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Relativistic Heavy lons | -
The What, Why, Where, and
How of It All

Outline :

QCD and Asymptotic Freedom
Necessary Conditions to Make the QGP
The Accelerators & Experiments
Evidence for the QGP




Color confinement - QCD

Quarks seem to be confined within colorless
hadrons

Nobody ever succeeded in detecting an
Isolated quark or gluon

One half of the fundamental fermions are not
directly observable.

Why?

Frequently listed as one of the top unresolved problems in physics
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Color confinement - QCD

Quarks seem to be confined within colorless
hadrons

Nobody ever succeeded in detecting an
Isolated quark or gluon

One half of the fundamental fermions are not
directly observable.

Why?

Frequently listed as one of the top unresolved problems in physics

To understand the strong force and confinement: Create and
study a system of deconfined colored quarks and gluons
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Asymptotic freedom

Coupling constant is not a “constant”

Runs with Q2 (mtm transfer)
accounts for vacuum polarisation

Oés(QQ) _ O‘S(/LQ)

33—2n
1+ (s (12) S ) in(Q? /12
as(p2) ~ 1!
u?: renormalization scale

33 : gluon contribution
ns: # quark flavors = 6
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Asymptotic freedom

Coupling constant is not a “constant”

Runs with Q2 (mtm transfer) Measured experimentally
- - _ 0.25 — —
accounts for vacuum polarisation & [ e OMS R raio | —o HERA
:m ‘ —i— CMS tt prod. —{+— LEP
9 020 N —&— CMSincl. jet —— PETRA ]
o (QQ) L s (lu ) B —&— CMS 3-jet mass j— SPS _
S o (33 Qn ) : Tevatron .
1+ (s (12) S5 )in(@Q?/12)] g6
as(p2) ~ 1! |
UZ: renormalization scale o010l
33 : gluon contribution - i e
. —_ | — (V| IVIZ) = U. 0.0050 \o-Jet mass
nf . # quark flavors = 6 0.05 | B=1 as(Mz) = 0.1185 £ 0.0006 (World average)

(33-12)/(1217) is positive =

as(Q?) — 0,as Q — ®, r -0
Coupling very weak
— partons are essentially free

Asymptotic Freedom

Helen Caines - HCPSS - August 2016 6



Asymptotic freedom

Coupling constant is not a “constant”

¥l
7
Runsy @ {‘“*11, The Nobel Prize in PhysicsM2ggygd experimentally
accoulr . — HERA
{+— LEP
“for the discovery of asymptotic freedom in the theory of the strong F— PETRA ]
9 : rantinn” — SPS
Oés(Q ) | Interaction 5 Tevation |
s(?) ~ |
UZ : renol )
33 : gluo M
Ns: # que |
verage)

s 1000
(33-12 Q[GeV.
Gs(QZ)

Coupl
— P4Ad| Dpavid J. Gross H. David Politzer Frank Wilczek

Asymptotic Freedom
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Asymptotic freedom vs Debye screening

Asymptotic freedom occurs at very high Q2
Problem: Q% much higher than available in the lab.

So how to create and study this new phase of matter?
Solution: Use effects of Debye screening

In the presence of many color charges (charge density n), the
short range term of the strong potential is modified:

1 1 —
Vi(r) x — = —pr[—r]
T T D
1
where D = 5 /n Is the Debye radius

Charges at long range (r > rp) are screened

Helen Caines - HCPSS - August 2016
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QED and Debye screening

r=>1ro In condensed matter this leads to
V(r) 7 V(r) an interesting transition

] r . . u .
—— = e” separation > e - binding radius
+ T — Insulator
T T v«
r
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QED and Debye screening

r=>1ro In condensed matter this leads to
V(r) 7 V(r) an interesting transition

e” separation > e - binding radius
— Insulator

e” separation < e - binding radius
— conductor

. This i1s the Mott Transition
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QCD and Debye screening

At low color densities:

()

quarks and gluons confined into
color singlets
— hadrons (baryons and mesons)

L

@%@g@
P @

R
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QCD and Debye screening

At low color densities:
quarks and gluons confined into

color singlets
— hadrons (baryons and mesons)

At high color densities:

guarks and gluons unbound

Debye screening of color charge

— QGP - color conductor

Helen Caines - HCPSS - August 2016
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QCD and Debye screening

At low color densities:

°go®
quarks and gluons confined into 0,00
color singlets ST N
(J ®
— hadrons (baryons and mesons) 0 e® Erver .,
'.‘O o0’ © .O‘o
o ©oe o ©®
e, ° °

At high color densities:

guarks and gluons unbound
Debye screening of color charge | — QGP - color conductor

Can create high color density by heating or compressing

— QGP creation via accelerators or in neutron stars
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What is T, ? - Lattice QCD
Abelilan

]
i
5 h
: [
| PR P
te

Action density 1n 3 quark system in full QCD
H. Ichie et al., hep-1at/0212036
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What is T, ? - Lattice QCD

Related to # degrees of

5 F. Karsch, et al. Nucl. Phys. B605 ' | | ' ]
* . RHIC e/ T4 —*
14 | &/ l _
72 I 3 & —3 i

t Number of degrees

10 7 . 53— e : ol LHC— of freedom

8 i 1 Increases by factor

avour
6 r 2 flavour - 1|O — quarks and
uons
Al 19
T.= (173 +/- 15) MeV
21 e, ~ 0.7 GeV/fm> T [MeV] ~
O | 1 | | 1

100 200 300 400 500 600

Quark Gluon Plasma created in Heavy lon collisions at RHIC and LHC
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What is T, ? - Lattice QCD

] . G. Schierholz et al.,
| Abel |a n Confinement 2003

egrees

factor
5 and

Related to #
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The phase transition in the laboratory

Ko qme P f Cold nuclear matter
\ o } T 7 Tfo Ecold = /4/31Tr0 = 0.13 GeV/fm?3
X % / /Tch
;i‘f ¢ Lattice (2-flavor):
=

TC 173+8 MeV
~ (6+2) T* = 0.70 GeV/fm?

