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Universe: Ordinary Matter

Ordina!

Matter Dark

47 Matter
20% f)o we know about the
791’0}961’&’65 of the
Dark Energy ﬂndamenta( constituents
76% ~that make the ord'inarl
“matter

http://www.euclid.caltech.edu/image/euclid2011-001a @
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electron
<10""%cm

nucleus —_—

(neutron)

ETH Zurich, Institute for Particle Physics.
A= h/r P De-Broglie Cl-[igﬁer the momentum smaller
f . E /’h equation "tﬁe cﬁ'smnce SCCl&Z W@]?YOEQ
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charge < 23 u 213 C

spin - 112 12
up charm
4.8 MeVic* =95 MeV/c*
113 d 13 S
12 112
down strange
0.511 MeVic* 105.7 MeVic*
-1 e -1
12 12 u
electron muon
<22 eVic? <0.17 MeV/c?
0 v 0
12 e 12 .D}l
electron muon
neutrino neutrino

PROPERTIES OF THE INTERACTIONS

Interaction
Property

Acts on:
Particles experiencing:
Particles mediating:

Strength relative to electromag [ 10718 m
for two u quarks at:
3107 m

for two protons in nucleus

top
=4.18 GeVic*
A3
. o
bottom

1.777 GeVic*

1

v O

tau
<15.5 MeV/c?

. Du

12

tau
neutrino

Gravitational

Mass - Energy

0 =126 GeV/ic?
: . &
. @ |
Higgs

gluon boson
0
0

photon
Size « 10°'0m

91.2 GeVic* -..-....\.umw:?.:ummo-—-

e and the enire stom would be sbout 1 b some.

0
. @
Z boson

Fundamental constituents of visible-
- W gnatter are confined inside hadrons.

Weeson ) S NVo ﬁee quark seen.

particleadventure.org

St
Fundamental

See Residual Strong
Interaction Note

Flavor Electric Charge Color Charge

All

Quarks, Leptons Electrically charged Quarks, Gluons Hadrons

Graviton
(not yet observed)

W+ W- zO 0% Gluons Mesons

10-41
10-41

10-36

0.8 1 25 Not applicable
10-4 1 60 to quarks
10-7 1 Not applicable

to hadrons 20
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Primordial Matter in Early

History of the Universe

Universe
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QCD Transition in Early Universe

Today 14 billion years - Temperature  Particle
Life on earth - » "ok ’ energy
Acceleration \— 11 billion years - - Quantum gravity era % 19
Dark energy dominate > S gV,
: =/ [ 10 K .10 Gev
Solar system forms\ #& 0 O "I BT .
Star formation peak \EEee———g bR YEa Sy er - 14
Galaxy formation era\ \ : [Inflationaryepech 10 K 10 Gev
Earliest visible galaxies : 700 million years } =
L o -

Recombination Atoms torm =400,000 years
. B | 7= S
. )

Relic radiation decouples (CMB) f\:r" ) %— "o
. - c A
o 15
Matter domination 5,000 years g 10 K 100 GeV
Onset of gravitational collapse = 2
. : g or
Nucleosynthesis 3 minutes s NN e S -~ Quark confinement
Light elements created - D, He, LI > U . : %’.
Nuclear fusion begins - 0.01 seconds - — ... 8) _____________________ -~ Neutrino transparency
- SONT > I 0000 e N " Deuterium stable
Quark-hadron transition 1 1$EL- - S =2 £ Transparency point
Protons and neutrons formed \ A% 1iNE D | - g -§ o I :
R MRS = = = forlight
AL e w = B S . o

Electroweak transition (—= R T e e
Electromagnelic and weak nuclear |8 W U - i’/ % N Present time

forces first diflerentiate

Supersymmetry breaking

Universe:
QCD Phase Transition: T ~ 200 MeV

Axions etc.?

Grand unifcation ransition EECSASERES
s oneriae [ R Flectroweak Phase Transition: T ~ 150 GeV

Inflation

Quantum gravity wall AN gﬂ’fﬁﬁase Transition: T ~ 10'° Ge'V

Spacetime descripion breaks down

QCD Transition the on[y one }oossiﬁfe to stuafy in Laﬁomwrg



How to Create Primordial Matter

Hadrons are composite objects
made of quarks and gluons.

