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Lecture Philosophy

Less is more, I.e., not meant to be comprehensive
Keep It Simple Stupid (KISS) principle...
Even the experts often miss the big questions...

Take away goals...

- an appreciation for the science

- excitement of the field

- some details on experimental methods

- open questions and opportunities for discovery by
young people such as yourselves

Let me know if there are specific things you want to hear




Simplest Goals

Emergent Phenomena...
Collectivity...
What is the underlying origin?




Emergent Phenomena

Connection from the QCD Lagrangian to
phenomena of confinement and asymptotic
freedom was fundamental

Connection from QCD to the emergent phenomena of
near perfect fluidity of the Quark-Gluon Plasma is just
as fundamental

Perfect fluidity tells us the nature of the QGP,
more importantly we need to reconcile:

Most important discovery in field: perfect fluid
&
Crucial part of QCD: weak coupling at short distances




Global temperature change (1850-2020)

Dec

N\

AN

HadCRUTS5.0
@ed hawkins Baseline: 1850-1900




Jet Quenching Probes of QGP Fluid
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Easy Tools
https://www.lcdf.org/gifsicle/

Wild animations are
Gifsicle d!strac_:tlng, but k_ey
visualizations stick
Source and documentation .
oifsicle-1.88.tar.gz (564670 bytes) with people.
On Github ) )
I Make your own!

Create your own ideas and borrow only
selectively. The more important the talk, the
more important it is to show your thoughts...

Data thief programs allow you to choose
which data sets to show, re-fit your model, etc.




Side note to students...

1) Data visualization is very important

2) Leads to breakthroughs via more intuitive
and physical picture

3) Most talks only get across 2-3 items that a
given audience member will recall later

What take aways did you get from
last week’s lectures for example?




A Brief History of Time (in Heavy lons)

A long time ago Iin a galaxy far,
far away....

History can be boring,
though often early in a new field is when the
most basic questions are discussed openly.
Later people often focus
too much on the latest details.




Start in 1950s - Hadron Zoo

Mesons Baryons
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* More and more hadrons being discovered.
* Too many to be fundamental particles?
* Hadrons are strings (interesting history).




STATISTICAL THERMODYNAMICS OF STRONG INTERACTIONS AT

Circa 1965 Hagedorn
observed that these
hadrons had an
exponentially increasing
s ot e 1T e e e density of states p

the thermodynamics as if they were }uLtlul_u. * m —> 0 these
objects are themselves very si to those wnich shall be d

cribed by this thermodynamics., Expressed in & slogan: "Je describe
by thermodynamics fire-balls which consist of fire-balls, which
consist of fire 1ls, which .,..", This principle, which could be
called "asymptotic bootstrap",leads to a self-consistency require-
ment for the asymptotic form of the m trum, The equation

ollowing from this requirement has only a solution if the mass
spectrum grows exponeatially:
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form factors, etc.). There is experimental evidencs for txu‘f

then TO iz about B8 ol With this wvalue of

the asymptotic s spectrum w“ o r has s y:" chance to be

spectrum,
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http://cds.cern.ch/record/346206 Modern era compilation from PDG by Zajc



STATISTICAL THERMODYNAMICS OF STRONG INTERACTION

Think about adding more and
more energy to a system...

e Excite more states
i higur g e  Give states more energy,
l.e., a higher Temperature

modynamics
consist of fire 8 ! )
called "asympt b ap",leads to & nsistency require . . m
put Lo n smmnin e of e et i B Equipartition Theorem
following from this r -nt has cnly a solutio the S8

spectrum grows exp

n n n n
T, 1is a remarkable.qu ty: the partition function corresponding Wlth eX O n e ntl aI I I n CreaSI n
to the above p(m) dis s for T — Ty is therefore the

y for strong int ons, It should =

a Maxwell-Boltzmann law = govern the

i o 31 sy sl o bt il number of states, all the
T g e e ot e energy goes in to equally
Sl cXxciting these states, and not
more energy per state.

then T,

a remarkable 1tity: the partition function corresponding
(m, r T = Tye ' therefore the
s for strong intera




“Ultimate Temperature in the Early Universe”
K. Huang & S. Weinberg, Phys Rev Lett 25, 1970.

STEVEN"WEINBERG

Winner of the 1979 Nobel Prize for Physics

“...a vell, obscuring
our view of the very

beginning”

Steven Weinberg, The First Three
Minutes (1977).

A\ :\I()(lt‘l'll \'it‘\\' Hf
the Origin of the Universe




Quark Model

Proton A++

New degrees of freedom inside hadrons.




We have strong evidence that QCD is the
correct theory of the strong interaction

Perturbative Calculations Lattice Calculations

Inclusive Jet cross section Light Hadron Spectrum in Quenched QCD
final results from CP—-PACS: qgChPT chiral extrapolations

CDF Preliminary
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Transverse Energy (GeV)

The field is about understanding

iust like condensed matter physics from QED.




Quark-Gluon Plasma




Birth of a Name

E.V. Shuryak, Quantum Chromodynamics and the Theory of Superdense Matter

1. Introduction

PHYSICS REPORTS

| Itis widely believed that the fundamental theory of strong interactions is the so called quantum
chromodynamics (QCD), a theory of colored quarks interacting via massless vector fields, the
gluons. This theory not only provides a general understanding of hadronic phenomenology and
agood quantitative description of small distance phenomena, but it mostly wins our hearts by the
remarkable simplicity of its foundations, so similar in spirit to quantum electrodynamics (QED).
The properties of superdense matter were always of interest for physicists. Now, relying upon
| QCD, we can say much more about them. When the energy density ¢ exceeds some typical hadronic
value (~1 GeV/fm?), matter no longer consists of separate hadrons (protons, neutrons, etc.), but
of their fundamental constituents, quarks and gluons. Because of the apparent analogy with
similar phenomena in atomic physics we may call this phase of matter the QCD (or quark-gluon)
114 “Fplasma. Due to large similarity between QCD and QED the new theory benefits from the methods
1];7) | previously elaborated for QED plasma made of electrons and photons.
120 There exist important nonperturbative effects, which result in qualitative differences between
123 0CD and OED. This is seen alreadv from the fact th: arksand olnonc are abcant o tho oboc

Edward Shuryak publishes first “review” of thermal
QCD and coins a phrase:

“Because of the apparent analogy with similar
phenomena in atomic physics, we may call this
phase of matter the

: QCD (or quark-gluon) plasma”




Melting the Hadrons

Can we melt the hadrons and liberate these quark
and gluon degrees of freedom?

2

(1Pl

&= g”_r' Energy density for “g” massless d.o.f.

30

o1 ﬂ—2T4 Hadronic Matter. quarks and gluons confined

30 For T ~ 200 MeV, 3 pions with spin=0

- 2 Quark Gluon Matter:
{Z-Sg +§-2S 2,2, .36}30?‘ 8 gluons;
2 quark flavors, antiquarks,
2 spins, 3 colors




No Limiting Temperature

Lattice QCD calculations indicate that as one increases the
energy input, it is very hard to move the temperature above
approximately 170 MeV.

However, eventually the temperature does exceed the
“limiting temperature” with a rapid jump in the
effective degrees of freedom!

2 flavour

2 flavour




Free Quarks?

No one has ever seen a free quark.

Vz—ias+kr
3 r

“Coulomb” “Confining”

QCD is a “confining” gauge theory.




Lattice Thermodynamics

Lattice QCD (for heavy quarks as a test) show a
screening of the long-range confining potential
gradually as one passes the transition temperature.

0.74
0.84
0.90
0.94

0.97
1.06 T¢c 1.06

{ &
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3 4
F. Karsch, hep-p







Phase Diagram of Nuclear Matter

18200 vs = 62.4 GeV
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Transition Order?

Pisarski and Wilczek, Phys.Rev.D (°84)

N: =2 (mz= 00, m,,=0)
2nd order (O(4) universality)

®N; =3 (m=0m,=0)

1st order (fluctuation/instanton induced)

o N = 2+1 (m, >> m,,#0)

1st order or crossover

m}l"(

Second order

/ 04)?

7

@ Physical
point

/ )
L\L)

Second order

L\L)

Second order '\

Pure gauge

Lattice QCD results for a realistic strange quark mass indicate a

smooth cross over transition for zero net baryon density

This has substantial implications.




