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World highest energy 
accelerator in Geneva

pp
PbPb
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• ALICE detector is designed for heavy ion studies with Pb-Pb, p-Pb, pp collisions.  
• Multiplicity ranges up to ~3000 for |η|<0.8
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• ALICE detector is designed for heavy ion studies with Pb-Pb, p-Pb, pp collisions.  
• Multiplicity ranges up to ~3000 for |η|<0.8

Multiplicity dependence of charged-particle production at the LHC ALICE Collaboration
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Figure 4: Probability density of charged-particle multiplicity Nch (left) and the corresponding KNO-scaled dis-
tributions (right) for pp (top), p–Pb (middle), and AA (bottom) collisions at different centre-of-mass energies per
nucleon pair. Statistical and systematic uncertainties are shown as bars and semi-transparent bands, respectively.
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Proton, neutron, other hadrons
Quarks are bound by gluons, 

which mediate strong interactions 

~1fm (1x10-15 m)

Mass ~ 1 GeV

Inside hadrons

V ∝
A
r
+ Br

Energy in a flux tube of volume v:
V = ρv = ρar = Br

Large r%

Small r%

q q
V ∝

A
r

Huge force if large r. 
Cannot extract a quark.

gluon

quark
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Protons, neutrons Quark-Gluon Plasma (QGP)

High T, high P
No boundary between p, n. 
Quarks and gluons are free.

gluon

quark
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Hadrons

Nuclear Neutron star

Color 
supercon- 
ductivity

LHC

Compared to water phase diagram (QED). 
This is the QCD phase diagram.
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Time = 10µs after big bang 
Temperature = 2 x 1012 K 
Energy density = 1GeV/fm3

Inflation
QGP phase transition 

(QGP→p, n)
Light atom 

Nucleosynthesis
Clear up of the universe

Protogalaxy generation

QGP 
Quark-gluon plasma

Now, 137x108 years old
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Time = 10µs after big bang 
Temperature = 2 x 1012 K 
Energy density = 1GeV/fm3

Inflation
QGP phase transition 

(QGP→p, n)
Light atom 

Nucleosynthesis
Clear up of the universe

Protogalaxy generation

QGP 
Quark-gluon plasma

Now, 137x108 years old

Acc
eler

ator

After collision
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System development after collisions 15



YSWS 21th 
T. Fusayasu @ Saga UWhat’s known briefly 16

• In 2005, RHIC experiments discovered 
generation of the QGP state, which is high-T, 
high-density material. 

• QGP had been expected to be a gas-like state, 
but the discovered QGP was almost perfect fluid, 
i.e. fluid with very low viscosity. 

• LHC (2009~) measurements follow the RHIC 
results.



YSWS 21th 
T. Fusayasu @ Saga U

QGP sign: Yield suppression of leading particles
17

• Hard scattered partons lose their energies in the QGP via gluon radiation or 
parton collisions. 

• However, jet reconstruction was difficult in heavy ion collision experiments. 
• Instead, high PT hadrons (π0 etc.) are observed, which are leading particles 

from jets and carry a large fraction of jet momentum. 
• Energy loss of the partons at RHIC are initially observed by high-pT π0.
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QGP sign: Yield suppression of leading particles
18

ppinel

AA
AA

dp
dNcoll

dp
Nd

R

÷÷
ø

ö
çç
è

æ
×

÷÷
ø

ö
çç
è

æ

=

3

3

3

3

s
s

・Nuclear Modification Factor (RAA) 
　 - (Yield in A+A collision)/(Yield in p+p collision × Ncoll) 
　 - RAA =1: No nuclear effect 
　 - RAA <1: Suppression due to energy loss, etc. 
　 - RAA >1: multiple scattering, etc. 
・RAA <1 for RHIC and LHC, >1 for SPS (√sNN=17GeV)   

Sign of hot and dense matter, i.e. QGP!!
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Jet reconstruction became possible at LHC
19

• Hard scattering probability is so large at LHC that the observation of 
reconstructed jets and their energy loss became possible. 

• Back-to-back jets are observed. Energy of sub-leading jets is significantly 
lower than that of leading jets.
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Jet reconstruction became possible at LHC
20

• ATLAS has successfully measured asymmetry of energies of back-to-back jets.