®
Proton . K°

QCD is a “confining” gauge theory, with an effective potential:

Karsch et al
4 2.00 . , :
& LI
§ ¢ L 0 | d%
r -_— + 1.50 + § '°.: ¢ L0 W 2,072
§ o " ;
3 r 0‘: ‘.u. o *°¢ V. e "
“ ” “ ” 1.00 | “‘:,“:o “O‘SBTC
Coulomb Confining VAT PP RT T 06T
i /,.’.:.' :.. . S00 WP SO0 VWY b Ei'jE’niT‘c_
Wee .
. Ko
» — 00T
¥ . go0 S0 0 000 B S0 097'[‘
‘,"...“ 00 000 Bs SR8 @ 0 | ORTS
i No 11157
No one has ever seen a free quark. o . . . o
0 1 2 3 4 5

“Matter at high te t densi be de-confined
atter a lg mjaem ure or energy ensuy can ove de conﬁne



Quantum Chromodynamics

2
£ = g”—T“ Energy density for “g” massless d.o.f.
30
2
c=3- T4 Hadrqnic Matter:
30 3 7t with spin=0
P Quark Gluon Plasma:
£=37-—T" 8 gluons;
30 2 quark flavors, antiquarks, 2 spins, 3 colors
160 Lattice QCD B L —

14.0

120 |,
£l

10.0

8.0 |
6.0 |
40 :
2.0 |

0.0

“Matter at high temperature or energy_
dénsily can be dé-conﬁnecf

3 flavor, N =4, p4 staggered
m, =770 MeV

T, | (1-2 ~ 170 M@V

10 15 20 25 30 35 40 F Karsch, Prog. Theor. Phys. Suppl. 153, 106 (2004)




Relativistic Heavy lon Collider
And
Large Hadron Collider




Relativistic Heavy lon Collider

- RHIC: The high-energy

heavy-ion collider
(i) Dedicated QCD collider
(ii) Vs, = 200 - 5 GeV
(iii) U, Pb, Au, Cu, He, d, p

- RHIC: The highest energy

polarized proton collider!
Vs = 200, 500 GeV ‘

Animation M. Lisa

https://www.bnl.gov/rhic/ @



: == 4| < Largest particle accelerator:
Y Circumference is 26.659 Km.

<> Worlds Coldest place: 9300
magnets at -271.3°C (1.9 K)
— Colder than outer space

<> Worlds Loneliest place:
Internal pressure 103 atm.
10 times less than the
pressure on moon

f & <~ Fastest Race track: Trillions
<> Produces matter with temperature more than of protons race 11245 times
100,000 times the temperature of Sun a second with speed
<- Data recorded will fill around 100,000 dual layer 99.9999991% speed of light
DVDs every year http://home.cern/topics/large-hadron-collider
The CMS magnet system contains about 10 000 t The Sun never sets for such
of iron, which is more iron than in the Eiffel Tower experiments

- 11/35



Heavy-lon Collisions — QCD Transition

J. D. Bjorken Physical Review D 27 (1983) 140

_ T, K p, ...
K p tlTe
Tr
\ e
T eou\ ) T
‘////
R ..
p+p like A+A collisions
o)
collisions

Hydrodynamic
Evolution Pre-Equilibrium

Phase (< 1)

a) without QGP b) with QGP

Co[fia[ing two nuclei - create the QCD
transition Conﬁnecf (hadrons) -- CDe-conﬁnecﬂ

(cluarﬁs & gfuons) in [aﬁomwry




Heaviest Anti-Nuclei

Negative Particles '\, Positive Particles

5 kind of charged
Particles and two
Neutral particles

Nature, 473, 353(2011).

( dE/dx ) (KeV/cm)
8

20+ _
“He
Antimatter
3 2 1 1 2 3 35
/|Z| (GeV/c " ooy 3—
p/1Z| ( ) 3 He 1 K77
B MM 1 ]
120 F ‘#a} - = -
okt . 1 @
..2 - () - g
5 80 i ] -
O C ] o e —
O 60 t 1 p n H
40 - O signal candidates . ®
E rotated background E 0.5
20 :_ ————— signal+background fit _: e
0 B | I S T R T — 0
2.95 3 3.05 3.1 1932 1955 1956 1965 1971 1975 1995 2009 2011
3T . 2 .
He + t* Invariant mass (GeV/c . Jiscovery Year
( ) Science, 328, 58(2010)
|V|2 — E2 _ p2

