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高エネルギー重イオンの物理
高温クォーク・グルーオン 

プラズマの物性 高密度QCD物質の相構造

2.5 高エネルギー重イオン衝突による物理

ルーオン凝縮が有限の期待値を持つほか、トポロジカルな構造が出現するなど、非自明な性質を持つ41

ことが知られている。42

我々の日常を取り巻く通常物質を、図 2.5.1のように約 2 兆度まで加熱すると、熱励起した多くの43

π中間子がほとんど互いに密着して重なり合い、境を失う結果、クォークとグルーオンが長距離を伝44

搬する相に移行する。このように、カラー荷を持つクォーク・グルーオンの自由度が顕に解放された45

熱平衡物質をクォーク・グルーオンプラズマ (QGP) と呼ぶ [1]。46 QGPとは？

http://tkynt2.phys.s.u-tokyo.ac.jp/~maezawa/intro_my_study/research_lattice.html

図 2.5.1: ハドロン物質とクォーク・グルーオンプラズマ物質。温度の増加に伴い、クォークとグルー
オンが露わになったクォーク・グルーオンプラズマが実現する。(出典:前沢氏のホームページより)

図 2.5.2の左は、最新の格子 QCDによるエネルギー密度/(温度)4や圧力/(温度)4の温度依存性で47

ある [2]。200 MeV (2×1012 K)程度の超高温状態になると、クォークの非閉込によるカラー自由度の48

解放により、エネルギー密度や圧力が急激に上昇する。図 2.5.2の中央と右は、系の秩序変数である49

ポリヤコフループ期待値 (単体クォークの存在しやすさの指標のようなもの)と真空での値で規格化さ50

れたクォーク対凝縮 (⟨q̄q⟩) の温度依存性である [2]。QGP では、非閉込めクォークの割合が有限にな51

り、クォーク対凝縮が非常に小さくなることから、「クォークの非閉込め」と「カイラル対称性の回52

復」がともに実現している [3]。53

また、QGPはビッグ・バンから 1-10µs後の初期宇宙の姿である。QGPが持つ性質 (状態方程式や54

輸送特性)やハドロン相への相転移の性質、閉込機構や質量獲得機構を解明することは、宇宙の時空55

発展史や物質創生史の理解にも非常に重要である。56

2.5.1.3 QCD物質の相構造57

高密度状況下においても、大きさを持つ核子からなる核物質を圧縮することで、核子同士が重なり58

合い、クォーク・グルーオン自由度が顕在化した QGP への転移が起こる。これまで、有限温度と密59

2.5 高エネルギー重イオン衝突による物理

図 2.5.3: QCD相図の温度やバリオン化学ポテンシャル依存性 [6]