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1))
|
a) without QGP b) with QGP z
A B

Chemical freeze-out:
(Ten < To): inelastic scattering ceases

Kinetic freeze-out:
(T, < Top): elastic scattering ceases
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The phase

transition in the laboratory

K, p, ...
ime 0 f Cold nuclear matter
T

\ T, K p, ... A f Id
| / fo T CO
S e

Hydrodynamic
Evolution

u/*/smry3= 0.13 GeV/fm3

Lattice (2-flavor):
Tc=17318 MeV

~ (6+2) T* = 0.70 GeV/fm?

Necessary but not sufficient
Pre-Equilibrium COndition

Phase (< 1))

a) without QGP

7

A

Chemical freeze-out:
(Ten < To): inelastic scattering ceases

Kinetic freeze-out:

(T, < Top): elastic scattering ceases

owihaeP  “ g(vs =7 TeV pp LHC) >>

\\ e(\Vs =200 GeV Au+Au RHIC)

B

Thermal Equilibrium =

many constituents
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RHIC and the LHC

RHIC LHC

Start date 2001 2009

lon Au-Au & p-p Pb-Pb & p-p

VSNN 5-200 GeV 2.76 & 5 TeV

Circumference 2.4 miles 17 miles

Depth On surface 175 m below ground

HI Exp. BRAHMS,PHENIX, ALICE, ATLAS, CMS, LHCb
PHOBOS, STAR

Located BNL, New York, USA CERN, Geneva, Switzerland

HI Running ~12 weeks/year ~4 weeks/year
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Phase diagram of nuclear matter

Explore phase diagram by

Quark-Gluon Plasma changing beam energy
and/or nuclei collided

Versatility of RHIC
being fully exploited

Beam Energy Scan
underway

Phase-| completed
Phase-Il 2019-2020

Seeking evidence:
of turn-off of QGP
location of the Critical Point
1st order phase transition
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Geometry of a heavy-ion collision

Non-central
collision Z /

Picture: © UrQMD

\ Reaction

XZ - the reaction plane

plane

“peripheral” collision (b ~ b,.)
“central” collision (b ~ 0)
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Geometry of a heavy-ion collision

Non-central
collision Z /

Picture: © UrQMD

\ Reaction

XZ - the reaction plane

plane

“peripheral” collision (b ~ b,.)
“central” collision (b ~ 0)

Number of participants (N,): number of incoming nucleons

(participants) in the overlap region
Number of binary collisions (N,,): number of equivalent

inelastic nucleon-nucleon collisions Npin = Npart/2
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39.4 TeV in central Au-Au collision

» Only charged particles shown

* Neutrals don't ionise the TPC’s
gas so are not “seen” by this
detector.

>5000 hadrons and leptons

Helen Caines - HCPSS - August 2016 15



39.4 TeV in central Au-Au collision

>5000 hadrons and leptons

6 TeV is removed from
colliding beams.

» Only charged particles shown

* Neutrals don't ionise the TPC’s
as so are not “seen’” by this
etector.
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The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 ydoule

Helen Caines - HCPSS - August 2016



The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 ydoule

Sensitivity of hman ear:
10-" erg = 10-18 Joule = 10-2 pJoule
A Loud "Bang” if E = Sound
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The energy is contained in one collision

Central Au+Au Collision:
26 TeV ~ 6 ydoule

Sensitivity of hman ear:
10-" erg = 10-18 Joule = 10-2 pJoule
A Loud "Bang” if E = Sound

| Most goes into particle creation

-
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Early conditions: Energy density

* use calorimeters to measure total
energy

—~ 1.6
> [ = ALICE (from EZ**; f __=0.55)
O 1 4— * STAR
1,\— - ¢ PHENIX
12 .. - -
-E.: - [] L] - [l )
=z 1:-. ; - : y
ge; i - I -
V
S :@
w 0.6
oo R
0.4__ IWIH
0-2_ ALICE Preliminary
- PbPb @\/s=2.76 TeV
0 R R T B B

A B
0 100 200 300 400

N

part
LHC: dNen/dn = 1584+4(stat)+76 (sys)
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Early conditions: Energy density

* use calorimeters to measure total S 18 T ALICE (from £ ¢ 20.55)
energy O 1.4+ STAR
. . -+ PHENIX
- estimate volume of collision _% P
Bjorken-Formula for Energy Density: zﬁ 1_~” mu ® ' . S
O "o c T -
V
. AET | 1 dE, Z\_osq{}}ﬁﬂ HE ot
-t R? T, dy -E"OG%J
/ Ti \tt kes t L-'.é 0.4 @
Ime It takes 10 A i
R~6.51m thermalize system -
(t, ~ 1 fm/c) 0.2 ALICE Preliminary
i PbPb @V/s=2.76 TeV
\ 0 A R R R S R R
— 0 100 200 300 400
N
2 part
- 7R LHC: dNeh/dn = 1584+4(stat)+76 (sys)
dz =170dy
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Early conditions: Energy density

* use calorimeters to measure total

energy

» estimate volume of collision

Bjorken-Formula for Energy Density:

AZ‘ZT

€ p;

1 1 dE,

T AV mRt, dy

/

N

Time it takes to

~~

eV

2

/dn>

ch

<dE./dn>/<dN

1.6_ had, _
- = ALICE (from E*; f _ _=0.55)
1.4 *~ STAR
-+ PHENIX
1.2 _— .
1:ﬁﬁ JL R } " .
- o L g
(= T |
0.8_—%&} }# H‘I H‘} I’H % %
_%l l
0.6
_ )
0.4 2 " 4
0-2__ ALICE Preliminary
i o IPbPIb@\§|=2.7I6TIeVI |
00 100 200 300 400
N

part

LHC: dNen/dn = 1584+4(stat)+76 (sys)

R~6.5 fm thermalize system
(t, ~ 1 fm/c)
\

-— —_—
— — > nR?
-— —_—

\

Y
dz =t ,dy

) “|egy = 15 GeV/fm?3 (RHIC: ~5 GeV/fm?3)

