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It would be intriguing to explore new phenomena by
distributing high energy or high nuclear matter density
over a relatively large volume. 1.D. Lee (1974)
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Heat up matter (or the vacuum) ...

? Proton or Neutron
, Meson (e.g. pion)

OO0 AQuarks
®OO® Anti-quarks

quarks and gluons heat up, produce mesons,

: : Quark Gluon Plasma \ Gluon
confined in protons and neutrons resonances

Temperature

“Our basic picture then is that matter at densities higher than nuclear consists of a quark soup.”
J.C. Collins, M.J. Perry, Phys.Rev.Lett. 34 (1975) 1353; Cabibbo, N. and Parisi, G., Phys. Lett. B 1975, 59, 67-69

Argument based on asymptotic freedom, a feature of Quantum Chromo Dynamics (QCD)

‘ D. J. Gross and F. Wilczek, Phys. Rev. D 8, 3633 (1973), and 9, 980 (1974)

H. D. Politzer, Phys. Rev. Lett. 90, 1346 (1973)
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Quark Gluon Plasma: Quantitative results from QCD

QCD predicts crossover to system of
iberated quarks and gluons at
temperatures of

Tc=156.5+1.5MeV =1.8x1012K

Lattice QCD calculation

(chiral crossover temperature)

1.8 x 1012 K

Energy Density / T4

Temperature T



Can we create QGP in a lab? Yes: Heavy lon Collisions
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ATLAS Experiment © 2012 CERN



Run:282016

Timestamp:2017-11-11 21:38:31(UTC)
Colliding system:p-p
Energy: 5.02 TeV

!

Run:295585

Timestamp:2018-11-08 20:59:35(UTC)
Colliding system:Pb-Pb

Energy:5.02 TeV




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 y

-
(]
o @ s
&
W N R S SRV - N . %
B ~ \ ’
‘€MS Expériment at the LHE, CERN
=) . ) - N oy \
: .. “Rata recorded: Zm-N‘gv-Q@ 1&22:(»828203'GMI§11:22:03
Run f Event: 15Q_fl:ﬂ' / 541 4‘6' % T a8 !\

-

........... %

o

=

A -

)
b

http:/figuana.cern.chiispy



To the extremes...

A

. L1012K > <V"> 100,000 times hotter than the sun or
) PV a hydrogen bomb (107 to 108 K)

Hot

1 1111 F 1014 m < 100,000,000,000 times smaller than
. a typical water droplet
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The entire universe was a Quark Gluon Plasma

Microwave
nd radiation

RHIC & pack
Accelerators | LHC is visible
, heavy
e ions
protons \e Un'werse

High-energy
cosmic rays
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Phase diagram of nuclear matter

Early Universe
LHC Experiments
J RHIC Experiments

Temperature

Quark-Gluon Plasma (QGP)

| Crossover

e

Critical Point ?

Hagron Gias Superconductor

Nuclear /
/ Vacuum Matter Neutron Stars

900 MeV
Baryon Chemical Potential
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Perfect fluid

* Discovery at RHIC:
== The Quark Gluon Plasma

. -
A'Zheimer’s ¥ o

behaves like an almost pertect fluid

e How do we know? 2008
.‘ Azimuthal anisotropies in particle spectra
Described only if system described by hydrodynamics

with very low viscosity

e Confirmed by results from LHC in 2010
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Azimuthal anisotropies in particle spectra

4 m
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Azimuthal anisotro

4 m

pies in particle spectra

Number of Particles
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rticle spectra

ies in pa

Azimuthal anisotrop

So|oIed JO Jaquinp

dN
d¢

ler expansion

Quantity anisotropy using Four
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Azimuthal anisotropies in particle spectra

4 m
Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

Pl . 14 v cos|(@ —
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Azimuthal anisotropies in particle spectra

4 m
Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

d—zﬁ 1—|— COS ¢_w1 + C082¢—¢2

17



Azimuthal anisotropies in particle spectra

4 m
Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

95 = o 1+ vicos|(d— Y1) + vocos|2(p — )| + vz cos|3(@p — Y3

18



rticle spectra

ies in pa

Azimuthal anisotrop
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Azimuthal anisotropies in particle spectra

