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) What Is Heavy-lon Physics?

« Away to study QCD
... without confinement
... with quarks at their bare masses

« A way to study matter
... at energy densities like 10 us after the Big Bang
... at temperatures 10° times larger than in the sun core
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) Motivation
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« Most searched for signals at the LHC are rare
« Triggers select very small fraction of all collision events

Today we discuss about the rest — the bulk of all LHC collisions
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W) Bulk of LHC Physics
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Skands, Carrazza, Rojo, arXiv:1404.5630

This lecture discusses how heavy-ion physics helps the
understanding of QCD in the non-perturbative regime
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) Strong-Interaction Physics

N4

« Strong interaction
— binds quarks into hadrons
— binds protons and neutrons into nuclel

« QCD is a very successful theory...
e.g. for jet production at high p; and heavy-flavour production

... with some open puzzles

Confinement Hadron Masses
Impossible to find an Proton consists of 2u and 1 d quark
isolated quark or gluon m, =938 MeV != ~10 MeV =m,, 4
Why? Where is the extra mass generated?

in a regime where perturbative methods are not applicable ... unfortunately !
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%E\/RD/ Fundamental Questions
Yang—Mills theory

From Wikipedia, the free encyclopedia

Yang-Mills theory is a gauge theory based on the SU(N) group, or more generally
any compact, semi-simple Lie group. Yang-Mills theory seeks to describe the
behavior of elementary particles using these non-Abelian Lie groups and is at the
core of the unification of the electromagnetic and weak forces (i.e. U(1) x SU(2)) as
well as quantum chromodynamics, the theory of the strong force (based on SU(3)).
Thus it forms the basis of our understanding of particle physics, the Standard Model.

List of unsolved problems in physics

Yang—Mills theory in the non-perturbative regime: The
eguations of Yang—Mills remain unsolved at energy
scales relevant for describing atomic nuclei. How does
Yang-Mills theory give rise to the physics of nuclei and
nuclear constituents?

https://en.wikipedia.org/wiki/YanqQ%E2%80%93Mills theory
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“)  Fundamental Questions (2)

 How do “free” quarks and gluons behave?

 How do quarks and gluons behave when chiral
symmetry is restored?

« What generates the constituent masses?

 In the early universe a phase with free quarks and
gluons and restored chiral symmetry has existed
— Quark-gluon plasma (QGP)
— Recreate in the laboratory with heavy-ion collisions

« How does matter behave at very large densities
and temperatures?
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) EW : Quark-gluon Protons, : Atomic
) symmetry :  plasma neutrons nuclei
breaking = “tsessssscsrscsrscisscssssssiiseseeest .
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Basic Concepts
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W)\ Confinement

« QCD vacuum
— Gluon-gluon self-interaction (non-abelian) ‘ ’
— QCD field lines compressed in flux tube |

« Potential grows linearly with distance V o -3

V(r)=—%+ar V(r)vs/
N

qqg part
“Coulomb”-like 99 P&t

« Pulled apart, energy In string increases

 New g-gbar pair is created once
energy is above production threshold

No free quark can be obtained = confinement lillustration from Fritzsch]
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W) Phenomenology of Confinement

NV g

« QCD vacuum can be seen as liquid of gluon-gluon pairs
« Why does this create confinement?

« MIT bag model : hadrons are confined in bubbles of
perturbative (= empty) vacuum
— Surrounded by QCD vacuum exerting pressure

hadron

PRD9, 3471 (1974)
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e Quarks in bubble - kinetic pressure
« QCD vacuum -> bag pressure

« Bag pressure = phenomenological
guantity for non-perturbative effects

of QCD
« Massless fermions in spherical cavity
2 04N 47z N quarks

R°B | Rradius
B bag pressure

« Equilibrium defines bag radius

* Proton radius (~0.8 fm)
- BY4 ~ 206 MeV

PRDY, 3471 (1974)

W) Bag Model

/ pressure =B

\ /

-
empty true\QCD
vacuum vacuum
lEvs. R
-\ Kinetic 6Bag_;
\pressuré " pressure

If kinetic pressure exceeds bag pressure = deconfinement
O
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W) Bag Model (2)