ローレンツ収縮した重イオンが互いに通り抜けるような衝突をする。つまり重イオン内の核子を構成85

するクォークやグルーオン（＝「パートン」）のうち大きな運動量をもつ成分は素通りし、小さな運動86

量を持つ成分がパートン散乱によって衝突領域に高密度のエネルギーを落とすことによって、バリオ87

ン数密度は低いが高温のQGPを生成する。このような違いは、核子がクォーク・グルーオンからな88

る複合体であることに起因している [7]。89

図 2.5.5は、高エネルギー重イオン衝突の時空発展を示したものである。衝突直後、非常に短い時90

間で QGPが生成される。QGPの時空発展は相対論的流体力学で記述されることが実験結果より分91

かっている。流体的な膨張に伴い、QGPの温度は減少し、臨界温度付近まで下がるとハドロンが生成92

され始める。徐々にQGPからハドロン物質に転移し、ハドロンは非弾性散乱・弾性散乱を繰り返し93

ながら、やがてハドロン間相互作用の終焉 (フリーズアウト)を迎える。94

我々が知りたい QGPやハドロン物質の性質は、例えば、局所熱平衡系の初期状態 (エネルギー密95

度、温度分布、膨張速度など)、QGPやハドロン物質の状態方程式、輸送特性 (粘性、体積粘性、拡散96

係数、阻止能)、電導率 (電気、熱)、デバイ遮蔽長や相関長などである。高エネルギー重イオン衝突は97

非常に複雑な動的時空発展を経るため、終状態の測定量からこれらの性質を直接的に導き出すのは難98

しい。我々は、中性子星のM-R図から、TOV方程式を介して、高密度物質の状態方程式を導き出す99

手法 [15]と同じように、状態方程式や輸送特性などの物性量をインプットとして、それらを相対論的100

流体計算に加え、QGPの時空発展＋ハドロン化＋ハドロン間相互作用とハドロン相の時空発展 (ハド101

ロンカスケード計算)を経て、実験結果と比較することで、QGPの性質を確定する。102

3

初期宇宙の物質創生 
QCD相転移 
真空の性質

高密度天体の内部構造 
真空の性質

K. Fukushima, T. Hatsuda



重イオン物理の現在
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RHIC+LHC =  
エネルギーフロンティア 
高温クォークグルーオン
プラズマの性質研究 
(2000-2030/2040)

Now!!



重イオン物理の将来
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RHIC+LHC =  
エネルギーフロンティア 
高温クォークグルーオン
プラズマの性質研究 
(2000-2030/2040)

FAIR+(J-PARC-HI?) =  
インテンシティー 
フロンティア 

高密度QCD物質の 
相構造研究 
(2030-)

Future!!
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集団運動の測定
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• 衝突直後はアーモンド型のQGP 
• QGPが気体(λ→∞)だと、放出粒子は等方的に出る。 
• QGPが液体(λ<<R)だと、短軸方向に大きな運動量を持つ粒子
が多く放出される。運動量空間の非等方性。 

• 空間の非等方性→パートン間相互作用(断面積、平均自由行程、
粘性)→運動量非等方性

Chapter 3

Methods for Measuring Flow

The field of anisotropic flow analysis is characterized by experimentalists and theorists employ-
ing a large number of di↵erent methods to estimate the flow observables. This chapter presents
some of the currently used methods and algorithms for estimating the flow harmonics. The main
focus is on the Q-cumulants method which is the method used for this thesis. During this work
it has also been improved upon. First, some other methods for measuring flow are discussed in
order to motivate the introduction of the Q-cumulants. At the end of the chapter, the current
challenges and the future of flow methods are discussed.

The basic principle in flow analysis is to quantify the azimuthal anisotropies via Fourier
coe�cients obtained through a decomposition of the measured azimuthal yields in a Fourier
series:
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where �
n

is the n-th order symmetry plane (or event plane), ' is the azimuthal angle of the
produced particles and the coe�cient v

n

is the n-th order flow harmonic. v1 is usually referred
to as directed flow, v2 as elliptic flow and v3 as triangular flow. From Eq. (3.1) by using the
orthogonality properties of the trigonometric functions, the coe�cients can be found [51]:
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where the brackets h. . .i denote an average over all particles in an event.

3.1 The Event Plane Method

One of the first - and the most intuitive - method applied in flow analyzes is the event plane
method, introduced by Voloshin and Zhang in Ref. [51]. First, the symmetry plane is estimated
as [52]:
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where w

i

are weights to correct for e.g. pT e�ciency. Here the estimate of the symmetry plane
is written as  

n

, the reason is that this is only an estimate of the true underlying symmetry
plane. Only with an infinite number of particles is the observed symmetry plane the same as the
true symmetry plane:  

n

! �
n

. An inaccurate determination of �
n

lowers the determination
of v

n

. It can be shown that v

n

is lowered by [50]:
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)]i , (3.4)
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集団運動の発見
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Properties of the sQGP Heavy Ion Physics: Current Understanding

Figure 1.6: (left) Elliptic flow v2 versus pT in midcentral Au+Au collisions at
⇠

sNN =
200 GeV [12] for various hadrons compared with an ideal hydrodynamic calculation. (right)
Elliptic flow v2/nq versus KET/nq where nq is the number of valence (anti)quarks in the
hadron.

tion 2.1 on chiral symmetry.

In addition, the measurement of heavy quarkonia states (to date most measurements in-
clude only the J/ state) is expected to encode information about color screening in the
quark-gluon plasma. Significant progress has been made, but there remain more ques-
tions than answers [19, 20]. We discuss key measurements designed to unravel this puz-
zle and answer detailed questions about color screening with PHENIX upgrades in Sec-
tion 3.4.

