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The Standard Model and QCD
spin f1/2, 312, 572, . e strong interaction:
e binds quarks into hadrons
- e binds nucleons into nuclei
e described by QCD:
0:006 e interaction between particles carrying
C charm 1.3 2/3 colour charge (quarks, gluons)
e mediated by strong force carriers
t top 175 (gluons)
b beauty 4.3 -1/3

e very successful theory

p_ electron
€ neutrino

€ electron

vM nmeuuc;?ino =0:0002 0
muon 0.106 -1

= :\aelijtrino =0:02

T tau 1.7771

BOSON

force carriers
spin =0, 1, 2, ...

)
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e e.g.. pQCD vs production of high energy jets

F Antinori - LNF - 4 ottobre 2017
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p_ electron | <1x10-8
€ neutrino
€@ electron |0.000511

o
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The Standard Model and QCD

matter/constituent
spin £ 1/2, 3/2, 5/2, .
e binds quarks into hadrons
- e binds nucleons into nuclei
0.003 .
- e described by QCD:
0.006 . . . .
e interaction between particles carrying
Vit neutrin | <0:0002 C charm 13 | 23 colour charge (quarks, gluons)
/4 muon 0.106 S strange 01 | -13 e mediated by strong force carriers
Y <0.02 t top 175 2/3 (gluons)
neutrino
T tau 1.7771 b beauty 4.3 -1/3
e very successful theory

BOSONS |.pin-0.1.2, .. e jet production

e particle production at high py
e heavy flavour production
[

e ... but with outstanding puzzles

F Antinori - LNF - 4 ottobre 2017 6



Two puzzles in QCD: i) hadron masses

tt tit t
FERMIONS Gin- 12 372 502, ...

e A proton is thought to be made of two
u and one d quarks

N clecuoni (B2 0.003
€ neutrino
electron |0.000511 d down 0.006 -1/3 The sum of their masses is around 12
muon

v, o o | <0.0002 C charm MeV

/L muon 0.106 S strange 0.1 -1/3

tau <0.02 t to I
Y7 neutrino - it ... but the proton mass is 938 MeV!
1.7771

tau b beauty 4.3

force carriers
BOSONS spin-0.1.2, .. e how is the extra mass generated?

F Antinori - LNF - 4 ottobre 2017 7



Two puzzles in QCD: ii) confinement

FERMIONS i<+ 3250 ..
Nobody ever succeeded in
- detecting an isolated quark

0.003
d down e Quarks seem to be permanently

C charm 1.3 . confined within protons, neutrons,
-1/3

Vo electron <1><10‘8
€ neutrino
electron |0.000511

pions and other hadrons.

S strange 0.1

M rr?euuc:r.'mo £0.0002
/L muon 0.106
" Eu tn .
beaut % :
tau 1.7771 b beauty 43 | 13 e It looks like one half of the

BOSONS o0 . fundamental fermions are not
directly observable...

why?

F Antinori - LNF - 4 ottobre 2017 8
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Confinement

e At scales of the order of the hadron size (~ 1 fm) perturbative
methods lose validity

e Calculations rely on approximate methods (such as lattice
theory or effective theories)

e There are compelling arguments (but no rigorous proof) that
the non-abelian nature of QCD is responsible for the
confinement of colour

[see e.g. Gottfried-Weisskopf, p. 99]

F Antinori - LNF - 4 ottobre 2017 10



Confining potential in QCD

e In QCD, the field lines are compressed into a “flux tube” (or
“string”) of constant cross-section (~fm?), leading to a long-
distance potential which grows linearly with r

Vl = kr with £k ~ 1 GeV/fm

ong

F Antinori - LNF - 4 ottobre 2017 11



String breaking

e |f one tries to pull the string apart,
when the energy stored in the
string (k r) reaches the point where
it is energetically favourable to
create a qq pair, the string
breaks...

e ...and one ends up with two colour-
neutral strings (and eventually
hadrons)

[illustration from Fritzsch]

F Antinori - LNF - 4 ottobre 2017
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QCD vacuum

e e.g.: 2 gluons in singlet
state at a distance r

APELEEN ApAr ~h =1

minimum

F Antinori - LNF - 4 ottobre 2017 13



QCD vacuum

e The “empty” vacuum is unstable. There is a state of lower
energy that consists of cells, each containing a gluon pair in
colour- and spin- singlet state. The size of these cells is of
order r,. We may speak of a “liquid” vacuum.