4 m
Number of Particles

Quantity anisotropy using Fourier expansion:

dN N

il T4 vicos|(@ — 1) + vocos|2(¢ — 2)] + v3cos|3(@ — P3)] + ...
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In practice: use multi-particle correlations

2-particle correlation vs. An and Ad:

CMS PbPb 276 TeV ]\ 39-40%
1<pr<3GeVic

A®: DIFFERENCE
IN AZIMUTHAL ANGLE

An: DIFFERENCE
IN PSEUDO-RAPIDITY

Event Displays: © 2012 CERN, ALICE 21 Bjorn Schenke, BNL




Power spectrum of momentum anisotropies

Vn as a function of n in central Pb+Pb collisions

CMS Preliminary

PbPb \ s, =2.76 TeV
0-0.2% centrality
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CMS Collaboration, JHEP 02 (2014) 088
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Dark Blue: Coldest
Blue : Cold

Yellow Cool
Red: Hottest (but still very cold. ie: -270,4°C)

2

Planck's Cosmic Microwave Background Radiation map
2013 march the 21t thanks 10 ESA

www.esa.int
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Elliptic flow (v) is sensitive to initial shape

STAR Collaboration, Phys.Rev.Lett. 86 (2001) 402-407

| | Experimentally found
. { STAR data_ e STy PR
> Y > correlation between initial
O
S 008 O shape and momentum
o 0 .
= ; 2 anisotropy
3 0061 !4 =
L . =
® »
C 0.04; C
®, ¢ D
o : &
¢oH 0.027 § §
0

0 025 05 075 1

Number of particles n /in_

Initial shape:
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Interpretation: Strong final state effects

Azimuthal momentum anisotropy generated by
medium response to the initial transverse geometry:
Pressure gradients drive expansion

Fourier components of initial geometry

P

- ]

nitial densi Hydrod ' ©-9. g

Nitial ener ensit 'O NaMmIC -
gy y ydrody Eo~Vo

distribution expansion
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Theory: “More is different”

Complex many-body systems are not well described by simple extrapolation

from properties of a few o rticles s 1 v 1 e e SCOIENCE:
Need effective theories to describe
emergent phenomena: | ol P
More Is Different difficulties of scale and complexit;;. The
Phase transitions, critical phenomena, hydrodynamic behavior, Droken syt and e matae oS 1 b ke
the hierarchical structure of science.
gluon saturation, plasma instabilities, ... i i, e

eColor Glass Condensate (CGC): High energy eftective theory of QCD
Includes gluon saturation at small momentum fraction x and small transverse

momentum pr S Q(x) , with the saturation scale O > Agcp
— Use to compute initial conditions for heavy ion collisions

*Relativistic Hydrodynamics

— Compute the final state evolution of heavy ion collisions
25 Bjorn Schenke, BNL



Initial state from an effective theory of QCD

What is COHidiﬂg? QCD tells us: most\y g‘UOﬂS Gluon distribution from experiment:
H1 and ZEUS

High energy collisions probe small x ~ pT/\/E
(x is momentum fraction of the parton in nucleus)

—— HERAPDF2.0 NNLO
uncertainties:

Gluon saturation at pp S Q(x) - esperimentl
. . ] parameterisation
(Q, is the saturation scale) ke HERAPDF20AG NNLO
>
> ;: > (%Q QQQQQQQJ') r‘(:’ >
“‘”jmmmf “”e L
% QSQQQQQQQJ %e .

qummmu

%Qm %QQQQQQQQQQQQL—P
QeeeeQe- %QQQQQQQQQJ'

Large occupation numbers —
Classical description: Yang-Mills equations!

