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Outline

* What is quark gluon plasma (QGP)?
* Collective motion and initial state geometry
* From little bang to tiny bang
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A hot, dense mess

Quark Soup
Parting Company
First Galaxies
Modern Unfverse
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* At the beginning of the universe, it was
supposed to be a high energy density state!

* How does it look like?
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Quarks are confined
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Quark composition of a proton and a neutron {diagrams from Wikipedia)

v Tdecays (NLO)
= Lattice QCD (NNLO)
a DIS jets (NLO)

Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO) |
¢ 7 pole fit (N°LO)
v PP = jets (NLO)

= QCD og(Mz) = 0.1185 + 0.0006
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PDG 2014

CYCU, 2016/05/02 (I

Quarks are confined in
protons and neutrons

The further quarks apart,
the stronger the force; the
closer the quarks, the
weaker the interaction

What will happen if we
Increase the energy “high
enough”?



How do we melt the ice?

critical
point

218 | X

e ice
#

The large drawing

0006 ¥, water
| vapor |  AEmesd

more like the one

O/: :\ T o0 1:00 3574
* We heat up the ice oo

* |t will melt at critical temperature (O Celsius)
* A phase transition from ice to water
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nucleons!

Early Universe
£ Future LHC Expenmenis

The Phases of QCD

l Curmrent RHIC Experiments
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Ideally speaking...

pressure heat quark-gluon
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Creating the Mini-Bang

: | e P . s he

e Collides p+p, Au+Au at \/SNN =200 e Collides p+p, p+Pb, Pb+Pb at
GeV Vs, = 2.76 (5.02) TeV

NN
* and other species (Cu+Cu, Cu+Au,
U+U...) at various energies (VS =

7.7-200 GeV)!

CYCU, 2016/05/02 (EEIES 8



What happens in heavy ion collisions

* The beams travel at 99.995% the speed of light.

* The two ions look flat as a pancake due to Relativity. (y~106 at full
energy collision @ RHIC).

* The two ions collide and smash through each other for 10% s

* The collision “melts” protons and neutrons, and liberates the quark
and gluons.

* Thousands of particles are created and fly out from the collision area,;
plasma cools off.

CYCU, 2016/05/02 (RIS



Events viewed by detectors

~1500 charged particles
are created in one
Au+Au collisions!

CYCU, 2016/05/02 (RIS
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ALPHA&OMEGA

The Search toe the B eganng

and Fod of the [imvene

CHARLES SEIFE

of Zeva The Biowraphy of 3 Daagervas 142

Seen in many places!
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Pb-Pb @ 5.02 TeV @LHC
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Some useful terminology

Au: 197 nucleons
Pb: 208 nucleons

CYCU, 2016/05/02

Central collision:

the two nuclei collide “head on”.
Most energetic collisions, with
highest multiplicity. Roughly
300-350 participating nucleons.

Peripheral collision:

the two nuclei touch by edge,
with fewer multiplicity. Roughly
~10 participating nucleons

p+p collision: no QGP (at least
at RHIC energy)

IEEIIER 13



How do the particles move?

* Collision area has “almond”
shape due to overlap geometry
of the nuclel.

* Almond shape leads to un-
uniform momentum distribution.

* Pressure gradient pushes the
*almond” harder in the short

direction.

* For a symmetric colliding area,
Vodd - O

 Ifv,=0 - particle distributed

homogeneously in ¢ direction

Coordinate space: Collective interaction Momentum space: d*N
initial asymmetry [ressire final asymmetry =N 0 ( | —+ 2132 ( Pr ) CGE(ZQ’))) .

CYCU, 2016/05/02 IEEIIE L



How do we measure It?

e Determine the direction of the
event plane ()

¥, = Z w; sin(ng;)

e i
n X, = Z w; cos(no;)
i

* Measure the particle distribution

(@- )
d*N
= No(1 4+ 2v2(pr) cos(2¢)).
dpdpr
Coordinate apace; Collective interaction Momentum space:
initial asymmetry presgure final asymmetry

CYCU, 2016/05/02 (EEIES 15



mine the event plane

Z2cm Ph converter
in front

{muon piston
EM-calorimeter)

&

dN/dn

(beam-beam quartz-
Cherenkov detector) _ e

-5 0

i (zero degree n calorimeter
ZDC/SMD | /shower max detector)

e FRAGMENTS{Z=1/2)
BeamPipe r'.[}(. r
i ."_ n.\d:}--'cs i =
TN —dt o WY CNT
\ i t i) >
. S EEEE N\ y