• Central Pb+Pb points deviate from p+p and estimated Pb+Pb distribution 
without energy loss. 
→ The deviation corresponds to 30-40% loss of jet energy.

p+p data Pb+Pb data Estimated Pb+Pb distribution without energy loss

Peripheral Central
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QGP property: Collective flow of particles
21

d 3N
pTdpTdydϕ

∝ [1+ 2v2 (pT )cos2(ϕ −φRP ) + ...]

• In non-central collisions, the collision region is not 
isotropic but almond-like shape. 
→ Different pressure gradient produces 
　 momentum anisotropy of emitted particles. 

• Measure the angular distribution of the particles 
with respect to the reaction plane. 
→ 2nd order Fourier coefficient show the elliptic flow.

(楕円)

• Higher order flows vn 
→ sensitive to the properties of the matter. 
→ compared to the hydrodynamics model.
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QGP is found to be almost perfect fluid 22

Non-central collision 
generates almond-shaped 
QGP.

If the QGP is gas, particles 
flow isotropically regardless 
of the QGP shape. 

If the QGP is fluid, the 
scattered particles reflect 
the shape of the QGP.
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vn results compared with hydrodynamics model
23

• PHENIX (RHIC) and ATLAS (LHC) vn analysis results are compared with a 
hydrodynamics model → QGP is modeled as fluid consisting of partons. 

• The model reproduces the higher order flow at RHIC and LHC very well. 

• Almost perfect fluid is realized at RHIC (η/s from quantum limit ~ 1/4π ~ 0.08)
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QGP measurement: temperature from thermal photons
24

• Thermal photons are emitted from all the 
stages after collisions. 

• Penetrate the system unscattered after 
emission, because “no strong interaction”. 
→ carry out QGP information such as 
　 temperature. 

• Photons are produced by Compton 
scattering or q-qbar annihilation at LO.

• Thermal photon distribution will be 
expressed by the product of 
 - Bose distribution, and 
 - transition probability of QGP 

• Fitting the model to the experiment 
data gives QGP temperature.
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QGP measurement: temperature from thermal photons
25

In this way, the obtained temperatures are: 
• RHIC, Au+Au 200GeV: Tave = ~220 MeV = 2.5 trillion K 
• LHC, Pb+Pb 2.76TeV: Tave = ~304 MeV = 3.5 trillion K
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QGP discovery and its properties: summary
26

• Quark gluon plasma (QGP), which is the state of very early universe (10us after 
bigbang), can be investigated by heavy-ion collider experiments. 

• As a sign of QGP, jet quench phenomena were observed. 

• From particle flow study, QGP was found to be almost complete fluid. 

• These studies were first performed at RHIC experiments and more precisely 
performed at LHC experiments. 

• QGP temperature was measured from thermal photons and the results are 
consistent with expected QGP temperature. 
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QGP generation processes are unknown
28Q1) How QGP is thermalized so quickly ? �20

CGC collisions  Glasma QGP hadron gas

t　t = -1 fm                  t = 0 fm                                      t= 0.6 fm/c                    t= 20 fm/c

• What is the initial condition? 
• Why so rapidly thermalized (t=0.6 fm/c)?  

• Instability of strong color field？ 
• No clear evidence for CGC as an initial condition  yet. 
• initial condition ⬄CGC strong color fields⬄ thermalized QGP

Unknown !

CGC

high density 
color field

QGP rapid thermalization?

? ? Courtesy of S. Bass

•What is the initial condition? 
So called Color Glass Condensate (CGC)? 
→ No clear evidence for the CGC yet. 

•Why so rapidly (~0.6fm/c) thermalized?  
→ Instability of strong color field? 

