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| he strong nuclear interaction

 QCD
Quarks Gluons
e atheory of strongly interaction > ! :
quarks & gluons sl T S
. bserved directl T o ‘

® |ndirect measurements In .

experiments
® non-Abelian: gluons interact e
amongst themselves f\
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A snapshot of a proton

A conundrum: how can QCD particles be aware of the fact that
“physical” (long-distance) particles only interact
with integer electric charge?

“fractional charge”

2/3 e: up, charm and top
|/3 e: down, strange and bottom

“fuzziness”

s ® QCD is a quantum field
. . theory (creation & annihilation
. » of particles)
o .
confinement .
. AxAp 2> h

the quarks are tightly bound by
the gluons inside “colorless”

objects, so called hadrons
Millennium Prize Problem #7
Yang—Mills Existence and Mass Gap. Prove that for any compact simple gauge group G,
a non-trivial quantum Yang—Mills theory exists on and has a mass gap A > 0. Existence
includes establishing axiomatic properties at least as strong as those cited in [45, 35].
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Asymptotic freedom

oS o QCD is weakly coupled at
-- e D R small distances — strongly
oal | g My : coupled at large distances
@ ® Heavy Quarkonia
® can use perturbation theory
s * when there Is a large scale in
J the problem

® unfortunately, in many
interesting srtuations this 1s not
the case...

0.1

=QCDh 0o(MZ)=0.1189x0.0010 : :
: In heavy-ions you also have to consider

medium scales, such as T, geometry (I/L)...

L
I 10 100

QIGeV] < eveeennnnnnnn... .
multi-scale problem!
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String breaking mechanism

- \Y%
S U dq String—Breaking
Qs
l Linear
a q a q
Q@ Qoo
l R
q q q q q q q q
O-® OO0 O ON. _ Coulombic

: : : 2 1 a a
Energy stored in the tube is 0L with ¢ = [ d“x, EE" (x)E7 (x)

® short-distance regime: Coulomb interaction

« ® E=Fo is the (color) electrical flux
Vir) = - or
r * /O =420 MeV is the so-called string tension

® string breaks due to light quarks!
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Changing the dynamics

Heat ' Quark-Gluon
Pressure + [creates pions) Plasma

»%3«+§:3+“
#
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Lecture |

® thermal properties of QCD
® two paradigms: gas or fluid

® do we measure nucleons or gluons?

Heavy-ion collisions probe the strong interaction
in highly dynamical and complex conditions.
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Collisions & colliders

Alternating Gradient Synchrotron mid 1980’s 2-5 GeV variety of beams
(AGS)

CERN Super Proton Synchrotron (SPS) Pb since 1994 <17 GeV variety of beams
BNL Relativistic Heavy-lon Collider 2000 < 200 GeV p+p, d+Au, Au+Au,
(RHIC) Cu+Cu, ...

CERN Large Hadron Collider (LHC) 2010 2.75TeV,4TeV (?) p+p, Pb+Pb, p+Pb
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shortly after big bang
LHC

Temperature T (MeV)

Atomic Nuclei

10
Density Measure |l (GeV)

Local QCD
+

initial state/cold nuclear matter
+

Quark-Gluon Plasma

Local structure of QCD Local QCD

vacuum e +
initial state/cold nuclear matter
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furning on the temperature

The phase diagram of QCD

Temperature

A

high energy (RHIC, LHC)

Quark-Gluon

_________ Q plasma

low energy (AGS, SPS)

hadronic —
phase Color superconductor . He = net
Density baryon
Nuclei Neutron stars density
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QCD thermodynamics

A rapid rise of energy density (pressure, entropy etc) is observed (Mg=0).

. d3p 1
0|-4 0|-6 0|-8 1 1.'24 Number of pions (dn=23): Ny = dw/ (2m)% cBe/T 1
16 | Trg esg/T 1
14 ¢ Free parton gas:
127 €SB — eglue_|_6quark
10 | S
3

871 elue:dlue/dp Ep
6 5 . (27‘(‘)3 elp/T _

i 3
) €quark — dquark/ c b EP
2 r 3 B, /T
" Tt (2m)3 ePe/T 41

100 150 200 250 300 350 400 450 500 550 J | |

= 2X8 spin, color
Bazavov et al., PRD 80 (2009) 014504 glue ?
. d L = 2X2x3x3 spin, quark/antiquark, color,
, quar
Energy regimes: , & flavor