Louis Pasteur: “In the field of observation, chance only
favours those minds which have been prepared” QCD Phase S tructures...ﬁ



Particle Production — Thermalized Source

. 5 5w m B B - STAR: NPA
é\“ {3*‘ 'Q\Q {_\(“ /Q\‘<" v\‘<" /‘\\4' ,;/\4' /,;/\4‘ d\‘” ,Q“’\Q “Q\.\(- \.\\V *_'ﬂl‘
| I | ! | | I ' |
n
.9 1 - -..-‘...-6. ........................................ .., .................. —
rw—
D X =
S v _ s ® ] =163 = 4 ‘MeV
— 3
o * o ? ; Wi = 24 = 4 ‘MeV
-: 2 1 ] 1 ] M ]
> 10 -
st g S P - 3
:'6 i o) ¢ 6 + ~ ECS E
g 075 | © -
o100 Los|© s o -
-o 1 " 1 A 1 " 1 A 1
P 0 100 200 300 400
= Nurl'nber of plarticipantls : 1 1 :

200 GeV ""Au + "®"Au central collision

L ATInZ) VTl D", )Kz(_
k=1

Vo oou 27’ k

Incorporates the various conservation laws.

Assumes thermal and chemical equilibrium.



Did we form Primordial Matter

If there is system of free quarks and gluons — Photons can be produced through:

Compton Annihilation Bremsstrahlung

na ﬁydroc{ynamic Joicture: S @oe of momentum
distribution cj’ these Joﬁoﬁms

1

T,=T, +Emvf

eff



Did we form the Primordial Matter

Taa Scaled pp + Exponential

;_,-\ 10 E
& F A 4+ AuAuMB x10 -—
2 T. = 300-600 MeV
0! 1 E— ¥ ptp
Q C 800 ————————T—————1—
E L r PHENIX —]
- 4L 700 D gEmenn |-
n 107°E ook ’ DX sy ]
T F > BTN
B B 2 500j ‘
MB 1()'2 = \.;400— ° i
el Gold-Gold S S
(o} - . 200F T, 1 MeV :
;,:10-3 . Direct Photons toof- ]
°"> - %01 02 03 04 05 06
8 p B Tau (fm/c)
O107F
= Tinitiar = T (QCD)
Z10°F ,
8 F ﬁeconﬁneof state of quarﬁs

10°E And Gluons

. | | I | I Rk Proton-Proton
10-7 111 1 I | I I | | I I L1 1 1 | I s Direct Photons

1 2 3 4 5 6 7



Perspective of Temperature

~ 12 _ . .
1044 K Nucleus-Nucleus collisions ~ 120 MeV
~10° K Neutron Star Thermonuclear Explosion
(Terrestrial Nuclear explosions)
~10°K Solar Interior
~6000 K Solar Surface
Room
~300 K . %, Temperature
DMR’s Tivo Yaor CMB Anisotropy Result " ~ 1/ 40 ev
sy Cosmic o
~3 K ' Microwave
Background
~10° K
~10-10 K Rhodium metal spin

cooling (2000)
(Low-T World Record!)

Trapped lons

- 17/35



Collectivity

Px
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Strong Collectivity

v, = <Cos n¢> STAR PRL : 2016
Vs, = 200 GeV "¥’Au+"""Au Collisions at RHIC
| ‘ J ' I ' | ' | ' L1 ' | ' | ‘ \ ‘ I '
25 [~ (a) Light quarks T (b) Strange quarks * B
| _—_ STAR: preliminary _—
AAAAA ------ 1 ** ------------ ]
& O 1 i
0w 0 AP |
A 1 ,o$ .
A o
Onx €1 : * O q) ]
A p 0 ' A Q
************* I R SN R S R B R I
2 3 4 50 1 2 3 4 5

Low py
High p;

All pr

STAR: QM2009
0907.2265

Transverse Momentum p, (GeV/c)

: Heavier hadrons have lower v, ( ~ hydrodynamic pattern)

: Collectivity grouped along baryon-meson lines
( ~ Hadronization by partonic recombination)

: Collectivity similar for hadrons with strange and light quark
(~ developed at partonic stage) ———