•Initial condition ↔ CGC strong color fields ↔ thermalized QGP

(local thermal 
Equilibrium)
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Glasma thermalized process ̶ not observed yet
29

CGC の本質とは？ 10

②初期宇宙物質QGP 誕生の謎 
「強いカラー場」、Schwinger 機構による
クォークの瞬時生成と早期熱化機構の理解


→初期状態からQGP生成、ハドロン化の


完全理解


→初期宇宙の理解

①強い力の理論、量子色力学(QCD) の本質 
•カラーグラス凝縮(CGC) の生成はグルーオンの3 点相互作用が
存在することに起因、「QCD の非可換性の発現」


• 3 点相互作用がなければ CGC は存在し得ない


•「CGC を見ること」　＝　「QCDを直接見ること」

		g		→gg

	gg	→g
グルーオン融合
（非線形効果）

グルーオン分離
Unexplored!! Expected to be reached by forward LHC

Researches 
up to now
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Deep Inelastic Scattering (DIS) basics 30

Deep Inelastic Scattering (DIS)
13

e−
e−′ 

γ*

pμ

kμ

proton

X

qμ

k′ μ
Lorentz invariant variables


    : photon’s virtuality 


    : Bjorken variable

Q2 ≡ − q2

x ≡ Q2

2 p ⋅ q

Q2: Transverse resolution

x: Longitudinal momentum fraction of parton 

P
p

x = p
P

物理的意味

DIS はターゲットである陽子を、縦、横、異なるスケールで見ることができる

1
Q 1

xP

Physics meanings

DIS resolves the target proton in vertical and horizontal scales.

ep / eA DIS works as an electron microscope on proton/nucleus
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Q2 evolution
14

Higher Q2 dissolves gluon contributions!
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Q2 evolution: DGLAP evolution equation 32

Q2 evolution (DGLAP)
15

geometric scaling

ln x

non-perturbative region
ln

 Q
2

Q2
s(x)

saturation

JIMWLK
BK

DGLAP

BFKL

αs <<  1

αs ~ 1

Q
2  
ev

ol
ut
io
n

Linear QCD evolution in Q2 is established by the DGLAP equation.
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Proton structure at high energy, low-x 33

Internal structure of proton and high energy limit 16

Mechanism of multipole gluon creations 
・Lifetime of parton’s fluctuations:  p → Larger, Lifetime → Longer


・Probability of fluctuation generation:   x → smaller, Prob. → Larger


　　　→ At high energy, increased small fluctuations exponentially !

Structure of proton (PDF)
small x

x = 10−2

large x

x = pq,g / p

by T. Chujo
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Figure 1. Measurements of the structure function F2 as a function of Q2 at various values of
x. The new data (closed circles) are complemented by the previously published data at low Q2

(open circles) [3] and high Q2 (open boxes) [2]. The error bars represent the total measurement
uncertainties. The solid curve represents the NLO QCD fit to H1 data alone for Q2 ≥ 3.5GeV2,
which is also shown extrapolated down to Q2 = 1.5GeV2.

Figure 2. Left: HERA combined neutral current reduced cross section [4] and fixed-target data
compared to the HERAPDF1.0 fit. The bands represent the total uncertainty of the fit. Right:
the parton distribution functions from the HERAPDF1.0 at Q2 = 10GeV2. The gluon and
sea distributions are scaled down by a factor 20. The experimental, model and parametrisation
uncertainties are shown separately (see [4]).
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Small	x	
forward	rapidity	
High	energy	scattering

Color	Glass	Condensate	(CGC)

CGC!

Large	x	
mid-rapidity	
Low	energy	scattering

 �����
���	��������
���

		g		→gg

17

K. Watanabe

nucleus

proton
	gg	→g

gluon merge

（non-linear effect）

gluon splitting
∝ Ng ∝ N2

g

x ≈ 2pT

s
exp−η

e.g.）Logistic Eq.

Saturation

d
dt

N(t) = κ ((N(t) − N(t)2)
⇄ Balitsky-Kovchegov (BK) e.q.

Universality
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x	evolution	(BFKL	->	BK,	JIMWLK)
19

geometric scaling

ln x

non-perturbative region

ln
 Q

2

Q2
s(x)

saturation

JIMWLK
BK

DGLAP

BFKL

αs <<  1

αs ~ 1

•Small x and low Q region (but Q >> ΛQCD) 

•Universal picture of internal structure of 
high energy hadron (universality)


• Log-Log plot !

→ Essential to explore a wide x-Q2 space 

•Non-linear QCD evolution

• Find CGC signal → Gluon density

• Small x and low Q region (but Q >> ΛQCD (~ 0.2GeV ) for perturbative QCD)

• Universal picture of internal structure of high energy hadron (universality)  

• Log-Log plot !  → Essential to explore a wide x-Q2 space

• Non-linear QCD evolution

• Find CGC signal → Gluon density

Small	x	
forward	rapidity	
High	energy	scattering

Color	Glass	Condensate	(CGC)

CGC!

