Introduction to the ALICE
experiment

Takahiro Fusayasu
Saga University

1. Introduction

2. Basics of Heavy lon Collisions
3. Results from RHIC/LHC
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High Energy Physics Group @ Saga U. ysws1en

T. Fusayasu @ Saga U

Attends two experiments

- The ALICE collaboration @ LHC. Joined in 2021.
Study of quark-gluon plasma.

- International Linear Collider (ILC).
Higgs factory for precise Higgs measurements.
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) Quark-Gluon Plasma YSWS 18th

T. Fusayasu @ Saga U

_— gluon

Mass ~ 1 GeV

‘= quark

e I I I O O E E E = p'Em E E EE S E NN NN = EE

~1tm (1x10-7>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 Yo e

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

et No boundary between p, n.
High T, high P Quarks and gluons are free.
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) Quark-Gluon Plasma YSWS 18th

T. Fusayasu @ Saga U

— B
- .
-~ -
. . )
> ) \
4 \ \
\
\ \\
J AN\
] .I
’
\
! |

Quarks Ca?ry only 1% of p, n mass. Chiral symmetry is restored.

Other 99% is thought to be Important knowledge for the origin
because of the mechanism “chiral of p, n mass, i.e. nuclear mass.
symmetry breaking.”

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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Water phase diagram.

It's based on electromagnetic interactions, i.e. QED.
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a4) Phases of Quark matter (QCD) F ey

T. Fusayasu @ Saga U

Compared to water phase diagram.

LHC This is the QCD phase diagram.

Early — . Cross-over,
Universe Crltlcal Point I/
>

- Crossover / Quark_ Gluon Plasma | 1 order

- ——— — - = — transition

transition

Temperature T

Hadrons

000080000

Color CECEE

supercon- |k
ductivity

Nuclear
e

Baryon Chemical Potential KB
~Pressure

Neutron star
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History of the Universe YSWS 18th

T. Fusayasu @ Saga U
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Key: W, Z bosons \J\, photon

Q quark G5 meson g galaxy
g gluon i & % baryon

e electron 2 ion * star
muon Ttau e
H black

V' neutrino @) atom ‘ hole | Particle Data Group, LENL, © 2008. Supported by DOE and NSF
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YSWS 18th
T. Fusayasu @ Saga U

Time = 10us after big bang
Temperature =2 x 1012 K

Energy density = 1GeV/fm3
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Inflation ~

QGP phase transition 9
(QGP—p, n)

0 by

3,
Key: W, Z bosons N\J\, photq - %00 Iaoy
- *’0 “In

. )
Clear up of the universe % -
. Vs
Protogalaxy generation FsCemm
Particle Data Group, LBNL, © 2008. Sup NOW, ]37X'| 08 yearS Old

Q quark €5 meson g galaxy

g gluon i & % baryon

e electron 2 ion * star
LLmuon Ttau e

black
V neutrino C@)atom ’ A
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YSWS 18th
T. Fusayasu @ Saga U

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

Inflation ~

QGP phase transition|,
(QGP—p, n)

Key: W,Zbosons A/, phots X 109
. *’0'7

q quark @) meson ' galaxy
g gluon 1 & # baryon

. )

Clear up of the universe #
star .

@ dlectron oy jon T Protogalaxy generation SCSm

LLmuon Ttau

black
V neutrino @)atom ’J hole | Particle Data Group, LBNL, © 2008. Sup NOW, 137x108 years old

(Sec' V s
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Big bang emulated by little bang  vswsien

T. Fusayasu @ Saga U

1,< 1 fmlc

"RTOBVWRET

FHIBWFE O

http://www-utap.phys.s.u-tokyo.ac.jp/ ~sato/index-j.htm

Little Bang

Time scale 102 sec 1023 sec

Expansion rate 1056 /sec 1022-23 /sec

Spectrum Red shift (CMB)  Blue shift (hadrons)
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YSWS 18th
T. Fusayasu @ Saga U

Large Hadron Collider

\/SNN = 200 GeV x/SNN = h. 02 TeV
5.02 TeV per nucleon collision corresponds to ~1000 TeV per Pb-Pb !