Leading quantum corrections can be included via
small-x evolution (BFKL, BK, JIMWLK)

26



IP-Glasma: Colliding Color Glass Condensates

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)
Particle production governed by Yang Mills equations

® Determine gluon fields inside tast moving nuclei:

® Nucleon positions from nuclear wave function

® Sample color charges in the nucleons

Their distribution is constrained from e+p scattering data from HERA
Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

® Then solve the Yang-Mills equations
[D,, F**] = J", where J¥ is constructed from co\or charges moving at speed of light

® Solve for the gluon fields after the collision 3) =0+ = A(1) T A(2)
Kovner, McLerran, Weigert, Phys. Rev. D52, 6231 (1995) Ig ; ;
Krasnitz, Venugopalan, Nucl.Phys. B557 (1999) 237 (3) ‘7- —0+ — 5 [ (1) (2)]

27 Bjorn Schenke, BNL



From gluon fields to hydrodynamics

B.Schenke, P.Tribedy, R.Venugopalan, PRL108, 252301 (2012), PRC86, 034908 (2012)

Evolve produced tields in time using Yang Mills equations

Compute energy-momentum tensor T"*(x") of the gluon fields

1 1
2nyny

2 2
7 (B + Fyn)

mag long —
el long ———r
mag tr ———

el tr

0.2 04 06 038 1

Bjorn Schenke, BNL

time [fm/c]



Relativistic fluid dynamics

- Effective theory for the long wavelength modes,
valid for a strongly interacting system

- Basic equations: energy and momentum conservation

energy density pressure

' }
0, 7" =0 with T = (¢ + P)u*u” — PgH” + II*

t t
flow velocity viscous correction

-+ constituent equations for 11"
(contains shear viscosity /) and bulk viscosity ¢, possibly heat conductivity

and higher order transport coefticients)

Equation of state P(g) relates pressure to energy density (from lattice QCD)



Relativistic hydrodynamic evolution
MUSIC hydrodynamic simulation: Au+Au collision at top RHIC energy

B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys. Rev. Lett. 106, 04230 (2011)

Duration ~10 tm/c = 3 x10-23 s, contours of constant temperature shown
30 Bjorn Schenke, BNL



Effect of shear viscosity

C.Gale, S.Jeon, B.Schenke, P.Tribedy, R.Venugopalan, Phys.Rev.Lett. 110, 012302 (2013)

n/s=20 n/s=0.1 n/s=0.2

MUSIC hydrodynamic simulation t=0.40 fm

B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys. Rev. Lett. 106, 04230 (2011)
31 Bjorn Schenke, BNL



Event-by-event fluid dynamics

C.Gale, S.Jeon, B.Schenke, P.Tribedy, R.Venugopalan, Phys.Rev.Lett. 110, 012302 (201 3)

* |nitial energy momentum tensors tluctuate
(Fluctuations of nucleon positions, sub-nucleon structure, color

E

charges, impact parameter)

* Run many configurations through hydrodynamics

» Convert tluid to particles (freeze-out)

* Compute particle correlations
» Compare to experimental data

-
&
Y »®

Bjorn Schenke, BNL



Comparing to experimental results: LHC

CMS 0.3 GeV < p1 <3GeV
n/s=0.18

60 30
centrality percentile

33



Comparing to experimental results: RHIC

-

o S

| ?5_5_*?“_‘15 e,

~ Au+Au © 200 A GeV

©

1 20 1

1 60 1

Centrality (%)

TAR 05{2}(1505.07812)
TAR 05{2}(1701.06496)
TAR 05{4}(1505.07812)
—¢-— AuAu v{2}

AuAu U2{4}
I 1 1 1 I 1 1 1 I

90 10 60

Centrality (%)




Going smaller ... (~10x smaller)

CMSPbPb276 TeV ]\ 35-40%

CMS pp 7 TeV, N, > 110
1<p;<3GeVic

//)’/'O“"\“““

)
y WD oy A
ARSI
"332‘3‘::3“““?“‘?3‘3:‘37""!”'\\‘.“
s \i‘(\"' 55
““"‘“/ 7 ' \pe=

<. ,,//,,'
5SS

remember PbPb
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elliptic anisotropy

Anisotropy in p+p collisions

0.006 Preliminary Result after correcting for back-to-

CMS pp \s =7 TeV back jet correlations estimated from
Anl>2 ¢ Lowmult. sub. low multiplicity events

— PYTHIAG sub.

