな引⼒力力？(2018？)



次の打ち上げ花⽕火(になるか？)❶

QGP物性の⾼高精度度化  
物性の温度度依存性と極⼩小値(相転移点)の⾒見見極め。液体からガスへの性質変化。  
クロスオーバー相転移(カイラル凝縮や⾃自由度度)の定量量化。相転移近傍の現象。  
他の物性量量(粘性→完全な流流体、伝導度度・⽐比熱・拡散率率率・緩和時間→???)。  
強電磁場中での物性(物性の磁場依存性)。  
⼩小さい粘性の起源。  
QGPの性質？⾼高強度度カラー場による異異常粘性？
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次の打ち上げ花⽕火(になるか？)❷
QGP(や⾼高エネルギー重イオン衝突)をツールとして  
カイラル対称性の回復復の発⾒見見や閉じ込め機構の解明  
エキゾチックハドロンの探索索や内部構造  
バリオン間相互作⽤用  
核⼦子や原⼦子核核⼦子の内部構造(グルーオン飽和、量量⼦子揺らぎ)  
最⾼高強度度電磁場？  
最⾼高強度度カラー電磁場?
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次の打ち上げ花⽕火(になるか？)❸

⾼高密度度側での新発⾒見見  
⾼高密度度天体の内部構造を実現  
新しい相の発⾒見見  
カラー超電導相に繋がる何か？
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(個⼈人的に思う)次に⽬目指すもの

物性量量の温度度依存性  
EoS、体積粘性(ζ/s)、ずれ粘性(η/s)、伝導度度、拡散係数などの温度度依存性。
相転移の⾒見見極めやガス状への変化。  

相転移近傍の物理理(真空の構造と変質)  
カイラル凝縮、基本⾃自由度度・閉じ込め、クォーク対相関、グルーオン場の凝縮  

強相関の起源  
QCDの⾃自明な性質？それともグラズマの異異常粘性？  

これらの”磁場”に対する依存性。相構造研究の３次元化
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必要不不可⽋欠なもの

⾼高精度度な実験データ  
重イオン衝突の時空発展の正しい理理解  
今は、現象論論モデルで使われてきた仮定を再検証する時期  
初期状態と量量⼦子ゆらぎ  
流流体化と熱化  
QGPの時空発展(局所熱平衡、流流体揺らぎ、散逸過程、電磁流流体、渦)  
クロスオーバー相転移、フリーズアウト
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衝突初期と量量⼦子ゆらぎ

vn,  vn*vm相関(pT,  η)に強く現れる→η/s,  ζ/s  
初期が分からないと、最終的には何も分からないのと同じ  
実験結果を再現する初期モデル  
IP-‐‑‒Glasma  (IP-‐‑‒Sat  CGC  initial  conditions  with  classical  Yang-‐‑‒Mills  dynamics)  
EKRT  (NLO-‐‑‒improved  pQCD  (mini-‐‑‒jets)  +  saturation)  
グルーオン飽和＋sub  nucleonスケールのゆらぎが重要
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IP-‐‑‒GLASMA,  EKRT
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Phys. Rev. C 95, 064913 (2017)PhysRevC.93.024907

η/s = 0.1(IP-Glasma) - 0.2 (EKRT) 



初期と粘性の制限
ベイズ推定(様々な仮定があることに注意)  
KLNとGlauberでなくEKRTを⽀支持する
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初期と粘性の制限
ベイズ推定(様々な仮定があることに注意)  
η/s,  初期条件(エントロピー密度度、核⼦子サイ
ズ),  ζ/sは互いに強い相関を持つ  
よく制限できているのはTc付近のみ

11

1605.03954 charged 
identified yield, <pT>, vn



初期と粘性の制限(最新結果？)
QM2018のS.  Bassのポスター  
η/sとζ/sのCRが広い。。。何が変わったのだろうか？ζ/sの仮定？  
これが最新結果だとすると、Tcから離離れているところはまだまだ制限できていない
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Understanding phenomenological constraints on 
the transport coe✓cients of QCD
Ste⌅en A. Bass, Jonah Bernhard, J. Scott Moreland & Jean-François Paquet

  

 �/s & �/s have a non-trivial temperature-dependence that 
heavy ion measurements can help constrain in the 
temperature range ~100-500 MeV probed in A+A collisions at 
LHC and top RHIC energies

τΠ Π̇+Π = −ζ θ +2nd order
τπ π̇

⟨μ ν⟩+πμν = −ηπμ ν +2nd order

  

Υ⃗ (η/s(T),ζ/s(T),...)=Model prediction given viscosities & other parameters

Likelihood( ηs,ζs,...)∝exp(−12[Υ⃗ ( ηs,ζs,...)−D⃗]
T

C−1[Υ⃗ ( ηs,ζs,...)−D⃗])

C⃗=Covariance matrix encoding uncertainties

Use hydrodynamic models 
of heavy ion collisions

Constraints onη
s:∫d(all parameters except

η
s)Likelihood( ηs,ζs,...)⊗Priors

 Shear viscosity #/s and bulk viscosity &/s: first order transport 
coe3cients of QCD

Bayesian (probabilistic) constraints (Ref. [1]):

  
Experimental 

data
Model 

(or model emulator)

Model 
parameters:
�/s(T), 
�/s(T), ...