Gottfried-Weisskopf, IV C

F Antinori - LNF - 4 ottobre 2017
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Bag Model

e Due to the non-abelian nature of QCD and to the large value of the QCD
coupling, the QCD vacuum is a rather complex object, behaving practically
as a liquid

e The MIT bag model describes the essential phenomenology of
confinement by assuming that quarks are confined within bubbles (bags)
of perturbative ( = empty) vacuum of radius R upon which the QCD
vacuum exerts a confining pressure B

F1G. 9. The QCD vacuum state is depicted in (a). It is a random distribution of cells that
contain a gluon pair in a color and spin singlet state. Quarks (in a color singlet configuration)
displace these cells, creating a region (or “bag”) of “empty’” vacuum, as shown in (b).

B Nor - LINE - 4 ottobre 2017 [see e.g. Gottfried-Weisskopf, p. 399] 15



e The bubble radius Ris Bag model of a hadron
determined by the balance
between the vacuum pressure B
and the outward kinetic pressure
exerted by the quarks

pressure =B

e From hadron spectra:
B ~ (200 MeV)4

"empty" vacuum "true" (QCD) vacuum

= "bag constant" /4

16
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Deconfinement

e What if we compress/heat matter so much that the individual
hadrons start to interpenetrate?
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Lattice QCD predicts that if a
system of hadrons is brought to
sufficiently large density and/or
temperature a

phase transition should occur

In the new phase, called

(QGP),
quarks and gluons are no
longer confined within
individual hadrons, but are free
to move around over a larger
volume

17



Lattice QCD

e rigorous way of doing calculations in non-perturbative regime of QCD

e discretization on a space-time lattice
-> ultraviolet (large momentum scale) divergencies can be avoided

170 210 250 340

§<—0.6 GeV /fm3=¢,

F Antinori - LNF - 4 ottobre 2017

T (MeV)

3 flavours; (q-q)=0

zero baryon density, 3 flavours
€ changes rapidly around T,

T.=170 MeV:
— ¢,=0.6 GeV/fm3

at 7~1.2 T, ¢ settles at about
80% of the Stefan-Boltzmann
value for an ideal gas of q,q g

(€s8)
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QCD phase diagram

e an “artist’s view”...

10 ps after
g A Early Universe RN FIi_HHIcC::

Quark-Gluon

Hadron gas

()]
e
=)
et
©
o
Q
Q
5
-

Nuclear
/
matter ,

) ~ 5 - 10 nuclear
Baryon densityp

g, ~1 GeV/fm?
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Nucleus-nucleus collisions

e How do we test this theory in the lab?

e How can we compress/heat matter to
such cosmic energy densities?

e By colliding two heavy nuclei at
ultrarelativistic energies we recreate, for a
short time span (about 10-23s, or a few fm/
c) the conditions for deconfinement

F Antinori - LNF - 4 ottobre 2017
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e as the system expands and cools
down it will undergo a phase
transition from QGP to hadrons
again, like at the beginning of the
life of the Universe: we end up
with confined matter again

e QGP lifetime ~ a few fm/c

e The properties of the medium
must be inferred from the
properties of the hadronic final
state

F Antinori - LNF - 4 ottobre 2017



Free the quarks!

e Temperature ~ 2 102 degrees

e 100 000 times the temperature
at the centre of the Sun

e similar conditions are thought to
have been present about 10 us
after the Big Bang

e quarks not any more confined
inside protons, neutrons, etc...

e “Quark-Gluon Plasma”

F Antinori - LNF - 4 ottobre 2017 23
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Large Hadron Collider (LHC)

e 27 km circumference
e about 100 m underground

e particles accelerated to
99.9999991 % of light speed

11 245 orbits per second

e superconducting magnets

o T=19K=-271.25C
(absolute zero: -273.15 C)

— coldest place in the solar system!