N=2
2nd

order

nd
2 " order Z(2)

O(4)

physical point ",,""Nf=3

When | started in the
field in 1990 as an
undergraduate student,
for ug = 0, many
thought the QGP
transition was 1t order.

Signatures of Quark-Gluon Plasma
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Shoji Nagamiya,

https://academic.oup.com/ptep/article/201
5/3/03A101/1584228




Smooth Crossovers are Cool Too!

T T T T l T T T T lI T Il T T

T2V

“In a strong first-order phase transition the
quark—gluon plasma supercools before bubbles
of hadron gas are formed. These bubbles grow,
collide and merge, during which gravitational
waves could be produced®. Baryon-enriched
nuggets could remain between the bubbles,
contributing to dark matter. The hadronic phase
is the initial condition for nucleosynthesis, so
inhomogeneities in this phase could have a
strong effect on nucleosynthesis®. As the first-
order phase transition weakens, these effects
become less pronounced. Our calculations
provide strong evidence that the QCD transition
is a crossover, and thus the above scenarios—
and many others—are ruled out.”

Lattice QCD,
https:/Iwww.nature.com/articles/nature05120



https://www.nature.com/articles/nature05120
https://www.nature.com/articles/nature05120

Speed of Sound

stout e
HISQ

250 290 330 370
T (MeV)

Speed of sound drops near transition (“soft point in EoS”)
and actually goes to zero in first order transition.

Sound wave transmits energy. In true mixed phase, all
energy Is absorbed into rearranging constituents.




Phase Diagram of Nuclear Matter
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QGP

and
Cosmology




Brief History of Time

-«— Radius of the Visible Universe —»

. Too hot for quarks to bind!!! Quark
Inflation

o Standard Model (N/P) Physics Gluon
Plasma

296 ;00 0

«~ Too hot for nuclei to bind

Nuclear/Particle (N/P) Physics Hadron
\ Gas

puodes 1

Nucleosynthesis builds nuclei up to He
Nuclear Force...Nuclear Physics

——|  Parting Company

sied) 000°00€

?519ALUN Y3 Jo by

Universe too hot for electrons to bind
E-M...Atomic (Plasma) Physics

g First Galaxies

Sie9p uolig 1

-

4 e} Today’s Cold Universe

TS SRR Gravity‘.“I‘\lewtoniaaneneral
‘ Relativity

SIe9) uolig ST-21




AND PRESENT UNIVERSE

Annu. Rev. Nucl. Part. Sci. 2006. 56:441-500
doi: 10.1146/annurev.nucl.56.080805.140539

Copyright (©) 2006 by Annual Reviews. All rights reserved
First published online as a Review in Advance on August 2, 2006

PHASE TRANSITIONS IN THE EARLY

D. Boyanovsky,!'>* H.]. de Ve

Quark nuggets and strangelets
Inhomogeneous nucleosynthesis

Cold dark matter clumps

Damping of gravitational waves
at the QCD transition

a,>>! and D.]. Schwarz*

l'l L LR

ng(f) Bag model —
Crossover s« .« -
1 e 2gw(f<focD) -
09 i
0.8 r -
07 r L |
Pulsar timing fQCD
) ’ }
0‘6 PENECEEA | ' I S A A | : v v ow sl : TS| —
10-8 107 10-° 10~°
Hz

Figure 11 The modification of the energy density, per loga-
rithmic frequency interval, of primordial gravitational waves
from the QCD transition. Figure taken from Reference 107.



PHYSICAL REVIEW D VOLUME 30, NUMBER 2 15JULY 1984

Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 9 April 1984)

A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

Over 4500 citations

MESONS

H

FIG. 1. Isolated expanding bubbles of low-temperature
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.30.272

Strange Quark Matter

« Matter of roughly equal numbers of up, down and strange
[VEI&F

» Strange Quark Matter could be more stable that Fe*>> and
thus be the ground state of nuclear matter.

« If stable, it could be a source of baryonic dark matter.

Quark Matter Strange Quark Matter

u d

Energy Level

Strange Quark Mass




Creating Strangelets

« Many years later, SQM still theoretically allowed.

* Experiments searches in terrestrial matter and nuclear
reactions for small A< 100 SQM have yielded null results.

90% C.L. Upper Limit Per Central Interaction

50 0 25 H0o 0 253 50
Mass (Gev/c®) Mass (Gev/c®) Mass (GeV/c%)




LITTLEST NEUTRON STAR

Strange star: this
bizarrely small
neutron star may be
made of quarks

Quarks all the way down

* BY KIONA SMITH
OCT. 24,2022

In the middle of the glowing gas cloud of a supernova remnant, about 8,000 light years away, sits the
crushed heart of a dead star.

Astronomers recently discovered that this neutron star left behind by the collapse and explosion of a

supergiant is now roughly 77 percent the mass of our Sun, packed into a sphere about 10 kilometers

wide. That's a mind-bogglingly dense ball of matter — it's squished together so tightly that it doesn’t

even have room to be atoms, just neutrons. But as neutron stars go, it’s weirdly lightweight. Figuring
out why that’s the case could reveal fascinating new details about exactly what happens when

massive stars collapse and explode.




Neutron star ph ravitational waves!

http://science.energy.gov/~/media/np/nsac/pdf/201603/Weinstein_LIGO 20160323.pdf

LSC)

40 Compact Binary Mergers,

Nuclear EOS, and LIGO

GWs and LIGO
Compact binary mergers

prospects for LIGO GW detection
and EM counterparts

Neutron stars
Nuclear EOS
Neutron star mass & radius

BNS mergers

BNS r-process nucleosynthesis

BNS merger constrains on NEOS
Alan Weinstein, Caltech

for the LIGO Scientific Collaboration

DOE/NSF NSAC Meeting,
Bethesda. March 23. 2016




Supercooling and Bubbles

If the plasma-to-hadrons transition were strongly first order,
bubble formation could lead to an inhomogeneous early
universe, thus impacting big bang nucleosynthesis (BBN).

Are the bubbles too small and close together such that
diffusion before nucleosynthesis erases the inhomogeneities?
(200 MeV to 2 MeV)

This line of investigation was
quite active when the dark

matter issue raised questions
about the implied baryon

content in the universe from BBN.




No BBN Problem

Physics Today, July 2001: Cosmic Microwave Background Observations

“The value deduced from the second harmonic in the acoustic oscillations for
W5=0.042 + 0.008 (cosmic baryon mass density) is in very good agreement with
the value one gets by applying the theoretical details of primordial big bang
nucleosynthesis to the observations of cosmic abundances of deuterium.”

/

Temperature (degrees kelvin)

¥ 10% 100 1 10® 10° 1% 10" 10
Time after Big Bang (seconds)




Big Bang versus Little Bangs

Universe Case: Heavy lon Case:
Fluctuations pre-inflation... QGP initial

and not impacted by QGP condition
fluctuations




Heavy lon

Experiments




How to Access This Physics?

Neutron stars




Heavy lon Machine History

Bevalac-LBL and SIS-GSI fixed target
max. 2.2 GeV

AGS-BNL fixed target E864/941, EB02/859/866/917, E814/877,
max. 4.8 GeV E858/878, E810/891, E896, E910 ...

SPS-CERN fixed target NA35/49, NA44, NA38/50/51, NA45,
max. 17.3 GeV NAS52, NA57, WA80/98, WA97, ...

TEVATRON-FNAL (fixed target p-A)
max. 38.7 GeV

RHIC-BNL collider
max. 200.0 GeV

LHC-CERN collider ALICE, ATLAS, CMS,

max. 2760.0 GeV LHCb (pA)
Now even higher




LT,
10,000
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Particle Physics
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Think of mapping out a phase diagram with
only one temperature?