~ 90 (30) times normal nuclear density
~ 15 (5) times > ¢4 (lattice QCD)
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5 GeV/fm?3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060J leV

X — 6.6 X 10°%eV
BTU ~1.6x10-197 * e

100 x 10°BTU x
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5 GeV/fm?3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060J 9 leV
BTU 1.6x10-19J

At 5 GeV/fm3, this would fit in a volume of:

100 x 10°BTU x — 6.6 X 1072V

5 x 10%eV

= 13 10% fm’
m

6.6 X 10°%eV =
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5 GeV/fm?3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

1060J 9 leV
BTU 1.6x10-19J

At 5 GeV/fm3, this would fit in a volume of:

100 x 10°BTU x — 6.6 X 1072V

5 x 10%eV
fm’

Or, in other words, in a box of the following dimensions:

6.6 x 10°%eV - = 1.3 x 10” fm’

1/1.3x10% fin® = 5%10° fin = Sum

Helen Caines - HCPSS - August 2016 18



A human hair

S
o

Bgl1l 18KU 18m WD13
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Measuring the initial temperature

Planck distribution
describes intensity
as a function of the
wavelength of the
emitted radiation

Radiated Power Density
Planck Law

- 2nc”h 1

he

ek _ 1

o
.

*

-

*

-

-

Power density (103 watts/m?)
- N W e O O -~ 0 WO
+ ~+
~

.....
» -
....

. - -
...‘ ................
aner g . S Essessede BEEEEEE S

100 500 1000 1500 2000 2500
Wavelength (nm|
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Measuring the initial temperature

Planck distribution Radiated Power Density

describes intensity 107 Planck Law

as a function of the & 91

wavelength of the % °]

emitted radiation 2 o] - 1
‘Blackbody” radiation £ 41
is the spectrum of 591
radiation emitted byan 3“1/ /1 ...
object at temperature T 1 J_f,; ....... orcssssstssnennnenen s s S A BT

100 500 1000 1500 2000 2500

Wavelength (nm)

As T increases curve changes

Use momentum spectra to reveal temperature of QGP

Helen Caines - HCPSS - August 2016
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Initial conditions: Temperature

Thermal source emits “Blackbody” radiation
— pT spectra reveal temperature of QGP

light

(pr> t m?)”= my

T

purely thermal
source

1/my dN/dm
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Initial conditions: Temperature

Thermal source emits “Blackbody” radiation
— pT1 spectra reveal temperature of QGP

light light

- TaB_> g‘
"4 |y 3
_ Z
heavy explosive ° heavy
=

1 source
(pr> t m?)”= my

T

purely thermal
source

1/my dN/dm

Different spectral shapes for
particles of differing mass
— strong collective radial flow

T light so not/hardly affected by
flow
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Initial conditions: Temperature

Thermal source emits “Blackbody” radiation
— pT1 spectra reveal temperature of QGP

I Fit to central data T ~80 MeV
3
N 3
O E = —kT
S 2
3 T — 2k
N 3k
o
S
= 2 x 80 x 10°
O 19
= — X 1.6 x 10
= 3 x 1.4 x 10~23
~9x 101K
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Source is explosive

See mass dependence as
expected

Helen Caines - HCPSS - August 2016 22



Source is explosive

F
1
—

See mass dependence as
expected

K,m K p
_ % e @ ALICE, Pb-Pb,\[Sy, = 2.76 TeV
_—m¢¢¢
= ¢9¢’
Q,Q
Q.‘
+—¢-
L 0T, *e
o ""’1—, .
-,
+*it+ ++
Hay,
- ALICE Preliminary
- 0-5% most central
IIII|lllllllllllllllllllllllI
0 0.5 1 1.5 2 2.5 3
p. GeV/c
T
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Source is explosive

See mass dependence as
expected

Spectra much harder
and yield higher than at
RHIC

Very strong radial flow
BLHc= 0.65¢ ~ 1.1 BrHic

TkinLHC = TkinRHIC ~ 80-95 MeV

10"

T

K.tTK P
% e 8 ALICE, Pb-Pb,\[5, = 2.76 TeV
O
x

0 PHENIX, Au-Au,\[s,, = 200 GeV
STAR, Au-Au,\s,, = 200 GeV

ALICE Preliminary o
0-5% most central

0

0.5 1 1.5 2 2.5 3
p_ GeV/c
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Source is explosive

LA ILAULE AL LU UL LU UL
See mass dependence as 200 Pb+Pb 2.76 TeV -
expected 180F O Au+Au 200 GeV

C 7 Au+Au 62.4 GeV

160F O Au+Au 39 GeV -

St ek L) -

Spectra much harder % s l i E
and yield higher than at = 1200 : A :
RHIC ~100F He m-%@ .
A o o

: - L] ui9. e -

Very strong radial flow 60F ﬁﬂiﬁu 115 Gev -
~ U+AU /. e 7]

BLHc= 0.65¢ ~ 1.1 BrHic 40 | | | | | | |_:
Tunie = Tangeic ~ 80-95 Me 6=~ 51 6263 0.4 0.8 06 07

()

QGP expands explosively

Only gives access to temp
at kinetic freeze-out
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Early conditions: Temperature

Direct Photons:
no charge or color — don’t interact with medium

 emitted over all lifetime — convolution of all T

Theory well developed

nNe,E—r—7————r—7——
N\ Central Au+Au (s “=200AGeV)

- X <N >=800
'> 10 .
> lyl<0.35
S 107
o 10°
O
29-104
o — Hadron Gas
< 10° — QGP (T,=370MeV) o :
© initial pQCD (pp) N
10 — sum N
[ T | 1 L1 U W N TR TR TN SN NN SN SN S|
0 1 2 3
q,[GeV]

QGP dominates:1< pr< 3 GeV/c

Helen Caines - HCPSS - August 2016
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Early conditions: Temperature

Direct Photons:

* no charge or color — don’t interact with medium
 emitted over all lifetime — convolution of all T

Theory well developed

L) l L L) L L) l L)

Y

dN /d"q [GeV 7]