< Just a very simple question >

J/s of pp collision at LHC before the previous shutdown
(2018-2022) was 13 TeV.

Why does it decrease to 5.02 TeV for heavy ion collisions?
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Silicon Vertex
h,1asne‘ ~Tracker

E-M
Calorimeter
.~ Time Projection

. — e ha;nber

A Time Of
C Flight

Heavy lon Collider Experiments
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YSWS 18th
T. Fusayasu @ Saga U

(Azoang) (Srp ) (D) [ Pree )

dOI'TV

Central Barrel
Tracking, PID 7 ‘e
nl<0.9 h‘“

f
{_AISORSIR )

\:}‘ LAr hadrmonic end-cap and
%, forword calodmetors

Hicon tracker

"./// Toroid mognets /l ' | lArel

ogretic col Inl<25 -
Muon chombers Solenaid mognat | Transition rodiaton racker n<25 n =-n (tan 2)
Semiconaucior racker

ATLAS CMS

LHC
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YSWS 18th
T. Fusayasu @ Saga U

STAR

——

_Heavy lon Collision Event

Jet 1, pt: 116.0 GeV

PHENIX

Run 168665, Event 83797

s ”“ ey -. ', Vi “', “ :-.""
rine 2010-11-08 11:37:15 c7 4 EXPERIMENT B : 0. pr 1837 Gov
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YSWS 18th
T. Fusayasu @ Saga U




18

ALICE detector photo T Bt © Saga U
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Run:244918

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

Energy: 5.02 TeV
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YSWS 18th
T. Fusayasu @ Saga U
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Basics of Heavy lon Collisions

(Helped by Prof. T. Sakaguchi’s slides at YSJW 2020)
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Reality of collisions YSWS 18th

T. Fusayasu @ Saga U

Rather different collision profile at low and high energies.
Low energy (Landau picture) High energy (Bjorken picture)

i~ ) <=

Stopping

High T, High u;

Passmg through
<=
ngh T, Low lg

Expansion in beam and
transverse direction

AN
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Reality of collisions YSWS 18th

T. Fusayasu @ Saga U

/\ AGS

Rapidity: v = % In{(t+2)/(t-2)} "

z (beam direction) 30

RHIC 62

B
=)
I | I | I ’ [ I I | I | I I [

y=0 : stay near collision point
Large |y| : go forward/backward

RHIC 200

Large loss of beam energy,
25TeV

=
o
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System development after collisions  yswsist

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 QGP phase Mixed phase Hadronization +

Expansion

(Pre-equilibrium) Gluon plasma = QGP - Hadronization

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

* Estimate from Lattice QCD calculation

SO N A~ OO
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Ime and Temperature profile after collisions  ysws 18t
T. Fusayasu @ Saga U

Pre-equilibrium

Gluon Plasma Mixed phase Hadronization +

QGP phase

\ / / Expans;ion

Four characteristic temperatures

4
iyl

e | : « Initial (T, ~300-600MeV)
2 QGP * As going to higher collision energy,
§ S » this temperature goes higher.
~ 200 ~\ —
’ T,
whigand . . * QGP (Tygp ~200-300MeV)
150 nil Y §\7<—TF Q
B0 S B DRRCTER AL St £
100 " —— = r e * Critical (Fhase transition) or
T (fm) chemical freezeout (T, ~170MeV)

* Particle composition (L) is fixed

Thermal freezeout (T;~100MeV)

* Momenta of particles are fixed
* System expansion velocity (p) is fixed
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Physics quantities in H.l. collisions  yswsen

T. Fusayasu @ Saga U

600 |

Transverse momentum (pT) R
- Momentum component normal to the beam ® R / P
direction in centre-of-mass frame Pr /
O
Number of participant nucleons (Npart) Zf
- Calculable from impact parameters ‘ ,\3’/
- A measure of energy density ,\;;__.m_.
Participant nucleons { o "{ o!
‘e oo /)
Number of nucleon collisions (Ncoll) ‘_W""'
- Number of nucleon collisions in an event Spectator nucleons
- Nucleons are considered to collide individually
In high energy collisions. Neoti» Npart in Au+Au
f 0% centrality e e
Centrality ._> |
- Proportional to impact parameters | <_. z .
- 0%: b=0, central collisions g