Do not reach Stefan-Boltzman limit — interactions survivel!
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Debye screening

At asymptotically high T (g« |): plasma particles with soft momenta (~gT) are

dressed by fluctuations (~T).
hard loop

soft particle K

mp = # g1’

Oé/

@(? Vir) = —e
&5

* color interactions have limited range

—mpr

Kaczmarek 0710.0498[hep-lat]

* gauge bosons get dressed :: longitudinal gluons

* Hard-Thermal-Loop effective field theory
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Strong-coupling approach

Gauge-gravity (AdS/CFT) duality: the strong-coupling limit of the
gauge theory (N=4 SYM) is described by a weakly-coupled
gravitational system in 4D AdS space.

System becomes “hydro-like” (no quasi-particles) on very short
timescales and Is characterized by the universal n/s = |/4TT.

10 0
~10 ot

Thick shock (low energy)
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QCD transport properties

Real-time dynamics < thermodynamics

t— T
Fuclidean space and thermal fields: B = 1/(kBT)
0<7<p0
Schematically:
Spectral function p connects to the Gp(t) = / dw p(w) Cos}Tw(ﬁ/Q — 1)
Euclidean correlator 0 sinhw(3/2
k
Kubo formula: n =7 lim lim plw, k)

w—0 k—0 W

Transport properties encode the long-wave length, long-time features of the underlying theory.
This probes the E-correlator in the infrared sector — hard to control on the lattice!
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[ he shear viscosity

ﬁ Dissipation

%&'y rate o« 7 ~ (mean free path) x (energy-momentum density)

i U h TR . o
— ~TRT ~ what is the relaxation time!?
S kB Tquant

A0~ Ng AB ~1
. typical collisions p~mp~gl with small
deflection AB~p/E~g
® need to walit for a long time so to
experience N kicks!
4
g - . .
T~ e 2. rare collisions p~T with large deflection
T~ (nov) !t ~ (T?0) ™1 1

In both cases: Trand ~ AT In(1/g)
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Measure of “fluidity”

| T3 .
Leading log resuft from pert theory: 1~ 3 77 (In(1/9))¢

getting this log piece is difficulty an involves
the LPM effect (next lecture)!

192 ————
‘ +? UrQMD ] M 1
1t ,.»"/:Lé\ - $ ~ 2 log L Arnold, Moore, Yaffe,
| Py - 9% JUHEP 11 (2000) 001
0.8 | S -
| B
B A
Q; 0.6 [ Prakashetal N 03 \ Strongly coupled N=4 SYM
D — i "‘-..H Kovtun, Son, Starinets, hep-th/
I R i : 0309213
P ey T 1 (,, 135503
L e Ol’S=O'5 %“'«.“'. 1+ 3/2 + coe
02+  —= " 47 8(2A)
- M e : " —
o 0
100 200 300 400 500 0 A=g’N
C
T(MeV)
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Collision evolution

freeze out

hadrons — kinetic theory

gluons & quarks 1in eq. — 1deal hydro

gluons & quarks out of eq. — viscous hydro

strong fields — classical dynamics

<

> initial state

Formation time: | fm/c (3+ 102% s)
Lifetime of QGP: 10 fm/c
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Statistical model

. » . Vo[
Grand canonical partition function  WZ(V, T, ug, kB, us) = £(2s; + 1)2—7T2/ dpp*In [1 £ X exp(—Buw;)]
0

Fugacities: Ai(T, pQs 1B, ps) = exp [B(pQQi + upBi + 1sSi)]
| | | | | >
_ ! i 7
e %Jf% %{ + %5 %10 7 s quark gluon plasma

: %E{J B 200
0.8 J‘;]%L — E

: — — _: . [ ] i Twive

_ %[I] i - . A=
06 [ +|:1L_|— W e

B : - -‘ e

[ [ e ALICE, Pb-Pb, =276 TeV, 0-5% %{ﬂ] ¢ ¢ & 100
0.4 # STARAu-Au, Vs =200 GeV, 0-5% —

| | O PHENIXAu-Au, Vs = 200 GeV, 0-5% i

B O BRAHMS Au-Au, Vs = 200 GeV, 0-10% m A
0.2 T Cleymansetal, T_ =170 MeV, u_=1MeV ] hadrons :ﬁ'::’

