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@ Part O: introduction
—History lesson, units, physical constants, some basics

e Part I: the large
—COverview of conventional heavy ion physics with large nuclei

@ Part Il: the small
—Some recent results from heavy ion physics with small nuclei

o Part Ill: the future
—A brief look at the next US-based experiment in heavy ions
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Part 0: introduction
Key points for Part 0

@ A bit of a history lesson
o Natural units
@ A basic sense of scale

e Fundamentals of quantum chromodynamics (QCD)
—dquarks
—gluons
—hadrons and confinement
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Part 0: introduction

Historical Perspective

“Those who do not remember George Santayana are condemned to paraphrase him.” - Unknown
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400 BCE Democritus hypothesizes atoms

1687 Newton publishes Philosophiae Naturalis Principia Mathematica
1900 Planck’s Law

1905 Einstein's 4 papers

1911 Rutherford scattering

1913 Bohr atom

1924 de Broglie wavelength

1925 Heisenberg's Matrix mechanics

1926 Schrodinger equation

1927 Dirac's relativistic quantum mechanics
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Part 0: introduction

Historical Perspective

“Those who do not remember George Santayana are condemned to paraphrase him.” - Unknown

1963 Gell-Mann's Quark Model (particle zoo)

1965 Additional degree of freedom postulated for quarks by Han and Nambu
1969 Deep inelastic scattering experiments prove the existence of quarks
1972 Color charge and basic framework of quantum chromodynamics
1973 Asymptotic Freedom discovered by Gross, Politzer, and Wilczek

1975 Collins and Perry formulate a QCD plasma

1980 Shuryak coins term quark-gluon plasma (QGP)

2000 RHIC is operational

2010 First heavy ion collisions at LHC
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Part 0: introduction

What we've learned so far

Three penarations
of matter (fermions)
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o Electromagnetic force: interactions
among charged particles

@ Weak force: flavor changes, e.g. lepton
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e Strong force: binds protons and neutrons
together into nuclei (residual) and quarks
together into hadrons (fundamental)

<2.2 eVic?
AY

»Ye
electron
neutrino

=0.17 MeV/c?

AY
wVi
muon
neutrino

[<15.5 MeV/ic?

A%

tau
neutrino

o Gravitational force: not part of the
standard model

0.511 Mevjc?
»€
Ya

electron

105.7 Mevic?
=1,
Ya

muon

1.777 GeWfc?
-1
v T

tau

Leptons

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 7



Part 0: introduction
What we've learned so far

Which view of the world is the right one? It depends!

slow fast

large | Classical Physics Special Relativity
(most of our daily (effects noticeable
life is here) in GPS and air travel)

small | Quantum Mechanics | Quantum Field Theory
(solid state devices are | (only self-consistent way
based on small stuff) | to combine QM and SR)

Note: GR effects also noticeable for GPS and air travel
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Part 0: introduction
Physical constants and units

@ High energy physics makes physical constants very easy to remember!

@ Planck’s constant h =1
—Shows up often quantum mechanics

@ Speed of light c =1
—Shows up often in special relativity

@ Boltzmann's constant kg = 1
—Shows up often in thermal physics and stat mech
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Part 0: introduction

Typical sizes and scales for heavy ion physics

Mass of proton = 938.3 MeV = 1.007 amu = 1.673 x 10~%7 kg

Typical energy = 1 GeV = 1.602 x 10710 J

Typical size = 1 fm = 107 m

Typical time = 1 fm = 3.336 x 107%* s

Typical temperature = 200 MeV = 2.321 x 10'2 K
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Part 0: introduction

QCD as explained by approximate analogy to QED

QED QCD
electric charge <> color charge coupling
electrons > quarks matter fermions
photons A4 gluons exchange bosons
atoms < nucleons (stable) bound states
molecules > nuclei compound states

@ One kind of electric charge, three kinds of color charge
@ Photons do not have electric charge, gluons do have color charge

@ Only one photon, eight different gluons
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Part 0: introduction

QCD bound states

Baryon Meson

o Color-charged particles (quarks and gluons) are generically called partons
@ QCD bound states are generically called hadrons, divided into baryons and mesons
@ All observables must be in color singlet state—no partons can be found in isolation in nature

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 12



Part 0: introduction

QCD bound states

Antibaryon Antimeson

o Color-charged particles (quarks and gluons) are generically called partons
@ QCD bound states are generically called hadrons, divided into baryons and mesons
@ All observables must be in color singlet state—no partons can be found in isolation in nature
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Part 0: introduction

QCD Potential and confinement

e The QED potential
N V(r)
V() = — EM
r

@ The QCD potential for qg .

4o
V(r):fgaTerkr r

@ Coulomb part and confining part

@ New pairs of quarks are created when
energy exceeds mass
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Part 0: introduction

QCD Potential and confine

e The QED potential ] ) i
Motion of quarks and antiquarks in a qq system:

OEM
V(r) = 7#

@ The QCD potential for qg

40
V(r):fg(YTSJrkr

@ Coulomb part and confining part

@ New pairs of quarks are created when

gives simple but powerful picture of hadron production
energy exceeds mass
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Part iction

The six flavors of quarks

flavor  charge mass
down  -1/3e 3.0-7.0 MeV
up 2/3 e 1.5-3.0 MeV

strange -1/3e 95 + 25 MeV
charm 2/3e 1.25 + 0.09 GeV
bottom -1/3e 4.70 £ 0.07 GeV
top 2/3e 174.2 + 3.3 GeV
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Part 0: introduction
Summary for Part 0

@ QCD is the theory of strong interactions
@ Quarks and gluons (partons) are the fundamental particles
@ There are three colors (and eight kinds of gluon)

@ QCD exhibits confinement, meaning can only be found in bound states (hadrons)
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Key points for Part |

The quark gluon plasma:

@ Is a phase of matter with deconfined quarks and gluons
@ Existed in the very early universe

@ Is created in the lab in collisions of large nuclei
: 197 197 208 208
—Examples include *3gAu+-7{Au and “g5Pb+55Pb

@ Is hot and dense

@ Behaves like a liquid
—The initial-state geometry is translated into the final state
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Part I: the large

The history of the universe

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Structure

Cosmi€ Microwave r
formation

Background radiation
Accelerators is visible

The early universe (few microseconds)
was a quark-gluon plasma (QGP)

The QGP is a system of deconfined
quarks and gluons

We can recreate the QGP in the lab in
collisions of heavy nuclei at relativistic
speeds

Goal of heavy-ion physics: create, identify,
and study the QGP

= Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10717 joules)

= Parficle Data Group, LBNL © 2015 Supported by DOE
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Phases of QCD matter

o Lattice QCD predicts a phase transition from nuclear matter to QGP

@ Large increase energy density at T¢ ~ 155 MeV due to large increase in number of
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R. Belmont, UNCG
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@ Below T¢: g =3
3 pions with spin 0
o Above T¢: g =37
8 gluons with spin 1,
2 (anti)quarks with spin 1/2
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Phases of QCD matter
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@ The confining part of gets weaker with increasing temperature
@ More or less gone at the critical temperature (T¢ ~ 155 MeV)
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Part I: the large

The Relativistic Heavy lon Collider

o 5.

