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Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb

Energy: 5.02 TeV

- ALICE detector is designed for heavy ion studies with Pb-Pb, p-Pb, pp collisions.

- Multiplicity ranges up to ~3000 for |n |<0.8
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ALICE, AA collisions, charged particles
Inl <0.8,0.15 GeV/c < p.< 10 GeV/c

¢ Pb-Pb, 5.02 TeV
¢ Pb-Pb, 2.76 TeV
¢ Xe-Xe, 5.44 TeV

Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb
Energy: 5.02 TeV

- ALICE detector is designed for heavy ion studies wit
- Multiplicity ranges up to ~3000 for |n |<0.8
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Quark-Gluon Plasma YSws 21t
. Fusayasu @ Saga U
-/ gluon
g! —/quark| Mass ~ 1 GeV

!

~1fm (1x10-15 m)
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Inside hadrons

/

4

A
Proton, neutron, other hadrons Ve =+ Br
Quarks are bound by gluons, T

which mediate strong interactions Huge Torce It large r.
Cannot extract a quark.
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) Quark-Gluon Plasma YSWS 21t

T. Fusayasu @ Saga U
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Protons, neutrons Quark-Gluon Plasma (QGP)

e No boundary between p, n.
High T, high P Quarks and gluons are free.
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(d8) Phases of Quark matter (QCD) rsws 2l

T. Fusayasu @ Saga U

Compared to water phase diagram (QED).

LHC This is the QCD phase diagram.

F Early o o ° Cross-over,
Universe | (Critical Point I/

2 V) V4 >
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D) transition
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Time = 10us after big bang
Temperature =2 x 1012 K

Energy density = 1GeV/fm3
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History of the Universe YSWS 21th
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History of the Univers

QGP
Quark-gluon plasma

Time = 10us after big bang
Temperature =2 x 1012 K
Energy density = 1GeV/fm3

Inflation
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System development after collisions  yswsai

T. Fusayasu @ Saga U

* Gold ions pass through each other
e High momentum (high-x) partons fly away

* Low momentum (low-x) gluons remain in the mid-rapidity (y=0), and
create “gluon matter”

Pre-equilibrium

Gluon Plasma Mixed phase Hadronization +

Expansion

QGP phase

* (Pre-equilibrium) Gluon plasma = QGP - Hadronization

04 06 0.8 1 12 14 16 1.8
#ofDOF o _esoT |
* Transition temperature (quark to hadron) : T=~180MeV 14}
* Energy density: >2GeV/fm3 o

* Estimate from Lattice QCD calculation

o N A O @




16

(e1) What's known briefly YSWs 21t

T. Fusayasu @ Saga U

. 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,
..e. fluid with very low viscosity.

. LHC (2009~) measurements follow the RHIC
results.
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QGP sign: Yield suppression of leading particles  ysws 21t
T. Fusayasu @ Saga U

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 (7 © 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 7©.

p+p Au+Au k

".. Au+Auib=0) s'*=200GeV

& [-. L s ’ \
T Jaghima ANH

-
.r‘}

~} Energy loss =Yield suppress
0O 2 4 6 8 1012 14 16 18 20
pr|GeV/e]

X.-N., Wang, PRC 58 (1998)2321
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(atg) QGP sign: Yield suppression of leading particles  ysws 21t
T. Fusayasu @ Saga U

- Nuclear Modification Factor (Raa) d>N
- (Yield in A+A collision)/(Yield in p+p collision x Ncoll) [ dp3 j
- Raa =1: No nuclear effect R, = 3AA
- Raa <1: Suppression due to energy loss, etc. el -(d 0]
- Raa >1: multiple scattering, etc. T \ AP pp

- Raa <1 for RHIC and LHC, >1 for SPS (YsNN=17GeV)
: _ Raa = 0.2 at LHC: 30% loss of original pr
Sign of hot and dense matter, i.e. QGP!! T

2 i SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 )
4 GLV: dN_/dy = 1400
7° and h*/-, PHENIX, PRL 88, 022301 (2002) - O 7’ WA98 (0-7%) /Y -
i GLV: dN/dy = 2000-4000 |
< r : . . | . . . - — RHIC 200 GeV (AuAu)