Jet quenching has proven to be one of the richest areas of experimental and theoretical
results in the first decade at RHIC. Jet quenching refers to the interactions of fast partons
(quarks, gluons, heavy quarks) with the surrounding color charges and possibly quasi-
particles in the quark-gluon plasma. Two keys sets of experimental observables have
been published to date.

One set is from high pT single particle yields. The modification of their spectra are char-
acterized by the nuclear modification factor RAA, which is defined at the ratio of yields
in Au+Au collisions divided by the yield in p+p collisions scaled up by the expected
number of binary collisions �Ncoll�. Deviations from unity are expected to arise from a
variety of nuclear effects, both in the initial and final state. We have measured RAA for a
variety of hadrons and have compiled representative results in Figure 1.8. Direct photons
are not suppressed up to about pT � 13 GeV/c, showing that there is no depletion of
partons in the initial state. At the highest pT there is a hint of suppression which may be
related to isospin or the EMC effect. At the lowest values of pT, the photons are enhanced,
which corresponds to the enhancement seen in the internal conversion measurement in
Figure 1.7. The light quarks are represented here by the ⇡0s; they show a strong suppres-
sion up to the highest values of pT. It is particularly interesting that the heavy quarks,

8

• v2は非常に小さい粘性を仮定した流体計算でよく再現される 
• 気体ではなく液体の様相.  

• 構成パートン数でのスケーリング(クォーク数スケーリング) 
• パートンレベルでの集団運動. 

 PHENIX decadal plan 2011-2020, https://www.bnl.gov/npp/docs/phenix decadal10 full refs.pdf 



高次の集団運動の発見
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Heavy Ion Physics: Current Understanding Properties of the sQGP

in p+p collisions.
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Figure 1.10: (upper) Two-particle azimuthal angle correlation for (upper left) p+p and (up-
per right) heavy ion collisions. In the heavy ion case, the near-side peak is similar to that
seen in p+p collisions; the away-side distribution is broad and bifurcated. (lower) Theoret-
ical representations of two different interpretations of the existing jet correlation measure-
ments. (lower left) A shock wave simulation in AdS/CFT [23]. (lower right) A diagram for
fluctuating initial conditions in a Glauber calculation leading to a large ✏3 moment.

It turns out that there are several possible (and possibly competing) interpretations for
this observed modification, as shown in Figure 1.10. The left panel shows a depiction
of a Mach cone arising from the supersonic propagation of a fast parton through the
medium. This is expected to arise both in the context of QCD calculations as well as
AdS/CFT-based ones [23]. The right panel shows the location in the transverse plane
of individual nucleons. These positions fluctuate from event to event and it is possible
to generate a significant triangular component [24, 25]. Particle emission from such an
arrangement could produce a pattern in the final state similar to that seen in the data,
after the dominant v2 modulation is subtracted. Within the next year this important issue
is likely to be resolved both experimentally and theoretically, which is very important for
understanding a future jet physics program.

Figure 1.11 shows two examples of the sort of jet correlation measurements possible with

11
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FIG. 4. (Color online) Root-mean-square anisotropic flow co-
efficients ⟨v2n⟩

1/2, computed as a function of centrality, com-
pared to experimental data of vn{2}, n ∈ {2, 3, 4}, by the
ALICE collaboration [3] (points). Results are for 200 events
per centrality with bands indicating statistical errors.
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FIG. 5. (Color online) Comparison of vn(pT ) using two dif-
ferent switching times τswitch = 0.2 fm/c (wide), and 0.4 fm/c
(narrow). Experimental data by the ATLAS collaboration us-
ing the event-plane (EP) method [4] (points). Bands indicate
statistical errors.

The effect of changing the switching time from
τswitch = 0.2 fm/c to τswitch = 0.4 fm/c is shown in Fig. 5.
Results agree within statistical errors, but tend to be
slightly lower for the later switching time. The nonlinear
interactions of classical fields become weaker as the sys-
tem expands and therefore Yang-Mills dynamics is less
effective than hydrodynamics in building up flow at late
times. Yet it is reassuring that there is a window in time
where both descriptions produce equivalent results.