Central Au+Au (s =200AGeV)
<Nch>=800
lyl<0.35

} — Hadron Gas
L 10°F  — QGP (T,=370MeV)
© initial pQCD (pp)
10 — sum
U NN N SN NN NN SN SN SN NN S S S |
0 1 2 3
q,[GeV]

[—
]

T
(-
]

T

[—
—]

[—

d-"IN/(ZTp_dp, dy)(Gev/c) ~
=

[—
]

[—
]

QGP dominates:1< pr< 3 GeV/c

[—
=]
s o

[}
1 L] ] ] =I
=] Lh =S fd [
P TTTTIIT T IO T TIImm T TT0T T T T FI
1 1 1 1 |'-"" L
<—I "I "
]
W
Y
th
=}
|
]
N

3

&

I I I I I I I
——— STAR AuAu@200GeV MB
------ 4 PHENIX pp@200GeV
O PHENIX pp@200GeV T " scaling

—
—p-
s ol
>
8
G
: iLUJlHI':.IIIIIH]I IIIII|,|,|| IIIIII|,| IIII|,|,|I IIIIIHI IIIII|,||I (NI

no n measurement in p; <2 GeV/c

Vogelsang Private comm.
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Early conditions: Temperature

1 | | | | | | |

I—iT — o
= = =
IS w b

T
[—
—

£h

d>N/(2np_dp_dy)(GeV/c)>

10°°
. — primordial
10 —meson gas
10-8 I I I I I I I I

1 1.5 2 2.5 3 3.5 4 4.5 5
pT(GeV/c)

Consistent with Tinit= 320 MeV

Even higher at the LHC
(Tc ~ 170 MeV)

[Van Hees, Gale, and Rapp, Phys. Rev. C 84, 054906] Helen Caines - HCPSS - August 2016 24



Melting quarkonia

Quarkonia - bound states of heavy quark-anti-quark pairs

Formed only in the very
early stages of the collision

due to their high masses

Only loosely bound

Melt in the QGP

Color Screening

Helen Caines - HCPSS - August 2016
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Quarkonia - QGP thermometers

Charmonia: Jhp, W', .

Color screening of static potential |
Bottomonia: Y(1S), Y(2S), Y(3S)

between heavy quarks
(Matsui and Satz, Phys. Lett. B 178 (1986) 416)

Ebinding (GEV)
/T -
c /) tf] I 0.64
- C 0.2
— | x(1P) .
_ Y(1S) 1.1
12|l TA(19) ¥(25) Y(2S) 0.54
Y(3S) 031
<T, Xbé(lii;) Y*(35)
c w25 . .
. (£3) Suppression determined

by T and binding energy
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Sequential melting of the Quarkonia

~. 50 -
§ - CMSppVs=276TeV -
S Iyl < 2.4
s 40 m p! >4 GeV/c N
Ny L, =230 nb"
&2 i
o 30+ -
i i e data
I — total fit
50— T \ﬁ ------ background |
""""" 4 H#& | * * ;P
------- T 4
|||||||||||||I|LIIII|LIIII|III¥_
10 11 12 13 14
. . (GeV/c?)
CMS: arXiv:1208.2826 Al
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Sequential melting of the Quarkonia

L L L B IR L BN B R
S [ e dat CMS PbPb \'s,, = 2.76 TeV -
E 700" pppp fit ” Cent. 0-100%, lyl <24 T(ls)AA — 056 +0.08 +0.07
o 600:— ------ pp shape L. =150 ub’ E sznT(ls)pp
g : p$>4GeV/c :
2 iE Lor(es)
g F : AA
400~ Pia - = 0.12 £ 0.04 £ 0.02
: | NoinT(25)pp
300} /“y/ :
2005— 37 s SR WA
e , _TBSaa 6340044001

1005_ - NbinT(SS)pp

_| 1 1 1 | I | L 1 1 1 | L 1 1 1 | I | L 1 1 1 | 1 1 1 |_
v 8 9 10 11 12 13 14
CMS: arXiv:1208.2826 1ass(uiu) [GeVic
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Sequential melting of the Quarkonia

(\’I'\ BUU_—f L | T 11 | T T 1 | T T 1 | T 11 | T T 1 | T 1 1—_ <:

S ] <
> 0 data ” CMS PbPb \'s, = 2.76 TeV R
& "“°F — PbPb fit Cent. 0-100%, lyl < 2.4 1.9
— L _ 1 . >~‘
S 600F pp shape || L,,=150ub -

< [ pi>4GeVic .

0 B .

€ 500 -

(O] B + % .

> N i ]

W 400r % .
400 s -
300 -
200— -

S .
100F =

L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 11
v 8 9 10 11 12 13 14
- 2
CMS: arXiv:1208.2826 VIass(wiw) [GeV/c™]

Most lightly bound states have melted

Nbin Yi@ldpp

1_4_ | | | I | | | | | | | I | | | l | | | I | | | ]
- CMS Preliminary 0-100% 1
1.2 - —
i Pbe\/sNN =2.76 TeV _
1 _
- o Inclusive y(2S) (6.5 < P, < 30 GeVlc, ly| < 1.6) -
0 8—' T(3S) (ly| < 2.4), 95% upper limit N
TF 4 Y(2S)(ly| <2.4) .
[ m prompt J/y (6.5 < p_ <30 GeVlc, ly| < 2.4) |
000 r(1s) iyl <24 E
i Y(1S) -
0.4 (15)
- - J/w ]
0.2—y(2S) Y (2S) -
[é Y(3S) 2 _
0— | | | ¢ | | | | | | | | | | | | | | | | | | | |

0 0.2 0.4 0.6 0.8 1 1.2

Binding energy [GeV]

T>15T: ~300 MeV
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Initial conditions: Thermallzat/on

Pb+ Pb, b =7 m £ F. . 3T % g
yt o ] § 14y » 10-31 %
; | g 1.2: e 0-10 % ‘
| S
-10-16- - 5 ------ o- — 5 ----- 120. 0.4} ' ' ' : l :
x (fm) 0 0.5 1 1.5 2 2.5 3
q)lab-\Pplane (rad)
Almond shape overlap ) Interactions/ ply ~Anisotropy in
region in coordinate space Rescattering momentum
space
dN/d¢ ~ 1+2 vo(pr)cos(29) + ....  ¢=atan(p,/py) Vo =(COS2¢)