.. 2l
R. Belmont, UNCG
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The Relativistic Heavy lon Collider

@ RHIC is the only polarized proton collider in the world

@ RHIC is one of two heavy ion colliders, the other being the LHC

@ RHIC is a dedicated ion collider and is designed to collide many different species of ions at
many different energies—vastly more flexible than the LHC

Collision Species
pt+pt

p+Al

p+Au

d-+Au

3He+Au

Cu+Cu

Cu+Au

Au+Au

u+u

Collision Energies (GeV)

510, 500, 200, 62.4

200

200

200, 62.4, 39, 19.6

200

200, 62.4, 22.5

200

200, 130, 62.4, 56, 39, 27, 19.6, 15, 11.5, 7.7, 5, ...
193

And lots more to come!
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Part I: the large
Centrality

‘ ‘ Central (lower percentile) o ,’f”f\\
““, / \ \\‘
<

\ ‘ __ Peripheral (higher percentile) <

R. Belmont, UNCG
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Part I: the large

Azimuthal anisotropy measurements

dN
dy

V/(r2cos np) + (r2sin np)
(r?)

e Hydrodynamics translates initial shape (¢,,) into final state distribution (v,)

o Overlap shape approximately elliptical, expect v, to be the largest

(o)
x 1+ Z 2v, €os ny vy = {cos ny) €n =
n=1
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Part I: the large

Azimuthal anisotropy measurements

Lower pressure gradient

A

p//.\ Higher
< > pressure
\//d gradient

v bt

v

dN
dy

V/(r2cos np) + (r2sin np)
(r?)

e Hydrodynamics translates initial shape (¢,,) into final state distribution (v,)

o Overlap shape approximately elliptical, expect v, to be the largest

(o)
x 1+ Z 2v, €os ny vy = {cos ny) €n =
n=1
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: the large

Ultracold Fermi Gas

J. Thomas et al, second floor

Degenerate Fermi
Gas of Ultracold RHIC  LHC  20~30%
Li atoms* Centrality

100ps n v=0.6fm/c

t = 200ps

Ultracold Fermi Gases as Paradigms for Strongly Correlated Matter

J. E. Thomas, Physics Department, North Carolina State University, Raleigh NC 27695

@ Measurement of Entropy and Energy

@ Fermi Gases — A Universal Model © optical Control of Feshbach Resonances
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Part I: the large

Ultracold Fermi Gas

J. Thomas et al, second floor

@ string Theory Limit: “Perfect” Fluids

Viscosity measurement in a unitary Fermi gas is
motivated by a recent conjecture derived using

Degenerate Fermi
Gas of Ultracold RHIC  LHC  20~30%
Li atoms! Centrality

string theory methods. The conjecture states that i o
for a broad class of strongly interacting fields, the ¢
ratio of shear viscosity n to the entropy density s $ t = 2000
has a universal minimum: i
(1
5 t = 400us
ul = 1_ _h_ 1 @ Shear viscosity
5 4 kn s : Entropy density R—
A fluid with the minimum ratio is referred to as a oS
perfect fluid. In a Fermi gas, we are able to measure
both the entropy and the viscosity, connecting | :=1onous
thermodynamics and hydrodynamics in strongly |

correlated systems,

t = 1500us

t = 2000ps
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Part I: the large

Viscosity (over entropy density)

phySiCS TOdOy, May 2005 P, K. Koviun, D. T. Son, A, Q. Slarinets 44111601 (2005).
200
s = Helium 0.1 MPa
= = Nitrogen 10 MPa
£ 150} [= Water 100 MPa
u
=
>
a
[}
£ 100}
z
L
=
|=
& =
3 50
(2]
>
0 ! I !
1 10 100 1000
TEMPERATURE (K)

Ultracold Fermi gases: few times the lower bound
Quark-gluon plasma: very close to the lower bound
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Part I: the large

Important discovery in

2005

Standard Eccentricity

Nucleus 1 y

A nucleus isn't just a sphere

Nucleus 2

R. Belmont, UNCG

G. Roland, PHOBOS Plenary, Quark Matter 2005

Participant Eccentricity

Nucleus 1

b —ommmmeINGINATUN T Nucleus 2
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Part I: the large

Important discovery in 2005

G. Roland, PHOBOS Plenary, Quark Matter 2005

Standard Eccentr|C|ty

|/PHOBOS '200 GeV | ]
~5 0.8 .
3 Cu+Cu
% 0.6 % preliminary —
Y
S04 'H' Au+Au ; 7
e ow WU
0.2 1" 4 wom mo® ® .
1 1 1
% 100 200 300 400
Npart

A nucleus isn't just a sphere
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Part I: the large

Important discovery in 2005

G. Roland, PHOBOS Plenary, Quark Matter 2005

Standard Eccentr|C|ty Participant Eccentrlcny
4 PHOBOS '200 GeV i o 4PHOBOS 200 GeV | |
~ 0.8 — c
B ~ L Cu+Cu -
§ Cu+Cu § 03 preliminary AutAu
% 0.6 preliminary — wo' . +
\Ui .}/\N 0.2 ﬁH} *'13, * ti:‘ + + T & _
:N 0.4 % Au+Au ; - 2 H,ﬁ P ‘
0.2 § Hom aom wO¥ *0 | 0.1 it -
Il 1 1
% 100 200 300 400 % 100 200 300 400
Npart Npar!

A nucleus isn't just a sphere

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 26



Important discovery in 2010

AIver_Ia(n)d Roland, Phys. Rev. C 81, 054905 (2010)

PHOBOS Glauber MC -

T

Nucleon fluctuations can produce
non-zero ¢, for odd n

S B
g i 1 Symmetry planes v, can be
= 0 N ] different for different harmonics
> L i

-5 L J o= bb—¥n

T T 71

Neo = 91, &, = 0.53
10 0 10
x(fm)
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Part I: the large
Data and theory for v,

Gale et al, Phys. Rev. Lett. 110, 012302 (2013)

0.2 |lvqy == - | RHIC 200GeV, 30-40%
Vo —— | filled: STAR prelim.
0.15 open: PHENIX ﬁ
Q n/s=0.12
T~ 01 |lvg e -
>C -—K- -
0.05 e S
B S
0 = _t DR /
0 0.5 1 1.5 2
pr [GeV]
dN
@ o 2vy €os ¢ + 2v, cos 2p + 2v3 cos 3y + + 2v5 cos by
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Part I: the large
Fluctuations in large systems

PHOBOS, Phys. Rev. C 81, 034915 (2010)