v2 in the p+p data

No v, in PYTHIA

0.3 pr <3 GeV/c Our PP standard tools

- miss this physics entirely!
New extensions to PYTHIA try to

Noﬂline include the effect (final state)
tr

# of produced particles

36



Intermediate size: p+Pb collisions

ng'e
S
R o

pPb /s, =5.02TeV at the LHC

2<p;°<4GeV/c (b)) ATLAS /05 <py®<4GeV/c (c) CMS /1 <p;?<3GeV/c
1< p?.ssoc <2GeV/c 2E$b>80 GeV (O_Z(yo) O5< p?ﬁfoc <4GeV/c Noffline > 11 O, (0_30/0) 1 <p€TiSSOC< 3GeV/c

trk

A/\ )2

,,;;QV’/A" §

/ \/ ';\’;:f:/”:":'\“‘t'v
i

i
\\=

(X
A

\V
\/
bt

%

|

&
4

high multiplicity p+Pb
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vz in p+p, p+Pb, Pb+Pb collisions

see also:
O PP | Sy =5.02 TeV CMS Preliminary
] PbPb |5, = 2.76 TeV .
® pp \s=7TeV 5 pooonO [ ALICE Collaboration

Phys. Lett. B719 (2013) 29-41
Phys. Rev. C 90, 054901

O
10 e e0®0e @
e @
o
o

ATLAS Collaboration
Phys. Rev. Lett. 110, 182302 (2013);
0.3<p.<3GeV/c

! Phys. Rev. C 90.044906 (2014)
CMS Collaboration
Phys.Rev.Lett. 115, 012301 (2015)

LOOKS LIKE QUACKS LIKE

offline
Ntrk

Jared Wood vikingalligator.deviantart.com

38 Bjorn Schenke, BNL
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http://prl.aps.org/abstract/PRL/v110/i18/e182302
http://prl.aps.org/abstract/PRL/v110/i18/e182302

Hydrodynamics in small systems

Simple fluctuating initial state + hydrodynamics describes the data

0.12F p-Pb 5.02TeV

O v,{2} hydro Glauber+NB
v,{4} hydro Glauber+NB

60 80 100 120
(ZE;) GeV

Also see: Kozlov, Luzum, Denicol, Jeon, Gale; Werner, Beicher, Guiot, Karpenko, Pierog; Romatschke; Kalaydzhyan,
Shuryak, Zahed; Ghosh, Muhuri, Nayak, Varma; Qin, Mueller; Bozek, Broniowski, Torrieri; Habich, Miller, Romatschke,

Xiang; T. Hirano, K. Kawaguchi, K. Murase; ...

39

oy {2) p+Pb @ 5.02 TeV

e
with hadronic

rescatterings

without hadronic

rescatterings
y ¥

(b)

100 150 200 250 300

offline
N, trk




p+Pb v, IP-Glasma + MUSIC

Did not work

IP-Glasma

O

|IP-Glasma + round proton + MUSIC
CMS peripheral subtr.

other initial state

60 80 100 120 140 160 180
N?rﬁline

40



p+Pb v IP-Glasma + MUSIC

Did not work
Initial state was missing physics 0

IP-Glasma

IP-Glasma
CMS peripf WE ASSUMED

A ~ROUND PROTON: ‘ ‘
=+ |INITIAL SHAPE
~ROUND \/

nitial state

60 80 100 120 140 160 180 T
X [fm
N?rﬁline i

B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014)
Experimental data: CMS Collaboration, Phys.Lett. B724, 213 (201 3)

P. Bozek, Phys.Rev. C85 (2012) 014911

47 Bjorn Schenke, BNL



Include proton shape fluctuations - and constrain them

*

Exclusive diffractive J/W production: W%

Incoherent x-sec sensitive to fluctuations e oain | b
1 ik

----- Color charge fluctuations . /OR /
+ geometric and @, fluctuations

Coherent p p7 p

H1 incoherent

cross section

.....
=,
L .
'
.........
-y,
......

l..
.......
l..
L .
l..
-
l.'

1.0 15 2.0 2.5
HRERRIN (transverse momentum transfer)?