- | = = Andronicetal., T =164 MeV, =1 MeV - e nuclear conductor|

- < ! - matter

0 1 1 x 1 1 | 1 1 o— . . . ! . . . |
T K P K K- (K4+K) P P (p+D) 500 1000
+ + TC + + - TC + + -
© K P T (o) ® o (we) g (MeV)

Thermal properties at the freeze-out surface.
Hadron yields are in chemical equilibrium.
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Charged particle spectrum

K. Tywoniuk (UB)
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Photon spectra

dN m | )
o~ 10 EFE— =C eX —
£ d®p ) exp ( Tert(y)
8 e 2 9
o f NLO Vogelsang my = \/m m
E n
o 107E Vsnn = 200 GeV e exponential thermal photon
o -
% 102 Au+Au spectrum
L - . . )
;10_3; min. bias ® inverse slope Ter = 220 MeV
3104;_ PHTENIX e [;from hydrodynamics 300-600
T MeV
Z10°F -
& F ptp ® photons produced at early times
10°F . . .
- PRL 104, 132301 (2010) ® sensitive to early-time coupling
10-7Jll|||£||||:|3||||‘||.||||5|||||é||| = &eVOlutlon

P, (GeVlc)
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Deposited energy

6% most central N

: ] ® PbPb(0-5%)ALICE A pp NSD ALICE
collisions (grey bancmg_ * 0-6% Au+Au 200 GeV 02535% 1

10 m PbPb(0-5 %) NA50 O pp NSD CMS
A AuAu(0-5 %) BRAHMS + pp NSD CDF
syst. error) °\5"5@4\A eSO * AuAu(0-5%) PHENIX ¢ pp NSD UA5 o §0.15
| = 15-2584 45-55%, 8 [0 AuAu(0-5 %) STAR X pp NSD UA1
- e ) ] ¥ AuAu(0-6 %) PHOBOS x pp NSD STAR
—600 .
o i T

(AN, /en)/(O.5N )

(=2)
III|III|III|III|III|II

At mid rapidity Z a00] .
particles have i
<pr>~ 500 MeV 200: : i ALICE Coll. PRL 105 (2010)
T e
® particle density Is a measure of energy
density 1B N ; N
e almost flat distribution in pseudo- — ~ (E)—= x 2 ~ 6 — 12 x 0.5 GeV x —22
rapidity dr dy 2
® factor of 2 from SPS to RHIC and Nyart
another from RHIC to LHC 5 170
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Bjorken energy density estimate

At high energies most the matter is mostly transparent; Bjorken Estimate

QGP is formed in the wake. R{I‘; T

1 t+z 1 P+ D2
~ — log
2 t—z 2 D — P,

=7

Matter at certain rapidity are created in the
same space-time slice.

1 AE 1 AFE
TR? Az 7TR27'0 An

=1 =2 ne=0 s =0.2 N = 0.6

(2]

time

N
wn

@ IIII|IIII|IIII|IIII|IIII|II

ij

N

=y
a

® using To=| fm and R=6 fm

—

GeV
e ~ 5 o 10 0.5
B) fm3 0
_ 0 15GeV z
Pcold = Y. fm? Enough energy density to melt the nucleons!
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The Glauber model

Probabllistic model of the collision.
Nuclear thickness: Ta(b) = /OO dzp(z,b)
Optical approximation:
/ ds Ta(b)Ts(b — 8)o%h = Tap(b)ole

NN — ONN

Probability of n scatterings at  p;, p) AB> T ()il JAB= s inel
impact parameter b: (n n [ AB(b)oN] | Tan( )UNN}

Sum over probabilities Y = /de 1— (1= Tap(b)oyy)""]
= Cross section:

2

/d2b {1 — exp [—ABTAB(b)UK}(J%\IT]}

K. Tywoniuk (UB) 23




Centrality determination

Number of collisions:
A .
N (b)) =) nP(n,b) = ABTap(b)oyy
n=0

Number of participants:
Nfért(b) = /dSBTB(S)O'gﬁl(b — 3)

= /dsBTB(s) exp [—AT4(b — s)oNV]

s "l —pata | ATLAS Preliminary 3
. , £ [N\ Model Pb+Pb\[s,=2.76 TeV_
e events are (typically) categorized TR | N Ly =200 M
Q‘_ _1_ M""‘"—-w -
® SOﬂ: Npart %5 10 §_ ool . _§
® hard :: Ncol 2 088 5| 3 .
10° _
® how does energy or entropy scale 3
with Npart & Neoi — not clear ® | |
0 1