Observables

Loss of information

Bayesian analysis

Why use Bayesian analysis on model calculations? 
Controlled setting to understand how observables

 constrain �/s(T) and �/s(T)
  

  

 

References

  

More di✓cult to 
constrain a narrow 
peak in bulk 
viscosity

Example: peak in bulk viscosity

Wide peak 
recovered

Trento ansatz 
captures relevant 
features of IP-
Glasma

Uncertainties in mapping viscous part of energy-momentum tensor 
(from hydrodynamics) to the momentum distribution of hadrons

How to reduce “@f” uncertainties on �/s(T) and �/s(T)?
Method 1: Better theoretical control, e.g. Refs. [5-9]
Method 2: Parametrize “@f” and constrain with data
Method 3: Choose observables less dependent on “7f” viscous 
corrections
e.g. transverse energy ET almost independent of “7f”

Can such new hadronic observables be measured? 
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Perform a Bayesian analysis on hadronic observables 
computed with a wide and a narrow peak for �/s(T).

h±:dN/d�,transverse energyET,⟨pT⟩fluctuations & v2/3/4
π±,K±,p:dN/dy & ⟨pT⟩
Centralities 0 to 70% in 5% bins;√sNN=2.76 & 5.02TeV

Consistent with Ref. [3]:

 Bayesian analysis on model calculations can help interpret phenomeno- 
logical constraints on �/s(T) & �/s(T) 

 Constraints are probabilistic and must be interpreted with care
 Further evidence that the Trento initial condition ansatz captures the relevant 
features of microscopic models of the early plasma like IP-Glasma       

 Observables that minimize theoretical uncertainties (e.g. “@f”) could provide 
valuable complementary constraints on �/s(T) & �/s(T)

 Constraints on shear viscosity appear to be robust against uncertainties

 Use methods presented in this work to:
 identify observables that are redundant or complementary
 find observables that can minimize theoretical uncertainties
 conduct additional stress-tests to better understand probabilistic constraints

to measurable observables 
to relate QCD viscosities

(which describe well 
hadronic data)

Posterior sample vs IP-
Glasma calculations
(for “Scenario 1”)

Observables:

Motivation: shear and bulk viscosity from heavy ion data Using Bayesian methods to constrain the viscosities of QCD

Understanding constraints using model-generated “data”

Studying systematics from initial conditions of hydrodynamic model

Systematics from viscous corrections, “7f”

Outlook

Summary

Note: uncertainties in Bayesian 
constraints are larger in this example 
because fewer centralities and 
collision energies were used.

Scenario 1: large & wide bulk peak

Scenario 2: small & wide bulk peak

 Viscosities extracted 
from data depend on 
initial conditions

 Trento as flexible ansatz 
of initial conditions?

 Stress-test: 
I. Compute hadronic 
observables from a 
hydrodynamic model 
with IP-Glasma initial 
conditions (Ref. [2])
II. Bayesian analysis on 
observables assuming 
Trento initial conditions

 Stress-test (using IP-Glasma “Scenario 1” set-up): 
I. Compute hadronic observables with 14-moments “7f” for 
shear viscosity & relaxation-time-approx. “7f” for bulk viscosity
II. Bayesian analysis on observables assuming Duke“7f” ansatz
                                           (Refs. [1] & [4])f(p⃗)→zΠf(p⃗+(Λπ+ΛΠ)p⃗)

Guiding principle: particle-momentum 
based observables, as opposed to e.g. 
particle-number based
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状態⽅方程式と粘性

η/sが60%くらい変化する  →  相転移温度度付近のEoSの重要性
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体積粘性
η/sの決定にも重要  
時空発展にも重要  
体積粘性の⼤大きさは理理解
されている？
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Onset of cavitation in ultrarelativistic heavy ion collisions Gabriel S. Denicol

  1

Π/Pparam. I Π/Pparam. II

Figure 2: (Color online) Spacetime evolution of P/P0 in a hydrodynamic simulation of a central Pb-Pb
collision. The left panel shows the simulation that employed parametrization 1 of z/s while the right panel
shows the same simulation using parametrization 2.

Figure 3: (Color online) Spatial profiles of temperature (upper panels) and P/P0 (lower panels) for three
time steps of our simulation, t = 2.6 fm (left panels), t = 4.6 fm (middle panels), and t = 6.6 fm (right
panels).
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The other choice of bulk viscosity is a parametrization of calculations from lattice QCD [2], for the
QGP phase, and, once more, [13] for the hadronic phase. In this case, the calculations are matched
around Tc = 180 MeV with a much larger value of z/s, z/s(Tc) ⇡ 1. So both parametrizations of
z/s are the same in the hadronic phase and are very similar in the QGP phase (at high temperatures,
both choices of z/s are basically zero). However, they differ considerably in the phase transition
region, for temperatures 170 < T < 190 MeV. In the following we will see that, even though the
viscosities are only different in such narrow temperature domains, they are still able to considerably
modify the time-evolution of the system. Both parametrizations are shown in Fig. 1(a).

Figure 1: (Color online) The left panel shows the bulk viscosity over entropy density ratio as a function of
temperature (normalized by Tc = 180 MeV). The solid blue line corresponds to parametrization 1 and the
dashed red line to parametrization 2. The right panel shows the initial temperature profile employed in all
simulations discussed in this work.