- 100%: b=bmax, peripheral collisions

N’l

EEEI 400

lllllllI‘ 200

0 2 4 6 8 1() 12 14 16

b*[fm]

Ta®) = [T,G+ )T, G~ 2)ds

Overlap Function




Results from RHIC/LHC

(Helped by Prof. T. Sakaguchi’s slides at YSJW 2020)
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() Whats’ known briefly YSWS 18th

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.



pQCD predicts photons and jets precisely
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YSWS 18th
T. Fusayasu @ Saga U

. Yields of jets and photons are well-reproduced by perturbative QCD

(pQCD) calculation.

. Yields in Au-Au and Pb+Pb scale with number of binary-nucleon

ofe)
yields.

Blue line: N, scaled p+p cross-section

o U F
§ p Sy PbSc direct photon p; spectra
> qF % PH ENIX
O - %}i.'. Au+Au \[sy, = 200GeV
O = » N
-~ 3 ®oee PHENIX preliminary
>-1 0 e I\\ " ’.'.""*v
Nz =) & i }\v T ‘.‘o"‘ \'\i\._ ® min.bias x 10°
o| S107 F ViV -
- — LS. \"'\.\'\ ® 0-10%x10°
109 a é‘i L. S~ —— T 020 x10°
pd - %%I‘ s SN T e 4 2030%x10”
| aq 12 . T ———
2.1 0 - I\i ) t“.‘.\._ T ® 3040%x10°
N - \i\ "I“ *\ W 40-50% x 10
105 W .. _ il
:_ ‘-‘>" t j\.\.\' A 50607 <10
1 0-18 L i\ ey e A e 070% x 10
— .. ; a4
- \i\ t f..t v A, wsmxi0
1 0'21 z i\I} .TH \,\IW A 8092% <107
™ o ——
10% |- l?fmgq\f\éx
27 z B T\
10 b_ Illl[lllll]l[lllllllllllllllllllllll

lllllll

0 2 4 6 8 10 12 14 16 18
PHENIX, PRL109, 152302(2012)

20 22 24
p(GeV/c)

Central

— —

>

~—————————

Peripheral

Data / JETPHOX

Isions (Ncoi). This goes very well as shown below for the photon

404 ub™ PbPb (5.02 TeV)

‘Ilfl'Illl]l"]'fllllIII1IIITYI|

CMS In'l < 1.44 wges 50-100% X 10
—4— 30-50% X 10
—4— 10-30% x 10°
E'EE.E —40-10% x10
k= @ =@ 0-100%
= O — JETPHOX
(EPPS16+CT14)
NLO pQCD
BFG Il FF
mo=p =p_ =E :
L

n 8?11 1l

40 60 '80 100 120 140 160 180 200
n —a#— Data 0-100% / JETPHOX CMS, JHEP 07 (2020) 116
— [ ] Systematic uncertainty |
[ ] JETPHOX EPPS16 nPDF uncertainty ]
1 JETPHOX Scale uncertainty (E}/2 < p < 251)—:
~40"60 80 100 120 40 160 180 200

El [GeV]
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YSWS 18th
T. Fusayasu @ Saga U
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The case of jets YSWS 18th

T. Fusayasu @ Saga U

Jets in QGP

. Hard scattered partons lose their energies in the QGP via gluon radiation or
parton collisions.
. Jets that are fragment of the partons accordingly reduce their energies.
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The case of jets YSWS 18th

T. Fusayasu @ Saga U

Jets in QGP

. Hard scattered partons lose their energies in the QGP via gluon radiation or
parton collisions.
. Jets that are fragment of the partons accordingly reduce their energies.