' AutAu Vs, = 130 GeV i O x° PHENIX (0-10%) _YaJEM'D i
Central 0_1 00/0 ] — b STAR (0.5% —— elastlc, small Pesc -
(h*+h')/2 1 5 B & (&%) -.=~ elastic, large P___ =
= + | |
J: I SPS LHC 2.76 TeV (PbPb) e R ]
2 F Pb+Pb(Au) CERN-SPS - i ® CMS (0-5%) RN |
N S | | % ¢ ALICE (0-5%) PQM: <&> = 30 - 80 GeV3m
A T * m s
1 % ’
1 binary scaling :
”;;.-l nnm" L. + + .
| | * ® o —
Lo g ol ¢ ¢ . | =

:::u“u H 0 I N I Lol ! I

B 1 234 10 20 100 20

pr (GeVic) P (GeV/c)
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Jet reconstruction became possible at LHC  ysws 21t
T. Fusayasu @ Saga U

- Hard scattering probabillity 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.

CMS, PRC84, 024906(2011)

- 2 . 2
JEt PrOdUCtIOn. Yleld oC as e T S (\{\15/ CMS Experiment at LHC, CERN
" ——_ ~~_~ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
: T [2£"/\| Run/Event: 151076 / 1328520
‘ “———" | Lumi section: 249

Leading jet
pr:205.1 GeV/c




(atg) Jet reconstruction became possible at LHC
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.- ATLAS has successfully measured asymmetry of energies of back-to-back jets.

Ay

_ Er — Ep
Ery + Ep’

a
Ap > —
¢ 2’

.- 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.

Peripheral <

™ T

O p+p data

40-100%

) dN/dA

(1/N
evt

@ Pb+Pb data

) dN/dA

(1/N
evt

> Central
"§ =276 TeV 0-10% |
ATLAS |

3 T

Estimated Pb+Pb distribution without energy loss
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. ' ' YSWS 21th
) QGP property: Collective flow of particles Y 2 5 Saga U

- 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. Larger pressure
(&) gradient in plane

d°N

(14 20,(p, )c0s2 = G + -]
Pp@p; &yaqp Spatial asymmetry <y2>— <x2

eccentricity € = <y2> - < xzi

Mom. Asymmetry
elliptic flow V2

_{
(

- Higher order flows vn
— sensitive to the properties of the matter.
— compared to the hydrodynamics model.
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(dg) QGP is found to be almost perfect fluid vsws i
T. Fusayasu @ Saga U

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.




) vn results compared with hydrodynamics model  ysws 21t
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T. Fusayasu @ Saga U

- 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 (nn /s from quantum limit ~ 1/4m ~ 0.08)

0.3

v, 20-30% — RHIC
 |v320-30% — _

0.25 v 20-30% - - n/s=0.08
Vg 20-30%

0.2 F|PHENIX v, o=
PHENIX vg +a-
vl

0.15 }|PHENIX v,
0.1t :/’}f’
)
0.05 t R
O ------- 1 1
0 0.5 1 1.5 2 &5 3
pr [GeV]

B. Schenke, S. Jeon and C. Gale, PRC 85, 024901 (2012)

2,1/2
(V)

0.25

0.2

0.15

0.1

0.05

| | ' LHC
V2. — | ATLAS 30%-40%, EP
33 — 7| narrow: Tgyiten = 0.4 fm/c
4 wide: tgyitch = 0.2 fm/c
Vs

- - L 2
M ot s e A
05 1 1.5 >
Pt [GeV]

C. Gale et al., PRL110, 012302(2013)



24
) QGP measurement: temperature from thermal photons  Ysws 21th
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ot - 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 g-gbar annihilation at LO.

- Thermal photon distribution will be

E@=_aglml‘lm(a),k) E/i expressed by the product of
dp =« e’ -1

- Bose distribution, and

IIem: photon self energy - transition probability of QGP

T
Imnem(w,k)zln((m (ZgT))zJ . Fitting the model to the experiment
. data gives QGP temperature.