Because a constant η/s is at best a rough effective
measure of the evolving shear viscosity to entropy den-
sity ratio, we present results for a parametrized temper-
ature dependent η/s, following [33]. We use the same
parametrization (HH-HQ) as in [33, 34] with a minimum
of η/s(T ) = 0.08 at T = Ttr = 180MeV. The result,
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FIG. 6. (Color online) Comparison of vn(pT ) using con-
stant η/s = 0.2 and a temperature dependent η/s(T ) as
parametrized in [33]. Experimental data by the ATLAS col-
laboration using the event-plane (EP) method [4] (points).
Bands indicate statistical errors.

compared to η/s = 0.2 is shown for 20− 30% central col-
lisions in Fig. 6. The results are indistinguishable when
studying just one collision energy. The insensitivity of
our results to two very different functional forms may
suggest that a very large fraction of the magnitude of
the flow coefficients is built up at later times when η/s
is very small. Also, since second order viscous hydrody-
namics breaks down when Πµν is comparable to the ideal
terms, our framework may be inadequate for large values
of η/s.

At top RHIC energy, as shown in Fig. 7, the experi-
mental data from STAR [35] and PHENIX [1] is well de-
scribed when using a constant η/s = 0.12, which is about
40% smaller than the value at LHC. A larger effective η/s
at LHC than at RHIC was also found in [36]. The tem-
perature dependent η/s(T ) used to describe LHC data
works well for low-pT RHIC data, but underestimates
v2(pT ) and v3(pT ) for pT > 1GeV. The parametrizations
of η/s(T ) in the literature are not definitive and signif-
icant improvements are necessary. Our studies suggest
great potential for extracting the temperature dependent
properties of QCD transport coefficients by performing
complementary experiments extracting flow harmonics at
both RHIC and LHC.

In Fig. 8 we present results for v1(pT ) compared to ex-
perimental data from ALICE [37], extracted in [39], and
from ATLAS [38]. v1(pT ) cannot be positive definite be-
cause momentum conservation requires ⟨v1(pT )pT ⟩ = 0.
There is a disagreement between the experimental results
(discussed in [38]) and between theory and experiment at
LHC. On the other hand, v1(pT ) at RHIC is very well re-
produced (see Fig. 7). One possible explanation for the
data crossing v1(pT ) = 0 at a lower pT than the calcu-
lation at LHC could be the underestimation of the pion
pT -spectra at very low pT – see Fig. 2. However, this is

• 事象ごとの衝突領域の揺らぎ 
• e3, e4, e5 ≠ 0 

• 大きなvnの発見. 小さい粘性＋流体計算
で全てのvnが記述できる. 

中心衝突 周辺衝突

Gale et al. PRL110,012302 (2013) 



ppやpAでのQGP探索
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大きな衝突エネルギー → 大きな粒子多重度 
• √s > 200 GeVくらいから急激な増加 
• KNO scalingからのズレ → Multi Parton Interaction 

CDFでのppbar衝突(√s=1.8TeV)でのQGP探索(E735) 
• 粒子多重度と共に<pT>の上昇

Figure 2.9: < pT > as a function of Nc and < dNc/dη > for all negative tracks [11]. UA1
data [12] is for

√
s=540 GeV.

Figure 2.10: Ratios of K±/π± and K±/p± vs charged multiplicity [11].

14
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Figure 7. Multiplicity distributions of NSD events in full phase space in multiplicity
variables (left panel) and in KNO variables (right panel). Data points from [3, 8, 7, 36].

and normalized residuals (bottom right panel) to the same data which yields good fit662

results for all pseudorapidity ranges.663

To assess the validity of KNO scaling all available multiplicity distributions are664

drawn as function of the KNO variable z = Nch/⟨Nch⟩. This is shown in Figure 7 for665

NSD events in full phase space from 30 to 1800GeV. Although it is evident that the666

high-multiplicity tail does not coincide between the lowest and highest energy dataset,667

no detailed conclusion is possible for the data in the intermediate energy region. The668

study of the moments of these distributions allows to draw further conclusions which is669

performed in Section 3.6.670

3.4. dNch/dη and ⟨Nch⟩ vs.
√

s671

Figure 8 shows dNch/dη at energies ranging over about two orders of magnitudes,672

from ISR (
√

s = 23.6 GeV) to CDF (
√

s = 1.8 TeV). Increasing the energy shows an673

increase in multiplicity. The multiplicity of the central plateau increases together with674

the variance of the distribution. Note that the data points at the lowest energy are for675

inelastic events, the other data points refer to NSD events. We recall that the dip around676