As a test case, we consider the hydrodynamic simulation of one perfectly central (impact pa-
rameter equal to zero) Pb-Pb collision event at LHC energies. The initial state considered is calcu-
lated using the MC-Glauber model, with the initial energy density of the system being proportional
to the density of participants. The initial time is taken to be t0 = 0.6 fm and we further assume that
the system starts at rest and in local thermodynamic equilibrium, i.e., ui (t0) = P(t0) = pµn (t0) =

0. The initial entropy of the medium is determined in such a way that the multiplicity of charged
hadrons measured at the LHC is described. The initial temperature profile is plotted in Fig. 1(b).

3. Results

In Figs. 2(a) and (b) we show the space-time profile of P/P0 in the chosen hydrodynamic
event for the two parametrizations of z/s shown in Fig. 1. The P/P0 profiles are shown in the⇣

t,r =
p

x2 + y2
⌘

plane, along the x = y axis.
We see that the effective pressure of the system, Peff = P0 +P, can become very low in some

spacetime points for both parametrizations of z/s considered. Such small values of pressure occur
exactly in the phase transition region, where the bulk viscosity has a peak. The second parametriza-
tion, which has the largest bulk viscosity around the phase transition region, leads to the formation
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Π/P0の時空発展
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JORGE NORONHA, QM2018

Π: bulk viscous pressure



FLUCTUATING  HYDRO

η/sに⼤大きな影響  →  流流体揺らぎの重要性
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K.  Murase,  HIC  
M.  Singh,  QM2018

Formal development – Hydrodynamic fluctuations

• Hydro fluctuations can be included by introducing a stochastic term.
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• Hydro fluctuations are conceptually significant !

G

xy,xy

R

(!) ⇠ P| {z }
ideal+noise

�i!⌘| {z }
1st order+noise

+O(!3/2)
| {z }

noise

+⌘⌧

⇡

!

2

| {z }
2nd order

, talk by Y. Akamatsu

P.Kovtun et al. PRD84(2011), 025006

12/21



流流体化
Free  streaming  (IP-‐‑‒Glasma)  
Kinetic  Theory  or  Anisotropic  Hydro
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Phys.Rev. C90, 044908 (2014)

A.  Mazeliauskas,  QM2018,  
M.  Alqahtani,  QM2018  

1410.5786



ANISOTROPIC  HYDRO
完全に流流体化する前の
anisotropyを取り⼊入れる  
物性量量はどう変わる？  
η/s  =  0.16  (Glauber  I.C.).    
昔は0.08程度度.    

        →流流体化過程の重要性
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A.  Mazeliauskas,  QM2018,  
M.  Alqahtani,  QM2018

Conclusions and outlook
• Anisotropic hydrodynamics takes into account momentum-space anisotropies of the QGP from the 

beginning.

• Quasiparticle anisotropic hydrodynamics more self-consistently treats the non-conformality of the QGP than 
prior approaches.

• Using aHydroQP, we were able to fit both ALICE 2.76 TeV Pb-Pb and RHIC 200 GeV Au-Au (preliminary results) 
collisions quite well.

• Our model predicts for ALICE experiments
!
" = $. &'(, )$ =600 MeV at *0=0.25 fm/c, ,-.=130 MeV.

• However, for RHIC experiments 
!
" = $. &/', )$ = 0'' MeV at *0=0.25 fm/c, ,-.=130 MeV.

• The peak value of 1/3~0.05which is smaller than what other viscous studies (arXiv:1502.01675) found ~0.3
at LHC energies (2.76 TeV).

• Looking to future, we are working on improving our code in many ways
Ø Going from LO aHydro to NLO aHydro. 
Ø Including fluctuating initial conditions.
Ø Including temperature dependence of 78
Ø Realistic collisional kernels instead of relaxation time approximation (RTA).
Ø Including elastic hadronic collisions using some available codes on the market like URQMD or SMASH.
Ø Including finite chemical potential which is important for RHIC lower energies.

19

Motivation of anisotropic hydrodynamics
• Viscous hydrodynamics is derived by linearization around an isotropic equilibrium 

distribution function

• However, QGP in the local rest frame is a highly anisotropic plasma.
• To take this into account in anisotropic hydrodynamics (aHydro), momentum-space 

anisotropies are included from the beginning (W. Florkowski and R. Ryblewski, arXiv:1007.0130 and 
M. Martinez and M. Strickland, arXiv:1007.0889)

3

f(x, p) = feq

 p
p

µ⌅µ⌫(x)p⌫

�(x)

!
+ �f(x, p)

f(x, p) = feq

✓
p

µ
uµ

T

◆
[1 + �f(x, p)]

⌅µ⌫ = uµu⌫ + ⇠µ⌫ ��µ⌫�

!" LRF four velocity
#"$ the traceless anisotropy tensor
Δ"$ the transverse projector
Φ the degree of freedom associated with bulk



QGP＝熱平衡系？

流流体化はしているが、熱化しているとは限らない  
流流体化＝エネルギー密度度や圧⼒力力の間に状態⽅方程式以外の関係が成⽴立立し、巨視的に
は流流体⽅方程式に従うようになる状態  
熱化=圧⼒力力や内部エネルギー密度度等の熱⼒力力学関数や粒粒⼦子の運動量量分布が熱分布に
従うようになる状態  