Vv,. 2" harmonic Fourier coefficient in dN/d¢ with respect to the reaction plane
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Initial conditions: Thermallzat/on

Pb + Pb, b = 7 fm £ _‘ . AT % +
yt Erof ] 3 M » 10-31 %
; | 8 1.2: ® 0-10%
| S
-10-1(-)- - 5 ------ 0- — 5 ----- 150. 0'4: ' ' ' : ' :
X (fm) 0 0.5 1 1.5 2 2.5 3
¢Iab-\yplane (rad)
Almond shape overlap ) Interactions/ Anisotropy in
region in coordinate space Rescattering momentum
space
dN/d¢ ~ 1+2 vo(pr)cos(29) + ....  ¢=atan(p,/py) Vo =(COS2¢)

v,: 2" harmonic Fourier coefficient in dN/d¢ with respect to the reaction plane

100us

600us

—M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J.
Thomas - Science 298 2179 (2002)
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Initial conditions: Thermallzat/on

Pb + Pb, b =7 fm £ . 31_7'7% ;Iq;
yt Eeof T 3 ‘-4_‘.. s 10-31 %
- | T 12 e 0-10 %
. 2
2 0.8}
” o.ef—
B e R
X (fm) 0 0.5 1 1.5 2 2.5 3
. . . q)lab-lyplane (rad)
Almond shape overlap ) Interactions/ ply ~Anisotropy in
region in coordinate space Rescattering momentum
Elliptic flow observable sensitive to early evolution of system
Mechanism is self-quenching
Large v, is an indication of early thermalization
100ps 600ps 1000ps 2000ps

—M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J.
Thomas - Science 298 2179 (2002)
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Early thermalization - elliptic flow

0'08 - f UL | T rTTTTT

n V, versus Vs, (GeV) ; -

0.06 — E

- 5 20 — 30 %

0.04 |- LG %- centrality 3

. 1 lm :

0.02 = " ® ALICE -

- ; ¥ STAR N

OfF---g-------mmm oo < PHOBOS -

- Y x ] PHENIX 7]

A o

-0.04 [~ + E877 ]

- * EOS N

: A ES95 -

had i PRL 105, 252301 (2010) v FOPI ]

oos—b oo oo L ]
1 10 102 103 104

v2 (ptint.) LHC ~1.3x (pt int.) RHIC

The overall increase is consistent with
the increased radial expansion leading
to a higher mean p-

Helen Caines - HCPSS - August 2016 29



Early thermalization - elliptic flow

0.08

0.06

0.04

0.02

0

-0.02

-0.04

-0.06

-0.08

lllllllllllllllllllllllIlllIlll

f V, versus Vs, (GeV)

g ¥

I
L
I'm

¢
20— 30 %
centrality _J

L%

PRL 105, 252301 (2010)

® ALICE

v STAR

¢ PHOBOS

] PHENIX

B NAYY
CERES

+ ES77

* EOS

A ES9S5

¥ FOPI

— I — l—

—

10 10°

—
o
rS

10°

v2 (pr int.) LHC ~1.3x (pr int.) RHIC

The overall increase is consistent with
the increased radial expansion leading
to a higher mean p-

02

.01

| ---- Acos(2A¢)+B fit

:

v Event 14

ALICE

PERFORMAMNCE
22T Z

m%
ffoooH

\
\

i
P

; g# i

2 4
A (rad)

Such high event multiplicity

flow measured event-by-event

Strong evidence for
thermalization
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Elliptic flow and the “Perfect fluid”

Confirmation of RHIC discovery that a QGP is almost a perfect fluid

CERN Press release ALICE preliminary, Pb-Pb events aty s,y = 2.76 TeV
NovZ26, 2010 03 centrality 40%-50%

‘ . : B P A 1 ’/” .
confirms that the much 37}2 \L{zp || A?]||>>1}} ’?iti—
hotter plasma produced a0, v fSP An|>1) | HH i

very low viscosity liquid
(a perfect fluid)...’

0.1 (CGC initial conditions)

tion of medium (n/s=0.2)
Description of medium’s “hydro LHC

e\(olutlon via fluid Qynamlcs Ay hydro+UrQMD LHC
with almost zero viscosity P2 L R

verv successful 0 0.5 1 1 5 2 2 5 3 3.5
4 P, (GeV/c)

at the LHC behavesasa 0.2 B
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Elliptic flow and the “Perfect fluid”

Confirmation of RHIC discovery that a QGP is almost a perfect fluid

CERN Press release =~ <~ [ ALICE preliminary, Pb-Pb events at\ sy, = 2.76 TeV
Nov26, 2010 03 - centrality 40%-50%

¢ . i o i, P, A 1 ,/” N
confirms that the much fﬁi \\//2{{2P || A?]"Z 1}} - !
hotter plasma produced [ @D, v (P, [An|>1] peiliid }
atthe LHC behavesasa o2  ° ’ ¢t ¢

very low viscosity liquid
(a perfect fluid)...’

(CGC initial conditions)
Description of medium’s _ﬁ;’/gfooﬁ_)lc =
evolution via fluid dynamics hydro+UrQMD LHC '

with almost zero viscosity 2 T R R A S

0.1+

0o 05 1 15 2 25 3 35
very successful p (GeV/c)
Better description with High precision data bringing the

non-zero n/s picture into sharp focus

+ realistic initial conditions
+ hadronic rescattering afterburner
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Initial conditions are complex

Energy density, b = 9.3 fm t =1.000 fm/c
~ 10
£
[ -
S’ 8
> 0.006

6

4 0.005

0.004

0.003

0.002

0.001

-8

0% 8 6 -4 2 0 2 4 6 8 10 ©

X (fm)

y (fm)

10

Energy density, b = 9.3 fm t = 1.000 fm/c
0.012
8
6 0.01
4
0.008
2

0.006

0.004

0.002

% 8 6 -4 2 0 2 4 6 8 10 ©

X (fm)