However, extreme difficulties in jet
reconstruction in heavy-ion collisions!!
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Instead, observe leading particles from jets ysws 18
T. Fusayasu @ Saga U

. High Pt hadrons (70 etc.) are leading particles from jets
and a large fraction of jet momentum are carried by them.
. Energy loss of the partons at RHIC are initially observed by high-pt 7 0.

p+p Au+Au L g
1 L Au+Aub=0) s¥2=200 GeV
Lo \¢ T without energy loss
5 u |
L0 \ ‘{—h n” with energy loss
5> 10
L Ry .
2 ..""._ ’ “ X ~
' - \ “ .
= s Ao
S LO o .
>.‘ ._\\ \I'\_
-5 -
L0 B aghma \
4
LO
~| Energy loss =Yield suppress

0 2 4 6 8 1012 14 16 L8 20
prlGeVie]

X.-N., Wang, PRC 58 (1998)2321
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QGP sign: Yield suppression of leading particles  ysws 1sth
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 Ry, = 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 (VsNN=17GeV)
: _ Raa = 0.2 at LHC: 30% loss of original pr
Sign of hot and dense matter, i.e. QGP!! _—

2 i SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 i
. 0 GLV: dN /dy = 1400
7° and h*/-, PHENIX, PRL 88, 022301 (2002) - O =’ WA8 (0-7%) /ay -
i GLV: dN/dy = 2000-4000
< r . ; . ! . . ‘ : — RHIC 200 GeV (AuAu)
Y Au+Au Vs, = 130 GeV - O = PHENIX (G-10%) — YR/EM-D -
Central 0_1 O% ................................................... i — * h: STAR O 50/ I elastic' Sma” PESD —
(h*+h7)/2 1 5 B & (0-5%) -.~ elastic, large P___ —
[ ] + | |
R I SPS LHC 2.76 TeV (PbPb) e YaEM ]
2 F Pb+Pb(Au) CERN-SPS . I ® CMS (0-5%) — ASW i
e %ERN_lSR ] § = ¢ ALICE (0-5%) PQM: <g> = 30 - 80 GeV>/fm -
AT % m —
1 e e e d —
_ :_f“'_"_"—"_"_‘. . - = u . - i
.—.ﬁ ... Py —
RS L
SoomET e | |
:.:u”u - O | R EEE | Lol | I
o 1 234 10 20 100 20

pr (GeVic) o (GeV/c)
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Jet reconstruction became possible at LHC  ysws 18t
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)

Jet Production: Yield o o2

—— CMS./ | cMs Experiment at LHC, CERN

} . T— / _~ | Data recorded: Sun Nov 14 19:31:39 2010 CES1
h ~Z~_/\| Run/Event: 151076 / 1328520

Lumi section: 249

‘ v n \.-’

E. (GeV

| g 100

80
60

Leading jet
pr:205.1 GeV/c

pw e ~

Subleading jet _— ——
pr: 70.0 GeV/c | _ 1

20

[puopenndul plii
{1h ’

o
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Jet reconstruction became possible at LHC  ysws 18t
T. Fusayasu @ Saga U

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

E _E2 aa
J:ET1+ET’ Ad ==,
T T2

.- 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.

> Central

76 TV 010
N ATLAS |

Peripheral <
 Ghatatdnas ervees

J )
.

) dN/dA
) dN/dA

(1/N
evt
(1/Nevt

b ——

O p+pdata @ Pb+Pb data Estimated Pb+Pb distribution without energy loss
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g) QGP property: Collective flow of particles ysws st
T. Fusayasu @ Saga U

- In non-central collisions, the collision are is not *
Isotropic but almond-like shape.
— Different pressure gradient produces
momentum anisotropy of emitted particles.

- Measure the angular distribution of the particles

Reaction Plane

with respect to the reaction plane. )
— 2nd order Fourier coefficient show the elliptic flow. Larger pressure
o (7|‘7‘£ﬁE ) gradient in plane
< [14+2v,(p;)COS2Q — ¢pp) + ...]
prdprdyde

Spatial asymmetry < y’ > - <x2>
eccentricity & = <y2> N < x2>

Mom. Asymmetry
elliptic flow V2

_{p)-(p0)
(py)+(P)

+(

“ Nl N
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) The flow is not completely elliptic  vsws 1smn

T. Fusayasu @ Saga U

- Fluctuation of nucleon position yields higher
order anisotropy of particles.
— higher order flow v3, v4, ***, vn

dN
d(¢ - \Ijn)