Partonic Collectivity

0 LI NS I LN S L S N N e [ L

0.3 ® *+1 (PHENIX) ¥ K{ (STAR) 3 A+X (STAR) N

—0.1

0.2 ﬁ ¢_::_baryon% C:?
0.1 .2 [ 4n° Mmesons

)
e

)
lllllllllllllll

|
1 2 3 40

Q_l I 1 1 I 1 1 1 1 I I 1 I I I

PR TR NN TR NN NN SR S SN SN S

B K'+K (PHENIX) <5 p+p (PHENIX) []=+Z (STAR)

¥,

tl!
+
Inq

' quarks _lo.os

Illlllllllllllllllo

1 2 3
Py (GeVic) 7 -m (GeV)

4 0 0.5 1 1.5 2

particle mass ol otted vs.

trans. kinetic energy

dependence

recombination of quarks
quarks have v, before hadronization

(my - m)/n_(GeV)

both axes scaled by number
of constituent quarks

n, = 2 for mesons
n, = 3 for baryons
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y (fm)

Properties of QGP

Energy density, b = 9.3 fm t = 1.000 fm/c
10

8

0.006
6

0.005

0.004

0.003

0.002

0.001

% 8 6 -4 2 0 2 4 6 8 10 O

F _ v,
A dy
b
A
v, =(cosng)
\/iscosity:

Resistance to Flow
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Increasing precision

Important experimental and theoretical developments of key observable

[ ] [ ]
Viscosit e
5 ¥ (2001) Phys Lot BS0), 54 b= experimental technigues
. o« P doveloped
A e : | 2000 2000
— 35 ¥ agl. * S e e = | |
- = t . 2 p,dependence
c | | ——e—— STAR [event-plane] -F e 7 _g
8 B . i F ] 8 | cerniied particie fiow
o L Viscous Hydrodynamics, arXiv:0804.4015 1 i 2002 ® 2002
P =
g 30 — % 1 ) 3 E rapidiy
-— Traneverse Momentsm p_ 1oeV) 8 dependence
o~ | MV Early success of hydrodynamics missing physcs g.
> | — of lattice OCD equation of state and viscosity. 2004 o analysis improved - 2004
25 I v Lwum Romatschbe (2008) Prws Rew CT8 03915 = omrors 'l‘d“(“ 3
- P A
I~ 7% = (e + pyuu’ — pg" + 7" _H(guv _ u“uv) H — u-c-c 'HTM - fluctuations important E
: E - et - Wm _——1 | 2006 for v; analysis in small systems : 2006
20 ? g a g _', ome et b=~ first flow results from :;.' : viscous hydro —
C b g viscous fluid-dynamics G
B ! 2008 Py 2008
B = S PLERLIETS 2 - reflable QCD equation of state :
15 I . - St from the lattice included
Bounds on shear viscosty bul large uncertanties
B from inital condtions oy
— S A e | 2 | T 2010
10 B _.” —  ATLAS 20-30%. EP ] [~ Yn
- : E
B {02 = v, correlations
- ¢ 2012 4 2012
N ; o - P(v,) ]
5 I p * l . * kingtic theory
- _ _ -1 y . Pt T % : * lattice QCD
] v, =(cos2¢),  @=tan ) S e E |- agscerion | [2014
B X Higher moments constran viscasity and fuctusting E = viscous hydro
0 oo v b b b b b by g : + flow data
0 0.5 1 1.5 2 2.5 3 3.5 4 2 :
i ifi * measure lower H
Unidentified Hadron p_ (GeV) — 9] [ bmmmpiazmed :
T mranmal m0s eTpet stres % H
Oroted by RMIC .
> § « determine (n/sNT)
. Ultra-Cold Quark-Gluon dependence i
At Helium Water P g . :
102 oms lasma 3 | - measure bulk viscosity | |
& and relaxation times :
] :
© | *constrain initial state :
‘:E and its fluctuations :

0

j S :m:mjw:" A s 4581: fect ’F[uic[

<
(




2

Anisotropy Parameterv

Anisotropy Parameterv_/ NCQ

02f

2
o
—

o
o
a

0.1

o
T

| | |

. 1.5 22 2.5
(mT - my) / NCQ (GeV/c?)

Collectivity : Heavy Quarks

Charm ﬂow is smaller

COM}?CIT@C[ to figﬁtﬁavor

joam’c(es.