Phase Diagram of Nuclear Matter

2°°/~/s = 62.4 GeV

Quark-Gluon Plasma
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Experimental Tools

~exgres

@ AT LAS
Run 168665, Event 83797

o e e e A EXPERIMENT




STAR

Hadronic Observables over a Large
Acceptance
Event-by-Event Capabilities

Solenoidal magnetic field
Large coverage Time-Projection
Chamber
Silicon Tracking, RICH, EMC, TOF

Silicon Vertex
Coils Magnet ~Tracker

E-M
Calorimeter

Time Projection
— Chaimber

Time Of

Electronics
tforms

Forward Time Projection Chamber

PHENIX

Electrons, Muons, Photons and Hadrons
Measurement Capabilities
Focus on Rare Probes: J/y, high-py

Two central spectrometers with tracking
and electron/photon PID
Two forward muon spectrometers

. e
 PEEEENTX

V&




BRAHMS PHOBOS

Hadron PID over broad rapidity Charged Hadrons in Central
acceptance Spectrometer

_ _ Nearly 4n coverage multiplicity counters
Two conventional beam line

spectrometers Silicon Multiplicity Rings
Magnets, Tracking Chambers, TOF, RICH Magnetic field, Silicon Strips, TOF

Forward Spectrometer Paddle Trigger Counter
2.3<@< 30

€1 T2,H1 A

N Spectrometer

Mid Rapidity Spectrometer
I0CBLI5

Biggest contributions — intellectually independent thinking!
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End of the World!

LW S¥92 ¥ottine 3 MUIECT 33 - Lyng 1obend's o7 noma, ate pnd watoriasent 2 Uit d 2oan

Can be dismissed with some

_ vnl (\E basic General Relativity

isiand

long

!
©

Also, concerns about SQM
nuggets eating the earth







ALICE detector n acceptance

ALICE — dedicated e i acing
heavy ion detector

| 1
1 1
|

| |
| 1

e P inner layer
‘ I8 VOA

|
|
I
|
'
|
|
1

Key advantages —
particle identification,
focused 1000+ people

dN_, /dn (Pythia)

ATLAS & CMS —

full calorimetry, tracking,
different approaches and
analysis philosophies
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HENIX — new collider detector at RHIC
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Collision Dynamics




Structure of the Proton

See the whole proton ‘
Momentum transfer

Q2= 0.1 Ge\? e

Wavelength A = h/p

See the quark substructure
Q% =1.0 GeV?

\VAVAVAVAVS

Q? = 20.0 GeV?




Parton Distribution Functions

Quarks Gluons

NLO QCD fit  Q°=20GeV’
M

D H1 1995496 (0118+000<
(preliminary) m_.=1 e\

D ZEUS 1994 «01n+000<
(preliminary ) m, =L3- L5

. NMC (0.113)

— MRSR1  (0.113)

- CTEQ4M  (0.116)

""" GRV94-HO (0.110)

FE
Structure functions rise rapidly at low-x

* More rapid for gluons than quarks

Watch out for side-by-side plots with different
vertical scales (left 1.7 and right 30!)




QGP in Proton+Proton Reactions?

Bjorken speculated that in the “interiors of
large fireballs produced in very high-energy pp
collisions; vacuum states of the strong
Interactions are produced with anomalous

chiral order parameters.”

Pion Radiation

ot Glyema™S &
W AR S

B[  Normal

Vacuum
Source

Collision Point

http://www-minimax.fnal.gov/ “Baked Alaska”




Fermi (

“High Energy Nuclear Events”,
Prog. Theor. Phys. 5, 570 (1950

Groundwork for statistical
approach to particle production
In strong interactions:

“Since the interactions of the
pion field are strong, we may
expect that rapidly this energy
will be distributed among the
various degrees of freedom
present in this volume
according to statistical laws.”

241.

HIGH ENERGY NUCLEAR EV

« Progr. Theor. Theoret. Phys. », 570-583 (193

ABSTRACT

A statistica sthod for computing high energy collisions of protons with multiple
production of particles is discussed. The method consists in assuming th: s a result of
fairly strong interactions between nucieons and mesons the probabilities of formation of
the various possibile numbers of particles are determined essentially by the statistical weights
of the various possibilities.

INTRODUCTION.

“tor in th
ago by Yukawa.
outstanding achievements has been the prediction that mesons should be pro-
duced in h snergy nuclear collisions. relati s low energies only o
meson can be emitted. At higher energies multiple emission becomes possible.

In this paper an attempt will be made to develop a crude theoretical
approach for calculating the outcome of nuclear collisions with very great
energy. In particular, phenomena in which two colliding nucleons may
give rise to several m-mesons, briefly called hereafter pions, and perhaps
also to some anti-nucleons, will be discussed.

In treating this type of processes th nventional perturbation theory
solution of the production and destruction of pions breaks down entirely.
Indeed, the large value of the interaction constant leads quite commonly
to situations in which higher approximations yield larger results than do
lower approximations. For this reason it is proposed to explore the possi
bilities of a method that makes use of this fact. The general idea is the
following :

When two nucleons collide with very great energy in their center of mass
system this energy will be suddenly released in a small volume surrounding the
two nucleons. We may think pictorially of the event as of a collision in which
the nucleons with their surrounding retinue of pions hit against each other so
that all the portion of space occupied by the nucleons and by their surrounding
pion field will be suddenly loaded with a very great amount of energy. Since
the interactions of the pion field are strong we ma pect that rapidly this
energy will be distributed among the various degrees of freedom present in
this volume according to statisti aws. One can then compute statisti-
cally the probability that in this tiny volume a certain number of pions will
be created with a given energy distribution. It is then assumed that the




Landau (1955)

Significant extension of Fermi’s . A HYDRODYNAMIC THEORY OF

MULTIPLE FORMATION OF PARTICLES
approach
1. INTRODUCTION

Cons i d erS fu n d a mental r0|es Of Experiment shows that in collisions of very fast particles a large number

of new particles are formed in multi-prong stars. The energy of the particles
which produce such stars is of the order of 101> eV or more. A characteristic

H d d ' : feature is that such collisions occur not only between a nucleon and a nucleus
- y ro vn a m I C eVOI utl O n but also between two nucleons. For example, the formation of two mesons
in neutron—proton collisions has been observed at comparatively low energies,
of the order of 10°eV, in cosmotron experiments!.

— E ntro py Fermi>3 originated the ingenious idea of considering the collision process
at very high energies by the use of thermodynamic methos. The main points
of his theory are as follows.

(1) It is assumed that, when two nucleons of very high energy collide, energy

is released in a very small volume V in their centre of mass system. Since the
nuclear interaction is very strong and the volume is small, the distribution

. 1’ f will be determined by statistical laws. The collision of high-
The defects of Fermi's i e & o et v
. . of nuclear interaction.

2) Tt 1 V in which gy is released is d ined by the di i
theory arise mainly because e . e
. of the pion. But since the nucleons are moving at very high speeds, the meson

loud di h ill under L ; ion in the directi
the expansion of the DT T e O ek i

. 47 [ & \3 2M c*

compound system is not ¥ =Sl &
CO rre Ctly ta ke n i nto :;;};::es%tig;.he mass of a nucleon and E’ the nucleon energy in the centre of

(3) Fermi assumes that particles are formed, in accordance with the laws

of statistical equilibrium, in the volume ¥V at the instant of collision. The

a CCO u nt " am (T h e ) expa n S I O n particles formed do not interact further with one another, but leave the volume

in a “frozen’ state.

Of the SySteI I I Can be C. 3. Bememprmii m JI. JI. Jlasnay, [EapofgHEaMmYecKas TeOPHs MHOMKECTBEHHOTO 00paso-

BaHASA JaCTHI, Ycnezu Dusuveckux Hayx, 56, 309 (1955).
8. Z. Belenkij and L. D. Landau, Hydrodynamic theory of multiple production of particles,

ConSidered on the baSiS Of Nuovo Cimento, Supplement, 8, 15 (1956).
relativistic hydrodynamics.”
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Why Heavy lons?

High energy density may be achieved in proton-
proton collisions, but the partonic re-interaction
time scale is only of order 1-3 fm/c

It is difficult to select events with different
geometries and avoid autocorrelations

We will see that probes with long paths through
the medium are key observables

We should not rule out p+p reactions, but rather
study the similarities and differences with A+A
reactions -- spoller alert: this is a big issue




RHIC and LHC = Gluon Colliders

20,000 gluons, quarks, and antiquarks
are made physical in the laboratory !

What is the nature of this ensemble of partons?
New emergent phenomena?