Event-by-event fluctuations in the initial conditions are important

- iInduce angular correlations

Pressure gradients convert all spatial anisotropies into momentum anisotropies
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Initial conditions are complex

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

8

y (fm)

0.006
6

4 0.005

0.004

0.003

0.002

0.001
-8

0% 8 6 -4 2 0 2 4 6 8 10 ©

X (fm)

e1=0.14 ¢2=0.41 ¢3=0.58 €4=0.30 ¢5=0.29
15

10

=
I||l]l|II|II]||I||||I|II||II|

L1 |Ir|n|p|a|c‘|t lplalram gi':|=l1|1|'3|5| f|
%5 40 5 0°° 5 10 15

Event-by-event fluctuations in the initial conditions are important

- iInduce angular correlations

Pressure gradients convert all spatial anisotropies into momentum anisotropies

More than just elliptic flow

Vn - magnitude of the flow w.r.t nt" plane
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Higher harmonics

C(Ad)

ratio

Pb-Pb 2.76 TeV, 0-2% central

1.015

1.01

1.005

0.995

0.99

1.002

2<p <2.5GeVic
- ?‘. T 3
4 1.5 <p2 <2 GeVic
| 1 0.8 <|An| < 1.8

0.998

First 5 v components seem to
be all that's needed to describe

correlations

PRL 107:032301 (2011)
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Higher harmonics

C(Ad)

ratio

Pb-Pb 2.76 TeV, 0-2% central

First 5 v components seem to
be all that’'s needed to describe
correlations

PRL 107:032301 (2011)

2<p <2.5GeVic
1.015( T
*‘ 1.5 <p;<2GeVic
1.01— ¢ ‘ 0.8 <|An| <1.8
1.005- 4/}
’ : ‘:. '* : .'? X ' .‘,- ’ X ‘
0.995% '} N
» 4 P
* :‘
i y2Indf =333 / 35
1.002 t t t t t t t t t :_
1%%—**%% 0.1+
* * * L i
0998 | + + +
0 2 4 i
Aé [rad] -

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
v, Glauber 1/s=0.08

v, CGC/s=0.16

ALICE

e V{2, An>1}
Va{2, An> 1}
v{2, An>1}

0.05 - ? v
. 1 . ! 100 x V2,
Data indicate fluctuating /. e
initial conditions with DKD” ........ S S g o S |
007<7VS<043 Ore .51.1’.1..'..11."..1..!'1.1..111...‘.”1"'{..11
0O 10 20 30 40 50 60 70 80

centrality percentile
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The constituents “flow”

e Elliptic flow is additive.

e If partons are flowing the
complicated observed flow
pattern in v,(py) for hadrons

d*N
x ]+2 v cos(2
ded(I) 2(pT) ( (I))

should become simple at the
quark level

Pt — pr/n
Vo > Vo /N,

N

>

n = (2, 3) for (meson, baryon)

0.2

mTZ\/p%erm(Q)

0.1

—

—

_I L
0.3

L
L
i -
-
I | I I | I | I I | I | I I | | 1

I I | | | | I | I_
e  (PHENIX) <= p (PHENIX) |
® K (PHENIX) O A (STAR)

KS (STAR) [ = (STAR)

#
baryons é]qu i -

pJ“J(DJe@ a " om o

S

mesons

"o

0

1 2 3
my - my (GeV)
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The constituents “flow”

e Elliptic flow is additive.

e If partons are flowing the
complicated observed flow
pattern in v,(py) for hadrons

d*N
x ]+2 v cos(2
oo ,(pr) cos(29)

should become simple at the
quark level

Pt — pr/n
Vo > Vo /N,
n = (2, 3) for (meson, baryon)

Works for p, mt, K9, A, Z..
VZS ~ V2u’d ~ 7%

mTZ\/p2T+m(2)

Illlllllllllllllllll

e 1t (PHENIX) <= p (PHENIX)
® K (PHENIX) O A (STAR)
K3 (STAR) [ = (STAR)

0 0.5 1 1.5 2

(My - mp)/n, (GeV)

Constituents of QGP are partons
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Just a gas of hadrons?
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Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

>N 0.1 [] Hydrodynamic 1 0.3 STAR
- @ STAR I
0.08 |] O PHOBOS — +
- : :

0.06f§§¢é¢|:| u _ %No.zg- : +

0.04f

0.02F  oa,,, . : -
RQMD " 7**"reeess.,,
0 0.2 04 0.6 0.8n /n‘l
| T

Helen Caines - HCPSS - August 2016



Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

>N 0.1 [] Hydrodynamic 1 0.3 STAR |
B @ STAR i
0.08— |] () PHOBOS 1

O_Othwn ﬂ T AR

0.04f

002 ..., § ; -
0 RQMI.) |.....|......’|‘,00.,.|. .:
0 0.2 04 0.6 0.8n /n‘l

) g

Clearly the system is not a hadron gas. Not surprising.
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Just a gas of hadrons?

Hadronic transport models (e.g. RQMD, HSD, ...) with
hadron formation times ~1 fm/c, fail to describe data.

>N 0.1 i :| |:| 1 Hydrodynamic - 0.3 i = STAR
- @ STAR i !
0.08— PHOBOS —
: |] ] ot '
ABT H . 02 - + |
0.06[ + ] - i

0.04- E -

i é ]
0'02-_ ."0000 ° E -
o— 1-{(-21\(1[.) 1 .....l..... °|°00.,.|. .:

0 0.2 0.4 0.6 0.8 n /I‘:
) T

Clearly the system is not a hadron gas. Not surprising.
Hydrodynamical calculations:thermalization time {=0.6 fm/c

What interactions can lead to equilibration in < 1 fm/c”?
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Evolution of a HI collision

Nuclear collisions and the QGP expansion

. collision evolution _ particle
expansion and cooling detectors

kinetic
freeze-out

distributions and

2 gt hadronization
lumpy initial correlations of

% energy density ced particles
p
-
| \ § QGP phase
| d quark and gluon
| al
- v
/ 35— \
0 '
collision  # q"anmm
overlap zone fluctuations 5
CGC  Hydrodynamics kinetic thec i
T ~ 0 fm/c w~1 fm/c T ~ 10 fm/c * ~ 105 fm/c
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Executive summary of Soft Physics