The LHC Superconducting Dipole

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Spool Piece
Bus Bars |

e - = '//
¢ / Helium-II Vessel

 Superconducting Bus-Bar

N

~~ Non-Magnetic Collars

" Vacuum Vessel
Quadrupole

Bus Bars ~_——— Radiation Screen

“————— Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
\ Bus Bar Tube
— Inst tati
: nstrumentation
ProteDciggg Feed Throughs

F Antinori - LNF - 4 ottobre 2017 27



LHC: main parameters
(pp, 2017 run)

Proton energy [GeV]
Number of particles/bunch
Number of bunches

Transverse Emittance [um rad]

B*IP1/5 [m]

Transverse beam size IP1/5 [um]

Bunch length [ns]

Peak luminosity IP1/5 [cm2s]
Peak pileup IP1/5

Stored Energy [MJ]
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Nucleus-Nucleus collisions at the LHC!

VS\n [GeV]

dN,,/dy
€ [GeV/fm?3]

c
o]
=
o
Q
0
0
7]
o
S
o

e large £ - deep deconfinement region
- closer to “ideal” QGP behaviour

Event rate at L=10"cm2s™

102 10°

e large cross section for “hard probes” ! Energy (GeV)
> a new set of tools to probe the medium properties
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An LHC experiment: ALICE

ACORDE Strip Drift

e dedicated to AA collisions

e 16x16x26 ms

HMPID

e 10000 tonnes (~ Tour Eiffel) NEEL

e ~ 1900 collaborators

=7 TRIGGER
CHAMBERS

ZDC

e 174 institutes, 42 countries

e largest contingent: Italy
15 institutes, 232 scientists

ABSORBER

e 15 years for conception,
design, construction

e cost~ 160 MCHF
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High scientific impact

e major scientific output
e 177 ALICE papers on scientific journals
e high-impact papers (average of ~ 80 citations per paper)
e top-cited papers at the LHC after the Higgs discovery ones (source: ISI).
e several hundred presentations at international conferences

F Antinori - LNF - 4 ottobre 2017 KK}



Contents

e Open puzzles in Quantum Chromo-Dynamics
Confinement and deconfinement

e (an “intuitive” view)

Ultra-relativistic nucleus-nucleus collisions
Intermezzo: the Large Hadron Collider
Intermezzo: kinematic variables
A few selected results
Conclusions

F Antinori - LNF - 4 ottobre 2017

34



Rapidity

Four-rnornenturn: (¢ =1, z coordinate along collision axis)

p"=p’.p',p°.p)=(E,p)=(E,p;,p. = D))

Addition of velocities along z:

(Galileo) ol bi+by (relativistic)
1+ 6,0,

tanh y, + tanh y,
1 + tanh y, tanh y,

tanh(y, +y,) =

y=tanh™ B = %log 1+§ “rapidity”

| =

F Antinori - LNF - 4 ottobre 2017
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e so0 under a Lorentz transformation to a frame moving with velocity b along z:
y—=y =y- (rapidities “add-up”)
compare p.=y(p.-pE)

e e.g.: rapidity distributions

dN d

negative hadrons

!/ N !/
dy,(y)— & (Y=Y -Y)

e e.g.at SPS:

= - with ~3
Yem = Viap =V s Y B O Pb+Pb, central 5%
x scaled S+S, central 3% *OQ

¢ scaled N+N
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e so0 under a Lorentz transformation to a frame moving with velocity b along z:
y—=y =y- (rapidities “add-up”)
compare p.=y(p.-pE)

e e.g.: rapidity distributions

dN d

negative hadrons

!/ N !/
dy,(y)— & (Y=Y -Y)

e e.g.at SPS:

= - with ~3
Yem = Viap =V s Y B O Pb+Pb, central 5%
x scaled S+S, central 3% *OQ

¢ scaled N+N
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Transverse variables

e I[ransverse momentum:

e Transverse mass:

mT=m2+p; E = mz+pz=m§+pz2
p, =m;smh(y) il E =m; cosh(y)

F Antinori - LNF - 4 ottobre 2017
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Pseudorapidity

rapidity pseudorapidity

y=110g(E+pz) n=110g(p+pz)

2 2

E-p, p-Dp.

e in the ultrarelativistic limit: p~E — n~y

e for the transverse variables:

rapidity pseudorapidity

p. = pysmh(z)

pz =mT Smh(y)

E =m, cosh(y)

p = p;ycosh(n)

40
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e it can be shown that:

n =-logtan(f/2)

e so for ultra-relativistic particles (y ~ n)
— rapidity only depends on emission angle