— N()[l + 2 Z UnCOS{TL(¢ R (I)n)}

@, : Event Plane

v, =< cos{n(¢ — &,)} >

- Higher order flows are sensitive to the
properties of the matter. (Friikmodel)
— comparison to the hydrodynamics model

gives state equation E=E(P) and
shear viscosity (n7) to entropy density (s)
ratio (n/s).
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Vn results compared with hydrodynamics model  ysws 18th
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 (7 /s from quantum limit ~ 1/4m ~ 0.08)

[T, 2080% — T | RHIC 023 ' | | LHC
v 20-30% — Vo — | ATLAS 30%-40%, EP
025 T V4 20-30% - - n/s=0.08 02t Y3 —- | narrow: Tewitch = 0-4 fm/c
0.2 L \Ii’5H2EOl\—J:Ia)(()zO wide: Tqyiteh = 0.2 fm/c
: , o
PHENIX vg +as «  0.15
0.15 F|PHENIX Vv, - o
c
>
A4 >~ 0.1
0.1 B a //// -
s~y i
0.05 | T e g 0.05
oLzt o | 1 0 - g_‘ -; -
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2
pr [GeV] o7 [GeV]

B. Schenke, S. Jeon and C. Gale, PRC 85, 024901 (2012) C. Gale et al., PRL110, 012302(2013)
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) QGP measurement: temperature from thermal photons  Ysws 18th

T. Fusayasu @ Saga U

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@=—a;"2”lmﬂm(a),k) E; expressed by the product of
d’p T e —1

- Bose distribution, and

IIem: photon self energy - transition probability of QGP

T
Imnem(w,k)zln((m (:gT))zJ . Fitting the model to the experiment
: data gives QGP temperature.
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QGP measurement: temperature from thermal photons  Ysws 18th
T. Fusayasu @ Saga U

In this way, the obtained temperatures are: 350 pe— T,
- RHIC, Au+Au 200GeV: Tave = ~220 MeV = 2.5 trillion K a0l -
- LHC, Pb+Pb 2.76TeV: Tave = ~304 MeV = 3.5 trillion K H S
s250H F Taee
) i . .
g R S L
. ~ A
PRL104,132301(2010), arXiv:0804.4168 2001 Te
— 104 150 : E \ il
o 4 4  AuAu Min. Bias x10* $g ' | Te
> 103 100 YJTcx ) T U N Y Y ern | S L b 1'}4 1)
8 C  *  AuAu0-20% x10? 0 10 20 30 40 50
.g 102 O ™  AuAu 20-40% x10 t(fm)
- > Y ptp
a2 10 | ALICE, NPA 904 (2013) 573c
A S N Turbide et al. PRC69 —~ 10° —_——————————T T3
o] 1 O =
S L e 0-40% Pb-Pb, {5, =2.76 TeV 7
rey $ ALICE preliminary E
210 \_,% 101 e Direct Photon =
% Sl — NLO Vogelsang et al. =
N 1072 Ug»- 1E\ forp=0.5t02 p_(scaled pp) =
> s ok Phys.Rev. D50 (1994) 1901-1916 -
9107 "i E -~ extrapolation of NLOtolow p. 3
™ B i —— B
g |, 0% USING S (1+x/oy° L
210 ok E
T - =
wqg* 107 E
10°% ‘0'5;? — Thermal Shen etal. ?;
: 1046: %I_LXivﬂ 3|0|_£|3.%1 11 I 3
' inen et al. =
10.7 | | l | | l | | | l | | l | I .| EE Phi;mRaeV %%38(28?19) 0364903 -
1 2 3 4 5 6 7 10'7E_I 1 | I | 1 1 I 1 1 1 I 1 1 1 I | 1 1 I | 1 1 I 1 1 1 I?

P, (GeVic) 0 2 4 ° ® 10 2 p, (Ge\}?c)
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S Uumma ry YSWS 18th

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

- These studies were first performed in RHIC experiments and more precisely
performed in LHC experiment.

- QGP temperature was measured from thermal photons and the results are
consistent with expected QGP temperature.

. (Future: A very forward detector, FoCal, will help extension of the study, though
not included in today’s lecture)