Heavy lon Time Evolution

1. Initial Nuclei Collide
2. Partons are Freed from Nuclear Wavefunction

3. Partons interact and potentially form a Quark-Gluon Plasma
4. System expands and cools off
5. System Hadronizes and further Re-Scatters

6. Hadrons and Leptons stream towards our detectors
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Initial Conditions




Monte Carlo
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Glauber Model and Characterization
MC Glauber b = 6.5 fm,N__ =94

oy - o= = Q,lziétﬁs =(0.20

llll|llll|llll|llll|llll|llll

5 0 5 10 15
X [fm]




Home
Subversion
Tracker
Wiki

https://tglaubermc.hepforge.org/

TGlauberMC is

TGlauberMC: A ROOT-based implementation of the PHOBOS Glauber Monte Carlo

Authors: Burak Alver (MIT), Mark Baker (BNL), Constantin Loizides (MIT), Peter Steinberg (BNL)

Brookhaven National Laboratory (BNL) & Massachusetts Institute of Technology (MIT)

"Glauber" models are used to calculate geometric quantities in the initial state of heavy ion collisions, such as impact
parameter, number of participating nucleons and initial eccentricity. The four RHIC experiments have different
methods for Glauber Model calculations, leading to similar results for various geometric observables. In this
document, we describe an implementation of the Monte Carlo based Glauber Model calculation used by the
PHOBOS experiment. The assumptions that go in the calculation are described. A user's guide, arXiv:0805.4411, is
provided for running various calculations.

An improved version (v2) by C. Loizides (LBNL), J. Nagle (Colorado U.), P. Steinberg (BNL) is described in
arXiv:1408.2549, which includes tritium, Helium-3, and Uranium, as well as the treatment of deformed nuclei and
Glauber-Gribov fluctuations of the proton in p+A collisions.

For the latest release see the TGlauberMC downloads page.

Click here to contact the authors with questions.




Collision Characterization

The impact parameter determines the number of
nucleons that participate in the collision.

:o-_,_ Binary collisions
Participating :

nucleons
Zero

Degree
Calorimeter 5

Spectators

+

—.—*
— .
-+ -
—-
-
+'
-
P R PR . o S

] 10 12 14
Impact Parameter (fm)




Glauber Modeling in High-Energy Nuclear Collisions
Annual Review of Nuclear and Particle Science

Vol. 57: 205-243 (Volume publication date November 2007)
First published online as a Review in Advance on May 9, 2007
DOI: 10.1146/annurev.nucl.57.090506.123020

Michael L. Miller,! Klaus Reygers,? Stephen J. Sanders,® and Peter
Steinberg?

Relate experimental observables to averages from the
Monte Carlo Glauber.

Neon (binary collisions), Ny, (participants), Ng,.. (Spectators)
b (impact parameter), elliptical shape, orientation, overlap
area,..

L i IR foi : - IR
V \recos(ng) )= +(r<sin(nge))-

(rs)

ALICE Centrality Paper — good resource
http://arxiv.org/abs/1301.4361




—

B OO 0 o

III|II[|1II]IIll\l_l(__llli{;lr\j-%lIIIII|II][III|]II

\ d+A 200 GeV
MC Glauber b=3.9 fm,N__ *Au @29 Ge

—~ ' '- . —— Glauber + NBD

y position [fm]

80 100 120 140
BBC Charge (Au-going Direction)

T l_)‘.

by
JLITTTTT T

o=
@ 0

ati %ata I Glauber+NBD
N

II]HI|I'I

caad o b b b by bo v b o L 0 — — — — ‘810 — lﬂiDL l I']QIDI I I'Iflll[]
10 -8 -6 -4 -2 0 2 4 6 8 10 BBC Charge (Au-going Direction}
X position [fm]

d+Au @ 200 GeV

o
o
o

c
2
=

1]

o
w

g
e 0.3

c

o

bt
s

5

o
=z

(=]
h
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII

| | | | | | |
5. 70.5. 20.5. 3 40.5,. 902 60.>. 70.
5 109 10-2990-394° 0404, 0-504,°0-600,0-795; 0-8g9,
Centrality
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oes into QGP?

At RHIC out of a
maximum energy
of 39.4 TeV
In central
Gold+Gold
reactions,

26 TeV
IS made avallable
for heating the
system.
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Collision Dynamic Summary

- Depositing majority of kinetic energy into new medium

- Energy density appears above phase transition value,
noting that it is a smooth crossover

- Energy is distributed into particle production
statistically

- No sharp global feature distinct from smaller hadron
collisions, but instead gradual changes




The Perfect Liquid




RHIC Scientists Serve Up

_ “Perfect” Liquid

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

The Key Paradigm in the Field

What do we mean by Perfect?

What evidence is there?




Non-Central A+A Geometry

V, = “elllptlc flow”




ldeal Hydrodynamics

Key In pUtS . Energy density, b = 9.3 fm t = 1.000 fm/c

* Initial Geometry
« QCD Equation of State

Assumes early thermalization [not proven]
Assumes no dissipation (shear/bulk viscosity = 0)




Fluid cells “freeze-out” below T,

Isotropic hadrons in cell rest frame, then boosted
Temperatuye, ,
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Fluid 2 Hadrons

Single-particle distribution in the hydrodynamic and statistical
thermodynamic models of multiparticle production

Fred Cooper and Graham Frye
Phys. Rev. D 10, 186 — Published 1 July 1974

dN

i {/ L LY
Ed:‘p — [ dX.pt f(T, ppu, "),

An important, but not often discussed,
assumption in the calculations.

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.186



Two particles separated far in rapidity
Just like the Universe event horizon problem
A causes B (at very early time)

B Causes A (at Very earl Im ;A 'U‘:nergydensity,b:%fm 000k
qrch story)

Enery densy, b=9.3fm E

g Gy b 03 >
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l

i
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1
4
i
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Inltlal e” ' Tasaa01....
| o each rapidity slice

has approximately the same geometry.




Always Read the Original Material

PHYSICAL REVIEW D VOLUME 46, NUMBER 1 1 JULY 1992

Anisotropy as a signature of transverse collective flow

Jean-Yves Ollitrault
Service de Physique Théorique, Centre d'Etudes de Saclay, F-91191 Gif-sur-Yvette CEDEX, France
(Received 19 February 1992)

We show that anisotropies in transverse-momentum distributions provide an unambiguous signature
of transverse collective flow in ultrarelativistic nucleus-nucleus collisions. We define a measure of the
anisotropy from experimental observables. The anisotropy coming from collective effects is estimated
quantitatively using a hydrodynamical model, and compared to the anisotropy originating from finite
multiplicity fluctuations. We conclude that collective behavior could be seen in Pb-Pb collisions if a few
hundred particle momenta were measured in a central event.

PACS number(s): 25.75.+r, 12.38.Mh, 24.60.Ky, 47.75.+f

rsik C Particles and Fields

volume 70, Issue 4, pp

First online: 31 March 2014

Flow study in relativistic nuclear
collisions by Fourier expansion of
| azimuthal particle distributions
)
0L

i S. Voloshin, Y. Zhang
i ]
UK T

Common problem — not reading the original references...

V = Voloshin (?)




How do experiments measure v27?

An entire lecture could be on these detalls...

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.014904

PHYSICAL REVIEW C

covering nuclear physics

Highlights Recent  Accepted Authors Referees Search Press About R

Effect of flow fluctuations and nonflow on elliptic flow methods

Jean-Yves Ollitrault, Arthur M. Poskanzer, and Sergei A. Voloshin
Phys. Rev. C 80, 014904 — Published 10 July 2009

Short introduction to some experimental basics




Two Particle Correlations

Two independent particles that come from a common
source distribution 1 + 2v,cos[2(d-y,)]

Random Case

Resulting A¢
Distribution

Divide the two FG/BGI

Oscillation
1 + 2v,2 cos(2A0)




Complications and Other Contributions?

Momentum Conservation

ix

Ratio true/

) :I.IIlll\l"r’llllllllllllllllllllIll
-1 0 1 2 3 4
A ¢ [radians]
I

Ao ¥ [radians]

https://root.cern.ch/doc/master/classTGenPhaseSpace.html




Jet Correlations

Multi-particle
AntiProton correlations —

o Ere same jet,

gl  Opposite jet, etc.