FCal SE, [TeV]

K. Tywoniuk (UB) 24




Initial conditions

Smooth distribution of wounded nucleons (participants)

Npart xvyvb :TA$+b/2,y 1 — 1_UNNTB CU—b/va b

inel

+Tp(x—0/2,y) |1 — 1—0NNTA T+ b/2,y .

inel

Binary collisions per area:  Neon(#,y,b) = oine) Ta(x +b/2,y)Tp(z — b/2,y

b=2.4 fm > og = 0.4 fm MC-Glauber

—_~
o 40
LR
= 30 = N .
e R SRR T LRI
© 20 £ 0O 8
s )] [NNY O
s OO N I NSz 10
== Y RS
“s =
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Inner life of nucleons

® the structure of the hadrons Py .
changes with energy % /<

® partonic degrees of freedom
starts taking over

® space-time picture changes

® related to the physics of
infrared & collinear
divergences
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Digging out gluons

2 2
1/Q 1/Q
.’nl‘ A S\ .m. Wa®
Ve v v vy
. gt i m-
e APV | Sy S W
v ~ R
p: N (1= 2)p, =k AE = —p.+ \/3722?3 + kﬁ_ + \/(1 _ fﬁ)2p§ + ki
2
%zpz,/ﬁ ~ k2 ~ kL

237(1 - Zl’))pz N 2k,

Lorentz time dilation: soft fluctuations can ****>
ive over long timescales.

Lifetime vs. iInteraction time.
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Dense environment

—

A

%ado

,@‘@'D'D“- \L

%Q 00000000000000000000008>
: P

aﬁm&%mmmm &

& 000000000000000008

@eannnnnnennane
=)

0000000000

AL
000

&)

Number of

(ZE, ]ﬂ_)

N(CIJ,/{J_)N *9

gluons:
Interaction . s
. recC k‘2
cross-section: 1
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mR2

-

T A \L

_\_é@

% &4
00000000000000000000000%
<)
</

cee@acacacacee $
& Yequencorneccacnnogtt
N z

(
QQ?JQQQ Qeeeeee
=4

- 000000

e 2
%%iqmsqm
b=

N

Q00

NUrec > I = kJ_ < Qs(x)

Saturation scale: QZ(x) ~

28

s Q?g(iE, Qs)

mR?




One scale to rule them all

Hard scale of the problem (Qs » Aqcp), governs
particle production:

Q% (x) ~ AYP 72

- - My Ly
Dilute system Kinematics: T12 = —=¢€
NG

r~107%  at RHIC (/s = 200 GeV)

Y = In 1/x4

Saturation
2
In Q. (Y) = wg Y

_—

@ DGLAP r~4x 1074 at LHC (v/s = 5.5 TeV)
> >2 9 . . ] . g . :
In Aaco In Q Albacete & Dumitru: arxiv:1011.5161 ot
g 8 r e . : .‘—'; ______ s .
=
ZQ7 e il
. . ' ~ el : Au+Au, 200 GeV 4
State-of-the-art: Gluon distribution found s 7| eeaumcey N0 (A1)
. . < e ? rcBK, 2.76 TeV =m=mmm= | S\
from solving the Balitsky-Kovchegov 37 I Pb+Pb. 276 TeV -
equation with running coupling effects. >
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cvolving the state

|P-Glasma

® initial color charge & energy density:
sensitivity to size of inrtial-state
fluctuations

e provides inrtial conditions for
hydrodynamics

® can pin down the shear viscosity from
observables

initial

600

500

y [fm]
y [fm]
y [fm]

10 5 0 5 10 10 5 0 5 10
X [fm] x [fm]

Schenke, Tribedy, Venugopalan
1206.6805. PRL 108 (2012)

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)
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Non-central collisions

Viscous Hydro.