I ! ! ! ! I ! ! ! ! ! ' !
for the assumptions: ] Fluctuations should also be

i 0f|°W(V2)/<v2>flow

| e 5,,,=0 R translated, so measure o,,/({v,)
0.6 8,52 =1x Hijing N

| 8, =3x Hiing ] Inf <1

R 6An>2 =10x Hijing / R

Generally good agreement with
models of initial geomtry

Relative Fluctuations
o
=S
[

0.2| - —$GlauberMC .
i (&) i
i G, |
L TTETW
0 100 200 300
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Part I: the large

Fluctuations in large systems
PHENIX, arXiv:1804.10024 (submitted to Phys. Rev. C)

1.2 e e e .
@N T PHENIX Au+Au \/STN =200 GeV 7 Fluctuations should also be
R hE 1<n|<3 B translated, so measure o,,/(v2)
- — MC Glauber, cumulant based estimate
0.8\ - MC Glauber, direct calculation — 1<y <3
0.6; —: Generally good agreement with
B i models of initial geometry
0.4 -
021 Sys. Uncert. 2% ]
I N R N RN R S N RN R

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)
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Part I: the large
Summary for Part |

The quark-gluon plasma:

@ Is a phase of matter with deconfined quarks and gluons
o Existed in the very early universe
@ Is created in the lab in collisions of large nuclei

@ Evolves hydrodynamically
—The initial-state geometry is translated into the final state
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Key points for Part [l

@ A major component of heavy ion physics nowadays is “small systems”
—Nuclear collisions of small+large or even small4-small
—Examples include d+Au, p+Pb, and even p+p

@ The matter created in small systems looks a lot like the matter in large systems

@ Roughly speaking, two competing pictures
—QGP droplets being created in small systems
—lInitial state effects from color-glass condensate (CGC)
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Part II: the small

Media Attention

Physics World, September 22, 2017

Phys.org, September 18, 2017 Collider serves up drop of primordial
soup
Sep 22, 2017

PHENIX colleague Ron Belmont of the University of Colorado says it
is still possible that the elliptical emission they have observed is due
not to the formation of tiny QGPs but instead down to nuclear
properties prior to collision. When accelerated close to light speed,
time slows down for the heavy nuclei, which means, according to
quantum chromodynamics, that they appear as a dense wall of
gluons. The fact that these condensates are thicker in the centre of
the nuclei might explain why particles generated in the collisions are
not emitted in random directions, he says.



http://physicsworld.com/cws/article/news/2017/sep/22/collider-serves-up-drop-of-primordial-soup
http://phys.org/news/2017-09-evidence-small-short-lived-early-universe.html

Part II: the small

A very brief history of recent heavy ion physics

1980s and 1990s—AGS and SPS... QGP at SPS!

Early 2000s—QGP at RHIC! No QGP at SPS. d+Au as control.

Mid-late 2000s—Detailed, quantitative studies of strongly coupled QGP. d+Au as control.
2010—Ridge in high multiplicity p+p (LHC)! Probably CGC!

Early 2010s—QGP in p+Pb!

Early 2010s—QGP in d+Au!

Mid 2010s and now-ish—QGP in high multiplicity p+p? QGP in mid-multiplicity p+p??
QGP in d+Au even at low energies???
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Part II: the small

A very brief history of recent heavy ion physics

1980s and 1990s—AGS and SPS... QGP at SPS!

Early 2000s—QGP at RHIC! No QGP at SPS. d+Au as control.

Mid-late 2000s—Detailed, quantitative studies of strongly coupled QGP. d+Au as control.
2010—Ridge in high multiplicity p+p (LHC)! Probably CGC!

Early 2010s—QGP in p+Pb!

Early 2010s—QGP in d+Au!

Mid 2010s and now-ish—QGP in high multiplicity p+p? QGP in mid-multiplicity p+p??
QGP in d+Au even at low energies???

“Twenty years ago, the challenge in heavy ion physics was to find the QGP. Now, the challenge
is to not find it.” —Jirgen Schukraft, QM17
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Part II: the small

Multiparticle correlations in large and small systems
CMS, Phys. Lett. B 765 (2017) 193-220

—_ T T T
L pPb Sy, =5 TeV 1 PbPb |5, =276 TeV o o
. ©
i ey
1 j 2
T = 2} = () + 7
Arey ou T [ 1va (46,8} = (v,)* — o7
Sana = S TLL |
L o+ |
I 03<p, <3.0GeV/c" 03<p, <3.0GeV/c'
L 1 |r]|<2|4 L | 1 |r]|<2|4 L
0 100 200 300 0 100 200 300
Nofﬂine Noffline

trk trk
@ Multiparticle correlations reflect global correlation from geometry in Pb+Pb, Au4+Au, Cu+Cu, etc
@ The p+Pb has a remarkably similar pattern as the Pb+Pb
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Part II: the small
CGC results on small systems

Mark Mace, QM18

Phys. Rev. Lett. 120, 042002 (2018)
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Dusling, MM, Venugopalan PRL 120 (2018) CMS PLB 724 (2013) 213

e Can reproduce v»{2} and v, {4}
o Disagreement with data by a factor of 2, but qualitative features match
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Part II: the small
CGC results on small systems

Mark Mace, QM18 Phys. Rey. Lett. 120 042002 (2018)
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@ Abelian calculations can produce v2{2}, vo{4}, v2{6}, {8}
o Disagreement with data by factor of 5, but qualitative features match
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Part II: the small

Intermission

Small systems geometry scan
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Part II: the small

Testing hydro by controlling system geometry
arXiv:1805.02973, submitted to Nature Physics

. t=1.0fm/c  t=17fm/c  t=32fm/c t=45fm/c
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Part II: the small

Testing hydro by controlling system geometry
arXiv:1805.02973, submitted to Nature Physics
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@ v, and v3 vs prt described very well by hydro in all three systems
—Suggests QGP droplets in hydro evolution(?)
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Part II: the small

CGC results on small systems
M. Mace et al, Phys. Rev. Lett. 121, 052301 (2018)
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@ v; is quite well-described

@ v3 is in the right ballpark, though hydro does better
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Part II: the small

Intermission

Small systems beam energy scan
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Part II: the small

Testing hydro by controlling system size and life time

J.D. Oduela Koop et
- Phys ev. C 93, 044910 (2016)
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@ Standard picture for A4A:
QGP in hydro evolution
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@ What about small systems?
And lower energies?

N
1=
T T

@
T ITT

@ Use collisions species and
energy to control system
size, test limits of hydro F
applicability o 0 o o

Center-of-Mass Energy [GeV]
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Part II: the small

d-+Au beam energy scan
Phys. Rev. C 96, 064905 (2017)

200 GeV 62.4 GeV 39 GeV 19.6 GeV
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@ Hydro theory agrees with higher energies very well, underpredicts lower energies
—Breakdown of hydro?