η ≈ 0 is due to the transformation from rapidity y to pseudorapidity η.677

The left panel of Figure 9 shows dNch/dη|η=0 as a function of
√

s. Filled symbols678

are data for inelastic events; open symbols for NSD events. dNch/dη|η=0 increases with679

increasing
√

s, which is violating Feynman scaling. Two fits are shown for the NSD data:680

a fit with a + b ln s (solid black line) and a + b ln s+ c ln2 s (dashed red line). Due to the681

fact that different published values include different errors, e.g., no systematic errors682

for the UA5 data, the errors are not used for the fit. The ln s dependence was used to683

describe the data at center-of-mass energies below 1TeV. Data at a higher energy from684

Phys.Rev. D93 (2016) 054046



ppやpAでのQGP探索

10

RHICやLHCのppやp-A(d-A)衝突で高粒子多重度をトリガーして 
QGPを探索する研究が進められている

pp衝突やp-Pb衝突の高粒子多重度→Pb-Pb衝突の60-80%の中心衝突度に対応



Initial interaction models confronting the data!!
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Collective flow in small systems (?)!

CGC + Lund (PYTHIA)!

How about v2{m}?!

(scenario #2)!

PLB 765 (2017) 193!

Schenke et. al, PRL 117, 162301 (2016)!

pp!

18!

最近のホットな結果-I

11

p+pやp+A衝突でも 
A+A衝突と同じような現象が見えている

大きなv2の発見

新しいパラダイム? 
56 

QGP in Small Systems

20

CMS discovery of collective phenomena “the ridge” in p+p and p+Pb
Use versatility RHIC for a set of controlled experiment

Engineer initial state geometry through collision system

p-Au d-Au 3He-Au
Phys. Rev. Lett. 113, 112301 (2014), figure courtesy of  B. Schenke

Initial State Hot Spots
Glauber with nucleons

Collectivity in Final State

H
ydrodynam

ics

p+Au(2015)
PHENIX data with high multiplicity trigger

d+Au(2008) 3He-Au(2014)
Sensitivity to 

initial conditions and 
early time evolution

p-Pb  
at 5.02 TeV 

ALICE, PLB 726 (2013) 164 

PHENIX, QM15 

小さい系での集団運動 (#QGP? 初期状態(CGC)の名残？) 

v2 in d+Au, He+Au 

v3 in He+Au 
v2 in p+Au 

高粒子多重度事象で見られる 
RHICのppでは(今のところ)見られない



初期形状との相関

12

• 0 < v2(p-A) < v2(d-A, He-A) 
• v3(He-A)≠ 0 
• 衝突初期の形状と強い相関

新しいパラダイム? 
56 

QGP in Small Systems

20

CMS discovery of collective phenomena “the ridge” in p+p and p+Pb
Use versatility RHIC for a set of controlled experiment

Engineer initial state geometry through collision system

p-Au d-Au 3He-Au
Phys. Rev. Lett. 113, 112301 (2014), figure courtesy of  B. Schenke
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p+Au(2015)
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Sensitivity to 
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p-Pb  
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ALICE, PLB 726 (2013) 164 

PHENIX, QM15 

小さい系での集団運動 (#QGP? 初期状態(CGC)の名残？) 

v2 in d+Au, He+Au 

v3 in He+Au 
v2 in p+Au 

新しいパラダイム? 
56 

QGP in Small Systems

20

CMS discovery of collective phenomena “the ridge” in p+p and p+Pb
Use versatility RHIC for a set of controlled experiment

Engineer initial state geometry through collision system

p-Au d-Au 3He-Au
Phys. Rev. Lett. 113, 112301 (2014), figure courtesy of  B. Schenke

Initial State Hot Spots
Glauber with nucleons

Collectivity in Final State

H
ydrodynam

ics

p+Au(2015)
PHENIX data with high multiplicity trigger

d+Au(2008) 3He-Au(2014)
Sensitivity to 

initial conditions and 
early time evolution

p-Pb  
at 5.02 TeV 

ALICE, PLB 726 (2013) 164 

PHENIX, QM15 

小さい系での集団運動 (#QGP? 初期状態(CGC)の名残？) 

v2 in d+Au, He+Au 

v3 in He+Au 
v2 in p+Au 

新しいパラダイム? 
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QGP in Small Systems
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CMS discovery of collective phenomena “the ridge” in p+p and p+Pb
Use versatility RHIC for a set of controlled experiment