Indicates charm quaré is not”

ﬁd@ thermalized and does
Mot ﬂow comjofew[y with the-

fmec{ium

Charm quarks initially produced, their

STAR PRL : 2016 (to be submitted)



Properties of QGP

s 53’;: ~ 3 ‘ a0 Brownian motion C?C a big particle (dust’
e ’;; T et ;i;~jparu6[e) that collides with a [arge set (f

. . e e ¥ ,
& ‘:, 2. 1 -"i'-:-' o Q"'. ‘.'.:‘:-.- “! smaller }oamc&zs (molecules of a gas)
it iy v ee T 0 RF L0 e Served as definitive confirmation that”
afical - ng= .o“o‘.c'.?-r. ey ,
- AL AN A S Y .. atoms and molecules actua[fy exist.
."' ..3~.. :. oo‘ .:." ' ‘o.

: : ,; .'.*._':M.. £ s *, .+ Einstein's theory

. oo'. 0..’.0‘ .:‘i .o" . j b v

.o‘." .‘:. t; ":‘: . .?.:o ‘:':{ . :..’ '. l— — = [I‘ATBT = ﬂ].i’rT — R:Zjl = -
oty *Ps " ot ¥, W0l g, " s 2t N 6mnrN
p::.°oo: o 0*.“".&22.“ !

LN g = : .“: % * : .. ..' U .0.‘ 10 5| Electroweak symmetry breaking
sav et ol gy 3

Wlklpedla % 104 2

g 108 :
Brownian Motion of G—léavl 5 y
Quarks in a bath of figﬁt partons 2 5
10 - ".' %e s)?rr?n[:e\t/;c:ruer:king
u

@iﬁ(usion: ‘Measure cf moﬁi[ﬁy N N N
L QCD quark mass (MeV) @



D x2nT

Diffusion Co-efficient

Tromarmoer osom T AuAU200GeV, 0-10%
: o o ]
025:Au-|Au 200GeV, 0-80% Nonflowest ] 1.8 346%”2014 eV, =
25t @ D 1.6f o D°2010/11 -
F— TAMU - —TAMU .
0.2f — SUBATECH = — SUBATECH .
| —— Duke ]

g

a'd

- STAR Preliminary | 0.2; o ) =
_OIOEO...‘:I[..llzlllllélllllll-.‘..é“..é.“.7 :..S.TAIR.P.r.eIIImIn.aIrY...I....I....I....I....:
Transverse Momentum p_(GeV/c) 6 1 2 3 4 S5 6 7 8
au a0 Transverse Momentum P, (GeV/c)
| = Lattice QCD: Banerjee et al. | ‘q | STAR: QM 2015
i O Lattice QCD: Ding et al. pOCDLO ______ I g
<] . L 5 30 . . - ,
[ o % 1 ’Tﬁe @ﬁuswn CO'e/ﬁClent times 2 qJ
atrix PR L p
20l - i S 100 1S 06561"\/'66{1? 66 661:'W€€Tl 1-10 QHCL
% | consistent with Lattice QCD
T S iUl 110 Cafcufa’a’ons
D. Banerjee, S. Datta, R. Gavai, and P. Majumdar, Phys.
%.5 1 15 0 Rev. D85, 014510 (2012).
T/Te STAR: To be submitted to PRL 2535



Phase diagram of QCD matter

!

60 T

pT—— o Early Universe
e et ] soof Liquia® | S — The Phases of QCD
JUIC, U® .® Path 2 ~ "(-U' LHC Experiments
—_ @® —
£ a o
= 40 1 € 200k Tetragonal Q
2 <o
g P crystal &
e el : =
é— N *s..  Supercon- r ! i
5 20r Metamagnetic *._ ductivity 1 £ 100
' Transition \ = orphous"
phase
10T, -
0 0 |
0 10 20 0 2 4 6
. _ Pressure (kbar) ‘
s A=A Cross
< : of etk -170 Mev-‘.“..-.-(.)y.e!.
& Mott insulator S ’ 1
AT Wl
o i
metal
g .-"‘I.o.ca!ln! on Critical Point
Insulator
= Hadron Gas
{disorden
: Quantum Tuning Nuclear {
{bandwicth) Parameter _~Vacuum Matter Neutron Stars>