—Predominance of other correlations?
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d+Au beam energy scan

Part II: the small

Phys. Rev. Lett. 120, 062302 (2018)
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Part II: the small
d+Au beam energy scan

Phys. Rev. Lett. 120, 062302 (2018)

200 GeV 62. 4 GeV 39 GeV 19. 6 GeV
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o Measurement of vo{6} in d+Au at 200 GeV and v»{4} in d+Au at all energies
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Part II: the small
d+Au beam energy scan

Phys. Rev. Lett. 120, 062302 (2018)

200 GeV 62. 4 GeV 39 GeV 19. 6 GeV
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o Measurement of vo{6} in d+Au at 200 GeV and v»{4} in d+Au at all energies

@ No theory comparisons available (yet...)
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Part II: the small
Competing theories

Where are we?

Figure: S. Schlitching, QM2015.

hydrodynamics

o __ initial state
o’Z’Q ~ correlations
&

o __ response to
(§\° \ initial geometry
Q

Event-multiplicity for fixed system size

Azimuthal correlation strength

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 45



Part II: the small
Summary for Part I

@ Small systems is a hot topic in heavy ion physics
o We've even gotten some media attention for it
@ The system created in small systems looks a like the one in large systems

@ Two competing pictures: CGC and QGP
—QGP picture ahead by points, but no knockout yet
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Part IlI: the future

Intermission

Part 1ll: the future
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The 2015 Long Range Plan for Nuclear Science

https://www.science.energy.gov/~/media/np/nsac/pdf/2016LRP/2015_LRPNS_091815.pdf

Recommendation I: The progress achieved under the guidance of the 2007 Long
Range Plan has reinforced U.S. world leadership in nuclear science. The highest
priority in this 2015 Plan is to capitalize on the investments made.
—CEBAF, FRIB, Symmetries & Neutrinos, RHIC (BES Il & sPHENIX)

Recommendation II: We recommend the timely development and deployment of a U.S.-led
ton-scale neutrinoless double beta decay experiment.

Recommendation Ill: We recommend a high-energy high-luminosity polarized EIC as
the highest priority for new facility construction following the completion of FRIB.

Recommendation 1V: We recommend increasing investment in small-scale and mid-scale
projects and initiatives that enable forefront research at universities and laboratories.
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Part IlI: the future

sPHENIX: QGP microscope

It |
OUTER HCAL [
—
P—
'

SC MAGNET
INNER HCAL From the LRP: [The goal is to] probe
the inner workings of QGP by
resolving its properties at shorter and
shorter length scales.... essential to
this goal... is a state-of-the-art jet
detector at RHIC, called sPHENIX.

MAPS

ENDCAP
FLUX RETURN
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Part IlI: the future

sPHENIX: QGP microscope

I

OUTER HCAL

SC MAGNET )
Resolving power d oc A

de Broglie wavelength A = h/p
p A
25eV 500 nm
100 keV 12 pm
200 MeV 6.2 fm
1 GeV 1.2 fm
10 GeV 0.12 fm
50 GeV 0.025 fm

INNER HCAL

MAPS

ENDCAP
FLUX RETURN
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Part Ill: the future
sPHENIX: timeline

Past and present

@ Magnet purchase July 2013
o Magnet delivery April 2015
e DOE OPA CD-0 September 2016
@ Order for Outer HCal steel March 2018
e DOE OPA CD-1/CD-3a August 2018
Future
e DOE OPA CD-2/CD-3b Review May 2019
@ Authorization for CD-2/CD-3b July 2019
o Fabrication orders August 2019
@ Installation begins April 2021
@ Installation complete July 2022
@ Initial commissioning complete September 2022
@ First collisions January 2023
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Part IlI: the future

sPHENIX: magnet

STAN(E:IEJ ::;:M 122 TRANSFER ORDER 1. ORDER NO.

ORI EXCESS PERSONAL PROPERTY [SLAC2013:07-18
FPMR (41 CFR) 101-32.306 2. DATE
FPUR (41 CFR) 10143.315 July 18, 2013
3, TO: GENERAL SERVICES ADMINISTRATION" 4. ORDERING AGENCY (Full name 8nd address)”

Brookhaven National Lab
Attention: John Haggerty; haggerty@bnl.gov
Upton, NY 11873-5000

6. HOLDING AGENCY (Name and address)* 6. SHIP TO (Consignee and destination)®

SLAC National Accelerator Laboratory
2575 Sand Hill Road, MS 85A

Menlo Park, CA 94025 Same as block 4

7. LOCATION OF PROPERTY 5. SHIPPING INSTRUCTIONS
SLAC National Accelerator Laboratory !

C/O Mike Racine

2575 Sand Hill Road, MS 53
Menlo Park, CA 94025

850 926-3543 racine@slac.stanford.edu BNL to amange for shipping
3 ORDERING AGENCY APPROVAL 10. APPROPRIATION SYMBOL AND TITLE

B. DATE transfer from DE-AC02-76SF00515

TURE .
M - \A\-\3 |transfer to DE-AC02-98CH10886
¢ rm@ \ (N:\)ﬂ%_)s 1. ALLOTMENT 12, GOVERNMENT BLL NO.

. Ay PROPERTY ORDERED
GSAAND DESCRIPTION ACQUISITION COST
HOLDNG WEM {inclucie noun name, FSC Group ard Class, Conaition Codo and
AGENCYNOS. | NO  ovaiablo, Nationsi Stock Number) uniT | QuanTTy uNIT TOTAL
(@) ®) te) () [5) 0, (8)
Administrative Transfer
1 |BaRar Solenoid and Components ea 1 12,000,000.00 § 12,000,000.00

Date of Mfr: 1996
(See attached list)
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Part IlI: the future

sPHENIX: magnet

E;\ 2 |

um, 26 November 2018 - Slide 51
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Part IlI: the future

sPHENIX: beam tests

BFaSt

R. Belmont, UNCG
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Part IlI: the future

sPHENIX: beam tests
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sPHENIX: beam tests
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sPHENIX: HCal tiles

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 53



Part 0: introduction art |: the larg Part 11: the sma Part IlI: the future

sPHENIX: jets!

CG NCSU Colloquium, 26 November 2018

lide 54




Part 0 Part I: the large Part II: the small Part IlI: the future

sPHENIX: heavy flavor!
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Part IlI: the future

sPHENIX: projections
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i | r o D° ]
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ALY
l | l l l l l ] -0.05 N N BRI B f_
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Part IlI: the future

sPHENIX: day one EIC detector

EIC whitepaper: arXiv:1212.1701

sPHENIX EIC proposal: arXiv:1402.1209

An EIC Detector Built Around The
SPHENIX Solenoid

A Detector Design Study

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 57



Part IlI: the future
Summary and outlook

@ We can recreate the early universe in the lab using collisions of large nuclei

@ Small systems have had a lot of surprises for us
—Many similarities to large systems, but theoretical picture less clear
—How to disentangle CGC from QGP?