局所熱平衡を必要とする結果は？熱化していない場合の物性量量(の意味)は？  
実験で熱化のシグナルをきちんと検証することが重要  
RHICやLHCの低運動量量光⼦子の起源を理理解することが重要

18



クロスオーバー相転移
秩序変数が温度度とどう変わるか？流流体モデルにどう⼊入っているのか？  
実験で温度度の関数として直接測れれば嬉しいのだが。。。

19



他の物性量量ー拡散係数
低い運動量量の重クォーク測定→拡散係数(ブラウン運動)  
η/sと同様に⾼高温度度側はよく制限できていない

20

Y. Xu et al., arXiv:1704.07800



⼩小さい系でのVN:  流流体計算
IP-‐‑‒Glasma  +  MUSIC(hydro)  +  UrQMD

21

Quantum$evolu'on$of$CGC:$state$of$the$art$

A$recent$development:$$
$color$fluctua'ons$of$$
proton$shape$/QS$in$$
IP.Glasma$model/JIMWLK$

Explains$DIS$HERA$data$on$incoherent$diffrac've$J/ψ$produc'on$
Mantysaari,Schenke,$arXiv:1603.04349$

IP.Glasma:$IP.sat$color$dist.+YM$fields$
$$Schenke,Tribedy,RV,$arXiv:1202.6646$

Schenke,Schlich'ng,$arXiv:1407.8458$

Michael Strickland, QM2018

	
   •	
   sub-­‐nucleonic	
  fluctua0ons	
    



⼩小さい系でのVN:  輸送計算
Transport  model(Kinetic  theory,  weak  coupling)でもOK

22

短軸⽅方向のパートン
はエスケープする
arXiv:1803.02072

M. Strickland 25

A paradigm shift?
a) Magnitude of v2 is consistent 

with “few hit” kinetic theory.
b) Similar energy density and 

flow profiles obtained using 
transport and hydro.

c) Hydro models that are based 
on quasiparticle transport 
describe elliptic flow.

d) NLO pQCD calculation of η/s 
gives values which are 
consistent with 
phenomenologically 
extracted values.

A. Kurkela, U. Weidemann, and B. Wu, 1805.04081 

<latexit sha1_base64="RllXOmHNYjauxNTBQbBcsacfRYQ=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0xE0WPRi8cK9gOaUDbbTbt0dxN2J0It/SVePCji1Z/izX/jts1BWx8MPN6bYWZenAluwPe/nZXVtfWNzdJWeXtnd6/i7h80TZpryho0Falux8QwwRVrAAfB2plmRMaCteLh7dRvPTJteKoeYJSxSJK+4gmnBKzUdSshA3JmcGi4xL532XWrvufPgJdJUJAqKlDvul9hL6W5ZAqoIMZ0Aj+DaEw0cCrYpBzmhmWEDkmfdSxVRDITjWeHT/CJVXo4SbUtBXim/p4YE2nMSMa2UxIYmEVvKv7ndXJIrqMxV1kOTNH5oiQXGFI8TQH3uGYUxMgSQjW3t2I6IJpQsFmVbQjB4svLpHnuBb4X3F9UazdFHCV0hI7RKQrQFaqhO1RHDURRjp7RK3pznpwX5935mLeuOMXMIfoD5/MH7Q2R8Q==</latexit>

K. Gallmeister et al,, 1804.09512

Kinetic theory

M. Alqahtani et al, PRL 119, 04230 (2017)
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<latexit sha1_base64="w1Qt1FVLzs17nsT3rnlpD0tqv8o=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqBch6MVjBPOAZAmzk04yZHZ2nZkNhCXf4cWDIl79GG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4f1HWUKIY1FolINQOqUXCJNcONwGaskIaBwEYwvJv6jREqzSP5aMYx+iHtS97jjBor+W009EyTG+KWvctOseSW3RnIMvEyUoIM1U7xq92NWBKiNExQrVueGxs/pcpwJnBSaCcaY8qGtI8tSyUNUfvp7OgJObFKl/QiZUsaMlN/T6Q01HocBrYzpGagF72p+J/XSkzv2k+5jBODks0X9RJBTESmCZAuV8iMGFtCmeL2VsIGVFFmbE4FG4K3+PIyqZ+XPRvZw0WpcpvFkYcjOIZT8OAKKnAPVagBgyd4hld4c0bOi/PufMxbc042cwh/4Hz+AEmhkHY=</latexit>

J. Ghiglieri, G.D. Moore, and D. Teaney, 1805.02663 

<latexit sha1_base64="FamNKQQC+IrBsJmStfd7zMWwRPE=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV0R9Bj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkd6brulsl/xZyDLJMhJGXLUuqWvTk+zLOEKmaTWtgM/xXBMDQom+aTYySxPKRvSPm87qmjCbTieXTshp07pkVgbVwrJTP09MaaJtaMkcp0JxYFd9Kbif147w/g6HAuVZsgVmy+KM0lQk+nrpCcMZyhHjlBmhLuVsAE1lKELqOhCCBZfXiaNi0rgV4L7y3L1Jo+jAMdwAmcQwBVU4Q5qUAcGj/AMr/Dmae/Fe/c+5q0rXj5zBH/gff4AS6qO7g==</latexit>

Quasiparticle
aHydro

BAMPS transport vs DNMR hydro

NLO pQCD

a)

b)

c)

d)

New theory results presented at QM2018!