Large	x	
mid-rapidity	
Low	energy	scattering

 �����
���	��������
���

		g		→gg

17

K. Watanabe

nucleus

proton
	gg	→g

gluon merge

（non-linear effect）

gluon splitting
∝ Ng ∝ N2

g

x ≈ 2pT

s
exp−η

e.g.）Logistic Eq.

Saturation

d
dt

N(t) = κ ((N(t) − N(t)2)
⇄ Balitsky-Kovchegov (BK) e.q.

Universality
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Evolution examined by experiments up to now
36
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Figure 1. Measurements of the structure function F2 as a function of Q2 at various values of
x. The new data (closed circles) are complemented by the previously published data at low Q2

(open circles) [3] and high Q2 (open boxes) [2]. The error bars represent the total measurement
uncertainties. The solid curve represents the NLO QCD fit to H1 data alone for Q2 ≥ 3.5GeV2,
which is also shown extrapolated down to Q2 = 1.5GeV2.

Figure 2. Left: HERA combined neutral current reduced cross section [4] and fixed-target data
compared to the HERAPDF1.0 fit. The bands represent the total uncertainty of the fit. Right:
the parton distribution functions from the HERAPDF1.0 at Q2 = 10GeV2. The gluon and
sea distributions are scaled down by a factor 20. The experimental, model and parametrisation
uncertainties are shown separately (see [4]).
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Figure 1. Measurements of the structure function F2 as a function of Q2 at various values of
x. The new data (closed circles) are complemented by the previously published data at low Q2

(open circles) [3] and high Q2 (open boxes) [2]. The error bars represent the total measurement
uncertainties. The solid curve represents the NLO QCD fit to H1 data alone for Q2 ≥ 3.5GeV2,
which is also shown extrapolated down to Q2 = 1.5GeV2.

Figure 2. Left: HERA combined neutral current reduced cross section [4] and fixed-target data
compared to the HERAPDF1.0 fit. The bands represent the total uncertainty of the fit. Right:
the parton distribution functions from the HERAPDF1.0 at Q2 = 10GeV2. The gluon and
sea distributions are scaled down by a factor 20. The experimental, model and parametrisation
uncertainties are shown separately (see [4]).

？

Up to now, evolution was successfully examined by measurements. 
(expected to be) Saturation region is not explored yet.
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2 → 2 の場合
24

Final state:         pT,1, y1 pT,2, y2

xp =
pT,1ey1 + pT,2ey2

s
xA =

pT,1e−y1 + pT,2e−y2

s

xp ∼ xA < 1
Central rapidities probe moderate x

forward/central doesn’t probe smaller x

forward rapidities probe small x

xp ∼ 1, xA < 1

xp ∼ 1, xA ≪ 1
p (proton) A (nucleus)

Why nucleus? 
→ gluon saturates faster than p by 3√A ~ 6 (Pb case)
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https://www.bnl.gov/today/body_pics/2022/08/proton-collision-hr.jpg

https://www.bnl.gov/today/body_pics/2022/08/proton-collision-hr.jpg
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•There are several indications of gluon saturation from data vs. 
theory by RHIC experiments and LHC experiments. 

•However, both CGC and linear QCD evolution can describe the 
data most of the cases. 

•Uncertainties on probe: Hadron → final state interactions.
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Key points to understand CGC and QCD
40

Need a clear CGC signal 
• Hadron measurement 
→Uncertainty by fragmentation 
• Need a clean probe, 
e.g q + g -> γ+ q 
Need to see non-linear evolution of QCD 
• Explore wide rage of x-Q2 space 
• High precision measurements

Key points to understand CGC and QCD
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•Need to see non-linear evolution of QCD 
• Explore wide rage of x-Q2 space 

• Theoretically calculable and compare with data (CGC 
weakly coupled physics) → color dipole 

• High precision measurements (statistic, systematic)

Next generation experiments 
（LHC forward pA, EIC eA）
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LHC forward p+A: observables are 
inclusive π0, jet, direct γ, γ-jet, di-jet
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e+A DIS: observables are 
integrated σ, structure functions (F2, FL)