Engineer initial state geometry through collision system

p-Au d-Au 3He-Au
Phys. Rev. Lett. 113, 112301 (2014), figure courtesy of  B. Schenke
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小さい系での集団運動 (#QGP? 初期状態(CGC)の名残？) 

v2 in d+Au, He+Au 

v3 in He+Au 
v2 in p+Au 
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粒子多重度との相関

13

• 形状を補正したv2/e2は粒子多重度(∝エントロピー)と強い相関 
• 初期の形状と終状態相互作用の両方が重要

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.

PRL 111, 212301 (2013) P HY S I CA L R EV I EW LE T T E R S
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PHENIX PRL 111, 212301 (2013)



小さい系のダイナミクス

14

陽子の 
内部構造 

（グルーオン飽和） 

衝突の素過程 
特にHMの起源 
(MPI, FSR, ISR) 

衝突後 
のダイナミクス 

(color reconnection,  
color ropes, thermal string 
decays, Hawking Unruh,…) 

重要な３ピース 流体的振る舞い？
H O W  M U C H  D O E S  P R O T O N  F L U C T U A T E ?

12

H. Mäntysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042 

B j ö r n  S c h e n k e ,  B N L

Exclusive diffractive J/Ψ production: 
Incoherent x-sec sensitive to fluctuations

0.0 0.5 1.0 1.5 2.0 2.5

|t| [GeV2]

10�1

100

101

102

103

d�
/d

t
[n

b/
G

eV
2 ]

Color charge fluctuations
+ geometric and Qs fluctuations
Coherent
H1 incoherent

12

tuned shape  
fluctuations

round proton

TA L K  B Y  H .  M Ä N T Y S A A R I ,  W E D N E S D AY  9 : 5 0
H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466

重イオン衝突におけるQGPの生成機構 
12 

!  高強度ゲージ場と非平衡QCDのダイナミクス 

"  衝突直後からQGPができるまでの物理 (<1 fm/c) 

!  gluonのシート(CGC)同士の衝突 

!  高強度のカラー電磁場の時間発展 

!  揺らぎ#不安定性#早期熱化 

!  異常粘性 

"  カラー磁場とパートンの相互作用 

❓ 
gluon x 0.05 

LHC 

Courtesy of K. Watanabe �
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McLerran, Venugopalan, Balitsky, Kovchegov, 
Jalilian-Marian, Kovner, Leonidov, Weigert, …�

CGC, QGP(Hydro)

14

CGC strikes back
16 A.Andronic@GSI.de
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ALICE, Pb+Pb 2.76 TeV
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| η| < 0.3,  0.15< pT [GeV]<10 

Rezaeian, 1308.4736 (3 parameters)

Hints for QGP in small systems
B1
�
1

arXiv:1603.02816v2

Eur. Phys. J. C76 (2016) 271Phys. Lett. B 760 (2016) 720

NO HINT

Livio Bianchi
LHCC Meeting
CERN 9 May 17

“Smallness” is not the limitation!
Shape of a proton relevant for describing vn in pA!
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13/24

Calculations in the literature

Azimuthal correlations
analyzed in terms of the

I “Glasma graph” ridge
correlation

I E-field domain model

I Dilute dense with full
nonlinear JIMWLK

I Dense-dense with
Classical Yang-Mills
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Dumitru, Giannini, Nucl. Phys. A 933 (2014) 212
[arXiv:1406.5781 [hep-ph]].

Physics of color field domains same; approximations different

どのシナリオでも、初期のグルーオン場の理解が 
不可欠



最近のホットな話題-II
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Strangeness enhancement in pp!

LHCP2017, Shanghai, 15.05.17                                     Andrea Dainese 21

◆ Among first proposed 
signatures of the QGP

– Rafelski, Müller, PRL48(1982)1066 

◆ Observed in Pb-Pb at SPS,
then at RHIC and LHC

Nature Physics (2017) doi:10.1038/nphys4111

WA97/NA57, 
SPS

PLB449 (1999) 401

◆ Now in high-multiplicity pp (and p-Pb)!
◆ Adds to other similarities, also seen by the 

other experiments, e.g. collectivity
◆ QGP in high-mult. pp?
◆ New directions for research! 