* Energy density in the collision region is way above that where
hadrons can exist

* The initial temperature of collision region is way above that
where hadrons can exist

We create a new state of matter in HI collisions - the
QGP. Smooth transition from RHIC to LHC

* Quark and gluon degrees of freedom in initial stages

* |t flows like an almost “perfect” liquid and
interacts strongly with partons passing through it

What can we now learn about the QGP properties
and evolution? 5




Glauber calculations

Use a Glauber calculation to estimate Nbin and Npart

 Roy Glauber: Nobel prize in physics
2005 for “his contribution to the
quantum theory of optical
coherence”

* Application of Glauber theory to
heavy ion collisions does not use
the full sophistication of these
methods. Two simple assumptions:

e Eikonal: constituents of nuclei
proceed in straight-line trajectories

* |nteractions determined by initial-
state shape of overlapping nuclei
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Ingredients for Glauber calculations

Cross section (mb)

Vs GeV

Particle Data Book: W.-M. Yao et al., J. Phys. G 33,1 (2006) Fig 40.11 M. Miller et al, nucl-ex/0701025

0.8
0.6

0.4

- sy ; ; |
- : 1 : °§"}£~f-s‘s*+‘¢-$ b ; ; : ‘ 0.2
I A o o o S S P ,G,eV/c ,,,,,, i

fb L
IlllH| IIIIIIII] IIIllIII] lIIHHII llIlHIII IlIIIIII| IIIIIIIII lI[IIHl‘ L1l

-1 2 3 4 5 6 7 8 I
10 1 10 10 10 10 10 10 10 10 0

0123 4567 8 910
distance r to center (fm)

T T T TTTTI T T TTTT] T T T TTTT T T TTTT] T
1.9 2 10 10° 10° 10*

Assumptions: superposition of straight-line interactions of colliding nucleons

Need nucleon-nucleon interaction cross section

Most use inelastic: 42 mb at Vs=200 GeV
Other choices: Non-singly-diffractive, 30 mb at Vs = 200 GeV

Need probability density for nucleons:
"Wood-Saxon’ from electron scattering experiments
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Glauber modeling

M. Miller et al, nucl-ex/0701025

«  Monte Carlo Glauber E 10
-

— Randomly initialize nucleons
sampling nuclear shape 5

— At randomly selected impact
parameter, allow nuclel to interact

— Randomly sample probability of 5
nucleons to interact from interaction
cross-section -10

 e.g. if distance d between nucleons
is < Vo /7
12 10 8 6 4 2 0 <b(fm)>

- \9 A Calculate probability that Npart or
- C l<1 Nbin OCCUrS per event

ch (a.u.)

do/dN
—h
o

Map onto an experimentally measurable variable expected
to scale with centrality
l.e. particle multiplicity

olotot (%)

10.4IIII|IIII|IIIIIIIIIIIIIIIIIIIlIIIIlIIII|IIII|
0 400 800 1200 1600 ﬁo:)o Helen Caines - HCPSS - August 2016

(50 70 80 90 95 \
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Comparing to data heavy-ion collision

12 10 8 6 4 2 0 <b (fm)>
- | | | | | | |
g - 50 100 150 200 250 300 350 <Npart>
KL | | T | | | = E -
2 3 isL“ Prel Vs = 200 GeV
= F TAR Preliminary vsy = e
1\;10_1 S _\ \ Y VSNN
o - \\‘
-2
10 | i,
10'2: -
- -3 | |8% o=~ o o= o=
10
212 3/2 | 3 |2
:g ol - N
N ]
1075 ¢ o 107 ¢
[— E | :l 1 1 l 1 1 1 1 l 1 1 1 1 1 l 1 1 1 ‘
- 50 70 80 90 9g otot (%) 0 100 200 300 400 500 600
-4IIII|IIII|IIII|IIII|IIII|III|IIII|I1;-OItI|I(I)II|III UncorreCted NCh
10 0 400 800 1200 1600 2000

Nch

Good agreement between data and calculation

Measured mid-rapidity particle yield can be
related to size of overlap region
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What are the necessary conditions?
First Estimation: Phenomenological calculation

The MIT bag model (Bogolioubov (1967)) :
* Hadrons are non-interacting quarks confined within a bag
* Quarks are massless inside “bag’, infinite mass outside
* Quarks confined within the “bag” but free to move outside

* Confinement modeled by Dirac equation.
(Minside~0, Moutsidge~infinity, 6, = 1 inside the bag and zero outside the bag)

Z.’}/’uau”gb — M@D—F (M—m)é’vw = 0

Wave function vanishes outside of bag, satisfying boundary
conditions at bag surface

With bag radius = R E, =w;,—

Helen Caines - HCPSS - August 2016
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MIT bag model

MIT group realized E-p conservation violated

Included an external "bag pressure” balances internal pressure
from quarks.

e.g. nucleon ground state is
3 quarks in 1s,,, level

To create this pressure the vacuum
attributed with energy density B

L/
hce 4w N
b = w; | R°B
e )
Boundary condition now: Vs N
Energy minimized with respect to R ! B

R=0.8 fm, 3 quarks
m R B4 = 206 MeV/fm?
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Critical temperature from MIT bag

If u (chemical potential) = O (true for massless quarks):

degeneracy factor

_ 94V

O

3
P dp ggV ¢ 1

Ly = _ 3
T Tem B [ o)
rermi-birac distribution 7T2 Bose-Einste;r: distribution
[ E,=g,V—T"
Eq — égq‘/%T g gg 30
Jdq = 9q-= NcNsNf = 3x2x2 = 12 Jg = 8x2 =16
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Critical temperature from MIT bag