@ It's an exciting time for nuclear physics in the US
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Part IlI: the future
Summary and outlook

@ We can recreate the early universe in the lab using collisions of large nuclei
@ Small systems have had a lot of surprises for us
—Many similarities to large systems, but theoretical picture less clear
—How to disentangle CGC from QGP?

@ It's an exciting time for nuclear physics in the US

“The optimist regards the future as uncertain."—Eugene Wigner
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Extra material

CG NCSU Colloquium, 26 November 2018
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Part IlI: the future
CGC results on small systems

M. Mace et al, Phys. Rev. Lett. 121, 052301 (2018)

0.181 Vsuny =200 GeV 0-5% 0.081 VSw=200 GeV 0-5%
0.16 ’ —#— p+Au
> 0.07
0.141 /,/45‘\4,5 — ¥ d+Au o
0.121 ) ) — ) ’3 0.061 —¢— 3He+Au S =
N 0.101 rd = 0.05 1 e
- » - ] _—
£'0.081 s £0.04
1 ¥ - Gluons 0.031
0.06
/’/ »— p+Au
0.04 1 P A 0.021
0021 »~ —+ 3HetAu 0.011
05 1.0 15 2.0 25 3.0 05 1.0 15 2.0 2.5 3.0
pr [GeV] pr[GeV]

o New for QM18: v, and v3 for small systems
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Part IlI: the future
CGC results on small systems

M. Mace et al, Phys. Rev. Lett. 121, 052301 (2018)

0.081 +\/5NN =+2A(L)JO GeV 0-5% 0.07;—‘ e prmmm B3
0.07 0 00sf & i E
#- d+Au R : :erAu
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o New for QM18: v, and v3 for small systems

@ v3 ordering is wrong in CGC
—CGC: p+Au < d+Au < 3He+Au
—Data: p+Au ~ d+Au < 3He+Au
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Part I1I: the future
Photons in small systems

5 VS = 200 GeV, || < 0.35
- [=] p+Au, 0-100 %
ar
S 3
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Part I1I: the future
Photons in small systems

5 VS = 200 GeV, |n] < 0.35 5

[=] p+Au, 0-100 %

[Suy = 200 GeV, [n| < 0.35
[=]p+Au, 0-5 %
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@ Thermal photons in p+Au?
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Photons in small systems

5 VS = 200 GeV, |n] < 0.35 5

[=] p+Au, 0-100 %
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@ Thermal photons in p+Au? Theory from Phys. Rev. C 95, 014906 (2017)
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Photon yields
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Common scaling for Au+Au
and Pb+Pb at different
energies; very different from
Ncoy-scaled p+p
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R. Belmont, UNCG

Common scaling for Au+Au
and Pb+Pb at different
energies; very different from
Ncoy-scaled p+p

p+Au and d+Au in between
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AMPT d+Au
AMPT 3He+Au
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Part IlI: the future

AMPT with no scattering
J.D. Orjuela Koop et al Phys. Rev. C 92, 054903 (2015)
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Part IlI: the future

AMPT with no scattering
J.D. Orjuela Koop et al Phys. Rev. C 92, 054903 (2015)
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)

>O a5k d+Au fs, =200 GeV 0-5% 3} d+Au |5, =62.4GeV0-5% I d+Au |s, =39 GeV 0-10% 3 d+Au Vs, =19.6 GpV 0-20p6  {
Inl <0.35 AMPT O‘pa"un =0.75mb Extrapolated
04F o V,{EP} E3 ¥ PH ENIX T Res(w; ™) E

preliminary + Global Sys _ +350 1

(19.6 GeV) ~ -48%
0.3F + + + E
0.25F + + i I | ’ + E

0.2F + + + E

E E3 ¥ EX kS E
0.15 ....o.-. et '***

0.1k ..- 1 .- I ... I * 4

. .

0.05F + .° + . + 4 E

A TN T TR T T A S-S PP LTI O Pk t P00t PO IO PO T T AT T OO DA T DA I

0. 2 . 05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3

P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]
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Part IlI: the future

V> vs p1, comparisons to AMPT
Phys Rev. C 96, 064905 (2017)

llllIllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll'lllllllllI
E d+Au VS_ 200 GeV 0-5% 3 d+Au |s,,=62.4GeV 0-5%  } d+Au |s, =39 GeV 0-10% I d+Au ¥s,,=19.6 GEV 0-20p6 |
Inl <0.35 AMPT o, =0.75mb Extrapolated

parton
E o V,{EP} PH ENIX T Res(w; ™)

0.35f == AMPT v,{Parton Plane} + 3 preliminary X Global Sys _ +3506 E
03f k3 1 1 (19.6Gev) ~ -48% ]
0.25F 3 i i I | i 3

T | |

.. I .. I
J /.
005 @31 / o ©F @7
o) 3 <N PRI U FERT FETE R A T FRET FEETE TR SR L I A7 PN FEET FETNl FETEE SN L 1AWl FETTl SER T FETTl FRTE fare |
0.5 1 1.5 2 25

3 05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]

o
»
|
T
|
T

o

N
T
|
T

|

T

0.15F

0.1

o AMPT flow only shows good agreement at low pr and all energies
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Part IlI: the future

V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)

>O 5 d+Au s, =200 GeV 0-5% I d+Au |s, =62.4GeV0-5% I d+Au |s =39 GeV 0-10% I d+Au ¥s,,=19.6 GEV 0-20p6 |
Inl <0.35 AMPT O‘pa"un =0.75mb Extrapolated
04t v {EP} J = AMPT v,{EP} k3l PH <E NIX E Res(wl<\n|<3) B

0.35F == AMPT v,{Parton Plane} E preliminary 1 Global Sys _ +35%

0.3F kX 31 | ’ ’__ (19.6 GeV) ~ -48% /_

0.25F I
0.2 F

0.15
0.9 +
0.05 ‘o +
(©)
3|3 A I I I P B £ 1 I I P SIS I £ 34 I N I I I £ 2 I I N B B
2 . 3 05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]

o AMPT flow only shows good agreement at low pr and all energies

o AMPT flow-+non-flow shows reasonable agreement for all pr and all energies
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Part IlI: the future

V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)

> llllllllllllllllllllllll Illlllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll'llllllllll
0.45E d+Au VS ZOOGeVO 5% 3 d+Au |s,, = 62.4 GeV 0-5% __d+Au S,y = 39 GeV 0-10% I d+Au ¥s,,=19.6 GEV 0-20p6 |
Inl <0.35 AMPT O‘pa"un =0.75mb Extrapolated

04F o v(EP} T = AMPT v,{EP} E3 PHI Ele T Res@, %) E

0.35f === AMPT v,{Parton Plane} —+ === AMPT v,{EP} No Scattering + prelmmary + Global Sys _ +35% B
(19.6 GeV) ~ -48%