⼩小さい系でのVN:  初期の効果
流流体を除く、初期の効果のみ(IP-‐‑‒Glasma  +  Lund)

23

Multiparticle correlations and mass ordering

M. Strickland 31

• In 1705.00745 and 1706.06260 Dusling, Mace, and Venugopalan
demonstrated that qualitative features of multiparticle 
correlations in p+A collisions can be reproduced by ISC: 

§ Ordering of vn{2} emerges naturally 
§ v2{2} > v2{4} (abelian version has v2{2} > v2{4} ≈ v2{6} ≈ v2{8})

QM18 talk
M. Mace

K. Dusling, M. Mace, R. Venugopalan, 1705.00745

• ISC reproduce particle mass 
dependence of <pT> and v2(pT)

• Gluons are fragmented into 
hadrons using the PYTHIA’s 
Lund string 
fragmentation

Schenke et al, 1607.02496 Schenke et al, 1607.02496 

QM18 talk
P. Tribedy



⼩小さい系の物理理：終状態効果と初期効果の競合

24

QM18 talk
M. Greif

Greif, et al, Phys. Rev. D 96, 091504, 2017

Putting the pieces together:  IP-Glasma + BAMPS
• How are large are ISC in a realistic simulations and to what extent do 

they survive subsequent final state interactions?
• Greif et al sampled IP-Glasma correlated gluons as the initial 

condition for the BAMPS parton cascade code.

M. Strickland 33

• Low multiplicity: ISC 
survive with only small 
modifications

• High multiplicity: final 
state interactions 
dominate

• 15% modification at high 
multiplicity

• Answer depends on 
momentum

with initial effects
without initial effects

• 低い運動量では終状態
• 高い運動量では初期状態
の効果が残る

• A-Aでの流体化の理解に
役立つ？(ボトムアップ)

M. Greif, C. Greiner, B. Schenke, S. Schlichting, Z. Xu, arXiv:1708.02076, Phys. Rev. D96, 091509(R)



現状
初期状態  →  グルーオン飽和＋sub  nucleonスケールの揺らぎ    
η/sの制限  →  初期状態、状態⽅方程式、ζ/s、流流体揺らぎに依存。まだ⼗十分に制限されていない。
特に⾼高温度度側。  
ζ/sの制限  →  まだ⼗十分に制限されていない。η/sや初期状態に依存。  
流流体による時空発展  →  fluctuating  hydrodynamics,  viscous  anisotropic  
hydrodynamics,  電磁流流体など。渦度度も重要なはず。→  統⼀一化への課題は？  
クロスオーバー、フリーズアウト  →  今の現象論論計算は現実的な扱いになっているのか？  
熱化  →  QGP＝熱平衡系を証明・否定する直接的な証拠は？低運動量量光⼦子⽣生成の解釈は？  
他の物性量量  →  重クォーク測定による拡散係数のみ(Tc付近のみ)。伝導度度・⽐比熱などはまだ。  
⼩小さい系  →  初期と終状態の競合。終状態は、HydroなのかTransportなのかは未解決。Hydro
は本当に適⽤用できる？ 25



(個⼈人的に思う)鍵となる測定

同定されたハドロンの⾼高次の集団運動とフロー相関の因⼦子化(運動量量、異異次フロー、ラピ
ディティ)  →  初期条件や粘性(η/s,  ζ/s,  EoS)の制限、流流体揺らぎ  
熱的光⼦子とHBT、熱的レプトン対、偏極  →  熱化の可否、⾼高温側の物性、初期-‐‑‒時空発展
-‐‑‒クロスオーバーのダイナミクス  
低質量量ベクトル中間⼦子  →  カイラル対称性の回復復(?)  
低運動量量の重クォークメソン  →  拡散係数  
低運動量量の重クォークバリオン  →  ダイクォーク構造、相転移(ハドロン化)近傍の性質  
クォーコニウム  →  クォーク・反クォーク相関(ポテンシャル)  
エキゾチックハドロン  →  閉じ込め

26



⾼高次の集団運動
事象ごとの集団運動:  P(vn)  →  現状は4次まで。  
vn同⼠士の相関  :  SC(n,m)  →  (2,3),  (2,4),  (2,5),  (3,4),  (3,5)  
線形と⾮非線形応答

27

初期状態の制限、Tc付近のη/sの決定(⾼高温のη/sの決定は難しいか…)

                                                                                                                                                                                                                                                                                                                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                                                                             

You Zhou (Niels Bohr Institute) @ QM2018, VeneziaMay 17th, 2018

Underlying p.d.f. P(v2)

�15

Talk: J. Margutti, May 15thALICE, arXiv:1804.02944 

❖ Run1: ATLAS studied p(vn) via Bayesian unfolding procedure
❖ Run2: ALICE extracted p(v2) via fitting the 2- and multi-

particle cumulants via Elliptic-Power function
P(v2) rescaled by <v2> in agreement with ATLAS results 
->  flow fluctuations has no/weak dependence on energy and 
kinematic cuts
Similar results available from CMS
Reproduced by hydro calculations