If u (chemical potential) = O (true for massless quarks):

degeneracy factor

9,V [ pidp

E, == 94V [T 5 1
o)y Trem B [ relm—)
Fermi-Dirac distribution T2 Bose-Einstein distributor
[ E,=g,V—T"
Ly = éng%T 9= Jg 30
Jq = 9= NcNsNf = 3x2x2 = 12 gJg = 8x2 =16
L -
Total energy density is: €701 = €¢ + €g 1+ €9 = 37%T
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Critical temperature from MIT bag

If u (chemical potential) = O (true for massless quarks):
degeneracy factor
TV [ pid
Eo= 55 /T By =9 [ ppap— 1y
2T 0 \1 —|—v6p ) g V2 . ep/T _ 1

Y

7 Fermi-Dirac distribution 7T2 4
m E,=qg,V—T
Ly = gng%TLl 9= 997 3

Jq = 9= NcNsNf = 3x2x2 = 12 gJg = 8x2 =16

Bose-Einstein distribution

2
7T
Total energy density is:  €ror = €q + €5+ €4 = 371"

30
90

37 )i BT B =206 MeV/fm’
7T

l.e. T > T, the pressure in the bag overcomes the bag pressure

P=1/38, Tc:(

T>T:=144 MeV — de-confinement and QGP
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What are the necessary conditions? - |l

Second estimation: Lattice QCD

At large Q2: coupling small, perturbation theory applicable
At low Q°Z: coupling large, analytic solutions not possible,
solve numerically — Lattice QCD

N> x N,
O aO O O O
a guarks and gluons can only be placed
SRR on lattice sites
O O o O o
O—O0—0—0—0 Can only travel along connectors
@) @) @) @) @)
Better solutions: Cost:
higher number sites CPU time

smaller lattice spacing
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What are the necessary conditions? - |l

Second estimation: Lattice QCD

At large Q2: coupling small, perturbation theory applicable
At low Q°Z: coupling large, analytic solutions not possible,
solve numerically — Lattice QCD

N> x N,
O aO O O O
a guarks and gluons can only be placed
SRR on lattice sites
O O o O o
O—O0—0—0—0 Can only travel along connectors
@) @) @) @) @)
Better solutions: Cost:
higher number sites CPU time

smaller lattice spacing
Lattice QCD making contact with experiments:

‘Proton mass calculated to within 2% |
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Thermodynamics - phase transitions

‘ Phase transition or a crossover? I

Signs of a phase transition:

1st order: discontinuous in entropy at Tc — Latent heat, a mixed phase
S 1 T 1

. /
AS = T 5

mixed phase

1. ' €
Higher order: discontinuous in higher derivatives of 6"S/d6T" — no mixed

phase - system passed smoothly and uniformly into new state (ferromagnet)
Temperature & transverse momentum < >

Enerqy densit 2N transverse ener
oy GRSty & ex dE, |dy = (m,\dN /dy
Entropy & multiplicity
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What is the temperature of the medium?

« Statistical Thermal Models:

— Assume a system that is thermally (constant T,) and
chemically (constant n;) equilibrated

— System composed of non-interacting hadrons and
resonances

— Obey conservation laws: Baryon Number, Strangeness,
|sospin

« Given T, and u's (+ system size), n's can be
calculated in a grand canonical ensemble

9]

2
g p-dp 7 2
n. = , B, = +m;
T2 JERIT P
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Fitting the particle ratios

Number of particles of a given species related to temperature

* Assume all particles described by
same temperature T and s

e one ratio (e.g., p/p ) determines
u/T:

6_(E+NB)/T

p e (E—up)/T _©

 A'second ratio (e.g., K/ 1)
provides T — p

| 73

—2up/T

K e Ex/T

p— —E/Tze

» Then alf other hadronic ratios (and
yields) defined

(Ex—Em)/T
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Fitting the particle ratios

Number of particles of a given species related to temperature

dn; ~ e_(E_“B)/ngp

* Assume all particles described £
same temperature T and ys

e one ratio (e.g., p/p ) determin
u/T:

Ratio

6_(E+NB)/T

D o e_(E_MB)/T
 A'second ratio (e.g., K/ 1)
provides T — p

| 73

—2up/T

— €

K e Ex/T

(Ex—Em)/T

E./T ¢
» Then alf other hadronic ratios (and
yields) defined

1

10

10

10

-2

A. Adronic et al., NPA772:167

-+t T T T

I g e Vs, =200 GeV E
o o
oo Q.
B o -
AYel
O STAR ?
= PHENIX 5 -
A BRAHMS i

| ——  T=160.5, 1, =20 MeV

T=155, u,=26 MeV

EEEAEQEEBA:QQQQ__£+
TKpAEQrnanronaogpp KKAP
T ~ 160 MeV, i, ~ 20 MeV

Initial Temperature
probably much higher
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Statistics = thermodynamics

ptp

A+A

®
O

o0 ® o _® O
® o0 e @
@ O O O o O

Ensemble of events constitutes a statistical ensemble
T and p are simply Lagrange multipliers

“Phase Space Dominance™

%e ®

O

..
o0 ©

O.O.

One (1) system 1is already statistical !
* We can talk about pressure
* T and p are more than Lagrange multipliers
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Evidence for thermalization?

* Not all processes which lead to multi-particle production are
thermal - elementary collisions

e Any mechanism for producing hadrons which evenly populates the
free particle phase space will mimic a microcanonical ensemble.

e Relative probability to find n particles is the ratio of the phase-space
volumes P,./P,, = ¢ (E)/9,(E) = given by statistics only.

e Difference between MCE and CE vanishes as the size of the system N
Increases.

e Such a system is NOT in thermal equilibrium - to thermalize need
interactions/re-scattering

‘ Need to look for other evidence of collective motion |
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Event-by-event flow

C(Ag)

Pb-Pb 4-5% central events at 2.76 TeV

v Event 14

1.02- Acos(2A¢)+B fit

1.01~ $+

0.99 %’ﬁ% \\+

F\I.ICE

A (rad)

C(Ag)

1.02

v Event 46
- - Acos(3A¢)+B fit

ALICE

_ ++ | ++ | ++ |
T N
A (rad)

Some events are dominated by elliptic flow, some by triangular..

Run averaged data hiding some information - more to left learn
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