Neutrons [Au  /Protons (PHENIX central tracking arm)



Phys. Rev. Lett. 98, 162301 (2007)
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Au+Au vs Cu+Cu

— Size difference

- Geometry difference (different
eccentricity, €)

Non-zero V,

Central collisions
(0-10%): smaller v,

Mid-central collisions (30-
40%): larger v,

17
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Geometry dependence

 Different geometry of the
Interaction area leads to different

Vs

Use the eccentricity to remove
the geometrical contributions

Central collision, €, ~ 0

€, Increases when moving to
peripheral collisions

fRENS
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Phys. Rev. Lett. 98, 162301 (2007)

0-10% 40-50% 2
| ©0%10%  AusAu @] == F T (o) ]
B :gu%lguq Au+Au v Y 1 Z(Zost . ﬁ (c}__
0.2l A 20%-30% v * — ®|® - % v ]
| & 30%—40% * | &|5 o086 ” =
¥ 40%-50% ¥ 4 Sl E & .
o — v * | u — 8T_ gﬂ.q-:— .@ —:
ST S D 7 &lF oz & -
o YA m . o . 4 =l=x N ]
B O 7 0 1 2 3 4
L i Pr (GeV/c)
C 0o0%-10%  Cu+Cu | (b) 7
0.15— O 10%—20% N ¥ $ — .
C csvido, oo 1« After normalized by ¢,
0.1— — :
s Lh e . Au+Au/Cu+Cu in
005 %E° = different centralities
- & - follows a universal
(I N N curve
pr (GeV/c)
* Vo K&
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Phys. Rev. Lett. 98, 162301 (2007)

How do the partlcles flow’?

|IIII|IIII|IIII|IIII|_~_|IIII|IIII|IIII|II
# 7(PHENIX) <> p (PHENIX)
B K (PHENIX) O A (STAR)
K§ (STAR)  [1Z(STAR)

0 1 2 3 40 1 2 3
p; (GeVic) KE; (GeV)

« V,Is particle type dependent
« In higher p,, the v, Iis saturated

CYCU, 2016/05/02

U-|IIII|IIII|IIII|IIII|--|IIII|IIII|IIII|II-

| | | |||I||||||II|III|| |
- [ﬂ) o THT {PHEMIK)  p+p (PHENIX) (b}
01l B K'+K (PHENIX) 0 A+A (STAR)
' KS (STAR) | Z+= (STAR)
T
A
: ol
'-.N - :b% . T ﬂ
0050 T ;8
' 40 i?
l.lQ' T
e | B
]
o
3 ;5
. of
5
UJII.IIIIJII.|LJIJ|IILJ|J||l]l|.ll||||||l]ll|.|
0 05 1 15 2 0 05 1 15 2
PTf"q (GeVic) KE/n_ (GeV)

* V2,M(pT)~2V2,q(pT/ 2)
V2,B(pT)~3V2,q(pT/ 3)

* The quarks have collective motion.
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Phys.
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Movmg to higher p.

10.05

| T
0 1 2 3 4 5 6

1 2 3 4 5 6

10.04

Co .o 1o v o by v by vy by vy by
0 05 1.0 1.5 2.0 25 3.0
KE;/n, (GeV)
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05 1.0 15 2.0 25 3.0
KE:/n, (GeV)

BRENSR

10.30
10.25
0.20
0.15
10.10

H0.10
10.08

10.06

10.02

» Scaling breaks

after 1GeV

Different
narticle
oroduction
mechanism

» High p, - hard

scattering
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I\/Ieasurlng the shape fluctuations

10

PHDBDS Glauber MC

10

CYCU, 2016/05/02

* The nucleus is not perfect In

shape

Nucleon distribution Is not
smooth

Azimuthal symmetry of the
colliding area no longer
available

Vv, IS possible, due to shape
fluctuations

Measuring v ., effectively means

measuring the fluctuations of
the Initial geometry

More constraints to theory
predictions!

