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What you learn in chemistry....
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
I |l 1l | |l 1
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Where do we find quarks?
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What keeps quarks confined in a proton or neutron?

Strong nuclear force

o @
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Proton Neutron

Electrostatic repulsion

»Color: The “charge” associated with the strong force
5



How many color charges exist?
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| o O electron, g = —e
\ proton, g = +e ,

blue antiblue

______ Ba r}r() n A"l CSOI]
(proton, p ) (negative pion, )

»Electromagnetic force: 2 + and -
» Strong force: 6 red, blue, green, anti-red, anti-blue, and anti-green



How do the electromagnetic and strong forces arise?

u,b

N o s.b
(W4

» Modern view: via the exchange of force carriers
vPhotons are exchanged in the electromagnetic force AFEAL > N
vGluons are exchanged in the strong force 21



How does the strong force behave?
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! \ blue antiblue
Il T -
| @ &—>» O clectron, g = -e€
\ proton, g = +e -

\\ // 1\10.\‘0“
Y A (negative pion, 7 )

Fem(r) — 5 Fstrong (7") — - CT

» An Increasing strong force with distance leads to confinement
v Intinite amount of energy needed to separate quarks
v Reason why quarks only found in baryons (e.g. proton) or mesons (e.g. pion)
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The Quark Gluon Plasma (QGP)

PRESSURE HEAI QUARK-GLUON PLASMA

|
e

»\When a nucleus is compressed and heated, a QGP forms
vQuarks are no longer localized within protons and neutrons



Where does the word plasma come from?

I— 3 States of Matter ﬁ 4th State of Matter
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Solid Liquid Gas Plasma

{m—— oo, T

» Constituents of conventional plasma are electrically charged
v Constituents of QGP are color charged!
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Why is the Quark Gluon Plasma (QGP) interesting?

INSIDE A NEUTRON STAR

A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars — the Universe’s densest forms of matter.

Quter crust
Atomic nuclel, free electrons

Inner crust
Heavier atomic nuclei, free
neutrons and electrons

Outer core

Quantum liquid where
neutrons, protons and
electrons exist in a soup
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Inner core

Unknown ultra-dense
matter. Neutrons and
protons may remain as
particles, break down into
their constituent quarks,

or even become ‘hyperons’.

SJOI/ )] Je.l

Key: W, Z bosons N\/\, photon

qd quark i%) meson ‘ galaxy
g gluon ) & ® baryon

t . . .
e electron e * i , y Beam of X-rays coming from the
ILmuon Ttau : '

e
black neutron star’ les, which sw
- <@>atom o h;g ( eutron star's poles, which sweeps
around as the star rotates.

Atmosphere
Hydrogen, helium, carbon

»Early universe would have been in the QGP state
» The core of neutron stars may contain a QGP



How much heat do we need to create a QGP?

1000° % 2000° F
2000° — 4000° F

PHOTOSPHERE
ZONE

RADIATION / \§

ZONE

SUNSPOT

27,000,000°

>5,000,000,000,0000 F!!!
» Roughly a million times higher temperature than center of sun

CONVECTION 5 \\QQ»@@J Y

~

F
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How much heat do we need to create a QGP?

p(T)/T*

»\Work by Protessor Claudia Ratti at the University of Houston

Hadron Gas QGP
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How can we achieve such temperatures?

https://videos.cern.ch/record/1304862

» Crude but highly effective: collisions!

14


https://videos.cern.ch/record/1304862

How can we achieve such temperatures?

Pb+Pb E..,=5.5 TeV t=-19.00 fm/c

H. Weber / UrOMD FrankiurtyM

https://videos.cern.ch/record/1304862

» Crude but highly effective: collisions!

» JTo make the QGP, we collide Pb-Pb heavy ions (nuclei) at the LHC 14


https://videos.cern.ch/record/1304862

Head on view of Pb-Pb collisions
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Head on view of Pb-Pb collisions
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What happens during a Pb-Pb collision?

Hadronic Pacts e
COlliSiOn QGP Matter artic
Detector
Overlap Zone
(Chemical (Kinetic
(Confinement) Freezout) Freezout)
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The Large Hadron Collider (LHC) »Run 1 (2010-2013)

v Pb-Pb vsnn = 2.76 TeV
v p-Pb y/snn = 5.02 TeV

CMS

LHC

ALICE o

North Area

LHCb »Run 2 (2015-2018)
VPb-Pb y/snn = 5.02 TeV
AT AS e v Xe-Xe +/snn = 5.02 TeV
Wat Y -Pb s = 5.02 TeV
S v p-Pb s = 8 TeV

TT2 BOOSTER

1972 (157 m)
5 East Area

PS

n-ToF
/! <
LINAC 2 () CTF3
neutrons + O 4 -
== LER e
LINAC 3

lons Ny 2005 (78 m)
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\ -

\ b

.

SPS

TI2

1 TeV = 1.6 x10-7J



A Large lon Collider Experiment (ALICE) Eﬂ&

https://www.voutube.com/watch?v=yWBWzIUCNpw


https://www.youtube.com/watch?v=yWBWzIUCNpw

A Large lon Collider Experiment (ALICE) Eﬂ&

https://www.voutube.com/watch?v=yWBWzIUCNpw


https://www.youtube.com/watch?v=yWBWzIUCNpw

A Large lon Collider Experiment (ALICE)
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A proton-proton collision in ALICE
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A Pb-Pb coll

Run:244918

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

System: Pb-Pb

Energy: 5.02 TeV




The Compact Muon Solenoid (CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 um?) ~1.9 m? ~124M channels
Overalllength  :28.7m Microstrips (80-180 um) ~200 m* ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA/
Brass + Plastic scintillator ~7,000 channels
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A Pb-Pb collision in CMS

CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-08 20:48:06.756040 GMT
Run / Event / LS: 326382 / 309207 / 7




These are big global collaborations!