0.3fF + + +

0.25] +

0.2

0.15]

0.1

0.05

a
0 MRS RS RS PR Frwe | IR ERETE FEEEE SRS S| IR RRETE FREWE SR A |
0.5 1 15 2 25 3 05 1 15 2 25 3 0.5 1 15 2 25 3 0.5 1 15 2 25 3

P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]

o AMPT flow only shows good agreement at low pr and all energies
o AMPT flow-+non-flow shows reasonable agreement for all pr and all energies
@ AMPT non-flow only far under-predicts for low pr, too high for high pr
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Part IlI: the future

Centrality

@ Need to characterize the overlap of the two nuclei
@ b (impact parameter)—separation between the centers of the two nuclei
@ Npar—number of nucleons in the overlap region
@ N, y—number of nucleon-nucleon collisions
Centrality (Npart) (Neon)
Peripheral Central Pb+Pb

30-40% 128.9 + 3.3 320 £ 32
40-50%  85.0 £ 2.6 171 £ 16

0-5% 382.7 £5.1 1685 + 190

\ 5-10% 329.7 +£ 4.6 1316 + 140

10-20% 260.5 + 4.4 921 £+ 96

\ 20-30% 186.4 + 3.9 556 + 55

Higher b Lower b 50-60% 52.8 £ 2.0 8437

Lower Npart Higher Npart 60-70% 300+ 13 37.943

Lower Ncoll Higher Ncoll 70'8%’ 158 + 0'2 156 + 1
p+p = =
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Part IlI: the future

Centrality

o Need to characterize the overlap of the two nuclei
@ b (impact parameter)—separation between the centers of the two nuclei
@ Npsr—number of nucleons in the overlap region
@ Noy—number of nucleon-nucleon collisions
Binar Centrality (Npart) (Ncoir)
y Pb+Pb

collisions

0-5% 382.7 £5.1 1685 £ 190
5-10% 329.7 £ 4.6 1316 £ 140
10-20% 260.5 + 4.4 921 £+ 96
20-30% 186.4 £ 3.9 556 + 55
30-40% 128.9 £33 320 £+ 32
2 40-50%  85.0 £ 2.6 171 £ 16
----- 50-60%  52.8 £ 2.0 8437
60-70%  30.0 £ 1.3 379+ 3
70-80% 158 £ 0.6 156 +1
p+p =2 =1

Participant
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Part IlI: the future
Centrality

Need to characterize the overlap of the two nuclei

b (impact parameter)—separation between the centers of the two nuclei
Nparr—number of nucleons in the overlap region

Noy—number of nucleon-nucleon collisions

ys \\\
s"’/ \\\\ : > -
{ ‘} Central (lower percentile) PN
\ / / |
N y
/\ " \< :l /'
| | Peripheral (higher percentile) N
\ /' B
X 4
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Part IlI: the future
The six flavors of quarks

flavor  charge mass
down  -1/3e 3.0-7.0 MeV
up 2/3e 1.5-3.0 MeV

strange -1/3e 95 + 25 MeV
charm 2/3 e 1.25+ 0.09 GeV
bottom -1/3e 4.70 £ 0.07 GeV
top 2/3e 174.2 + 3.3 GeV

@ No bound states with top quarks
(so heavy they decay weakly before a bound state can be formed)
@ All others can form bound states
—Any combination of quarks you can imagine is allowed
—Though some have to be part of a linear combination
—Sometimes a single combination can be more than one particle
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Part IlI: the future
The six flavors of quarks

flavor  charge mass
down  -1/3e 3.0-7.0 MeV
up 2/3e 1.5-3.0 MeV

strange -1/3e 95 + 25 MeV
charm 2/3 e 1.25+ 0.09 GeV
bottom -1/3e 4.70 £ 0.07 GeV
top 2/3e 1742 + 3.3 GeV

A few examples
@ p=uud, n= udd
1t =ud, 7~ = id, 7° = (uid — dd) /2
A = uds, A} = udc, ) = udb
K~ =is, DT =dc, B~ = iib
€€ = ne, I/, Xe, he
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Part IlI: the future

Suppression of high energy particles

< 2P T e Ty [S T e “HIE
o8 Au+Au 200GeV E 18f 0-10% Pb-Pb, 5, = 276 TeV
| - J = o A D, D, D <0.5 ;
16 ® h'+h 0-10% 0 9 0-10% E 16} e v airence ]
E J 1.4F = Charged particles, mi<0.8 4
1.4; 3 F o Charged pions, n[<0.8 E
1.2 E 12 E
a : i -
0.8 E 08 9
0.6~ E 0.6 E
O.4}ﬁ.. = 0.4f —4—
E Uo DEEHJ o ;E 1
0'2? | | | | | | \E*i[;‘ E‘IJ\EF E 02: .Miiﬂ’_ F
e e b e b Lo Lo e b Lo C Il hi
I R S R 10 R T T T
p, [GeVic] p.. (GeVic)

A+A
ticles
o R AA — —parides
T
NEE X Neop

particles

@ Raa < 1 means particles are suppressed
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Part IlI: the future

Suppression of high energy particles

<
<
o Au+AWTm=200GeV PHENIX
T
e )
[ e 2]
5 [ 0. 8 O Rya P >5GeV/ie
o [ e m Ry, p,>10GeV/c (x 0.5)
£ ¢ O~
% *‘1\ e
Tl - 2
Tl
10" TR
C ann=351 is 0-5% cent. and Npm=325 is 0-10% cent. (partly overlapping)
PR BRI R o e L L

. L
50 100 150 200 250 300 350 N 400

o

part

@ Raa decreases (more suppression) with increasing N, (bigger system)
@ More medium — more stuff in the way — more suppresssion

@ System size/geometry important aspect of suppression
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PHENIX

@ Weighs approximately 3000 tons

® Three separate magnet systems (Central Iy
Arms and Muon North and South) £ e éc g
weighing 1700 tons alone W S
@ 16 detector subsystems and about \{"*\ i
5,000,000 (silicon) plus 300,000 (other) :
electronics channels T =
o 30 feet tall, 40 feet wide, 60 feet long N
o Very fast DAQ system—7 kHz, 1 GB/s z V\l
o Ideally suited for measurements of rare I ; e
probes, electrons, muons, high pr o
photons, etc.
Y South Side View North
18.5m= 60 ft
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Part IlI: the future

 PHENIX

A B \ ~c»-\’r \’ 3 7 \&
= m < \\\\\\\\ ;yﬁ.

p i ah
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Part I1I: the future
Collectivity in large systems

arXiv:1804.10024 (submitted to Phys. Rev. C)