In this way, the obtained temperatures are:
- RHIC, Au+Au 200GeV: Tave = ~220 MeV = 2.5 trillion K aosll
- LHC, Pb+Pb 2.76TeV: Tave = ~304 MeV = 3.5 trillion K ’

QGP measurement: temperature from thermal photons

PRL104,132301(2010), arXiv:0804.4168

10°
P A
10° o e
10? A i
& v

N
o

-
e
Se

-

—
<
—_

GeV?c?) or Ed’s/dp® (mb GeV2c?)
o

©10°

AuAu Min. Bias x10*

AuAu 0-20% x10?
AuAu 20-40% x10

p+p

IR T A N A A S U A A N A I S O A

Turbide et al. PRC69

7
1077 2 3 4

5

6 7
P, (GeVic)
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350 ](— T

250 FTagp 7

>
Q@ R Thaguiiise
g Saan
b~ 200'~ -
: Tc
150 F \‘<_
i : : ! TF
i T T T
100 YJCIILJLJILYIHAIIAlLlA'l'JIl
0 10 20 30 40 50
T (fm)

ALICE, NPA 904 (2013) 573c

cg 103 I I ] 1 I | I | I I I I | I I I I 1 I 1 I 1 I I 1 I I ?
ot 107 0-40% Pb-Pb, |s,, = 2.76 TeV "
> " —
& ALICE preliminary =
> 10 l e Direct Photon =
=l Ve — NLO Vogelsang et al. =
I BN for u=0.5t0 2 p_(scaled pp) E
2 ok Phys.Rev. D50 (1994) 1901-1916
v—i E -~ extrapolation of NLO to low p_ E-
- ° a -
10 USING S +x/oy E
10‘3é— —;g_
10 -
10°E~ — Thermal Shen et al. 3
i arXiv:1308.2111 3
107~ .-~ Thermal Holopainen et al. -
= Phys.Rev. C84 (2011) 064903 -
10'75—1 PR R AT SN TN TN N SN SN SN NN TR TR SO SN SRR SR T NN SO SN SN N TR N lg

0 2 4 6 8 10 12 14
P, (GeV/c)
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{ag) QGP discovery and its properties: summary  ysws 2itn
T. Fusayasu @ Saga U

- 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  ysws 21
T. Fusayasu @ Saga U

Unknown !
- Nt .
E ol :
CGC collisions Glasma
? ? . (local thermal Courtesy of S. Bass
‘IIIIIIIIIII: IIIIIIIIIIIIIIIIIIIIIIIIIII - E qUIIIbrlum)
>
t=-11fm t=0fm t= 0.6 fm/c t=2p frr

- 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?
— |nstability of strong color field?
- Initial condition & CGC strong color fields « thermalized QGP
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Glasma thermalized process — not observed yet  ysws 21th
T. Fusayasu @ Saga U

Researches
Unexplored!! Expected to be reached by forward LHC up to now
&>
t =0 fm/c 0(0.1 fm/c) O(1 fm/c)
; . 2 =
Before collision Time

Color EM fields E B

Nucleus \ H Nucleus§ . :
=== K

(1) Color Glass (2) Generation (3)quark gluon (4) QGP fluid

Condensate  : of Color EM . particle . (local thermal
' fields i production §equn|brlum)
Collisions Schwinger
mechanism ?
L
V
Glasma (non- equilibrium)
T CGC (front view) (5) Hadron gas

O(10 fm/c)



Deep Inelastic Scattering (DIS) basics  ysws2in >

T. Fusayasu @ Saga U
e k',u
kH 4 / Lorentz invariant variables
>

Q2 = — q2 : photon’s virtuality
Q2
2p-q
Physics meanings
x X Q2: Transverse resolution
% / X: Longitudinal momentum fraction of parton

p K proton D
P

X = : Bjorken variable

DIS resolves the target proton in vertical and horizontal scales.

1 /N

Et MINNNNNNNNY X =
N4

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

=
)
/
L
P



Q2 evolution

“soft” interactions
2 7
Q° < 0.1 GeV?
transition region
Q? = 1 GeV?