40 countries, 175 institutes, 1975 employments

2942 1065 2381 229 51

HYSICISTS ENGINEERS TECHNICIANS INSTITUTES COUNTRIES &
(1036 STUDENTS) REGIONS

A Large lon Collider Experiment

ALICE COLLABORATION

AS JANUARY 2018

» A dedicated heavy-ion physics program occurs at Brookhaven National Lab
v Relativistic Heavy lon Collider - Main experiments STAR and PHENX
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Heavy-ion Physics achievements at the LHC

» Created hottest every matter
0-20% Pb-Pb \s,, = 2.76 TeV on earth!

e direct photons (ALICE)

~__direct photon NLO pQCD

scaled pp with nFDF » Average energy of photons
exponential fit: o exp(pT/ )

T T 297+ 12 £ 41 MeV emitted can used to infer
QGP temperature

» Measured temperature twice
temperature needed for
QGP formation

25



Anisotropic flow

»Spatial anisotropies in the initial QGP state converted
to momentum anisotropies

Science Dec 13 2002 2179-2182

100 us

200 us

400 us

600 us

800 us

1000 us

1500 ps

2000 us

260



Anisotropic flow in Pb-Pb collisions

Q\|

= 0.08
0.06
0.04
0.02

—0.02
—0.04
—0.06
—0.08

e ALICE
* STAR

= PHOBQOS

PHENIX
m NA49
O CERES
+ E877
¥ EOS
A E895
v FOPI

10

10°

10°

10*

\ Sy (GeV)

»Vo characterizes strength of

anisotropic flow

»Highest ever values
observed at the LHC

»What does that mean”
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The most perfect fluid ever

Ultra-Cold Heli Wat Quark-Gluon
102 Atoms L el Plasma
- =
O I
© ) \/
o [
= L
a
= 10_:—
° :
= B
I._I- -
. String Theory Limit .
] | 1 | Yy A T L ] | 4| / | e
0 4 8 4 8 12 "4 8 12 ' 2 3
x107 x10° x10° x10"

Temperature (K)

»Viscosity limits development of anisotropic flow

» Extracted viscosities from collisions creating the QGP at the LHC are the
smallest observed in nature!
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Other systems with small viscosities....

B18IC

hitps://www.youtube.com/watch?v=2/6UJbwxB/|

» [he early universe
was good at
flowing!
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https://www.youtube.com/watch?v=2Z6UJbwxBZI

Other systems with small viscosities....

B18IC

hitps://www.youtube.com/watch?v=2/6UJbwxB/|

» [he early universe
was good at
flowing!

29


https://www.youtube.com/watch?v=2Z6UJbwxBZI

The early universe was strange

0O-©

blue antiblue

Meson

(negative pion, 7 )

O-

Omega-minus
baryon

Mass = 1672 MeV/c?

S ="strange" quark -13 e

» The universe now is primarily composed of
up and down quarks

»Strange quarks more copiously produced

in the QGP

Ratio of yields to (w"+ 77)

252

A+ A(X2)

' <ﬂ><ﬂ><#> Q2+ 27 (x16)

ALICE

® pps=7TeV
O p-Pbsyy=5.02TeV

Pb-Pb, VS = 2.76 TeV
—— PYTHIAS
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A QGP might be produced in proton-proton collisions

R(An,A0)

PN NN S S S S S O S . ..y

’_-_____-_-\

7

1<p, <3 GeVic

Y

o’

s s e e S S S S e e e

519 187

< =

“-'0_8 1.7

~ 2 1.6{7

Z

4

N
B ™

» Arrows correspond to
evidence of vo

»Vo observed in p-p
and p-Pb collisions

»Is there a QGP In
these smaller systems
with lower densities”??
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The Quark Gluon Plasma is rather opaque

Hadrons
SPS 17.3 GeV (PbPb) GLV: dN,/dy = 400

O n° WA98 (0-7%) GLV: dN,/dy = 1400

GLV: dN_/dy = 2000-4000
RHIC 200 GeV (AuAu) J

0 — YaJEM-D
O =° PHENIX (0-10%)
---- elastic, small P__
* h* STAR (0-5%) i
] -.- elastic, large P___

LHC 2.76 TeV (PbPb)

== YaJEM
® CMS (0-5%) — ASW
) ¢ ALICE (0-5%) PQM: <G> = 30 - 80 GeV?/fm

Hadrons

1 2 34 10 20 100 20
p_ (GeV/c)

o

» Production of particles with large energies is suppressed



Thanks for your attention!

Inflation

Primordial
fluctuations

S L Reionization —
Cosmic microwave
background

Dark ages ‘ | Relonized universe E—

Nuclear collisions and the QGP expansion

collision evolution particle
expansion and cooling detectors

kinetic

freeze-out

. e distributions and
lumpy initial correlations of

energy density \ ’ | produced particles

hadronization

—_—

N
:
»
3

T

4 1\ QGP phase

L quark and gluon

'y degrees of freedom

)
collision quanbam
overlap zone fluctuations
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