IEEIIER 22



Fluctuations in Cosmic Microwave
Background

Multipole moment, ¢
2 10 50 500 1000 1500 2000 2500

6000
5000 i
4000 | 1
3000 o
2000 ,il I v

= ’ Wmﬁ:f'; ‘“’"‘\

it e | e G TG A R " R N
S Tr ST R T

Temperature fluctuations [ HZ]

Measurement of CMB 90" 18 1° 0. 01 0.07°

i Angular scale
from Planck Satellite i

* Microwave background shows the tiny
temperature fluctuations

* Multi-pole expansion shows the structure
of the fluctuation distribution

CYCU, 2016/05/02 (I
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Phys. Rev. C 85, 024901 (2012)
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0.05

v,20-30% —
v320-30% —
vy 20-30%
Vg 20-30%
PHENIX v,
PHENIX va
PHENIX v,
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03 Phys. Rev. C 85, 024901 (2012)

V5 20-30% —
| |v320-30% — _ ]
0.25 V5 20-30% n/s=0.08
Vs 20-30%  ---
0.2 F|PHENIX vy e
PHENIX va &
0.15 F|PHENIX v4 wa- i
0.1t =
R :_ ~ ;
—=_ -1
0.05 o .
D ------- 1 1
0 05 [ 15 2 2.5 3

e Hydro + viscosity
describes the data!

e n/s=1/4m

 Universal lower bound
from AAS/CFT
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V_and c
N N

« Measuring the flow coefficient with event plane method
- dN/dop 1+ 2(2v_* cos(n(g-V)))
- v, = <exp(in(¢-¥))>

* Measuring the flow coefficient with two particle angular
correlations

- <exp(in (¢, — @))>
=<exp(in (p,-¥ +¥ @))>
= <exp(in (@, - W )><exp(-in (¢, — V¥ ))>
=y l*xy?2

=C
n

CYCU, 2016/05/02 (I
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d+Au minimum bias
3<p"9<4 GeV/c

T—_PRC 80 064912

Ridge: Sum of c_

(b) Au+Au 0-30% (PHOBOS)
_ 3 1.5 _ PRL 104 062301
*Ridge (nearside long range correlation) appears in

central Au+Au collisions, and extend to |An| ~ 4
*This structure Is believed due to collective flow

CYCU, 2016/05/02 (EEIES 27



Ridge at LHC

pp@7 TeV

(d) CMS N= 110, 1.ﬂGEVKD-:pT-:3.UGeVIC CMS pPb \[s,, = 5.02 TeV, N°I'™ > ,110 o
1< P, < 3 GeV/c

< E .g 1.87
= > |
g - o g 1.71
e 2167~
- 5 4
4
JHEP 1009 091 -4 A

PLB 718 795
* Ridge appears at high multiplicity pp/pPb collisions
 Collective motion in pp/pPb?
 Something in common between pp/pPb/PbPb?

CYCU, 2016/05/02 (I
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High multiplicity events in pp are rare!

o™ T
o 10
2 PRL 116
= E
Yk 172301
o (2016)
10°F
102 ;_ A'_TLAS A_TLAS
E 1s=2.76 TeV Vs=13 TeV
10 é—
1_E 1 | ] ] ] ] | ] ] ] ) PR N TN T AN T N T N NN N TR N TR R
0 50 100 50 50 00 50 700
N NG
ATLAS u_f--:pj'”{f-_n GeV  ATLAS D.E-*ip:'t'{E.ﬂ GeV
f5=13 TeV N\ 10sN <30 is=13 TeV N

1.4

B = 102}

= 105 K = X
=l 1 2y A H .

U EI.QE' U EIQB-

CYCU, 201o/uo/uz (ZNETECN 29



Tiny Bang in p+Pb?

* |In p+PDb collisions in LHC, some collective flow

1C?

like structure are shown, how about R

GMSpr\;’ﬁN=5.GETEV.Nf:T'm?_:lj_qz (b) O S A A AL A A A AR
1<p, <3GeVic Falk [ YE'"> 80 GeV ATLAS [ 55 <XTE; < 80 GeV

A i 0.3} p+Pb \ Sy =5.02 TeV 1 e V,{2
" ' ;ﬁi:L%fH A :%F1HWJW<25 1 *v,{4}
&, SOONEIE. . i 1 0OVv,{2PC} o
£ L5550 = 0.2f i; 1 1 .

STANNY )y 2N [
I 0.1F =
oF

PLB 725 060

4 PLB 718 795

CYCU, 2016/05/02 (I

30



d+Au: bridge between p+p and Au+Au

- e I
- o« I
p+p d(p)+Au Au+AU

* p+p: baseline reference
 d+Au: baseline reference, cold nuclear effect
 Au+Au: hot nuclear effect

 |s d+Au really just a reference?
Do we create something hot in this tiny system?