Pb-Pb 2.76 TeV, 0-20% central

B aqp‘Tﬂs GeV/c
E{p:{BGEWc +

EIE

llllll

Onear 08 <lAnl<1.8

| L L
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Jet pair yield
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underlying event
0 2 4
Ao (rad)




Perfect Fluidity Discovery - 2005

centrality: 0-80%
o 200GeVT +1

« 200 GeV K¢ T =165 MeV,
T; =130 MeV

Hydro curves:

A 200GeVp+p

Agreement of ideal TE | mas
hydrodynamics with
experimental data. | : ’

Y 200 GeV Cascade

PHEENIX i,s AR

70 02040608 1 12 14 1.6 1.8 2
pr(GeV)

Heavier particles get a larger
momentum boost from the fluid
velocity and so heavier hadron v,
pattern shifted to higher p--

A B 3 k-
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Relativistic Viscous Hydrodynamics
major unsolved numerical problem,
until 2007

. -

o e

l;v o

!
LR o 1

\ \\ a'

Viscosity Information from Relativistic Nuclear Collisions: How
Perfect is the Fluid Observed at RHIC?

Paul Romatschke and Ulrike Romatschke
Phys. Rev. Lett. 99, 172301 — Published 24 October 2007

F NORSESRCHEE A

Causal viscous hydrodynamics in 2 + 1 dimensions for relativistic
heavy-ion collisions

Huichao Song and Ulrich Heinz
Phys. Rev. C 77, 064901 — Published 5 June 2008




Shear Viscosity

oV,
= —1]
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Viscosity Review

Honey — viscosity decreases at higher temperatures
viscosity increases with stronger coupling

Weak coupling (c=0)

NagleLab Productions (2007)

v
e
— Rg ~

Strong coupling

NagleLab Productions (2007)

Inhibited
diffusion
!
Small
viscosity

!
Perfect fluid

l
Strong Coupled
QGP

(i.,e. sQGP)




[s for the Quark-Gluon Plasma

Physics Today, May 2005

Helium 0.1 MPa
= Nitrogen 10 MPa
== \\ater 100 MPa

(S )]
o

VISCOSITY/ENTROPY DENSITY

e |
100
TEMPERATURE (K)

Gas-Liquid Phase Transition




Lecture #3



Work / Life Balance?
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Perfect Fluid




How to Quantify QGP n/s?

Relativistic viscous hydrodynamics compared to data
Luzum, Romatschke, Phys. Rev. C78, 034915 (2008

w
N

| —e—— STAR [event-plane]

Viscous Hydrodynamics, ar. Xiv:0804.4015

(]
o
T T 1

v, (Percent)
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20
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n/s =2 x 1/4r

sy nfs = 3 x 1/4m




What dominates the uncertainty?

:
4

) =1.3+1.3 (theory) = 1.0 (experiment)
I !

At the time, different experimental flow methods gave
different v, results. Now these differences are
understood from non-flow contributions and fluctuations.

: of
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
% Most Central % Most Central




What dominates the uncertainty?

MC-KLN

Different models of
the initial geometry.

Uncertainty by
considering model
A and model B.




Systematic Uncertainties

Joel Heinrich! and Louis Lyons’

'Department of Physics and Astronomy, University of Pennsylvania, Philadelphia,
Pennsylvania 19104; email: heinrich@hep.upenn.edu

*Department of Physics, University of Oxford, Oxford OX1 3RH, United Kingdom;
email: Llyons@physics.ox.ac.uk

Not much help in many practical situations...
Example: Two model inputs give different results.

Uncertainty = 1 RMS = Difference / sqrt(12)
= Difference / 2
= Cannot determine




Alver and Roland Revolution 2010

Collision-geometry fluctuations and triangular flow in heavy-ion
collisions

B. Alver and G. Roland
Phys. Rev. C 81, 054905 - Published 21 May 2010; Erratum Phys. Rev. C &

http://journals.aps.org/prc/abstract/10.1103/PhysRevC.81.054905

Fluctuations in geometry yield not only elliptical
shapes, but triangular, quadrangular, etc.
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Detailed Fingerprint of Early Time

| ATLAS 20-30%, EF
TSW“Ch = 02 fm/C

RHIC 200GeV, 30-40%
filled: STAR prelim.
open: PHENIX

Calculation from Bjoern Schenke
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Global Constraint Analysis

Lattice: Hot QCD / BW

upper/lower ranges (arXiv:1407.6387)

7
Z

///% CONSTRAINED
// BY DATA

4

150 200 250 300

Temperature [MeV]

Global constraint
methods using
Bayesian sampling as
done in Climate
Modeling for example.

Includes particle
spectra, elliptic flow,
two-particle quantum

correlations, ...




Global Constraint Analysis

100 Prior Samples 100 Posterior Samples

extrapolated HRG == Posterior Mean =1lo
(arXiv:1409.0010) 15 extrapolated HRG
— ] 4 (arXiv:1409.0010)
— /4T

Expect n/s to increase at higher temperatures
even just from running of o

Key lesson about when and when not to include scenarios
(story of High Voltage Power Lines)...




Heavy Quarks




Why are heavy quarks so special?

QCD is flavor blind, so why are charm and beauty quarks
interesting?

Very difficult to produce charm (beauty) quark-antiquark
pairs via thermal production in the QGP

g+g -2 ccbar or bbbar

However, high energy gluons from the incoming nuclei can
do the trick. Production dominated by “initial hard
scattering” and perturbatively (pQCD) calculable even at
low pT due to mass scale.

Cannot be destroyed via strong interaction with light quarks
and gluons (i.e. QGP).




http://www.Ipthe.jussieu.fr/~cacciari/fonll/fonllform.nhtml

FONLL Heavy Quark Production

Calculate total or single inclusive differential cross sections for heavy quark production (charm or bottom) at ppbar or pp colliders, with cuts on pr and y or eta. Non perturbative
fragmentation into heavy hadrons and their subsequent decays into other final states (leptons, quarkonia, ...) can also be included

NEWS:
* 09 Jan 2016 - Fixed bug (introduced on 23/12/2015) preventing correct selection of decay to electrons option
e 23 Dec 2015 - New interface, with responsive framework for mobile devices and option to email results. No change in physics results
* 28 Sep 2015 - Modified smearing function used in integrations. Change in results should be well below 1%

Be sure to check the older news, as well as the list of bugs discovered so far. Feedback to matteo.cacciari@cern.ch is welcome

Collider: LHC (pp, 13 TeV) [ptmax = 300 GeV] E’ PDFs: CTEQ6.6 E‘ Perturbative order: FONLL E‘
Heavy quark:  bottom E’ Hadronic final state:  bare quark E‘ Further decay: -

Cross section type:  dsigma/dpt E‘ central prediction only E‘ Output all scales

Include PDFs uncertainties

ptmin (GeV) 5 Change these defaults only if you know what you are doing. BR(D->I)= 0.103
Non-pert. FF:  default
ptmax (GeV) 20 BR(B->1)=| 0.1086
Non-pert. par. = default
BR(B->D->1)= 0.096
y(etaymin 1 Use default N=5 moment
BR(B->D)= 0823

y(eta)max 1 FF(c->D)= 1




Alternative Fluid Probe:

Put a pebble in the stream
and watch something out of
equilibrium then equilibrate.

Charm Quark

“Does the Charm Flow at RHIC?”

S. Batsouli, S. Kelly, M. Gyulassy (Columbia U.) , J.L. Nagle (Colorado U.) . Dec 2002. 11pp.
Published in Phys.Lett.B557:26-32,2003.
e-Print: nucl-th/0212068

At the time, many said this idea was “ridiculous”.




Langevin Model - Drag and Diffusion

f! JF' i . . f
=G0 —nppi (GO = k880 1) (@)
Here np 1s a momentum drag coefficient and &;(r) delivers

random momentum kicks that are uncorrelated in time.
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PHENIX Heavy Flavor Result

- === Armesto et al. ()

Charm quarks | 7 van Hees etal. i)
dragged and o LTI T2 Teaney G
diffused in QGP "
suppresses high p+
hadrons

(Raa !)

And push generates
“flow” (v, 1)

P, [GeV/c]




Charm: Really moves with the medium

25.8 pb' (5.02 TeV pp) + 404 ub’' (5.02 TeV PbPb)

B 0 T T | T T T | T T T | T 1

b CMS [=]R.D - = ALICED’D',D*average  Pb-Pb, |s,, =2.76 TeV
- Preliminary —— S.Cao etal. 0.4 Syst. from data

[ | Syst. from B feed-down

|

Centrality 30-50%

— PHSD w/ shadowing

o
w

o
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BEAREEEREEE

Ta and lumi.
uncertainty

lllllll

PHSD w/o shadowing

‘. Centrality 0-10%
Lolyl <1
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POWLANG
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Lower momentum — drag and diffusion
Higher momentum — jet quenching energy loss




Bottom quarks are harder to push around

_IIIlllllllllllllllllllllll

- ATLAS Preliminary

c—u
- Pb+Pb, 5.02 TeV, 246 ub™ ¢
i gy ob—u
pp, 5.02 TeV, 1.17 pb

— DAB-MOD c—D%—u
DAB-MOD b—B%—u
DREENA-B c—>D%—u
DREENA-B b—B’—u

|

?