F Antinori - LNF - 4 ottobre 2017
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Geometry of a Pb-Pb collision

e central collisions

e small impact pararneter b

e high number of pariicipanis = high multiplicity
e peripheral collisions

e large impact pararmeter b

e low number of participants = low multiplicity

for example: sum of the amplitudes
in the ALICE VO scintillators ——>
reproduced by simple model (red):

e random relative position of nuclei in
transverse plane

4+ Data

—— Glauber fit

e Woods-Saxon distribution inside 2(5 & | &
nucleus 8|S N -
e deviation at very low amplitude ' 5000 15000

expected due to non-nuclear VZERO Amplitude (a.u.)

(electromagnetic) processes

peripheral central

F Antinori - LNF - 4 ottobre 2017 @ @ 43




Particle multiplicity

most central collisions at LHC: ~ 1600 charged particles per unit of n

ALICE: PRL105 (2010) 252301

® AA(0-5%)ALICE A pp NSD ALICE e |og extrapolation:

B AA(0-5 %) NA50 O pp NSD CMS

A AA(0-5 %) BRAHMS 3 pp NSD CDF e OK at lower energies
¥ AA(0-5%)PHENIX 0 pp NSD UAS5

(] AA(05%) STAR  * pp NSD UA1 ' e finally fails at the LHC
¥ AA(0-6 %) PHOBOS x pp NSD STAR

)

part

8

<
S~
ol
=
=
=
©
—
o
(8]
<
S

Vs\=2.76 TeV Pb-Pb, 0-5% central, Inl<0.5
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Bjorken’s formula

e To evaluate the energy density reached in the collision:

S = transverse dimension of nucleus

T, = formation time"~ 1fm/c

dE,
dy |,_,

e for central collisions at LHC: ~ 1800 GeV

e Initial time t, normally taken to be ~ 1 fm/c

e i.e. equal to the “formation time”: the time it takes for the energy initially stored in the
field to materialize into particles

R T S ~160fm® (R, =1.24"" fm)

More than enough

adll < ~ (1800/160) GeV/fm® ~10 GeV/fim’

for deconfinement!

F Antinori - LNF - 4 ottobre 2017
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Elliptic Flow

e Non-central collisions are azimuthally asymmetric

Reactionf

— The transfer of this asymmetry to momentum space provides a measure of
the strength of collective phenomena
e Large mean free path
e particles stream out isotropically, no memory of the asymmetry
e extreme: ideal gas (infinite mean free path)
e Small mean free path
e larger density gradient -> larger pressure gradient -> larger momentum

e extreme: ideal liquid (zero mean free path, hydrodynamic limit)
F Antinori - LNF - 4 ottobre 2017 46



Azimuthal asymmetry

e to quantify the asymmetry:
—> Fourier expansion of the angular distribution:
] +2v,cos(@p—y,)+2v,cosLlep -y, ]) +...
e in the central detector region (3 ~ 90°) = v, ~ 0 = asymmetry quantified with v,
e experimentally: v, ~ as large as expected by hydrodynamics

v, {4}

v,{q-dist}

v,{LYZ}

Luzum 1y/s=0.08 (Glauber)
Luzum 1y/s=0.16 (fKLN)
Heinz 1/s=0.20 (fKLN)

30 40 50 60 70 80
centrality percentile

> “perfect liquid”

F Antinori - LNF - 4 ottobre 2017
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High p; suppression: Ry,

e production of particles at high p;

e is expected to scale like the number of binary
nucleon-nucleon collisions:

e can be modified by “nuclear” effects

e e.g.: particles can lose energy when traversing the 7 “participants™
QCD plasma fireball (“jet quenching”) 12 “binary collisions™ (N,

—> suppression of particle production at high p+
e define a “nuclear modification factor” Ry,

+ in the absence of nuclear effects > Ry, = 1

F Antinori - LNF - 4 ottobre 2017
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Strong suppression!

e Pb-Pb significantly below scaledpp e Rja:
for central collisions (filled points)

©0-5%  Pb-Pb\[5,=276TeV

o 70-80%

Pb-Pb \[s,, =2.76 TeV

NN

scaled pp reference
e 0-5%
> 70-80%

minimum around 6-7 GeV (R, ~ 0.14)
clear increase at higher p;

F Antinori - LNF - 4 ottobre 2017
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R for vector bosons

e electroweak probes (y, W=, Z°), on the other hand, are unmodified
> (essential cross check!)