ATLAS, JHEP11(2013)183

                                                                                                                                                                                                                                                                                                                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                                                                             

You Zhou (Niels Bohr Institute) @ QM2018, VeneziaMay 17th, 2018

Centrality Percentile
0 10 20 30 40 50 60 70

nv

0

0.05

0.1

| > 1}η∆{2,|2v
{4}2v
{6}2v
{8}2v

| > 1}η∆{2,|3v
| > 1}η∆{2,|4v

 = 5.44 TeVNNsALICE Xe-Xe 
c < 3.0 GeV/

T
p0.2 < 

| < 0.8η|

/s(T) (param1)ηEKRT, 
|>1.0}η∆{2, |2 v
|>1.0}η∆{2, |3 v
|>1.0}η∆{2, |4 v

/s = 0.20ηEKRT, 
|>1.0}η∆{2, |2 v
|>1.0}η∆{2, |3 v
|>1.0}η∆{2, |4 v

New Systems! Flow in Xe-Xe collisions

�5

❖ First measurement of v2, v3 and v4 with 2- and multi-
particle cumulants in Xe-Xe collisions at 5.44 TeV 

precious opportunity to examine hydrodynamic 
model (constrain the initial state models & transport 
properties)
various initial state models have or will be examined

EKRT, TRENTo, MC-KLN, MC-Glauber (nucleon, 
quark) (✔)
IP-Glasma, AMPT-IC (?)

ALICE, arXiv:1805.01832 Talk: H. Niemi, May 16th

K.J. Eskola et al, 
PRC97, 034911 (2018)

                                                                                                                                                                                                                                                                                                                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                                                                             

You Zhou (Niels Bohr Institute) @ QM2018, VeneziaMay 17th, 2018

Centrality Percentile
0 10 20 30 40 50 60 70

nv

0

0.05

0.1

| > 1}η∆{2,|2v
{4}2v
{6}2v
{8}2v

| > 1}η∆{2,|3v
| > 1}η∆{2,|4v

 = 5.44 TeVNNsALICE Xe-Xe 
c < 3.0 GeV/

T
p0.2 < 

| < 0.8η|

/s(T) (param1)ηEKRT, 
|>1.0}η∆{2, |2 v
|>1.0}η∆{2, |3 v
|>1.0}η∆{2, |4 v

/s = 0.20ηEKRT, 
|>1.0}η∆{2, |2 v
|>1.0}η∆{2, |3 v
|>1.0}η∆{2, |4 v

New Systems! Flow in Xe-Xe collisions

�5

❖ First measurement of v2, v3 and v4 with 2- and multi-
particle cumulants in Xe-Xe collisions at 5.44 TeV 

precious opportunity to examine hydrodynamic 
model (constrain the initial state models & transport 
properties)
various initial state models have or will be examined

EKRT, TRENTo, MC-KLN, MC-Glauber (nucleon, 
quark) (✔)
IP-Glasma, AMPT-IC (?)

ALICE, arXiv:1805.01832 Talk: H. Niemi, May 16th

K.J. Eskola et al, 
PRC97, 034911 (2018)

1709.01127



FLOW  FACTORIZATION
vs.  pT  →  ソフトとハード、流流体揺らぎ？  
vs.  ラピディティ→初期フロー、流流体揺らぎ、トルク

28

twist  angle  and  flow  magnitude  decorrelation  3+1D  hydro  model  (1711.03325)

twist

magnitude

magnitude
+twist

P.  Bozek,  QM2018 A.  Sakai,  QM2018



重クォークの測定
拡散係数(ブラウン運動)  →  低い運動量量の重クォーク測定精度度の向上が最重要  
低運動量量bクォークハドロンの測定に期待  

グルーオン放射によるエネルギー損失  →  ソフトなvnとの相関

29

1611.02965



重クォークの測定
実験精度度が5倍くらい向上すると…  
左:  D+Ds  右:  D+Ds+B

30



重クォークの新たな測定

重クォークのv1(LHCで未測定)  →  初期条件、初期の電磁場、伝導度度  
低運動量量の重クォークバリオン(LHCで未測定)  →  ダイクォーク相関

31

何を測定すればよいか？ 
38 

!  クォーク-反クォーク相関 
"  低質量ベクトル中間子、クォーコニウム(カラー遮蔽)、フォト
ン・レプトン対 

!  ダイクォークの相関 
"  チャーム・ボトムバリオン 

"  バリオンーバリオン相関(長)の変化？ハドロン励起？ 

Effect on Photon Yield

25
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FIG. 3. Photon yield (a) and elliptic flow (b) using music,
from the semi-QGP and QGP, plus hadronic matter (HM).

tribution of either the semi-QGP or the QGP to v
2

is

small, panel (b) of Fig. (3). However, the e↵ects on the
total v

2

can be large. This is simply because the total
v
2

is an average of the v
2

from each phase, divided by
the total number of photons. Our basic point is that for
momenta where the number of photons in the QGP is
comparable to that from hadronic matter, the relative
decrease in the number of photons in the semi-QGP has
a large e↵ect. The total v

2

for photons is then biased to
that from hadronic matter, and increases significantly.
Besides a possible understanding of the puzzle of the

elliptic flow of photons [16, 17], more generally our results
suggest that other phenomenon may change dramatically
near Tc. Most notably, in the semi-QGP there should
be a strong suppression of radiative energy loss for light
quarks as T ! Tc, similar to that observed for hard
photon production.
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QGP Photon is suppressed.