1.2 e e
2 [ PHENIX AutAu |s, = 200 GeV | 1 < |77| <3
s [ h* 1<jn|<3 .
B — MC Glauber, cumulant based estimate i
081\ - MC Glauber, direct calculation | Ov, / < V2>
0.6 ] Central: breakdown of
B N small-variance limit
0.4 -
B i Peripheral: non-linearity in hydro
0.2~ Sys. Uncert. 2% ] response (e.g. J. Noronha-Hostler et
:HH\HH\HH\HH\HH\HHmumumummi al Phys. Rev. C 93, 014909 (2016))

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)
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Part I1I: the future
Collectivity in large systems

arXiv:1804.10024 (submitted to Phys. Rev. C)

';“:‘0-2i<10'_6"x"'w"'w""w"'w"'A
F [ PHENIX 1<)n|<3 . 1<|n <3
0.15 -
[ * STAR |n|<1 ]
0.1F 4 Cannot extract
: * | i l. T
0.05 ¢ o -
o 0 0 r +T | . Ovs/(V3)
e L Tt .
-0.05 Au+Au |s,, =200 GeV
_0 l: 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 :
0 10 20 30 40 50 60

Centrality (%)
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Part IlI: the future

Collectivity in large systems
arXiv:1804.10024 (submitted to Phys Rev C)

(va) v, Oy, /(V2)

T T T T T » 0.03 T T T T T

<Z( 2 <Z( T T T T T
3 oosf- (a) 1 2 |o i |©
% [ = =
= 0.6 1
A, © g
[ ] [
0.02 1 1
0.04 B - A,
% 0.4 e -
e u
PHENIX Au+Au 200 GeV 0.01F .
0.02|- @ Bessel-Gaussian p(v,)| : 02k i
B t1oc (stat) )
+2 o (stat)
B Cumulant Method
0 ! 1 Sys. lIJncena:nty 0 1 1 1 1 1 0 ! ! ! 1 1
o] 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Centrality Centrality Centrality

o Can extract (v») and o,, separately using forward-fold
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Part IlI: the future

Collectivity in large systems
arXiv:1804.10024 (submitted to Phys Rev C)

(v3) Ovs 0V3/<V3>
0.02 T T T T T T T T T T 0.6 T T T T T
g (@ 2 ol ® ] § (©)
m ||“ = ' ' * e . .
> (2]
gn 0.015| - © 2

I
IS
T

1

0.011

>>
!

0.005
PHENIX Au+Au 200 GeV

0.2 B
0.005F @® Bessel-Gaussian p(va) i
B t1o(stat)
+ 2 o (stat)
—— Sys. Uncertainty
0 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Centrality Centrality Centrality

o Can extract (v3) and o, separately using forward-fold
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Part I1I: the future
Fluctuations in large systems

PHOBOS, Phys. Rev. C 81, 034915 (2010)

I ! ! ! ! I ! ! ! ! ! ' !
for the assumptions: ] Fluctuations should also be

i 0f|°W(V2)/<v2>flow

| e 5,,,=0 R translated, so measure o,,/({v,)
0.6 8,52 =1x Hijing N

| 8, =3x Hiing ] Inf <1

R 6An>2 =10x Hijing / R

Generally good agreement with
models of initial geomtry

Relative Fluctuations
o
=S
[

0.2| - —$GlauberMC .
i (&) i
i G, |
L TTETW
0 100 200 300
Npart
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Part I1I: the future
Fluctuations in large systems

PHENIX, arXiv:1804.10024 (submitted to Phys. Rev. C)

1.2 e e e .
@N T PHENIX Au+Au \/STN =200 GeV 7 Fluctuations should also be
R hE 1<n|<3 B translated, so measure o,,/(v2)
- — MC Glauber, cumulant based estimate
0.8\ - MC Glauber, direct calculation — 1<y <3
0.6; —: Generally good agreement with
B i models of initial geometry
0.4 -
021 Sys. Uncert. 2% ]
I N R N RN R S N RN R

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)
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Part I1I: the future
Fluctuations in large systems

PHENIX, arXiv:1804.10024 (submitted to Phys. Rev. C)

1.2 e e .
@N T PHENIX Au+Au \/STN =200 GeV 7 Fluctuations should also be
R hE 1<n|<3 B translated, so measure o,,/(v2)
- — MC Glauber, cumulant based estimate
- . . 3 1<|n <3
0.8\ - MC Glauber, direct calculation —
0.6 - Central: breakdown of
B ] small-variance limit
1
B ] Peripheral: non-linearity in hydro
0.2 — response (e.g. J. Noronha-Hostler
- Sys. Uncert. 2% E
C Y ° ] et al Phys. Rev. C 93, 014909
I TR R RS R N R N S (2016))

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)
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Part IlI: the future

Components and cumulants in p4+Au and d+Au at 200 GeV
Phys. Rev. Lett. 120, 062302 (2018)

032107 0.3310°

0 0.3 1 g 0.3 y
= £ PHENIX p+Au \F 200Gev 1 £ £ PHENIX  d+Au \F 200 GeV |
2 0.25F 1<hl<3 3 L5k l<pn<3 4
s F . @D 187F |, . @D 1
E 02" -2mm o E o2 + - 2mm
o £ = 1 o £ ] 1
0.15 . -4 0.a15F H =
o i, Aoe Lot ;
C "l|. .o’ 3 F "l""'ll o
0.05f- ftreriail, g oost 'y
@), et TN E oot 3
0.02F , + 773 ooz . o4 = B zmgﬁ—:
0.01 . S 3 ook AMPT 3
5 £ ° > 15 £ B
S%0F 1 S oF .
©  Ew{4} complex 39k 4
-0.01 . o4y = mmomm]| 00 =
o), oo AWPTL 00

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
NFVTX NFVTX
tracks tracks

@ Is the sign of {4} a good indicator of collectivity? No.
@ Fluctuations could dominate in the p+Au...
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Part IlI: the future

Back to basics (a brief excursion)

The (raw) moments of a probability distribution function f(x):

o = (x") = /+OO x"f(x)dx

The moment generating function:
M, (t) = (™) = /+OO e™f(x)dx = /+OO i Lnx”f(x)dx = iﬂnﬂ
-0 =% =0 per L
Moments from the generating function:

d" M, (t)

Hn = dtn

t=0

Key point: the moment generating function uniquely describe f(x)

R. Belmont, UNCG NCSU Colloquium, 26 November 2018 - Slide 76



Part IlI: the future

Back to basics (a brief excursion)

Can also uniquely describe f(x) with the cumulant generating function:
oo tn
K (t) = In M (t) = Znnm
n=0

Cumulants from the generating function:

o — d"K.(t)
dtn |,
Since K, (t) = In M. (t), M(t) = exp(Ki(t)), so
i = d exp(i(x(t)) ke d"In I\f’lx(t)
dt t=0 dt t=0
End result: (details left as an exercise for the interested reader)
n :ZBn,k(Hl,~~~7/‘€n—k+l) = Bi(K1, -y Kn—k+1)
k=1

K =3 (1) Tk = D)IBk(n, ooos prn—ks1) = Lokt ooy Kinks1)

k=1
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Part IlI: the future

Back to basics (a brief excursion)