F Antinori -

LNF - 4 ottobre 2017

CMsS T, uncertainty
PbPb \|'5_m =276 TeV

a7 lyl<2.0

0-10%, J Ldt=7 pb’

—¥— Wp >25GeVic [|<2.1

—#— Isclated photon In|<1.44
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Parton energy loss

e partons (quarks, gluons) lose energy e next step:

while traversing the QGP

e 0-5% Pb-Pb \ =276TeV
© 70-80%

F Antinori - LNF - 4 ottobre 2017

e study QGP with heavy probes:
charm (c) m, ~ 1.3 GeV

beauty (b) (or bottom in the US) m, ~ 4.3 GeV)

e analogous to Brownian Motion...

> study production of heavy-flavour
hadrons (particles containing c or b quarks)

Quarks spm = il

Approx.
Mass

Flavor Electric

Gev/c2 charge

U up 0.003 2/3
d down 0.006 -1/3

C charm 2/3
S strange -1/3
t top

b bottom -1/3

> D mesons (c quarks) and B mesons (b quarks)
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Heavy Flavours Ry,

* + indication of less suppression for
beauty than for charm!

Pb-Pb, \ s, =2.76 TeV

e Average D, D*, D™ |y|<0.5, 0-7.5%
owith pp pT—extrapoIated reference

= Charged particles, m|<0.8, 0-10%

e Charged pions, n|<0.8, 0-10%

m  ALICE Preliminary D mesons
8<pT<16 GeV/c, |y|<0.5

Correlated systematic uncertainties
[ Uncorrelated systematic uncertainties

® CMS Preliminary Non-prompt J/y -
6.5<pT<30 GeVlce, ly|<1.2

[ Systematic uncertainties
CMS-PAS-HIN-12-014

e p;<8GeVic:
e hint of less suppression than for 1 ?

50 100 150 200 250 300 350 400
o p>8GeV/c (Npartwelghted with N_ )

e same suppression as for 1t...
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Conclusions

e what have we acheved so far?
e study of the QGP properties

first measurements of viscosity, couplings, diffusion coefficient..

e discovery of new phenomena
observation of “hadronisation” by recombination of quarks
collective effects in smaller systems...

F Antinori - LNF - 4 ottobre 2017
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Conclusions

e what have we acheved so far?

e study of the QGP properties
first measurements of viscosity, couplings, diffusion coefficient..

e discovery of new phenomena
observation of “hadronisation” by recombination of quarks
collective effects in smaller systems...

e what next?
e upgrades of LHC detectors (installation in 2019 — 2020)
e high statistics campaign (2021 — 2029)
> comprehensive meausrement of physical properties of Quark-Gluon Plasma
> good potential for discoveries
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Conclusions

e what have we acheved so far?

e study of the QGP properties
first measurements of viscosity, couplings, diffusion coefficient..
e discovery of new phenomena

observation of “hadronisation” by recombination of quarks
collective effects in smaller systems...

e what next?
e upgrades of LHC detectors (installation in 2019 — 2020)
e high statistics campaign (2021 — 2029)
> comprehensive meausrement of physical properties of Quark-Gluon Plasma
> good potential for discoveries

- SO...
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Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb

Energy: 5.02 TeV
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Deconfinement: a toy model

Hadron (pion) Gas Quark-Gluon Plasma

e From statistical mechanics:
(for an ideal gas)

F Antinori - LNF - 4 ottobre 2017 59



Hadron (pion) Gas

F Antinori - LNF - 4 ottobre 2017

Quark-Gluon Plasma
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e At low temperature the hadron gas is the stable phase
e There is a temperature T above which the QGP “wins”, thanks to the larger
number of degrees of freedom

P (MeV*)
x1q°

e very simplified calculation...
e more refined estimates:

- p'ijdh gas . ‘ - Tc =170 MeV

e 170 MeV?
recall: T,,,,, (300 K) ~25 meV
(of course, lowercase m)

~— 150 200 250 300 350 400
T (MeV)

> Tec=170 MeV = 2000 billion K

(compare Sun core: 15 million K)
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