CYCU, 2016/05/02 (RIS
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Central-forward (backward)

— e * 1he multiplicity distributions
25~ d+AU . 0000 | In d+Au collisions are

- sttt 200GeV . 2040% 1 asymmetric
201 : G . 40-60% — _

- . e0s0 | * Measure the two-particle
5l T, 80-100% | correlations of one particle
3 | £ Ty, N oMb at mid-rapidity (with central
© 1o [ oo, | arm spectromete_r, In|<0.35)

RO, e, C, | and another particle at
I forward calorimeter (with
T sriasnsstsaitty, Eﬁgﬂ | Muon Piston Calorimeter,
e T . 3.1<Inl<3.9
0-5-4-3-2-1012345 |n| )
N

PRC 72 031901

CYCU, 2016/05/02 (I
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Charged hadron v, in d+Au

0.3— d+Au@200 GeV p+Pb@5.02 TeV (a) |
e ugEEP}]{?ﬁﬁ; 0 ATLAS 0-2% il
A Vv5(2p) 0-5% ¥ CMS 0-2%
o Pl::)lynominal Fit O ALICE 0-20% PF\)_L 114 192301.
0.2— — Editor's Suggestion
|

v,/ Fit

00 0.5 1.0 1.5 20 25 3.0 35 40 45 5.0
pT{GeWc)

 Substantial amount of flow Iin dAu
 Similar behavior between RHIC and LHC

CYCU, 2016/05/02 (I
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Aseasyasl, 2, 3

Runl5 Rungd Runl4d
Ph}s Rev Lett. 113, 1"123!’” (20;"4) figure courresy ﬂf B. Schenke

4 p—Au + d-Au 1 3He-Au 0
@t 1 + ) | - ptAu,
L0 [ Oal® o

= i | SHe+Au

wif | oL

b e e Use central collisions
B to probe the initial state
%0 b geometry

2l | T * From Initial state

S R T TR ge_ometry to final state
X [fm] X [fm] X [fm] anisotropy

TABLE 1. Monte Carlo Glauber characterization results.

S}".‘itﬂ‘l'ﬂ .'“'l'rpaTL Necon £2 £3
0%-5% “"He+Au 25.0+1.6 26.1+2.0 0.50+0.02 0.2840.02
0%—5% d4+Au 17.3£1.2 18.1%1.2 0.541+0.04 0.1910.01

CYCU, 2016/05/02 EESES 34



Phys. Rev. Lett. 115, 142301 (2015)
vV, andv of 3He+Au

=TT T | . |
025F ¥ Vy(P,, 39{.1-:30} YV {‘F 3.9<1<-3.0) (C) -
- A V[P, 25{.1-: -1.5) A v:,,{‘l‘ -2.5<n<-1.5) =
0.20F O V,(F,, -3.0<n<-1.0) O V,('F,. -3.0<n<-1.0) 3
> 01 TEL LA
. @ L n
010 g
- @ é Z
0.05E- A =
= AL s @EP 5
m ! L1 L1 L1 ]
0. El 1 D 1 5 20 2.5 3-[]
TABLE 1. Monte Carlo Glauber characterization results. {GE\I."IE:J
System Npar Neon : £3
T e Substantial v, and v,!

CY LU, 2U1b/U5/U2
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Hydrodynamics still works
INn small system

= " *He+Au at 200 GeV, 0-5% Central
- =«m PHENIX data Vo, V,

0.25/ SONIC === superSONIC
[ ---—--- Glauber+Hydro -.--. IPGlasma+Hydro
- == AMPT
0.2
0.15-
0.1
0.05F /
*-"...I.-I 1 1 1 1 1 1 1 1 1 1 1 1 IIII|II

3 35
P, [GeVic]
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v, In various small systems

=
0.22~ = “He+Au 200GeV 0-5%, arXiv:1507.06273

0.2 = d+Au 200GeV 0-5%, PRL. 114, 192301
0.18~ * p+Au200GeV 0-5%
0.16 R u

ERE
| |
|
. |
.

— .
|

| “';]

u.12: . _. '-;i'} |
2 e

0.06

TABLE 1. Monte Carlo Glauber characterization results.

AR
]
[=]
.. ]

0.0 4—_ . |: System Npart Neon g2 £3
: e ﬂ 0%-5% “He+Au 25.0+1.6 26.1+2.0 0.50+0.02 0.28+0.02
0 uz:'_ [w] 0%5% d+Au 17.31+1.2 18.1£1.2 0.54+0.04 0.19+0.01

ﬂil.llllllilllllIIIiIlIIIIIIi
0.5 1 1.5 2 2.5 3 3.5

p_ [GeVic]
. V,(‘(HeAu) ~v (dAu) > v (pAu)
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Summary

* Collective flow in QGP
* Quark flows

* Even small system flows, and still follows
hydrodynamics

CYCU, 2016/05/02 (RIS
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Connection with other area of physics

s
Particle
Cosmology ohysics
/ \ physics
s
matter §

QGP Is highly active!!