0 MeV—2~ - '

0 MeV 900 MeV

Phase diagram of Water Baryon Chemical Potential

EIECt.f omagnetic interaction Phase diagram of strong interactions
Precisely known Largely still a conjecture

http://www1.Isbu.ac.uk/water/water_phase_diagram.html

NSAC Long range plan

%any Unique —



Experimental access to the Phase diagram of QCD

Physical systems undergo phase transitions when % 1090 7
external parameters such as the temperature (T) or <
a chemical potential (n) are tuned. wS
g ® 100
Conserved Quantities: o
Baryon Number ~ ug 3
Electric Charge ~ uqy ™ small 10
Strangeness  ~ U~ small b
] -
% l?,::' i’:’;‘(’j’:iwwm The Phases of QCD ~ 160 H
é_ it RHIC Expariment g 140
2 ‘; 120
3100 f
n
’ 5 80
\/arymg beanL. £ 60
energy varies - 40 ]“ 1 ,
‘ 10 100
CImoN Foxt ‘J'Zemyemture cmcf, :
et e é ) Centre-of-mass collision energy
aryon Cﬁemtcaﬂ per colliding nucleon pair (GeV)
0Mev-‘\/ i Meter MRS, 7 P. - i , e hel
o Potential Nature 448:302.3052007

Baryon Chemical Potential
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QCD Phase Structure ~ Transition Temperature

180 | X . X : p 180| PRDS85 (2012) 054503
B 170:1 1513)3) Mev 1! %a  175@@)Mev F! "u  176@)4)Mev T 170 \pA 830 (2009) 805¢
= 160 | | ‘~. l -.. 160
= Ak --A ' |
150 £4 N7 o = , 3150
140 l 1 1 1 L l 1 1 1 1 l L 1 1 : l A 1 l 1 1 1 1 i 1 1 1 : l 1 1 I 1 1 l 1 1 1 140
0 005 0.1 0 005 0.1 0 005 0.1
a®[fm?] a®[fm?] a®[fm?] Nature443:675-678,2006
5] [ [ L ] _—r'_'_'ﬁw-'ﬁ
Science 332 (2011) 1525-1528 100F & eeomd  20F i oo
(&) T T @) [T T T T T : B oaxe ] g P % o ex2es
10 _;a:::?;:cmzv @ Exp. Data_ 30__ T, = 17531 (MaV) ,_ 80 - l’ 3 O 4x24% B 80 2 ! i o 6x329
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| 0 T.=175 MeV J L - é 60 - i .‘ 1 R i
| & T.=180 MeV 5? | ; L " ¥ 100
wToto0mey ¥ i S i o ]
I 1 : -8 Q..: L
%5_ & 1w | ',-"' : 1| Z Y PRUTE PPN . ad "
Y : Dl Lo 3.4 10 3.4 3.5 3.6 A
0 - ; ] 6/g? 6/9?
¥ i s
N S 1 b e/ est] Transition temperature and Cross
| | '+ I S SR 2
PR ——— P —— Over estaﬁﬁsﬁec{at 2er0 6@1’}/01’1_;
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1Y Order PT

Experimental Result:

o . ' Transverse Dynamics in High-Energy Nuclear Collisions
- T T T T
10-40% Centrality ) Pone | ]
0.5 | oax Aa o -
oal e
< ol ket ]
TR S .
a) antiproton =02 I — .
| RO IR S S & STARPreiiminary |
E ' ] — | ]
1 (b) Kaons 3 3 o 3
A}_ 0.5 . oK' A K o -
- E o4l - % IS S -
b) proton S o4l 3 . 5% | N
o3 ¢¢@Xi%’¢ 3 3 -
I S B S -
02 gt N
P I ¥ S % STARPreliminary |
' ‘ \\Hi Il Il ‘ Il Il L \\Hi
< \ \ “ \ \
% 125 |-.(c)Hadrons ... . . RS ROIS NE -
g i i i % i
: 1 b Y —
o o) :
07 obooo T
Z |
Q; 0.5 TS TALICE kK STAR
5 3 O PHENIX WA98
=025 O - NA49E A E802
uJ | | FOPI. |
B e R e T R—
o Data . .
\,/I/ # uromp | Collision Energy Vs, (GeV)

102 Observations consistent with 15t order

‘fﬁase transition exyectations
STAR: Physical Review Letters 2014 ' 29/35



Experiment and Theory Link

10°FAuAu200GeVe '+ g.59 3 Shape of distribution ~ correlations
@B 15[ 0.4<p <0.8(GeVic) " o,
c 10 E |yl<05 g " 30-40% -

% * u ©70-80%

) ;

>40%E n? e v .