Next generation experiments
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EIC vs. forward LHC

x ≈ 2pT

s
exp−η

42

- Study of saturation requires to study evolution of observables over large range in x at low Q2

- Forward LHC (+RHIC) and EIC are complementary: together they provide a huge lever arm in x

- EIC: Precision control of kinematics + polarization 

- Forward LHC: Significantly lower x 

- Observables: isolated γ, jets, open charm, DY, W/Z, hadrons, UPC 

- Observables in DIS and forward LHC are fundamentally connected via same underlying dipole operator

- Multi-messenger program to test QCD universality: does saturation provide a coherent description of 

all observables, and is therefore a universal description of the high gluon density regime?

DIS (EIC) eA Forward pA

at high energies 
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• Study of saturation requires to study evolution of observables 
over large range in x at low Q2


• Forward LHC (+RHIC) and EIC are complementary: 
together they provide a huge lever arm in x


• Forward LHC: Significantly lower x  

• EIC: Precision control of kinematics + polarization 

• Multi-messenger program to test QCD universality: does saturation provide 
a coherent description of all observables, and is therefore a universal 
description of the high gluon density regime?



Forward Physics with 
ALICE FoCal detector

1. Introduction to ALICE experiment 
2. QGP discovery and measurements 
3. CGC: how the QGP generated? 
4. FoCal development

Takahiro Fusayasu 
Saga University

42
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FoCal-E  
(pad, pixel)

FoCal-H

Collision	Point	(IP2)

Hadronic	Calorimeter
Electromagnetic	Calorimeter

z	=	7	m

3.4 < η < 5.8
η = − ln(tan(θ/2))

Forward LHC (FoCal)

Main Observables: 
• π0 (and other neutral mesons)  

• Isolated (direct) photons

• Jets (and di-jets)

• Correlations

• J/Ψ, UPCFoCal (LoI) : CERN-LHCC-2020-009

43

- Forward Calorimeter

- LHC ALICE, √sNN = 8.8 TeV, pp, pA

- Non-linear QCD evolution, Color 

glass condensate, initial stages of 
Quark Gluon Plasma (QGP)


- Physics in LHC Run 4 (2029-2032)

- TDR approved by LHCC on 

March 2024 (LINK)

by T. Chujo
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FoCal install

Run with FoCal
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FoCal Japan

๏ Univ. of Tsukuba
๏ Tsukuba Univ. of Tech
๏ RIKEN
๏ Hiroshima Univ.
๏ Nara Women’s Univ.
๏ Saga Univ.
๏ Nagasaki Inst. of App. 

Sciences
๏ Kumamoto Univ.
๏ Univ. of Tokyo CNS

9 institute, ~25 members

Responsibilities:  
(1) FoCal-E pad, (2)readout and trigger

FoCal-Japan: built FoCal-E pad 
prototypes and tested

28

by T. Chujo
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Uniqueness of  FoCal detector 45

Longitudinal profile (2γ showers) Trans. profile

Isolated photon ID
E-pixel

E-pad

HCal

PS/SPS test beam in 2022

１）High two photon separation power（<~5mm, energy resolution ~3%）


２）Wide energy dynamic rage (from 1 MIP to TeV EM showers）


３）High radiation tolerance（1013 (1MeV neutrons) / cm2）


→FoCal-E pad: mainly developed by FoCal-Japan group

by T. Chujo

Saga U. → Mass evaluation of HGCROCv3 readout chips 
Look at the slides by M. Yokoyama
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Saturation signal in FoCal (1) 46

Ducloué, Lappi, and 
Mäntysaari, Phys. Rev. D97 
(2018) 054023
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Projected cumulative yields in FoCal
=8.8 TeVNNs

3.4 < y < 5.5
, -1=1 pb

int
pp: L

 and A=208-1=100 nb
int

p-Pb: L

γisolated prompt 
JETPHOX v1.3.1.4 NLO
PDF: NNPDF4.0 + nNNPDF3.0
FRAG: BFG II
full iso < 2GeV in R=0.4
pp p-Pb