Strangeness enhancement in pp!

LHCP2017, Shanghai, 15.05.17                                     Andrea Dainese 20

|< 0.5η|〉η/dchNd〈
10 210 310

)− π++ π
Ra

tio
 o

f y
ie

ld
s 

to
 (

3−10

2−10

1−10

16)× (+
Ω+−Ω

6)× (+
Ξ+−Ξ

2)× (Λ+Λ

S
02K

ALICE
 = 7 TeVspp, 

 = 5.02 TeVNNsp-Pb, 
 = 2.76 TeVNNsPb-Pb, 

PYTHIA8
DIPSY 
EPOS LHC

Nature Physics (2017) doi:10.1038/nphys4111

à R. Lietava, G.Volpeストレンジネス増大の発見

Pb-Pb中心衝突 ALICE 
Nature Physics (2017)

Ω

Ξ

Λ

K0S



Hints for QGP in small systems
B1
�
1

arXiv:1603.02816v2

Eur. Phys. J. C76 (2016) 271Phys. Lett. B 760 (2016) 720

NO HINT

Livio Bianchi
LHCC Meeting
CERN 9 May 17

他にも…

16

Λ/K0Sの粒子多重度依存性

ALICE, QM15

バリオン収量の増大

Eur.Phys.J. C62 (2009) 237-242



他にも…
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LEPのee衝突でも…
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Multiplicity (therm. model)
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18

F. Becattini, arXiv:9701275, J. Phys. G 23 (1997) 1933 

ee衝突では、そもそもの素過程が大きく異なるが 
統計モデル(カノニカル分布)で粒子の収量がよく記述できる



LEPのee衝突でも…
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統計モデルで決まる温度は衝突系によらず約170 MeV
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Figure 9:

28

ストレンジネス抑制量=0.7-0.8 
SPSの重イオン衝突と同程度

F. Becattini, arXiv:9701275, J. Phys. G 23 (1997) 1933 



LEPのee衝突でも…
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mTが大きくなるとHBT半径が小さくなる 
(A+Aと同様の傾向)

Hanbury Brown Twiss(HBT)干渉測定→粒子発生源のサイズ
Z. Chajecki Acta Phys.Polon.B40:1119-1136,2009



ee衝突の粒子多重度
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Fig. 7. Multiplicity distributions for the whole event measured in 
e + e- annihilations at different energies plotted in the KNO form. 
The plotted errors correspond to statistical and systematic errors 
added in quadrature 
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The K N O  scaling function is often taken to be a " F "  
distribution, 

K K ~J(Z)__ (K~ZK le Kz (lO) 

where z=nch/ (nch)  is the scaled multiplicity and K is 
a free parameter .  This form was fitted to our  multiplicity 
distr ibution for the whole event and the result is dis- 
played in Fig. 9, bo th  on a linear and logari thmic scale. 
The deviations of  the fit f rom the measured points  are 
shown in units of  the overall experimental  uncertainties 
in the small uppermos t  plot  in Fig. 9. The fit yields the 
value K=10.86_+0.17  with a Z 2 of  3.7 for 24 degrees 
of  freedom. For  the fit, the overall errors defined as in 
Fig. 2 were considered and the two points at multiplici- 
ties rich = 2 and rich = 4 were not  used. 

Recently it was shown that  the scaling properties ob- 
served in multiplicity distr ibutions can be derived by 
assuming a scale invariant  b ranching  process to be the 
basis of  the multiparticle p roduc t ion  mechanism [28]. 
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Fig. 9. Results from the fit (continuous line) of a F function (10) 
to the corrected multiplicity distribution measured for the whole 
event (black points). The same distribution is shown both on linear 
and logarithmic scale separately. Multiplicities rich = 2 and rich = 4 
were not considered. On the top part of the figure we show the 
deviations of the analytical predictions from the measured points, 
plotted in units of the overall experimental uncertainty. Error bars 
represent one of these units 