« If kinetic pressure exceeds bag
pressure - deconfinement

* Relativistic massless quark gas

14 7°T?
P=|0g +§9F

90
05 =16 Q=24

8 gluons x 2 spins

perturbative vacuu

2 quarks x 2 spins x 3 colors + antiquarks

* Pressure exceeds bag pressure (p > B) at T ~ 144 MeV
— Quark-gluon plasma above T

":> More thorough estimate of the phase transition
temperature can be done with =2 T; ~ 156 MeV
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W) Chiral Symmetry

« QCD Lagrangian symmetric under SU(2), x SU(2)x
 Light quarks have finite (small) bare masses

— Explicit chiral symmetry breaking

« Creation of coherent g-gbar pairs [\ q q [\
. - o0 |
In QCD vacuum (compare to v U

cooper pairs in superconductivity)
— Has a chiral charge Sp=0 3L=0
— Not symmetric under SU(2),_ x SU(2)x - chirality 1= 0
- Spontaneous symmetry breaking (pseudo-goldstone bosons: pions)

* Quarks acquire ~350 MeV additional mass
— Constituent mass
— Relevant only for u, d, s
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CE/RW Spontaneous Breaking

7 of Chiral Symmetry

 Consequences
— m(u) = m(d) - isospin symmetry

Isospin symmetry is not based on a
fundamental relation, but an
‘accident’ because acquired masses

are much larger than bare masses

— m(p) >> m(bare 2u+1d)
938 MeV >> 10 MeV

Higgs quark mass (MeV)

* In the QGP, spontaneous
chiral symmetry breaking is
expected to be restored
(partial restoration)

10

Bare vs. constituent mass

t

Higgs Vacuurn .
Electrowsak symmeatry breaking
b
@
C
o
]
.
d QCO Vacuum
s ' % symmeiry breaking
u
2 3 4 5
10 10 10 10 10

Total quark mass (MeV)

xX.Zhuetal, PLB 647 (2007) 366
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C\E/RW Two Phase Transitions

« Spontaneous breaking of chiral symmetry
— Present below T (=170 MeV, lattice QCD)
— Quark masses enhanced to constituent masses

« Confinement/deconfinement transition
— Confinement scale depends on gquark masses

T< Tﬁ T> Tﬁ
Quarks: constituent masses Quarks: bare masses
- Confinement - Deconfinement
:.E Both phase transition occur at the same T
(again an accident — not linked from first principles)
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C\E\/RD/ QCD Phase Diagram
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) Phases Heavy-lon Collision

A Time
‘";‘e particle detection | t=4cm/c
> f &
3 7
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b Free? /
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Courtesy B.Hippolyte

Real example... 1fm/c =3 . 102 s
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%E/RW Outline of the Lecture

 How to use a particle detector to learn about the QGP?
« This lecture will focus on the main topics

%Collective flow & %\Jet guenching, energy @ Particle yields &

hydrodynamics loss & quarkonia Statistical model
A . A \ A
( f QGP an d\ ( ! hadronic phase\

and freeze-out

hydrodynamic expansion

initial state —
“ 7%
. ;tx #. /é
g% ,‘-s’
P
pre-equullbrlum adr%mzatlon

 And Collect|V|tyin small systems | the currently hottest topic
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C\w Outline of the Lecture

what | have no time to cover...

Collective flow & Jet quenching, energy Particle yields &
hydrodynamics loss & quarkonia Statistical model

Collectivity in small systems
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W)\ Accelerators
_——

> top sy (GeV) : 5020 (5500)
Volume at freeze-out (fm3) 1200 2300 5000
Energy density (GeV/fm3) 3-4 4-7 10
Life time (fm/c) 4 7 10

Heavy-ion collisions:
Vs given per nucleon pair (Vsy,)
Vsyy =5 TeV > Vsp, o, = 1040 TeV

NA57 (SPS) PHENIX (RHIC) ALICE (LHC)

ATLAS, ALICE, CMS and LHCDb record Pb collision and have a heavy-ion program
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Jet Quenching
&

Energy LOSS

How does a quark-gluon plasma
affect particles traversing it?
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. A Back-to-Back Jet
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One jet disappears in the QGP
- “Jet quenching”

ATLAS, PRL105:252303,2010
Drawing: A. Mischke
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CE/RW =- L R L
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Jets lose up to two thirds of their energy !