Calculation with 
Hydrodynamics 

(MUSIC):

(which makes the deviation from experimental data larger…)

14

Diquark in sQGP and Λc enhancement Lee, Yasui, Ohnishi, Yoo
& Ko, PRL100, 222301 
(2008)Diquark mass due to color-spin interaction:
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HF&baryons�
•  HF&baryons&:&diquarks&decouple&from&heavy&quark.&

–  Further&insights&of&nature&of&sQGP.&
•  Existence&of&qiOquark&states&and&diOquark&correla@ons&in&sQGP&

–  Further&possible&configura@ons?&Mul@Oquark&system?&Molecules?&DiO
baryons?&

�
�

Q�

qq�

Heavy flavour in-medium hadronization? 

"  Baryon/meson enhancement and strange-enh. % most direct indication of light-quark 
hadronization in a partonic system 

       Measure this in the HF sector! Does it hold for charm? 
       Charm baryons (Λc) and charm-strange mesons (Ds) 

Ko et al. PRC79 

√s=200 GeV 
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p/π& Λc/D& Ds vs D&

Rapp et al. arXiv:1204.4442 

S. Bufalino - LHCP2015 
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Figure 8.19: Nuclear modification factor of D0 from B decays (left) and J/✏ from B decays
(right, only statistical uncertainties) for central Pb–Pb collisions (L

int

= 10nb�1).
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Figure 8.20: Enhancement of the ⇤
c

/D0 ratio in central Pb–Pb (0–20% for L
int

= 10nb�1)
with respect to pp collisions. Two model calculations [62, 69] are also shown.

measurement in Pb–Pb. The points are drawn on a line that captures the trend and magnitude
of the ⇤/K0

S

double-ratio. Two model calculations [62, 69] are shown to illustrate the expected
sensitivity of the measurement.

Charm and beauty v2

The expected precision on the measurement of v
2

was estimated for D0 and D+

s

mesons and
for D0 from B decays and J/✏ from B decays, with the upgraded ITS and with an integrated
luminosity of 10 nb�1.
For D0, D+

s

and D0 from B decays, the statistical uncertainties obtained from the simulation
studies were scaled, considering that the significance/event is the same for central and semi-
central events (30–50%). This feature is observed in the D0 [61] and D+

s

data analyses. For the
⇤
c

, the statistical uncertainties were scaled from central to semi-central events (10–40%) using a

Λc,&Λb,&other&heavy&baryons&can&be&measured&&
with&ALICE&upgrade.�S. H. Lee PRL, 100, 222301,2008 

Photons  
from Semi-QGP 

Λc/D diquark 

No-diquark 

Hidaka, JHEP 10 (2015) 005 



クォーコニア
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J/ψ Anisotropy in pPb	

05/18/2018 Rongrong Ma (BNL), QM2018 

•  Significant J/ψ v2 observed in 2 < pT < 7 GeV/c in high-multiplicity pPb collisions 

16 

CMS: HIN-18-010 
ALICE: PLB 780 (2018) 7 

Wed. 17:10 G.Oh	

実験結果は⾊色々と出てきているが、QGPの物性に迫れているのか？  
遮蔽効果なのか散乱効果なのか？溶解温度度？溶解幅の温度度依存性？相関⻑⾧長？  
クォーク・反クォーク間の波動関数の実時間発展(量量⼦子開放系としてのクォーコニウムの時間発展)?  

様々なクォーコニウムの⾼高精度度測定が必須。特に、励起状態の測定(フィードダウン)。RAA  &  vn  vs.  
pT  →  そもそも、現在のhigh  pTの⼤大きなv2やp-‐‑‒Aでのv2はどう理理解される？



熱光⼦子、熱的レプトン対

HBTや偏極→熱光⼦子・レプトン対の起源,  時空発展  
<pT>やvn  vs.  レプトン対質量量(→温度度)  →⾼高温度度側の物性に迫る唯⼀一のプローブ？

33

Partonic radiation and onset of deconfinement 
!  Disentangling"QGP"vs"hadronic"radiaOon"""mT"spectra"in"different"mass"bins"

!  Hadronic"radiaOon:"Teff"rise"consistent"with"radial"flow"of"a"hadronic"source:""π+π�→ρ→µ+µ�"in"LMR;"4π"in"
IMR"(the"la_er"negligible"at"160"AGeV)"

!  QGP"radiaOon:"Teff"almost"flat,"consistent"with"an"early"source"with"low"flow"(dominant"at"160"AGeV)"

!  "Teff"vs"M""sensiOve"to"QGP"vs"hadronic"yield"@"for"decreasing"collision"energy,""""""""""""""""

increase"of"HG"radiaOon/decrease"of"QGP"""progressive"reducOon/disappearance"of"drop"

!  SystemaOc"precision"measurement"from"SPS"energies"down"to"SIS100"energies"

mT"spectra"(let):"fit"with""

1
mT

dN
dmT

≈ exp(−mT /Teff )

CollecOve"moOon"(radial"

flow)"

Teff ≈ T +M vR
2



⾼高質量量&⾼高横運動量量  レプトン対
収量量やv2  →  流流体化へのダイナミクス

34

1505.04018
1501.03418

aHydro計算
energy density



ALICE実験⾼高度度化(>2020-‐‑‒2030)