Glauber Model

0.4 fm/c

T=

600

500

400

[, wy] 2

200

100

[wy] A

X [fm]

B. Schenke, S. Jeon, C. Gale PRL 106, 042301

B. Alver, G. Roland, PRC81 (2010) 054905

o
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Participant densities with
respect to participant plane:

m=2 f

m=

m=

.
L

( Npart )
\m-o,
i z r) sm(m Z) T m=6|E
‘{—’Zp — —tan ' Nizl F—— - AL . SR ek R
m 2o m | m v i e ol Be. . it o i . .o - J E et
. g ) COS (m ! ) 0-5% 10-15% 25-30% 44-45%
L I= y
Measure: Expectation:

dN S A obs vrn=(medium evolution)xgn
o<1+ Y 2V W tcos| n(¢p—¥ "
d(p-¥,) 2 " (ufeos| (0=, S e
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Azimuthal asymmetries

'
m % S e

= " U.A.Wiedemann
(Spatind 2012)

dilute case free streaming final-state interactions
i YES YES (smaller ~1/+/N) YES
Q NO NO YES (collective component)
.
' e degree of final state interactions determine the how effectively
o spatial asymmetries transform to momentum asymmetries
‘ ‘ * imit 0—o00: hydrodynamical limit
é . Un = {cos [n(¢ — ¢n)])

reaction plane /
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The QGP flows

Schenke, Jeon, Gale PRCS82 (20I0) PRL 106 (ZOI 1)

0.3 -
Vo o | ATLAS 30-40%, EP ® transport coefficients can be found
0.25 ¢ xs - TSWitCh = 0.2 fm/c ) ' .
N lages . sse_*| ® hierarchy of v, coefficients
« | g2 consistent with almost perfect
& 0.5 solid: n/s =0.2 o
5 dashed: n/s(T) |IC|UIC|
0.1
0.07 < n/s < 0.43
0 '- ¢ : ' 1 1'.5 2 2'-5 3 Luzum, Ollitrault et al.
pr [GeV] viscosity initial state granulanty
, . e e T e s Neroieres
® nhigher harmonicsare £ ' S il g
o >:f 0.8 r . ;«: 08 | ® ‘ +
more sensitive to g e o s os +
viscosity and granularity = %0 o2 Wkl
2 4" ® » 2 4"k »
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\I\I.I.’,n 0K ,\ ,,ﬁm EN  Newsroom Media & communications Office

RHIC Scientists Serve Up "Perfect" Liquid

New state of matter more remarkable than predicted -- raising many new
guestions

April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relativistic Heavy lon Collider
(RHIC) -- a giant atom "smasher" located at the U.S. Department of Energy's Brookhaven National
Laboratory -- say they've created a new state of hot, dense matter out of the quarks and gluons
that are the basic particles of atomic nuclei, but it is a state quite different and even more
remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as
was expected, the matter created in RHIC's heavy ion collisions appears to be more like a liquid.

K. Tywoniuk (UB)
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~urther puzzles

Nagg T T ' ' ' N I B
” 0'4_ ALICE Pb Pb VS =276 TeV | e D meson (: ud + C)
Centrality 30-50% | ’
pi ﬁp ﬂ* ® mass hierarchy follows from perturbation
0.2 _
m 7’% _ theory
f o Al 6 4 e in HIC, heavy-quarks behave (flow etc)
0_ ......................................................................................................... i o IO — Ver‘y Similar‘ly _to _the |igh_t quar‘|<s
: ¢ Charged particles, v,{EP,|An|>2} | _|_ ? t | d . ?
m Prompt D°,D*, D * average, |y|<0.8, v2{EP} i o ( - (
| oo | e ~MQ! Strong-coupling dynamics
-0.2—[__] Syst. from B feed-down —
PR IR TR (TR I NN TR SN IR T B
O 2 4 6 8 10 12 14 16 18 S L O S A L B L B
L e W V{2 np2)
P; (GeV/c) - L Vz{Z. anl>2), N:)r:nne<20 sub. .
0.03— .
C 0.3<pT<SGeVIc - ®
Small system (p+Pb) shows very smiliar =2 0% B
features — are we completely F pb (e 976 ey
' ' Y, T ySnn = <-70 1€ ]
dominated by fluctuations: : Pl (5 = 5.02 TeV
O'ooluuunlnnluluuuulnu
0 100 200 300
CMS offline
Phys. Lett. B 724 (2013) 213 Nirk
e ———

K. Tywoniuk (UB) 36



sSummary: QCD fluid in HIC

K. Tywoniuk (UB)

perturbative technigues give fundamental insight

experimental features point to fluid-like features of
the formed plasma — good description of datal

solutions of AdS/CFT shares many of the same
features (thermalization, small viscosity)

what Is the gravity dual of “real” QCD? how can
we access the strong-coupling regime of QCD
otherwise!
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