Something significant happening
In heavy-ion collisions !

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus



) Hard Probes

 But
— QGP exists in the lab only for ~10%° s
— No free color charges as probes

* |nstead

— Use probes generated in the heavy-ion collision itself
—> "self-generated” probes
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%E/RW Self-Generated Probes

Produced early, before the plasma forms
t~hbar/Q Q>2GeV/ic>t<0.1fmlc

Production rate “known”
— ldeally calculable perturbatively
— Not produced in the medium

Interact with dense medium (QGP)
Large cross-section

... as usual there is no such thing as a free lunch ...

Per central LHC collision LHC Run 1 (~ 150/ub)
7 D mesons (> 2 GeV/c) 108 D mesons (> 2 GeV/c) A

0.2 B mesons (> 10 GeV/c) 10’ B mesons (> 10 GeV/c) Rec. efficiency,
103 jets above 100 GeV 10° jets above 100 GeV branching ratios
10 jets above 400 GeV 120 jets above 400 GeV factors ~ 1000
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) Heavy-lon Environment

N4

 Measurements in an environment with for comparison

dN_,/dn up to 1600 (Nsy, = 2.76 TeV) pp : dNgy/dn ~ 4
= 400 pp MB collisions = 1 event with 399 pile-up events
(ATLAS/CMS reconstruct up to 100)

* In one collision, there are in the tracker acceptances
— 3200 tracks in ALICE | 8000 tracks in CMS/ATLAS
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Initial state <

Probes Traverse the QGP

Quark-Gluon Plasma

4 q: fast colour triplet
Quc?rks Induced
an
luon

gluons 9

g: fast colour octet radiation

Q: slow colour Energy

. -

Heavy triplet loss
guarkonia

QQ: slow colour

singlet/octet
Electro- v*,W,Z: colou

rless
weak 1t i

k probes y: colourless -

Dissociation

Controls

Final state

Detector

Sketch: d’Enterria: arXiv:1207.4362
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?E/RW Nuclear-Modification Factor

« Hard processes occur in nucleon-nucleon /%d'
(NN) collisions
 Heavy-ion collision : many NN collisions o= 1/a
— Hard process is independent of number of ){( D
NN collisions e Yes
« Without QGP, HI collision is superposition of \\ l\

NN collisions with incoherent fragmentation

-----------------------------

dNAA/de :< coII>dN /de<—anyobjecteg charged

particles, jets, Jhy, D, ...

------------------------------

 Let’s turn this into an observable

d N /de Raa = 1 = no modification
R = _ |
< coll>dN /de Raa '= 1 = medium effects
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W) Nuclear-Modification Factor (2)

« How do we measure this quantity?

For example:
p+ distribution in AA collisions
« Select events

/- Select & count tracks
 Correct for detector effects

Estimate systematic uncertainties
dN,,. /dp;

(N )dN  /dp;

‘ \ p distribution in pp collisions

Number of binary collisions N,
Glauber modelling (see next slides)
« Centrality (see next next slides)

R =
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« Each nucleon (Pb-Pb: 2x208) has momentum and energy

« Calculating the number of collisions is in principle a
2X(208+208+1) = 834-dimensional integral

Some simplification seems to be needed...
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w) Glauber Monte Carlo 3

* Nucleons travel on straight lines

« Collisions do not alter their trajectory
(energy of nucleons large enough)

« No quantum-mechanical interference

* Interaction probability for two nucleons
IS nucleon-nucleon cross-section Roy Glauber

“Blue” nucleon has suffered
5 NN collisions

Need to repeat for all other
nucleons in A

Strongly dependent on

More details in nucl-ex/0701025 impact parameter b
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W) Realistic Example

LA
Transverse view Along the beam axis
I ' I ' I ' I ' I Fr ottt
10 | | 15 [ ]
i i 10 —
5 | ] - -
5 i -
£ op 4 £ of :
> I . X . :
-5 _
-5 — B -
- Au+tAu 1 10 | AutAu ]
10 b=6fm - 5L p=6fm )
I 1 I 1 I 1 I 1 I | 1 I 1 I 1 I 1 | 1 | 1 I
-10 -5 0 5 10 -15 -10 -5 0 5 10 15
x (fm) z (fm)
light nucleons: have not participated (spectators)
dark nucleons: have participated Figure: nucl-ex/0701025
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N4