“hard” interactions

| m
()? 2 100 GeV? @
@/
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if the Proton is: then Fy(x) is:

A quark

1
Three valence quarks
Three bound valence quarks 1/3 1
: i ¢
(o
S
e
[
S
2 g
<
1/3 1
Valence, Sea quarks, gluons
: :
1/3 1

Higher Q2 dissolves gluon contributions!



(d) Q2 evolution: DGLAP evolution equation

Valence, Sea quarks, gluons

QA0

%

:
:

L Q0000000

Three bound valence quarks

: :

Q00000

:

Three valence quarks

Three bound valence anarks

if the Proton is:

A quark

1/3

then Fy"(z) is:

32

YSWS 21th
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saturation

non-perturbative region Olg

In x

Linear QCD evolution in Q2 is established by the DGLAP equation.
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Proton structure at high energy, low-x TS 2 sagn U

Structure of proton (PDF) P P—bh

7
small x large x >
H1 and ZEUS

Q*=10 GeV? ,Q

Qo 1
"

0.8 -

— HERAPDF1.0

- exp. uncert.
|:| model uncert. P ! y

| parametriZation uncert. Xu, D » -

0.6

xg (x 0.05)

04 -

! ‘Xs\;\\(‘jo.os) N TN SIS T " _ -
0.2 \ 0
V& e S
X=Pag/Pp
10"
- . . ’ 0 J g~ O F
Mechanism of multipole gluon creations oo O~ HT °
o C/
- Lifetime of parton’s fluctuations: p — Larger, Lifetime — Longer J “o >
g
e :
- Probability of fluctuation generation: x — smaller, Prob. = Larger o o
TS

— At high energy, increased small fluctuations exponentially ! by T. Chujo
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Color Glass Condensate (CGC) YSWS 21th

T. Fusayasu @ Saga U

Q e oA (3 A\ > ,_! .
\ RS Ty A s ,’_ .'.‘.".
proton -y : = 940
nucleus
Large x Small x
mid-rapidity 2p forward rapidity
Low energy scattering X~ —L exp ! High energy scattering
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& x evolution: BFKL — BK, JIMWLK  ysiszis

T. Fusayasu @ Saga U

N
2
QS(X) g:%,m
/ A ag < 1
N DGLAP g Sgg g8 28
C gluon merge
= ! gluon splitting
BEKL ! (non-linear effect)
-~ E N x Ng2
saturation V e.g.zi Logistic Eq.
non-perturbative region otg ~ 1 N =x (N() = N(0)?)
=
In X = Balitsky-Kovchegov (BK) e.q.

- Small x and low Q region (but Q >> Aaqcb (~ 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
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Evolution examined by experiments up to NOwW  Ysws 21th
T. Fusayasu @ Saga U

g7l

2 2 w4 E

Q" =10 GeV R T e HERAINCe'p
O 1L . x= 0.1‘))’0333,1 i;gow 1 Fixed Target
3 S e T ot s —— HERAPDF1.0
L — HERAPDF1.0 s - :: ot x = 0.00032, i=17
AT L S, e x = 0.0005, i=16
- exp. uncert. o E co s

ovt seneest | X ONNG il
. x = 0.0013, i=14
| model uncert. 104l ,,,.M x = 0.0020, i=13
g .W x = 0.0032, i=12

E parametrization uncert. Xuy

B «-" W x = 0.005, i=11
0.6 - 103 x =0.008, i=10

B x=0.013,i=9
8 (<009 | e Tt i
10 e .- W x = 0.032,i=7
\ - CEOODE e eseeesseeecesess e X= 0.05, i=6
04 N ; “ 0 = EfES—EE—6————0-00-000-0000000-0—0—¢_ x = 0.08, i=5
\ E ST ———e 9o 0000809 00—, x = 0.13, i=4

- v Yt -0.18,i=3

x =0.25,i=2

XS (x 0.05)

) 2 4 5
1 1 10 10 10 10 10

Q% GeV*

Up to now, evolution was successfully examined by measurements.
(expected to be) Saturation region is not explored yet.
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(ag) Forward pA collision makes xa << 1 ysws2in