35

6 高エネルギー重イオン衝突による物理
QGP研究の展望
ALICE実験高度化やsPHENIX新実験 

による測定量の高精度化や新しい測定の推進
Also On The First Day 

8 

M. Connors: Design, status and schedule of 
the sPHENIX experiment at RHIC 

●  Dr. T. Hallman stated U.S. DOE Nuclear Physics  
“is committed to building sPHENIX” 

●  sPHENIX provides 
full jet and HF 
capability 
 in order to: 
4 Probe the 

sQGP with 
the highest  
resolution  
possible at RHIC 

4 Perform vital comparisons to same probes at LHC 

A"Large"Ion"Collider"Experiment"

ALICE実験LS2アップグレード 
New"Inner"Tracking"System"(ITS)"
•  improved"poinPng"precision"
•  less"material">>"thinnest"tracker"at"the"LHC"

Time"ProjecPon"Chamber"(TPC)"
•  new"GEM"technology"for"
readout"chambers"

•  conPnuous"readout"
•  faster"readout"electronics"

MUON"ARM"
•  conPnuous"
readout"
electronics"

Muon"Forward"Tracker"(MFT)"
•  new"Si"tracker"
•  Improved"MUON""poinPng"precision"

Data"AcquisiPon"(DAQ)/""""""""""""""""""""""""
High"Level"Trigger"(HLT)"
•  new"architecture"
•  on"line"tracking"&"data"
compression"

•  50kHz"Pbb"event"rate"
TOF,"TRD"
•  Faster"readout"

New"Trigger""
Detectors"(FIT)"

New"Central"
Trigger"
Processor"

��

ALICE実験測定器高度化@LHC(>2021)

sPHENIX新実験@RHIC(>2022)

図 6.3.1: 左:ALICE実験の測定器高度化計画。2020年末に完成予定。右:sPHENIX新実験計画。2021

年に PHENIX実験エリアに建設完了予定
QGP研究の展望
ALICE実験高度化やsPHENIX新実験 

による測定量の高精度化や新しい測定の推進

重クォーク 
•  ITS/TPC/MFT!重クォーク測定能力の向上 (pT>0) 
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図 6.3.2: ALICE実験測定器高度化後の重クォークRAAと v2の予想達成精度
QGP研究の展望
ALICE実験高度化やsPHENIX新実験 

による測定量の高精度化や新しい測定の推進

A"Large"Ion"Collider"Experiment"

LM di-electrons in Run3 & Run4�
•  ALICE upgrade to cope with 50kHz Pb-Pb collisions after LS2 
•  High statistics + Dalitz, conversion, and charm rejection with 

new ITS.  Reduced uncertainties from charm decay 

•  Significantly Improved measurement for Mee>0.2 GeV 

���

ALICE Simulation 
TPC Current rate 

New ITS 
B= 0.2T�

ALICE Simulation 
TPC High rate 

New ITS 
B=0.2T�

dedicated low-field run�dedicated low-field run�

ALICE, CERN-LHCC-2013-020�

図 6.3.3: ALICE実験測定器高度化後のミューオン対測定 (左)、電子対測定 (中央)、既知のハドロン
成分を除いたクォーク・グルーオンプラズマ効果による電子対質量分布 (右)

鉛＋鉛衝突 50kHに対応
すべてを取得する(これま
での100倍に対応)

2020-2030の間に鉛＋鉛衝
突 10 /nb (0.5T)と3 /nb 

(0.2T)を予定



HL-‐‑‒LHC  YELLOW  REPORT

36

HL-‐‑‒LHC  Yellow  reportを纏めている段階  
•Run3+4での物理理達成予想のまとめ  
•郡司はDilepton章の取りまとめ責任者の⼀一⼈人

詳しくは  
⼤大⼭山⽒氏と  
志垣⽒氏の講演



ALICE実験⾼高度度化(>2030)

2030年年以降降のALICEに関する話し合いが始まっている  
TPCをなくして、⾼高レートで⾛走れるようにする。  
何が主題になるのか？  

測定項⽬目のリスト？  
熱的レプトンペア  (Run3+4ではまだ精密測定には到達しない)  
重クォークバリオン(ΞccやΩccc)  
アイデアを募集中！！

37



まとめ(?)
次の花⽕火は何か？を真剣に考える必要性。科研費にも重要。  
QGP物性の精密研究、クロスーオーバー相転移の物理理、強相関の起源、新ハドロン探索索とバリ
オン間相互作⽤用、強磁場の物理理、⼩小さい系の物理理  

重要なのは、実験データの⾼高精度度化と現象論論モデルの⾼高精度度化(これまでの仮定を再検証する)  
現象論論モデルや理理論論における喫緊の課題は何か？  
初期(sub  nucleonスケールのゆらぎ)、流流体化と熱化(aHydro,  Kinetic  theory)、流流体の
時空発展(散逸効果ーη/s+ζ/s+流流体揺らぎ,  渦度度,  電磁場),  クロスオーバーとハドロン化  

ALICEの実験⾼高度度化でどこまで解決できるか？  
⾼高次集団運動、vn相関、重クォークv1(磁場)、重クォーク(ボトム)、重クォークバリオン、
光⼦子とレプトン対、クォーコニウム→  初期〜～物性の温度度依存性〜～相転移近傍の物理理  

現実にどんな花⽕火があがりそうか？ 38
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流流体は適⽤用できる？

クヌーセン数

40

ARXIV:1404.7327



グルーオン飽和

クォーコニア  in  UPC

41