L - * L 1 Moments relates to Correlation length (&):
iy - *a - . s oG g

O 103 E_ *. ® " - —§ ~ .

8 102 :_ *m ° . a _: ‘ <$6N22>N§2 ‘ i <‘6N23>N§4.5 l
- 3 o = 5
- X o + i
Z 10¢ h ¢« " < (ON)*>- 3<(ON>2~E7

- ' ;

1R -
20 10 0 10 20
Net Proton (AN,)

STAR: Physical Review Letters 2010& 2014 IMoments relates to Susceptibility () :

M. Stephanov: Physical Review Letters Study Bulk properties of QCD matter
2009;2011 ) )

S. Gupta and R. Gavai : Physics Letters B Kurtosis x Variance ~ X(4)/ [X(z) T2]
2011 Skewness x Sigma ~ [x® T]/ [x® T2]

M. Cheng .. F. Karsch ..: Physical Review D

2008 30035



Data and QCD (Non-Zero T) 1°* Comparison

T (MeV) 1%t com}oam’son qf ﬁigﬁ energy_
519 16011 . 169 166, uclear collision data to 1%t
720 420 210 ° 54 ___ 20 10 m”ncip[e QCD calculations
2 F(a) m, ® Exp.Data < Lattice QCD -
R HRG .
15 = - @/X
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Critical Point and First Order Phase
Transition

1.1
’ Critical point estimates:
i Budapest-Wuppertal
Mumbai
© BRC
t 0.9 i l_l A(_
|._
0.8}
0.7
0

TIFR, Mumbai



Experimental Result: Critical Point
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QCD Joﬁase transition and yrimor&fia[ matter created in Laﬁomtvry.
System of aﬁe-conﬁnec[ qumﬁs and g[uons formec[.

The system of ﬁndamenm[ constituent of any visible matter exhibits the-
property of Jamfect f[uicfity with ﬁigﬁ cfegree of opacity. The ﬁeavy cluarﬁs

exhibit Brownian motion in a thermal bath of (igﬁt partons.

Phase @iagmm of Stron(g Interactions 6eing [aid out. Transition
temperature and order of pﬁase transition established at zero Earyom
chemical Jooint. fxciting exyerimenm[ results on critical Jaoint and Joﬁaseu

Eouncfary. Susceptﬁﬁiﬁty has a non-monotonic variation with beam energy.

T'mergent Properties of QC'D Matter




Standard Model & Origin of Mass

Test of QCD
Non-perturbative T>0

&
Phase structure of QCD
Phase diagram

Test of QCD, Long distance
scales, Non-perturbative

Test of QCD, Short distance

scales, perturbative regime regime
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QCD in 21°* Century
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New particle could be missing force carrier

Physicists believe that matter - created by the Big Bang some 14 billion
years ago - is made up of 12 subatomic particles and six force carriers.
One, the Higgs boson, gives matter mass and holds the universe together
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and protons... e £
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Fundamental particles and forces (year of discovery)
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Gluon 1979

2012: New particle could be Higgs boson
Sources: CERN, Particke Physics and Astronomy Research Council © GRAPHIC NEWS
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are found in cosmic rays

Large Hadron Collider contribution to science.
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Light Hadron Spectrum in Quenched QCD
final results from CP—PACS: qChPT chiral extrapolations
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Important experimental and theoretical developments

Increasing precision
of key observable
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Full jet reconstruction
measurements and comparison
to theory over a wide range of
collision and jet energles

Precision RHIC data
are essential
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upgrades requred to

expenmental techniques
developed

x5 suppression in hadron R, .
Away-side disappearance

d+Au "“Null-Experiment”:
Jet-quenching unambiguously
a final-state/QGFP effect

Strong modification of an
away-side jet: “Mach-Cone”™ ?

Near-side modification:
“The Ridge”

Feasibility measurements/studies
of full jet reconstruction at RHIC

Ridge and Mach-Cone structure
consistently explained by v,,
(initial state fluctuations)

LHC data: Increase of charged
hadron R, at high momentum;
full jet measurements

Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies

* reduce § uncenainties

- determine ¢ (T) dependence

« characterize quasli particle
nature over a wide range
In jet energy

« constrain importance of
collisional vs. radiative
energy loss: QCD analog

L to QED energy loss
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Initial spatial anisotropy Pressure gradient
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