Evaluating the Bell polynomials gives

(x) = k1

0F) = 1y + 2

(®) = k3 + 3K1k + K3

(x*) = kg + br1K3 + 3/@5 + 6/-@%/@2 + /f‘l‘

One can tell by inspection (or derive explicitly) that k1 is the mean, k; is the variance, etc.
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Part IlI: the future

Back to basics (a brief excursion)

Subbing in x = v, ko = o2, we find

(<v§> = vi+6v20? + 30" + 4v,k3 + /@4)
—(2<v3>2 =2vi +4v20% + 204)
H
(VA —2(v2)? = —v* +2v20% + 0* + dv,k3 + ks

Skewness s: k3 = so°
Kurtosis k: k4 = (k — 3)o*

vo{2} = (V7 + 02)1/?
vo{4} = (v} — 2v20?% — 4v,s0°® — (k — 2)0*)1/4

So the fully general form is a bit more complicated than we tend to think...
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Part I1I: the future
Eccentricity distributions and cumulants

A R R S AR RN RN RSN AR RS — (e — 02257 = 3 (k— 4y1/4
£ 0.035— p+Au, [,0= 0.27, 0 = 0.14, 5 = 0.51, k = 2.86 e2{4} = (2 = 22207 —hezso” = (k= 2)77)
g 0.0ak— 0HAU. m = 0.56, 0= 0.24,s =-0.16, k = 1.97] p+Au  d+Au
- oF ] €5 0.00531  0.0983
N 0.0250 E 2e30° 0.00277  0.0370
g - ] 4er50° 0.00147 -0.0053
5 0.02F = (k—2)o* 0.00031 -0.0001
c C l
0.015( 1 @ the variance brings £2{4} down (this term gives the
0.01 E usual \/vZ — 0?)
F 1 @ positive skew brings {4} further down, negative
0.005f . S
] skew brings it back up

00 : 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 ‘07 08 09 1@ kurtosis > 2 brings 2{4} further down, kurtosis < 2

eccentricity ¢, brings it back up
—recall Gaussian has kurtosis = 3
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Eccentricity distributions and cumulants

Part IlI: the future

o 03 G 030 7
= PHENIX p+Au \/? 200Gev 1 2 PHENIX  d+Au \/? 200 GeV |
2 0.2 T<p<3 4 Ega T<pi<3 4
s . @D E-] . . @O 3
€ 0. = 22 4 € o. | = 22 4
o o ‘ |
3] E o ] ]
0.15 0.15 H =
£ C |} |
0.1~ 0.1~ fey E
E E lllllllllllgl.r:
0.05f 0.05F e
E@ 3 E©), 3
0.02( E E
0.01F 1 oo01
¥ 1T F
= OF 1 s OF
© L ] © L
~0.0% o o f4)= Bm2mm] 00
002:0), o AMPT T 00, L
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

w4} = (Vi —2vio? — dvyso” —

FVTX
N tracks,

FVTX
N tracks

(k _ 2)0_4)1/4

@ Eccentricity fluctuations alone go a long way towards explaining this
@ Additional fluctuations in the (imperfect) translation of &, to v»?
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Part IlI: the future

Intermission

Particle production in small systems
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Part IlI: the future
Small systems nuclear modification

< 2.57 < 251
Q:Q i p+Al-h*+X s, =200 GeV D:Q' i p+Au - h*+X \s,,=200 GeV
oL — 0-100% centrality ok 0-100% centrality
PH “ENIX 2.5<p <5GeVic L 2.5<p,<5 GeVic
[ preliminary C
1.5F EPPS16+PYTHIA 1.5 II EPPS16+PYTHIA
il _
et L
0.5F 0.5F
r Al-going p-going r Au-going p-going
G' P R R R R R G' P R N R S R
83 -2 -1 0 1 2 3 83 -2 A1 0 1 2 3
n n

@ Forward modification consistent with nPDF effects (EPPS16)
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Part IlI: the future
Small systems nuclear modification

<
o
o

2.5F

p+Al-h*+X |s,,=200 GeV
0-100% centrality
e -2.2<n<-1.2 (Al-going)
o 1.2<n<2.4 (p-going)

TN
PH:-<ENIX
preliminary

EPPS16+PYTHIA, -2.2<n<-1.2

EPPS16+PYTHIA, 1.2<n<2.4
| L | L | L | L

2 4 6 8 10
P, (GeVic)

<
o
o

2.5F

p+Au - h™+X |s.,=200 GeV
0-100% centrality
o -2.2<n<-1.2 (Au-going)
o  1.2<n<2.4 (p-going)

EPPS16+PYTHIA, -2.2<n<-1.2

EPPS16+PYTHIA, 1.2<n<2.4
| L | L | L | L

2 4 6 8 10
P, (GeVic)

e High-pr modification consistent with nPDF effects (EPPS16)
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Part IlI: the future
Small systems nuclear modification

g 33 p+Al - h*+X |5, =200 GeV g 35 p+AU - h*+X 5, =200 GeV
o 3 0-5% centrality @ 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
N
2 PH ENIX 2 H H
15 preliminary 15 H H [H
....... HHHHH}
osk EFPEEEE B B o5t HPBEE g ;
L | L | L | L | L L | L | L | L | L
(b 2 4 6 8 10 GO 2 4 6 8 10
P, (GeVic) P, (GeVic)

@ Stronger effects in central collisions
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Part IlI: the future
Small systems nuclear modification

g 33 p+Al - h*+X |5, =200 GeV g 35 p+AU - h*+X 5, =200 GeV
o 3 0-5% centrality @ 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
N
2 PH ENIX 2 H H
15 preliminary 15 H H [H
....... HHHHH}
osk EFPEEEE B B o5t HPBEE g ;
L | L | L | L | L L | L | L | L | L
(b 2 4 6 8 10 GO 2 4 6 8 10
P, (GeVic) P, (GeVic)

@ Strong enhancement for backward at intermediate pr—why?
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Part IlI: the future
Small systems nuclear modification

g 33 p+Al - h*+X |5, =200 GeV g 35 p+AU - h*+X 5, =200 GeV
o 3 0-5% centrality @ 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
N
2 PH ENIX 2 H H
15 preliminary 15 H H [H
....... HHHHH}
osk EFPEEEE B B o5t HPBEE g ;
L | L | L | L | L L | L | L | L | L
(b 2 4 6 8 10 GO 2 4 6 8 10
P, (GeVic) P, (GeVic)

@ Strong enhancement for backward at intermediate pr—why?
e Don't forget: particle species dependence of Cronin! There must be final state effect(s)...
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Part IlI: the future
Particle species dependence of “Cronin enhancement”

PHENIX, Phys. Rev. C 88, 024906 (2013)
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Protons much more strongly
modified than pions

¢ mesons confusing as always...
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