 Distribution of nucleons in nuclei
— Based on nuclear density
— Typically Woods-Saxon distribution

p(r) = 1 Nuc_;lear
01 + exp(r_%'j/ radius R
/ ~

SKin
depth a

Density in
the center

 Nucleon-nucleon cross-section
— From pp measurements / extrapolations
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W) Input to Glauber MC

p(r)/p(0) vs.r

0||||
012 3 456 7 8 9 10

Distance rto center (fm)

8Cu *

[ B | |v|-.‘T'-r|-.1 e -

Figure: nucl-ex/0701025




N Glauber MC Output

* Number of spectators
— Nucleons which did not collide

 Participant/wounded nucleons
— Collided at least once
— Called N,
— Scale with 2A (A = number of nucleons)

* Number of binary collisions
— Called N
— Scales with A%/3

* Rule of thumb

— Soft (low py) observables scale with N,
— Hard (high p;) observables scale with N,

~A+A

part

Neo ~ A - L = A%

coll
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W) Glauber MC Output (2)

« 10% most central at RHIC

(Au-Au, 200 GeV) Neonts Npart VS b
N 1200 1200 %: ettt
— Neoll ~ oy Au-Au 200 GeV |
— N ~ 380 1000 ‘-’.b nucl-ex/0701025
part o _
* 50 most central collisions - 80l & / Neon |
at LHC (Pb-Pb, 5 TeV) < L % )
— Ny ~ 1770 2 - qb: i
— Npart ~ 384 400 __”H"u .'Qb B
I : iy Q |
- Difference mainly due to 200 |- "o l
cross-section increase N I . S
0 2 4 6 8 10 12 14 16 18 20

b (fm)

fl> Can also be calculated analytically:
Optical Glauber (see )
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W) Recap

We are trying to understand heavy-ion collisions

For that, we are trying to measure the difference
between AA and pp collisions, expressed as Ry,

dN,, /dp
(N )dN  /dp;

For that we need to estimate the number of nucleon-
nucleon collisions N,

Using the Glauber Monte Carlo, for a given impact
parameter b, we are now able to estimate N

Run =

coll

How do we measure b?
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CERN

\ Centrality

NV g

« How do measure the impact parameter b?

> Central .

Low multiplicity > High multiplicity

Striking relation between b and multiplicity
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) Centrality (2)

« Multiplicity anti-proportional to b
— Glauber MC + patrticle production model calculates multiplicity

« Multiplicity correlated in different phase space
(e.g. forward and mid rapidity) regions in HI collisions

MultlpI|C|ty vs b

22000 ! Sl 102 Mid rapidity vs. forward multlpI|C|ty
%ﬁzooooéq-t'l't GIaner MC "_'_E_. (%] " ' ! I " =]
518000 o _{)b Pb Sy = 2.76 Tevi Em_nuce Pb-Pb at \s,, = 2.76 TeV _
216000:— % "= = = 10° 2> 2> so00f - Mgppl<1-4 =

= I '-__ 1 13 -(_3 Pa : 28::1’] < 5.1 s ]

Instead of multlpI|C|ty, calorlmeter energy can also be used (e g. ATLAS/CMS) -

UUUUE ! L E t dUUU: y..”"'“f ,n?' _:
0000 - i 10° 1000 il :“/ =
4000~ T, 3 PRC88 (2013) 044909
2000; ."-.. L. 0_-‘ T 5 5|00 """""""""" 10600 15000 20000 -
%22 "6 8 10 12 14 107 forward multiplicity (n ~2 -5)
Plot: A. Toia b (fm)

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus



) Centrality (3)

« Use multiplicity to split events into classes
« Called 0-5%, 5-10%, ... 100% (“0%” = most central)
* Glauber MC calculates N, and N, per class

)

— Number of events vs. multiplicity ——
£ ALICE Lo o e oun = morv o g, |
S. 4 + Data 3