CYCU, 2016/05/02 (I
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Backup slides
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LGlauber
v, €3

=
lq‘

0.3

0.2

0.1

v2/a2

m  p+AU 200GeV 0-5%
m  d+Au 200GeV 0-53%, PRL. 114, 192301

= “He+Au 200GeV 0-5%, arXiv:1507.06273 —
—— SONIC p+Au

— SONIC d+Au
—— SONIC ‘He+Au
arxiv:1502.04745

iy
PH:  ENIX
preliminary

0.5

1

1.5

2

2.5 3 3.5
P. [GeVic]

» Data well
described by
SONIC

 SONIC: Glauber
initial state +
viscous hydro
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O

Vn(ch) VS pT

“p

0-10% (a)|f 10-20% (o)
0.25T - )
[ m= Alver et.al.
Au+Au 1 Schenke et.allf
\ S =200GeV| [
0.2
X J Vz{wz]'
a Valy,}
0.15
c
>

0.1

0.05 |

20-30% ()|l

- 40-50%

(e)|

20-60%

(f)

12 3 0

Phys. Rev. Lett. 107, 252301 (2011)

CYCU, 2016/05/02

 Allv, increases with p,
* v, Is independent from centrality

PR
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Ridge in d+Au at |An| > 6

|_0|5:_ a) ®d+ Au0-5%

i +X2¢_cos(nA))
1.010F

= IIIIc -lc
1. 005} 2 4

C(A0)

L1 1

B
PH ENIX
preliminary
-II'IIIIIIIIIIIIIIIIIIIIIIIIIIII

1 0 1 2 3 4
Ao (rad)

By correlating clusters in both muon piston

calorimeter (MPC), 3.1<|n|<3.9, the long range

correlation at A ~ 0 is still preserved

PR

43



8107 [0.5,0.751[0.5,0.75] Glew-:I_:;— [0.5,0.75][1.0,1.25] GeVic —
Eﬂ q] g :“Efﬁ E'_E:J d+Au S, =200 GeV g

6F ° a":'ﬂﬂ, T |an| e [0,:48,0.7] _E
2 /"_:2

S| — TP R 0

>

f: TE .:,::::,::::,::::,::::,::::,_L__::::,::::,::::,::::,::::,::::,ia

2 ob, [0-5:0.75]2(1:5,2.0] GeVie I [0.5,0.75]9[2.0,2.5] GeVic

" 5
4t 1 b3
N D ok
of~ ¥ % o E 1
1 E
R / - Jo
1 i@
00705 1.0 1.5 2.0 25 3.0 05 1.0 15 2.0 2.5 3.0

CF In central d+Au collisions

A (rad)

PRL 111 212301 (2013)
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10x10?

fRENS

. 0.48<|An|<0.7

 Use ZYAM to subtract the
underlying background

* The per trigger yield
correlation in 0-5% d+Au
collisions is larger than
d+Au 50-88%

» After subtracting 50-88%,
the remaining correlation
function has a v, -like

(cos2A@) shape
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15x10™°

10

0.5 1.0

— A * B
.Cn_vn Vn

c, (C,) vs p,

@J[ﬂ[f%]@
D@

III|IIII|IIII|II_

(@]
0

—ut-

IIII|IIII|IIII|I|_

T ®

5

[ @ n =2 PHENIX, 200 GeV, d+Au, 0-5%, [0.5,0.75]® p, |Anje [0.48,0.
| O n=2ATLAS, 5.02 TeV, p+Pb, 0-2%, [0.5,4.012 p, |Anje [2,5]
[ m n =3 PHENIX, 200 GeV, d+Au, 0-5%, [0.5,0.75]@ p |Anj= [0.48,0.7]_
—l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 11 1 1 | 1 1 1 1 |_

s

1.5 2.0 2.5
pi (GeV/c)

« Significant c,, and c, increases with p_

3.0

3.5

PRL 111 212301 (2013)

e C, IS consistent with 0, basically no c, (or v,) contribution in

cyeu, 20168E5AU!

PR
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The Idea of Quark-Gluon Plasma

* Typical nucleon energy density (energy inside the
nucleon) is about 0.13 GeV/fm®.

* Higher temperature — higher energy density — create
more new particles (by E = mc?)

* When the energy density exceeds 1GeV/fm?, many
new particles are made — packed close together

* Matter will exist not as hadrons (protons, neutrons...),
out as independent quarks and gluons.