B 2n

-I|]III|IIII|IIII|IIII|IIII|-
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p. [GeV]

State-of-the-art calculations

DREENA-B (arXiv:1805.04786)
Dusan Zigic, Igor Salom, Jussi Auvinen, Marko
Djordjevic, Magdalena Djordjevic

Dynamic energy loss in 1+1D expanding QCD medium

DAB-MOD (arXiv: 1906.10768)
Roland Katz, Caio A. G. Prado, Jacquelyn Noronha-Hostler,

Jorge Noronha, Alexandre A. P. Suaide
2D+1 viscous hydrodynamic expansion with event-by-event
fluctuations

Both match mass splitting in R, at low py
DREENA-B has closer match to elliptic
flow v,

It would be ideal to test both energy loss
calculations on identical expanding QGP
background
(challenge to the theorists)



https://arxiv.org/search/nucl-th?searchtype=author&query=Zigic%2C+D
https://arxiv.org/search/nucl-th?searchtype=author&query=Salom%2C+I
https://arxiv.org/search/nucl-th?searchtype=author&query=Auvinen%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Djordjevic%2C+M
https://arxiv.org/search/nucl-th?searchtype=author&query=Katz%2C+R
https://arxiv.org/search/nucl-th?searchtype=author&query=Prado%2C+C+A+G
https://arxiv.org/search/nucl-th?searchtype=author&query=Noronha-Hostler%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Noronha%2C+J
https://arxiv.org/search/nucl-th?searchtype=author&query=Suaide%2C+A+A+P
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Heavy Quarkonia




Screening Effects

Different states “melt” at ) X (059 fm)
different temperatures due to W osem
different binding energies. |

P 1o Debye length from lottice QCD

J /025 tmy

U .
f {0.13 fm

the Jhy melts above T, and

| 9859 | 10.023 | 10.232 | 10.355
- 2 J o | 067 | 054 | 031 | 02 |
\__

2s)

hep-ph/0105234 - “indicate v’ and the 7. dissociate below the deconfinement point.”




Quarkonia Thermometer

02T, 0.74T, 1.7, 3T,

Many states
constrains the
temperature

& (GeV/fm?)

Y(3S)

Y(2S) S

2 1.4;"”éMé#'Sﬁb]'ﬁmz'%'é%e\}'"””—j
1.2:_ ) ;’r::)pt JWp (Preliminary) R
14+ Y (2S)
PHENIX, STAR, and CMS [l :
data consistent with melting 0'6+ E i :
of Y(2s,3s) aw g YIS
0.4— B *"
TR
Need more statistics FYes) 4 ot

0 50 100 150 200 250 300 350 400

Npart 120



Quark recombination

Bound states of Ec and bb can be Debye color screened In the
QGP as one increases the temperature (melting)

J/y Suppression Bizarre twist
n ALICE (Pb-Pby\[syy = 276 TeV), 25<y<4, >0 (preliminary) LeSS Suppression at
LHC with higher

temperature.

o PHENIX (Au-Auys,y, = 0.2 TeV), 1.2<ly|<2.2, p.>0 (arXiv:1103.6269)

Quark deconfinement
and charm
recomblnatlon at

300 350 400
<Npan*>




Heavy Quarkonia Recombination

J/yv Suppression

m ALICE (Pb- Pb\,’?‘N = 2.76 TeV), 2.5<y<4, p_>0 (preliminary)
o PHENIX ':AU-AU\i?W =0.2TeV), 1.2<|y|<2.2, p>0 (arXiv:1103.6269)

@
N ¥ 3
(*)ALICE <Nm> is weighted by N_,
50 100 150 200 250 300 350 400

<Npart >

Look to Upsilons for
Debye Screening,

no recombination at RHIC

Less J/y suppression at
LHC with higher
temperature

Charm recombination
dominant effect, not
screening.
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Upsilon seuential suppression

PbPb 368/464 ub™, pp 28.0 pb™* (5.02 TeV)
i T I LI I UL \ LI | LI I LI | LI | UL | |__ i
. 30 GeV . . .
| <a0cev ] 1.21 Py =L e CMS 1 QGP hot enough to melt primordial
£oyM<2a ] - ' il ] Y(1S)!
iiopl>4GeV g 1 \ Krouppa, Strickland @ Y(1S) -100% |
HLG ] A n/s=1 = Y(29) ! ]
P ity 0-100% PbPb Dat . L\ =— 4x n/s=2 -+ - .
| § Centralty 0-100% tPoboen 0.8\ e ] Y(38)68% CL 1| 1 Initial QGP Temperature

< AN T Y(3S) 95% CL
o o6l KA \Z M 43';.1'1/5:1 —> 641 MeV

— Total fit

---- Background

Events / (0.1 GeV)

---- Ry, scaled ; 04: \\‘ ’ - i : : : 47(:'7]/5:2 —> 632 MeV

N W b (41} D N o O
TT@T [T T T T[T T T T[T T T T [TT T T[T T T T[T T T T[T TTT[T

0.2}

oL TN i | Initial QGP temperature 632 MeV
0 50 100 150 200 250 300 350 400

“Because the more excited h
states melt at lower R e
temperatures, the sequential
suppression is an excellent

indicator of the temperature of
the nuclear medium produced
in PbPb collisions.”

|II|\|I|\II|\II|\II

1 1 11 1 1 11 1 1 11 1 1 11 1 | T | I
100 150 200 250 300 350 400
part




Jet Quenching




Probing the Matter

Matter we want to study

Calibrated

Calibrated Light Meter
LASE »

Calibrated

B Heat Source




Autogenerated Quark "LASER”




Fermi National Accelerator Laboratory

JE
M

FERMILAB-Pub-82/59-THY
August, 1982

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Poaaible Extinction of High Pr Jets in Hadron-Hadron Collisions.

J. D. BJORKEN

Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

Abstract

High energy quarks and gluons propagating through quark-gluon
plasma suffer differential energy loss via elastic scattering from
quanta in the plasma. This mechanism is very similar In structure to
{ionization loss of charged particles in ordinary matter. The dE/dx is
roughly proportional to the square of the plasma temperature. For
hadren-hadron c¢ollisions with high associated multiplicity and with
transverse energy dET/dy in excesa of 10 GeV per unlt rapidity, it 1is
possible that quark-gluon plasma is produced in the collision. If s0, a

produced secondary high- quark or gluon might losze tens of GeV of 1its

Pr
initial transverse momentum while plowing through quark-gluon plasma
produced in its local enviromnment. High energy hadron Jjet experiments
should be analysed as function of associated multiplicity to search for
this effect. An interesting signature may be events in whioh the hard

collision occurs near the edge of the overlap regicn, with one fet

escaping without absorption and the other fully absorbed.




Gluon Radiation

Partons are expected to lose energy via
iInduced gluon radiation in traversing a
dense partonic medium.

Coherence among these radiated
gluons can lead to AE o L?

:p

Baier, Dokshitzer, Mueller, Schiff, hep-ph/9907267
Gyulassy, Levai, Vitev, hep-pl/9907461

Wang, nucl-th/9812021

and many more.....




pQCD + Factorization + Universality

In heavy ion collisions we can calculate the yield of high pt hadrons

do'h (ab—ed)

Ey Pp = K Z /d:(.d.radrb / dr”’kradr”)knf(kra]f(kn]ﬁ;/p(.ra,Qi)fb/p{rb,(,?g] Dh/c(;bQS)_ .
abed” ) e

S(s+u+t)

Perturbative QCD Fragmentation
functions D(z) in order

to relate jets to

0 observed hadrons

X.N. Wang PRL C61 {2000)

— dE/dx =0
no shadowing . no pt-broading

b
[}
[Ny

OPAL

$ quark jet
¢ gluon jet

- e |AIII"(] T P 171TI0r
Q%= 10Gev? |
MRS (A)

b
[}

k, definition:
You=0-02

1N, 1727 1/p, dN/dp, (GeVic)?
(=]

S o
(1/Nyent ) dn,, fdxg
—

[y
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- G N, 8l 130 GeY '\\ Jetset 7.3
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! — scaled 1o 5% central Au-Au \ 2 - Ariadne 4.06
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Calibrating Our Probes

High energy probes are well described in

proton-proton reactions by NLO Perturbative QCD.