This approach  has the appealing feature that  the scaling 
proper ty  of  the multiplicity distr ibution follows from the 
statistical nature of  the scale invariant  branching process 
rather than being related to F e y n m a n  scaling, which is 
k n o w n  to be broken  by gluon radiation.  In this model  
the multiplicity distr ibution P, is related to a cont inuous  n+l 
density function f(fi) by P ,=  ~ f ( ~ ) d &  where f(fi) is 

n 
described by a Lognorma l  distribution. Fol lowing ]-41], 
we fitted our  discrete distr ibution for the whole event 
to the integrated scaling function of the lognormal  shape 

(n + 1)/(~) N 1 exp / 
e.= f 1Ag  \ nl<~> 

Eln (~ + c) - #3 2] 
20.2 ) d~, (11) 

where ~=  n/<fi> is the scaled multiplicity and or, # and 
c are parameters  of  which only two are independent  be- 
cause of  normal isa t ion conditions. The two strongly cor- 
related parameters  a and kt can be expressed as a func- 

√s=250 GeVのee衝突の粒子多重度 ~ √s=600 GeVのpp衝突 
（衝突の素過程は大きく異なるが、粒子多重度自身はppとコンパラ)

http://pdg.lbl.gov/2008/download/rpp-2008-plB667.pdf



ILCでの研究課題-I
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• eeの高粒子多重度事象をトリガーして 
• ppやpAで見えている現象との相違性 
• 集団運動の探索 
• 熱物質の探索(熱光子、レプトン対) 
• ソフト領域の粒子生成 
• 粒子多重度、pT分布、ストレンジネス収量、HBT干渉 
• 熱的モデルで何で記述できるか？ 
• 運動量分布が何で熱的な分布をするのか？ 
• 背景となる物理は？ILC測定器（ILDとSiD） 
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~15 m 

先進的なテクノロジーの高精細センサーを搭載 
• 崩壊点検出器：高精細&低物質量pixel検出器 
• 飛跡検出器(TPC)：高分解能&低物質量、

MPGD読み出し 
• カロリメータ：超高精細センサー、5mm角

(ECAL)、3cm角(HCAL) 
検出器 

センサーサイズ ILC ATLAS 精細度比 

崩壊点検出器 5×5 mm2 400×50 mm2 800倍 
飛跡検出器 1×6 mm2 13 mm2 2.2倍 

電磁カロリーメータ シリコン 5×5 mm2 39×39 mm2 61倍 

高精細検出器を束ねるParticle Flow Algorithm 
 
カロリメータ中で各粒子のヒットを分離し、最も良い分解
能を持つ検出器で粒子のエネルギー測定をする事により 
Jet Energy Resolution 最小化する 
(荷電粒子ÆTracker、光子ÆECAL、中性ハドロン
ÆHCAL) 
技術選択Æ 工学設計Æ建設Æ実験開始 

大きなラピディティーを覆い、細かい読み出し持つ測定
器群が重要 
高粒子多重度トリガー(もしくは、大きなΣEt(Pt)トリ
ガー)があれば検証できる



ILCでの研究課題-II
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高バリオン密度 
→ qq相関

• ILCでの研究課題-II 
• チャームバリオンやボトムバリオン測定によるダイクォーク相関 
• 大きなバリオン密度領域で重要 
• QGP中でのダイクォーク相関研究へのリファレンス 

• エキゾチックハドロンの探索 
• 重イオン衝突とも相補的な研究

高温 
→ qbar-q相関

https://www.kek.jp/ja/NewsRoom/Release/20120110140000/



まとめ

24

• 高エネルギー重イオン衝突の物理の着実な進展 
• 多くの測定量 → QGPの物性 

• 最近の大きなハイライト = “小さい系におけるQGP？” 
• 高次の集団運動、ストレンジネス増大、ハドロン収量、運動量分布 
• 陽子の内部構造、pp/p-A衝突の素過程(MPI)、衝突後のダイナミク
スの理解(カラー再結合、流体化)が必要 

• ILCでの研究課題 
• HM事象で集団運動を探す、熱的物質を探す、ソフトな領域の粒子
生成(熱的統計モデル、熱的運動量分布の起源)を理解する 
• 実験的には、HMのトリガーがあればいい 

• チャームバリオンやボトムバリオン測定によるダイクォーク相関 
• 高密度QGPでのダイクォーク相関研究へのリファレンス