* |n this medium, the quarks and gluons are deconfined.
* |tis called “Quark—Gluon Plasma ™

CYCU, 2016/05/02 [EES 46



n separated Iong range correlations

= {d)-p uz1ueew::
i —1+'~‘2c: cos(mn)

- p+p

- (©®p, :1020GeVic -

= p+p

1.06) (a)-p 0210Gew-:: 114

- 1.04F D35<n < 0.35 B

= ok "% 1 12f -

= 1.02F -3.7<n ___<-3.1, Au-going E :
0.98; d+Au0-5% | ogf
1.06- ()@p_ :10-20GeVic § 1.4

F1.04F E

-g-: 1.02 1 1.2

:ﬂ I a=mSm- . - 7 -

O 1.00¢ R 1.0
0-98¢ d+Au0-5% 7 (gl
1.06F (c)@p,  :20-40GeVic 1 1.4

';‘; 1.04F 1

= .

g 107

O 1.00F

'd+Au0-5%"’:
I N R R S R R
Ad (rad)

- (N ®p,,.,; 2.0-4.0 GeVic

arxiv 1404.7461

CYCU, 2016/05/02

BRENSR

Ao (rad)

* p+p: dominate
by ¢, or COSA@
correlations

(conservation of
momentum)

e d+AU:
enhancement at
AQ~ 0, which Is
the “ridge”
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Searching for the critical point

lffiffiff:féilm B BEREE « From QGP to hadron

e Can we find the
,,  Quark-Gluon Plasma Critica| p0|nt’?

_ %FutureFAlRExpeﬁmems ° Changlng the
> colliding energy!

Critical Point

Hadron Gas Superconductor

/

‘/,_z Vacuum Matter Neutron Stars
- " T

0 MeV

Baryon Chemical Potential

CYCU, 2016/05/02 (EESE 48
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- STAR
_ Prelimina

Andronic et al.

-
=
L 1 1 1

—il—
e

~

:,.

Central

i BES Collisions

1 ‘10 L1

100 1000

\/Snn (GEV)
e Saturation at ~ 10 GeV?

BRENSR

T : Inelastic interactions
between particles stops

T, : elastic interactions
stops
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Measuring the flow harmonics in HIC

Phys. Rev. C 86, 014907 (2012) (ATLAS)

-------------
Pb-Pb |5,,=2.76 TeV 4L - ] -
1.02 B 4 nFo _ 10°F0-1% 0.5<p_,p <1 GeV =
L= 8 b 0-5% ] F ATLAS 2q|an|Tq5T ]
i I Pb-Pb {5,,,~2.76 TeV _
= 1.017 - Lo 8 b
% - = o
i 102k i
. 1
| § °
i ®
0.99
L " S butt 4l
awtmbaai £ e
32T e
0 2 4 = S T
A(I) o 5 10 15

* Measuring the particle pair azimuthal
correlation, C(Ag)

~2Qurier decompose the correlation function .



N
part
e ®
@ &> <8
® ¢

(b) eee0ee- <00OO®

=10, but
=5, (b) has N_, =25

Both cases has NIoa
(@) has N__

CYCU, 2016/05/02

and N

coll

N : number of
part

nucleons participating
In collisions

« N__: number of total

fRENS

binary collisions
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Some useful terminology

| hbbcsum_zdep_my_trig2_10_3 | ncrn,pop. 01, .1

10!

10’

10°

CYCU, 2016/05/02

\

| 60-93 %

Entries 1408079
Mean

30-60 %
10-30 %

b

500

T ST ST IR
1000 1500 2000 2500 3000

BBCN+BBCS

P, : transverse momentum

Centrality: a percentage of the
total nuclear interaction cross-
section

Central collision: the two nuclei
collide “head on”. Most energetic
collisions, with highest
multiplicity (0-10%)

Peripheral collision: the two
nuclei touch by edge (60-92%)

IEEIIER 52



How do we measure the
temperature of QGP?

 Measure the spectrum of direct photon in p+p
as baseline

 Measure the spectrum of direct photon In
Au+Au

* The “extra photons” in Au+Au must come from
thermal radiation from QGP

CYCU, 2016/05/02 (RIS
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Can n/s help us find the critical point?

. —ip— He

| —l— N3

| —— ng

| P Data-RHIC

e Universal lower
bound:

n/s = 1/4m0D.08
 QGP has the lowest

L
n/s among most
il atomic and molecular
substances
: « Lowest n/s ~T?
Phys.Reuv.Lett. (T-T )T,

98:092301,2007
CYCU, 2016/05/02 EEIES 54



Valence quark scaling?