Reconstructed Jets
® |yl<0.3 (x1012)

[ stematc O 0.3 <yl <0.8 (x10°) VV h at are J etS r)

uncertainties B 0.8<lyl<1.2(x10 ® |yl . <05
R S TR B 1.2 <yl < 2.1 (x10%) O 0.5<lyl . <1.0(x10"
PQED (CTEQ6.6)% | 5 1 < 1yl <2.8 (x100) B 1.0 <y, < 15 (x10%)
non pert. COIT. : 4 e 3
A 28<Iyl<3.6(x107°) O 1L.5<yl_,, <2.0(x10°)
(@) ) v 36<ll<44(x106) ©) v 20<lyl <25 (x10%
57 anti-k, jets, R=0.6 4 ]0I7 !
Lt o) Lar=37pb!, 3=TTeV ‘ I CMS ki
10'8 g 2 F L =36pb :
—- - =
105 F & =—o e . 4 & 102 Vs=T7TeV c
7~ -—.—— ... 2 " z . i 2
> 1012 e . -, = anti-kp R=0.7 =
© "k .-, *e 1= | Ty X
f% 10” - i .y Ve _‘2 107 ¢ - ‘io.,:uJ-’th ""-m.., »
> = : - =, Loy, SO e Y g
T 103 - . 1 > [ e i N
© " 2y - . - - a -§ l()z { bl A 2 - - __}_
ol - - - b .~‘ e R 1
S 1 [ - . - |3 ] : St W
o —r . G 3 e
- - PN - e 2 — - ve & .
10-3 v . pQCD at NLO ® non pert. corr. ¥+
( v ! 103 k PDF4LHC ki
107° v = ; ;IF:A[RZI)EI{VC y
109 ATLAS preliminary ! Fo L )
T - 02 03 1 2 3
2 3
10 10 Mj, (TeV)
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Jets-to-Parton Map

missing
+

Jet algorithm sums the energy (typically in
calorimeters) and can approximate catching an
individual parton’s energy.

Very useful in particle physics, but often used in a
different way in heavy ion physics.




Jet Algorithms

Cam/Aachen, R=1

anti-k,, R=1

Cacciari, Salam, Soyez JHEP 0804:063 (2008) ‘

Different methods to “group” energies.

1. The Anti-k(t) jet clustering algorithm
Matteo Cacciari, Gavin P. Salam (Paris, LPTHE), Gregory Soyez (Brookhaven). Feb 2008. 12 pp.
Published in JHEP 0804 (2008) 063
LPTHE-07-03
DOI: 10.1088/1126-6708/2008/04/063
e-Print: arXiv:0802.1189 [hep-ph] | PDE
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service

Detailed record - Cited by 3675 records




FastJet Code Publicly Available

http://fastjet.fr

About Releases Quick start Manual Doxygen Tools Contrib FAQ

FastJet

A software package for jet finding in pp and e*e™ collisions. It includes fast native implementations of many sequential
recombination clustering algorithms, plugins for access to a range of cone jet finders and tools for advanced jet manipulation.

Release of FastJet 3.2.0, 17 March 2016 (release notes).

Its main new feature is that it exposes the N2Plain and N2Tiled strategies for 3rd-party clustering algorithms under the form of two new classes
(NNFJN2PIlain and NNFJN2Tiled), similar to NNH.

Latest stable release of fjcore (v3.2.0), 17 March 2016
Lightweight access to the core FastJet functionality (PseudoJet, JetDefinition, ClusterSequence and Selector).

It consists of just two files, ficore.hh and fjcore.cc, which can easily be included in 3rd party projects. Compile time: a few seconds. A fortran
interface and basic examples are also included in the distribution. Download size: 74k.

Release of FastJet Contrib 1.024, 21 June 2016 *** NEW ***

A package of contributed add-ons to FastJet. This release brings
o update of Nsubjettiness to version 2.2.4 (fixed bug with multi-pass axes)
o update of VariableR to version 1.2.1 (fixed documentation and comments)

Bug report Subscribe Follow @fastjet_fr

| MOV i ¢ werkdas = ghanis I

anti-k,, R=1




R.D. Field, Applications of perturbative QCD A lot of detailed examples.

R. K. Ellis, W. J. Stirling and B. R. Webber, QCD and Collider Physics

CTEQ, Handbook of Perturbative QCD

CTEQ website.

John Collins, The Foundation of Perturbative QCD Includes a lot new development.

Yu. L. Dokshitzer, V. A. Khoze, A. H. Mueller and S. I. Troyan, Basics of Perturbative

QCD More advanced discussion on the small-x physics.




Jets in Heavy lons

Start with single hadrons, then go to jets.




Jets at the LHC




Nuclear Modification Factor

Rax(or. 3:b) O AAyield
AL T, ‘1»‘-. — > — .
1A(PT . (Taa(b)) x d-o,,/dydpr Scaled p+p yield

N
F

® photons

Y (from quark and gluon jets)
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Photons unaffected by medium, pizeros suppressed




Probe expectations

Central Pb-Pb, y=0, VSnn = 2.76 TeV

Charged pions [ALICE]
Charged hadrons [ALICE]
Charged hadrons [CMS]
D™ mesons [ALICE]
B-mesons — J/'¥ X [CMS]
£ |solated photons [CMS]
o W boson [CMS]
= Z boson [CMS]

N
o

q: fast colour triplet

Induced

gluon

N

g: fast colour octet 0% radiation
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Quarks versus Gluons

11l

y-tagged jets R=0.4 (larger quark jets)

900 120 140 160 180 200 220 240 260 280 300
Jet P [GeV]
ATLAS arXiv:2303.10090




Resolution [1/fm]

RHIC Jet Probes
LHC Jet Probes

_ QGP Influence

5
]

Thermal Mass Gléons

10

Critical microscope
resolution at RHIC.

Also, overlap between
RHIC and LHC for

e YHJets _
._F::::c f_"'?‘l’]"e’TT) simultaneous
L, w704 ets HHC (Higher T) description.
10 102 103

pr[GeVic]



Does the fluid response to the energy input?

CoLBT+Hydro (Recoil + Hydro)

(y-jet + Medium) (y-jet + Medium + Medium Excitation)

— (y-jet + Medium)

vjet + Medium  {~yjet + Medium Excitation -

0.6. -
05§

0.4} 1
03
021
-

, 0.0t 1

. =0.14

LS .S -0.2H {
et —0.3. 1

Jet =4 8 fm/cl-

Depletion

W. Chen etal. PLB 777 (2018) 86




Precision Imaging of QGP Over Key Kinematics

UNLE LBLELELE LELELALE BLILELELE BN ALELE BUBLELELE BUBLELELE
RHIC Today SPHENIX

| 10

- direct v

- b-jet

- et
SUUUE S

A | ~A—A—A—A—A—A—A—A—A] -A—A—A—A-A—A—L—A-‘—+—+-A-A—

Jet probe precision data
RHIC — 2023++
LHC — Run 3 + 4 statistics




Small QGP




Remember your History

Pion Radiation

BT Normal
Vacuum
Source

Collision Point

The idea about small QGP was somewhat lost, but
maybe not for good scientific reasons.

No particles = think fields / disturbed vacuum

Maybe the small number of final state particles is just
not relevant...




CMS Proton-Proton Hint

(d) CMS N= 110, 1.0GeV/c<p T<3.0Gerc

(c) PYTHIAYSs = 7TeV

R(AN,AQ)

HEP September 2010,2010:91

Journal of
High Energy
Physics

-

Observation of long-rang .
correlations in proton-proton collisions at the LHC

The CMS collaboration, V. Khachatryan, A. M. Sirunyan, A. Tumasyan, W. Adam, T. Bergauer, M. Dragicevic, J. Ero

C. Fabjan, M. Friedl, R. Frihwirth, V. M. Ghete, J. Hammer, S. Hansel, C. Hartl ... show 2150 more

Open Access | Article Cite this article as:

First Online: 27 September 2010 The CMS collaboration et al. J. High Energ.