0πprimary 
PYTHIA 8 Monash 2013
pp p-Pb

 jet (R=0.4)Tanti-k
PYTHIA 8 Monash 2013
3.8 < y < 5.1
pp p-Pb

 p-Pb0π

 p-Pbγ

 pp0π

 ppγ

jet pp

jet p-Pb

RpPb: forward γ 

LO Dipole-CGC calculation

 - Large suppression at low pT for isolated γ

　Isolated γ: qg → qγ ; kT~ Qsat

Expected yields in FoCal (Run-4)

6−10 5−10 4−10 3−10 2−10 1−10 1
x

0

1

2

3

4gR

nNNPDF 90% CL

EIC fit 90% CL

FOCAL refit 90% CL

Pb reweighting208nNNPDF10  

2=10 GeV2Q

- Expected gluon saturation (CGC) in small-x, not yet clear evidence

- Excellent probe: isolated photons from quark-gluon Compton scattering

by T. Chujo
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基盤研究（Ｓ）５ 

【１ 研究目的、研究方法など（つづき）】 

送信する。5本䛾TC-ASIC出力を一本䛾lpGBTリンクに送信できるため、結果として7,040本䛾TSライ

ン䛿88本䛾lpGBTファイバに集約される。これを集めることこと䛾できるFPGA䛿既に存在する。TP-

FPGA䛿こ䛾データからROIトリガを生成し、PIXEL䛾読み出し装置(海外別予算)に提供する。pp衝突

事象毎䛾平均occupancy䛿10%であり、100 kHzが達成できる事䛿確認した。TC-ASIC製㐀コスト䛿調

整業者手数料込みで2.5万円/個である。同様䛾ことをFPGAで行うと20万円䛿かかるため、試作コス

トを加味してもコスト対効果䛿大変良い。 

最後にPADおよびPIXELから読み出されたデータ䛿、CRUと呼䜀れる大規模FPGAを搭載したサ

ーバー群に送られる。こ䛾FPGAで䛿、PADとFPGA䛾データに対しゼロ・サプレッションなど䛾アルゴ

リズムを適用し、圧縮、フォーマッティングを行う。 

これら䛾TC-ASIC䛾開発製㐀、TP-FPGA䛾内部回路（ファームウェア）開発を行い、さらにそ䛾後

段に控えるデータ読み出し・前処理用大型FPGA（CRU）䛾ファームウェア開発まで行うことで、現在

未完成䛾FoCalシステム䛾残りを全て完成させ、これをCERNにて設置、運用し、ビームデータを取得

し、物理結果を発表するところまでが、本研究で行う範囲である。 

（5） 実施・準備体制 

本研究䛾進め方を図6に示す。先行研究で既にトリガ系・読出系䛾基礎設計䛿行ってきた。特に、

大山䛿科研費基盤A(20H00165, 2020-2023)を受けFPGAを用いたデータ収集系䛾開発を行い、そ

䛾最終段階で䛿FoCalへ䛾応用も検討した。中條䛾検出器開発に関して䛿前述した。これらをふま

え、研究開始とともに早㏿第一回目試作を行う。試作䛿1年程度かかる。ASICに䛿TSMC 65nm プロ

セス(unity gain周波数=160 GHz)䛾シャトル・サービスを用いる。既に必要な回路規模とダイサイズ、

必要IP、予算䛾見積䛿できている。そ䛾後統合テストや検出器と組み合わせたテストを行う。2025年

図 6: 本研究のタイムライン 

図5: 本研究で開発するFoCalトリガ・読み出しシステムの全体図 
• ALICE readout rate: 1MHz (pp), 500kHz (p-Pb) 
• PIXEL readout (ALPIDE) is not fast enough! ~100kHz 
• PIXEL trigger should delay by 1.2us → Physics triggering of PIXEL is difficult. 
• Our plan: For the tower with important signals, ROI (Region Of Interest) trigger 
is issued. PIXELs with ROI and neighboring PIXELs are chosen to be readout. 
→ Japanese group’s important task!
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• QGP was discovered and its characteristics were measured by RHIC and 
LHC experiments. The QGP was found to be almost perfect fluid. 

• Pre-QGP state is not identified and generation process of the QGP is 
unknown. 

• CGC is a candidate of pre-QGP state. ALICE FoCal is appropriate for low-
Q2, very low-x studies and being prepared for LHC LS3 installation. 
Combined with future EIC experiment results, wide range of x evolution 
is expected to be established, together with discovery of gluon 
saturation modeled by CGC.