0.1 7.7 Gev o0 w1 11.5 GaV "1 40.6 Gev
Au+Au, 0-80% 4A ﬂk‘.l* 1 ]

| . | Parhcles | | | E
0 05 1 15 EEI E}E 1 1, 5 20 05 1 15 2
PRC 88 014902 (2013) (m ~m, ]u’n (GeV/c?)

* No obvious deviation from valence quark
scaling — free quark even at 7.7 GeV?

CYCU, 2016/05/02 (EEIES 55



* T~10°K

CYCU, 2016/05/02

Other perfect fluid?

2000 8 2400 8

(2010 Nobel Physics)

* T ~room temperature
[RENSR
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System size dependence

* Peripheral Au+Au and central d+Au

System | <Ncoll>__| <Npart>__

Au+Au60-92% 14.8+3.0 14.7+29
vy d+Au 0-20%  151+1.0 153+0.8

o Similar number of collisions, and number of
participants

* Any difference between the two?

CYCU, 2016/05/02 (I
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The size of the fireball

* To measure the size of the fireball, we use the
HBT (Hanbury-Brown and Twiss) correlation to
measure the size of the fireball at freeze-out

i 3D Gaussian distribution
2 ;w « e out: direction of mean transverse
wll I * momentum of the pair

we ¥ » Side: orthogonal to out
- >/ * long: beam direction

long

CYCU, 2016/05/02 (RIS
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Y S L T S

mT depe ndence arxiv 1404.5291

SF T 2F- _ oy —

C (a) RDU’[ T (b) ] g F ® Au:Au [5‘[} 88%) A d+Au(0 10;’3] -

A= I 1||5_W — 200 GeV (x'7* & 1) ] Q:__ 15 —— systematic err. —— systematic err. =

- T . s ]
=3 e T o Au+Au (60-88%) ] S L & .
£ p e T a d+Au(0-10%) ] | = L L o H & -
X of - ®-g T == Au+Ausystematic unc. - n
eyt + == d+Au systematic unc. osF- =

13 T 7 300 O ]
R e E E O E

_ I (d ] = 7
IEC Rside 1 @ leng ! S 20F . —

i ¥ E A s ® -

- T @ ] = L |
E¥ _ ¥ \\.\ 1 o o Al & : ®—g -
—_ [ 1 - — g = | ]
NS et | = e A—A
: T e O e et =
T H 1 o B =
T T S S T T EUE: . . . . . . _E
8.2 0.3 04 05 06 0.3 04 05 0.6 0E_. T P '{}IB__

my (GeVic) | m. (GeVic) '

 Similar m dependence

between dAu and
AUAU

V(dAu) < V(AuAu)
- m_dependence of
volume Is similar

CYCU, 2016/05/02 (EEIES 59



Dependence In R

& 2.76 TeV Pb+Pb - ALICE 1
8 F® 200 GeV Au+Au - PHENIX .
% "% 200 GeV Au+Au - STAR ]
: A 200 GeV d+Au -PHENIX

. OO E 6 k~04Gevic .“J i
~ I ¥
E 4 ~ é,‘;j 4
e I H)" ]
v 1404.5291 ad '
arxiv . L A !
L (a)

0 Lo oo by oo by oy oy by gy
0.0 05 1.0 1.5 2.0 2.t

R (fm)

« I/R=sqrt(l/c 2 + 1/1/0y2)
 Linear dependence and nice scaling between Au+Au and d+Au

 Different slope between Pb+Pb (2.76 TeV) and Au+Au (0.2
TeV)

CYCU, 2016/05/02 (I
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K/mtand p/mtratio in d+Au and Au+Au

0.?_ — D.S_III
- TILR ] : ]
0.6 1L - N .
- = 0.4— TLLE ]
- - 3 B T 5
0.5 .t X 5 — - S,.eo 'e B ’
= : 4 .5 | E O B - 55 $ # _
> 0.4 -?;“5 - B -1 & 0'3__ e =L T o |
S = S0 wa® o - o8 g o ]
T 0.3 ge EEEE ] -lg B 0 !H a! - ‘13
o - !!E.H K/t AUs AU 60.92% x 1.2 1 e 0.2 EEE . _|
0.2 355 K*fi* d:-l;u ltj]-zt}-"fa xn1x2 | B - ';E : p:;n* QUEA%%%-?%
- - : . 5, O + -20% B
- " K/ Au+Au 60-92% 3 - B P Sl . -
0.1E e o - 01— B = P/m Au+Au 60-92% -
- ° ] N !g o P/m d+Au 0-20% ]
S B I e T T B P B D PR DR N P
00 1'5p {623%)2.5 3035 4 % 05 1715 2 25 3 35 4 45 5
T