G107 F —— NBD-Glauber fit

E Pucx N S (ON )

w. 4 \ f=0801, n=293, k=16

%10 HH"“HM - EI-

U}J M

—
Q
th

| | IIIIIII[ ] IIlIIII| ]

~10000 15000
VZERO amplitude (arb. units)

5
- 50-60%
40-50%
30-40%
[ 20-30%
10-20%
5-10%

PRC88 (2013) 044909
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/) Recap

* We are trying to measure R,,
dN,, /dp
R =
(N )dN  /dp;

We will do this in different event classes based on the
event multiplicity

For each class we can estimate the number of nucleon-
nucleon collisions N, using the Glauber Monte Carlo

So... let’'s go !
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C\w RAA

S ~ dN,, /dp
=
E 1 1 1 1 I 1 RAAVSI- pT | | | | I I <NC0”>dep/de
c
® 0-5% Pb-Pb \/sy, = 2.76 TeV
O 70 - 80% RAA - 1 s .
B % ; - no modification
d i — Tyt Eh
L W§§§§§ §<iLi i % I ’ -
I \ 1 70-80% (peripheral)
‘ ‘ 1 >R, ~07
i .'. ’ t i
-.. E E
. 3
Drop at low p; X . . s i . 7 0-5% (central)
/_\ S IS - R,, drops to 0.14
., <
Soft particle o1l _
productlon does 0 I 1 1 é 1 | | | 1|D | | | | 1|5 | | 1 1 20
not scale with N, Py (GeVie) ALICE, PLB696 (2011) 30
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&N R .. at High p;

T T T T RAAVS'pT T T LI L L
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ATLAS, JHEP09(2015)050
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&N Recent Ry,

 If you were wondering how to compare the plots on the
previous slides...

/o /
o 9 | n
TTTT T T T T T T T 1 2 T T T T T 1711 V
- I 9 s ,. | ATLAS 15 6y 276 TV S, /O i I S, /O |
o ALICE . /[n p+p, Pb+Pb Ly=42pb', LN =0450b" (4 ik CMS g -
L Sttt ] T AR 122 ; [ ]
: : m:’:t o ’AAJ:},{{-{-,*!J..”'.Q.ﬁi*uﬂf Wi i) O 8_ —_ _
L E_ 1.!‘:*“:(:‘:::‘:_3 + + -~ *L;ﬁ+ .
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02F e o ~+ 50-60%- - = -
1 et Tioww  02F mee® E
10 = 10-20% o3 ATLAS * . 0.5% - 10-30% . E
1 1 1 1 1 1 | 1 Ll I IR | I Lol 1 1 111111 1 1 D
0 20 40 1 0 ) ey °1 2 3456 10 2030 100
p, (GeV/c) b (GeVie)

ALICE, PLB720(2013) 52-62
ATLAS, JHEP09(2015)050
CMS, EPJC 72 (2012) 1945

e ... butall consistent ©

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus



i ICMIS | | | I I | | I I T#: I"-II::IE'-I';’aiI"I|t."' I | | | ]
2 [~ PbPb {5 =276 TeV .l Al lyl<2.0 —
- Dy W op'>25GeVic  |nfl<2.1 -
- 0-10%, f Ldt=7-150 ub” —g— Isolated photon  [nj<1.44
- —&— Charged particles [n|<1.0
o EB— b-quarks {(0-20%) |n|<24 -
15+ {via secondary J/y) — Ph Oto ns
L ///
3 1 Aw,ze
E ++ _____________ by e
[ 6 il ; |
05 . -
g & oo 0 1 charged
i‘;@oo" | particles
D i | | 1 | 1 | | | 1 | | | 1 1 | | | 1 1 | ]
0 20 40 60 80 100

M [GeV]

EPJC 72 (2012) 1945

o) R, for Color-Neutral Probes

No suppression for
color-neutral probes

- No interaction with QGP
-> Experimental check on

N, calculation
(and nuclear PDFs)
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W) Recap