Phys. (2010) 2010: 91.
i . 0

. 7/ - \
do 0 100 (/]H () ()

http://link.springer.com/article/10.1007%2FJHEP09%282010%29091



Fall 2012 Revolution — p+Pb Collisions

* Very clear ridge

* Higher moments
 Particle dependence
 Cumulants

Almost every Pb+PDb
collective flow
signature by
ALICE, ATLAS, CMS
now seen in p+PDb!

T VO gy
o0

Ny, dAn dAd
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Geometry Tests at RHIC

Exploiting Intrinsic Triangular Geometry in Relativistic *He + Au Collisions
to Disentangle Medium Properties

J.L. Nugle."l A. Adare,' S. Beckman,' T. Knhlesky.' J. Orjuela Koop.l D. .\v"IcGlinchey.l P. Romatschke,'
J. Carlson,” J. E. Lynn.2 and M. McCumber”
IUHI‘\“C’I‘SI'T.\‘ of Colorado at Boulder, Boulder, Colorado 80309, USA
’Los Alamos National Laboratory,Los Alamos, New Mexico 87545, USA
(Received 20 December 2013; revised manuscript received 27 June 2014; published 12 September 2014)

http://journals.aps.org/pri/abstract/10.1103/PhysRevLett.113.112301

Viscous Hydrodynamics, time = 1.000

—
o

Viscous Hydrodynamics, time = 1.000

Viscous Hydrodynamics, time = 1.000
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Glauber +Hydrodynamics+Cascade Predictions

= °He+Au 200GeV 0-5%, arXiv:1507.06273
= d+Au 200GeV 0-5%, PRL. 114, 192301
= p+Au 200GeV 0-5%
—— SONIC *He+Au
= SONIC d+Au
—— SONIC p+Au
arXiv:1502.0474

"!\y,..—_
PH: -ENIX
preliminary

0.5 1 1.5 2 2.5 3 3.5
P, [GeV/c]

IIIIIIIII]IIIIIll]lll]lll]l]I]l]l]l]lll]l]l]lll

Romatschke, Nagle et al. , http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.112301



superSONIC for p+p, vs=5.0

V3
Va/2 Va
ATLAS, N,=60+ —@— ATLAS, N.,=110-140 —@—
ATLAS*, Nen=60+ —4— CMS, Ngrk=120-150 —E—

* [ CMS*, Nine=110-150 —5— hse

,cocpd]’é
@

p (Gev5

p+P

b+Pb

Has raised a lot of questions about the
requirements for hydrodynamic behavior,
equilibration, QGP droplet size..




The Future




Well worth reading for
young people...

A roadmap for the
future. Note that
large $0.5 - $1.5B
projects take 7-15
years at least.

Capitalize on key
NUCLEAR SCIENCE investments.

LONG RANGE PLAN

Future facilities.

science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf



Temperature (MeV)

Beam Enerqy Scan — Phase |l

© \2) 1)

Q,QQ 67’?‘ ® N N NS ot ad Vs (GeV)

300 g= 200 - 1 1 1 )
; n 10°E0 i =
250 ¢ £ 32 «— BES-I|l——— E
Quark-Gluon Plasma G>J C .
3 [~ (U -
200 ¢ L = 7
: - 10°E 5
150 é) : ]
= B _=
100 3
net-proton N
50 Color B ¢ 10%-40% BES-I - -

Nuclear -
NAattar ~ Superconductor 4+ 10%-15% BES-II
l 1 L l el I ' '
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Baryon Doping - pg(MeV)

Vacuum
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S ] S
0 200

New precision in phase

0%-5% Au+Au; |y|<0.5

diagram mapping.

S 3 ¢ 0.4<p_<2.0GeV (Prelim.) —
*é' i + BES-I
I 2k -
Data now collected by 2t
STAR experiment and I L " S L S
analysis underway! N X I T R X



A New Detector at RHIC
BaBar Magnet 1.5 T

PH><ENIX
NEWEAR

_ Coverage |n| < 1.1

All silicon tracking
Heavy flavor tagging

—lectromagnetic
Calorimeter

Hadronic
Calorimeter

High data acquisition rate capability, 15 kHz

Sampling 0.6 trillion Au+Au interactions in one-year

Maximizing efficiency of RHIC running 53



Napkin Drawing = Prototype = Detector = Physics




Top fiber Bottom fiber
| L]
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If ” ve the chance to get involved in?]ardware
(even a little) it is well worth while.
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2018 2019 2020 2021

2022 2023 2024 2025 2026 2027 2028 2029

_—_=_

l I

LHC run2 | | [ SPHENIX construction R wpgrades “LHC LS3"
s .

RHIC run STAR upgrades + 10" events readout | |+ Tracker (acc. x2)
STAR *+ Timing
+ 10° events read out CMS:

A 4

+ Tracker (acc. x2)
« Endcap Calorimeter

Upgrades “LHC LS2”
LHC: Collimators + injectors
» ALICE: Tracking, DAQ (rate x100)
+ ATLAS: Fast tracker trigger (rate x2)
+ CMS: Pixel detector (rate x2)
* LHCb: VELO, tracker, DAQ (rate x10)

LHCb:
« TOF?

A 4

LHC Run 3 + 4 (humbers for Pb-Pb)
* L=6-107 cm?" ~ 50 kHz rate
*« 13 nb" (ALICE, CMS, ATLAS)

——

2021 2022 2023 2024 2025 2026 2027 2028 2029 -
J[FIMAMI3]3]A[S[OINID{ 3] FIM[AIM] 3] 3[AlS|OINID| 3 [FIM[AIM] 3] 3] ATS|OIN[D{ 3[ FIMIAIMI 3] 3A[S[OIN]D| 3] FIM[AIM] 3[ 3 [AlS|OINID] 3 [FIM[AIM] 3] 3] ATS|OIN[D{ 3[ FIMIAIMI 3] 3 ]A[S[OINID| 3] FIM[AIM] 3 [ 3 [AIS[OINTD] 3T FIM[AIM] 3 [ ATS|OIN[D) ALICE Upgrade Over\"ew ALIGE
[T
| Run3 [ Long Shutdown 3 (LS3)
T Planned for 2018 (LHC 2nd Long Shutdown)
(“Upgrade of the ALICE Experiment”, Lol, CERN-LHCC-2012-12)
& Upgrade of the
2030 2031 2032 2033 2034 2035 2036 2037 2038 Physics goals | RTICE Experiment
J[FIM[AM[3] 3]ATS[OIN[D{ 3[FIM[AM 3] 3] AlSTOIN[D| 3 [ FIMAM[ 3] 3] ATS[oN[D{ 3 [ FIM/AM 3] 3[AS[OIN[D| 3] FIM[AIM 3 3 AlS[O[N[D| 3 FIM[AIM] 3] 3 Al S[ON[D| 3] FIMAM] 3] 3 A S|OIN[D)| 3] FIMIAIM] 3 3 AS[OIN[D| 3] FIMAIM] 3] 3 [ A[S[OIN[D) p—
PEEETT High precision measurements of rare probes at low p
Rund | Ls4 Run | which cannot be selected with a trigger,
require a large sample of events recorded on tape
2039 2040 2041
S[FMAM3[I]AISIOND]] FMAMJJﬁo\N\DJ\F\M\AMJJA@QNQ Shutdown/Technical stop Target
s " RLuLnG‘ ‘~ fone * Pb-Pb recorded luminosity 210 nb" =» 8x 10" events
I T artware consmigsiaing « pp (@5.5 Tev) recorded luminosity =6 pb' ® 1.4 x 10" events

aaaaaaaaaaaaaaaaaaaaa

...and significant improvement of vertexing and tracking capabilities




Longer term... ALICE-3 Letter of Intent

time-of-flight SHM (Andronic et al. 2021 JHEP 35)
supcrc?ndutcting — pQCD SPS (Chen etal. 2011 JHEP 144)
IO A pQCD SPS (Phys. Rev D 57 4385)

muon
absorber —o— estimated Z¢ ALICE 3

muon —o— estimated Q¢ ALICE 3

chambers

https://cerncourier.com/a/alice-3-a-heavy-ion-detector-for-the-2030s/