PRC 88 024906 (2013) Py (GeVic)

 The K/mtand p/mtratios in peripheral Au+Au and
central d+Au are the same

» Similar chemical compositions in both systems
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ELTﬂNRD NIGEL: .. P artl C I e p hyS I CS

In 1 minute

* 6 quarks, 6 leptons

* Quarks combined into
hadrons
- Meson-> 2 quarks
- Baryons -> 3 quarks

Photons, Z, W and gluons
| are particles that carry
ELEI.‘,TH)H-HEI.ITHIHQ MUDHK- IIEUTHIIIB TAU- HEUTMNG fo rce S

9 gJ & Quarks have “colors”. The

law describing their behavior
r bz Is Quantum
BEYOND THE STANDARD MODEL ChromoDynamics (QCD)

=

LEPTONS
°

THEORETICALS

DARK MATTER i HIGGS BOSON




d+Au at RHIC vs p+Pb at LHC

« Smaller energy (0.2 TeV vs 5.02 TeV)
» Slightly different initial state geometry (d vs p)

« Can we see v, In central d+Au collisions?

CYCU, 2016/05/02 (RIS
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PRL 114 192301
Editor's Suggestion

ﬂE 1 0 GEWI:

Thack

(a)@p

-035-:1] <0.35
3?:11 ¢.31Augumg

d+Au 0-5%

[dlln

Tirack

DE1DGEW¢

; — 1+52¢ £os(nAg)

p+p

(b) @ B 1.0-2.0 GeVie

[Elip

I ﬂ-E DGEW::

2I] 4I]GEW::

tclln

Thrack’

d+Au 0- 5%

e
Ao (rad)

10

CYCU, 2016/05/02

234

ong range correlation

* For p+p, it iIs dominated

by ¢, (conservation of
momentum)

* When mid-rapidity

particles are correlated
with Au-going side, there
IS significant correlations

at Ap~0
. C,and c,are comparable
In central d+Au collisions
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Y (1S,2S5,3S) and event activity

ngﬂl}s' " I """mm;mm;n_ '_ EG.E_Illll I T T T T T T
E-‘-Dﬂ :—':I:;ijrr PaE=276TeV _ E CMS Preliminary T{ISyI(1s) {25y T{18) E
. | i ; ;"0.45:— ly _|=1.93 | pp276Tev © ppl.rbTeV —:
= p ] = F o = pPb 5.02 Tev @ pPb5.02TeY -
gm . E £ 0.4 “r PbPb 278 TeW
& 400 — tial fit - — E |1!" |'¢2‘1 E
- -~ background ] 035 M =
; S =
- J\A 0.3F s
00 v - pp * ppb .
a8 o 10 11 12 13 4 ='Ig-‘025: __
M., (GEVAY) SINEYY C + .
e R s PbPb 1
Cof g am | ofan TR 02 % t -
§|m;— o A GeVie L =B _; 0'153_ qllj _f
Soct pPb SN I L E
EBI': - . D1__ . ]
k. : T 1E
: 0055 T ¥ L =
B - ‘ L'} 7
3:-:: E [:I_""l 1 [ | ||| 1 Ll ||||| ] [ T
- 10 10° 10°
b T T T T R TR TR R m=2.4
m,., (GevicY) Nlrar.h:ﬁ
» Less suppression of excited states in pPb compared to PbPb
+ Interesting behavior vs event activity in all collision systems
+  Whatis the correct reference for PbPb collisions ?
325’: Julia Velkovska Hard Probes 2013, Stellenbosch, South Africa 17

=
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Open questions

— d+Au@200 GeV p+Pb@5.02 TeV (@)™
® V,(EP) 0-5% O ATLAS 0-2% N
A Vy(2p) 0-5% ¥ CMS 0-2%
— Polynominal Fit O ALICE 0-20%

PLB 718 795

* Is QGP created in
small systems (pp,
PA)?

* |s multiplicity/energy
density the key to
link pp/pA/AA?

* Unified
explanations?

PR
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Detectors at RHIC

STAR
specialty: large acceptance

measurement of hadrons
CYCU, 2016/05/02

B

PHENIX

specialty: rare probes, leptons,

and photons

67



CYCU, 2016/05/02

What is viscosity

BRENSR

Viscosity is the
resistivity of the fluid
_ow viscosity: milk
High viscosity: honey
_OW VISCOSIty means
the energy can transfer

through the fluid very
fast

no viscosity = “ideal
fluid”

68
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