T. Fusayasu @ Saga U

Final state: pr1,y;  Pro. Y
T pT’leyl +pT,26y2 pT,le_yl +pT,26_y2

X, = Xy =
s

\ / P \/E
\ 1

> < Central rapidities probe moderate x
/ \\ xp ~ XA < 1

@ \\I / forward/central doesn’t probe smaller x

x,~ 1, x4 <1

forward rapidities probe small x

Vi

x,~ 1, x <1

p (proton) A (nucleus)

Why nucleus?
— gluon saturates faster than p by 3/A ~ 6 (Pb case)
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Forward pA collision makes xa << 1 yswsai

T. Fusayasu @ Saga U

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

s) Forward measurements so far YSWS 21h

T. Fusayasu @ Saga U

- 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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(dg) Key points to understand CGC and QCD  vsws i

T. Fusayasu @ Saga U

Need a clear CGC signal q\//? }
og <1

- Hadron measurement
—Uncertainty by fragmentation |

- Need a clean probe, X\\
egg+g->r+g . .
Need to see non-linear evolution of QCD

. Explore wide rage of X—QZ space non-perturbative region g ~ 1
- High precision measurements In x

’ Next generation experiments
. q

R

In Q2

p k

010]010/0]0/0]0/0)

—

LHC forward p+A: observables are e+A DIS: observables are
Inclusive 79, jet, direct r, r-jet, di-jet iIntegrated o, structure functions (F2, FL)
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Forward LHC (pA) vs. EIC (eA) YSWS 21th

T. Fusayasu @ Saga U

EM and DIS srements

Hadronic+UPC measurements
”””] T ]]”'”I T T 3 TTIT TTTTT T ey | T TTTTTIT i U1 T

Illl TT l|l 3 [

ALICE =
F E Forward pA
at high energies DIS (EIC) eA

- 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?
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FoCal installation for LHC Run4 YSWS 21th

T. Fusayasu @ Saga U

43
FoCal-H FoCal-E
P —————— i el Hadronic Calorimeter (pad, plxel) ALICE

Electromagnetic Calorimeter

= Forward Calorimeter

= LHC ALICE, /snn = 8.8 TeV, pp, pA . .
Collision Point (IP2)

~ 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)

Main Observables:

* 110 (and other neutral mesons)
* |solated (direct) photons

« Jets (and di-jets)

» Correlations

« J/W, UPC

FoCal (Lol) : CERN-LHCC-2020-009 n = — In(tan(6/2))
by T. Chujo



FoCal installation for LHC Run4

YSWS 21th
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T. Fusayasu @ Saga U

202

202

202

JIFIMAM J|J|AISIONID

JIFMAM J|J|AS

MJ

2023
JIA[S

N|D;

Run 3 |

J|FIM

JIAIS

NID{J|FIMAM J

=

203 203 203 2033 2034 2035 203 203 2038
JFMAMJJASONDJFﬂMWJJASONDJFﬂMWJJASONDJFMAMJJAS AIS|OINID|J | FIMAIM 3| 3| AISIOINID| 3| FIMAIM[3|J|AlS
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FoCal Japan

Responsibilities:

(1) FoCal-E pad, (2)readout and trigger
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Uniqueness of FoCal detector 9

Isolated photon ID
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Saga U. — Mass evaluation of HGCROCv3 readout chips
Look at the slides by M. Yokoyama



Saturation signal in FoCal
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Isolated direct photons
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- Large suppression at low pr for isolated y

Isolated y: qg — qy ; kT~ Qsat

Ducloué, Lappi, and - ” — - - N i
Méntysaari, Phys. Rev. D97 10 10 10 10 10 10 o

(2018) 054023 \ . .
- Expected gluon saturation (CGC) in small-x, not yet clear evidence

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

Saturation signal in FoCal (1)

Expected yields in FoCal (Run—4).%
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ALICE
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FoCal PIXEL trigger development
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- ALICE readout rate: 1MHz (pp), 500kHz (p-Pb)
- PIXEL readout (ALPIDE) is not fast enough! ~100kHz

— Japanese group’s important task!

- PIXEL trigger should delay by 1.2us — Physics triggering of PIXEL is difficult.
- Our plan: For the tower with important signals, ROl (Region Of Interest) trigger
is issued. PIXELs with ROl and neighboring PIXELs are chosen to be readout.
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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.