Nl I L B L IR
: . e -
* Peripheral collisions : - %
[ @0 50300 ¢ % % jL i
— Ry, ~ 0.8 - 0.9 for colored probes fp
- Central collisions A et
i & :
— R~ 0.14 at p; ~ 6-7 GeV/c to e B
— R, ~ 0.6 at high p;
« R,, ~ 1 for color-neutral probes ST e
* Interpretation ‘T BT
— Rpa ~ 0.14 ~ 1/7 © naliive conclusion : | T S R
only 1 out of 7 particles escape the QGP? o + l :
g I ]
We are looking at a ratio and the particle | = ™ ++ 777777 + 7777 }L ””” T
spectrum is shifted by energy loss F R
. ég:) # Ooo °
_%QOO 4
Let’s try to understand this in more detail... Ob i L L L
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&N R .4 INterpretation

Raa VS. pr (RHIC)
. M. van Leeuwen

0.8 W PHENIX n°

3

o

* Pp; spectrum is power law

1 dN _ o | RHIC (200 Gev): n = 7.2
p, dp, T |LHC (2.76 TeV): n=5.4

AE =3 GeV |
AE/E = 0.23

0.6—

0.4

« Constant energy loss

AE n 0.2‘:
R ® (1—J rising with p [

1

P | OSSN T (s

pT % 85 10 15 : (c;evz;o
« Constant fractlonall energy loss AE/E 51 Rus VS. Py (LHC)
n_ oy
€ [ M.vanL
Ru ~|1- E prindependent e o e_elivjce:h_ AE =5 GeV
E . LHC AE/E = 0.23

« Steepness of spectra influences Ry,
« Similar R,, does not imply similar
energy loss

Medium energy loss : a few GeV
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W) Backup
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o) Lattice QCD

* More thorough estimate of the phase transition

temperature can be done with lattice QCD
« Approach to solve non-perturbative QCD

« Discretize the QCD Lagrangian on a space-time grid
» Limited to chemical potential pg = O (some workarounds exist)

« Calculate T dependence of

16

- HRG

— energy density s ’

« Steep rise = change In
number of degrees of freedom
-> phase transition 4

8

156 MeV =2 1012 K Transition temperature T ~ 156 MeV
(Sun core: 1.5 107 K) | (consistent with bag model estimate)
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W) Optical Glauber

N4

* Probability to find a specific A
nucleon at s

e e 4/?\ '''''''''''

« QOverlap function U

T (0) = [ T,(s—b)T,(s):ds

T Tt \

— Effective overlap area for which a probability that a nucleon
specific nucleon in A can interact in A and in B are “in the
with a given nucleon in B same place”

* Probability for interaction

T s (b) oy

Figure: nucl-ex/0701025
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W) Optical Glauber (2)

N4

* Probability for n interactions

A,B number

148 : AB—n
P (n,b) = ( " ) [T%B (b)fﬂ;z] [1 - TAB (b) (Tmel ] of nucleons

« Number of collisions

AB
Neot (0) =Y 0P (n.b) = ABT 5 (b) oY
n=1
. . probability for
Number of participants / not a single
: B nucleon in a
patt (b) — TAL (S) {1 T . |:1 _ TB (S _ b) 'gmel i| ' d?" specific p|ace

14
+B[TB(S —b){l _ [1 — Ta(s) ol }d%

nucl-ex/0701025

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus



W) Optical Glauber (3)

NV g

* Overlap function T,, allows to rewrite nuclear-
modification factor in terms of pp cross-section

R.. = dN /de Identical nuclei:
a < coll>d|\I /de AB > A®
dNAA /de coII (b) AZT (b)G
Ry =g
A (T, )do [ dp;

« Reduces uncertainties If cross-section measurement Is
available
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) Optical vs. MC Glauber

NS

- Optical Glauber calculates oo ,df’,/dlb,"lsjbl S
the average Neoir / Npart °F ]
analytically rof :

— ExaCt E E'D__ Au+Au ]

g 50 7]

£ 40 -

 MC Glauber arrives within °F S ]
MC approach at same values o} :

0 | | | I

- Advantage: Initial state 0"z 4 & 8 10 1z 14 16 18
] ] Impact parameter b (fm)
fluctuations can be included
(random distributions of nucleons in nuclei)
- needed to describe many observables

Figure: nucl-ex/0701025
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