42



Need proton shape fluctuations - and constrain them

Exclusive diffractive J/W production: CERNCOURIER

Incoherent x-sec sensitive to fluctuations

PERSPECTIVES ON THE

PROTON

----- Color charge fluctuations
+ geometric and @, fluctuations
Coherent
H1 incoherent

CP violation in charm decays
SKA and treaty-based science
Reports from Moriond

cross section

.....
=,
L .
'
.........
-y,
......

l-.
.......
l..
L .
l..
-
l.'

1.0 15 2.0 2.5
HRERRIN (transverse momentum transfer)?
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Effect of proton structure in p+A collisions - & <« &

IP-Glasma + fluctuating proton + MUSIC

|IP-Glasma + round proton + MUSIC
vo{2} CMS per. sub.

Vni2}

flow anisotropy

40 o0 80 100 120 140 160 180

NIl # of produced particles

44



A smaller fluid...
MUSIC hydrodynamic simulation: top RHIC energy

p+Au collision Au+Au collision

duration ~3 fm/c, contours of constant temperature shown
45 Bjorn Schenke, BNL



Success?

Fluctuating proton + IP-Glasma + MUSIC hydro can
describe observations in p+A collisions well

We are sensitive to the shape of the proton and its fluctuations:

Study of v, distributions in p+A collisions almost like snapping pictures
of individual proton shape contigurations

Main caveat is the applicability of hydrodynamics:
Non-equilibrium corrections can be large in small systems
® Does not mean what we see is not a final state effect

® For progress in understanding the success of hydrodynamics in

describing systems tar from equilibrium see

W. Florkowski, M. P. Heller, M. Spalinski, Rept.Prog.Phys. 81 (2018) no.4, 046001
46 Bjorn Schenke, BNL




Initial state momentum correlations

LOOKS LIKE QUACKS LIKE
A PUCK. &;} A DUCK.

A
= /a7
A0 .
. . ; v Yo v v
\ 7 b L N/
w I v W
= g - ~ Ty

DUIAIA POOM, Paef

Wod'JiejueiAapiaolebl||e
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Gelis,Lappi Venugopalan PRD 78 054020 (2008), PRD 79 094017 (2009); Dumitru, Gelis,
McLerran,Venugopalan NPA810, 91 (2008); Dumitru, Jalilian-Marian PRD 81 094015 (2010);
Dusling, Venugopalan PRD 87 (2013); A. Dumitru, A.V. Giannini, Nucl.Phys.A933 (2014) 212;
V. Skokov. Phys.Rev.D91 (2015) 054014; T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan,

o ® ®
Initial state correlations
JHEP 1601 (2016) 061; Kovner, Skokov, Phys.Rev. D98 (2018) no.1, 014004; ...

Sources of correlations in the CGC:

Classical Quantum

ARSN :
ST I/Q Bose enhancement in
\)

=

L ocal

anisotropy incoming wave function

Densit
=nSity Gluonic HBT

gradients

Incoming gluons need to be close inthe Both come with similar contribution for
transverse plane to feel the same local enhancement of anti-aligned momenta

structure of the target. of same magnitude
43 Bjorn Schenke, BNL



Initial state picture generates anisotropy

Gelis,Lappi Venugopalan PRD 78 054020 (2008), PRD 79 094017 (2009) %w

Dumitru, Gelis, McLerran,Venugopalan NPA810, 91 (2008); Dumitru, Jalilian-Marian PRD 81 094015 (2010);
A. Dumitru, K. Dusling, F. Gelis, J. Jalilian-Marian, T. Lappi, R. Venugopalan, PLB697 (2011) 21-25

Dusling, Venugopalan PRD 87 (2013) 5, 051502; PRD 87 (2013) 5, 054014; PRD 87 (2013) 9, 094034

M. Mace, V. Skokov, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. 121, 052301 (2018)

Can we distinguish initial from final state effects?

Study different collision systems: Allows to control initial geometry
NEW: Study the correlation between v, and (p;)

49 Bjorn Schenke, BNL



Results confirm expectation:

RH I C SySte m Sca n 0.18 |s, = 200 GeV 0-5% (a)
PHENIX Collaboration, Nature Phys. 15 (2019) no.3, 214-220 0.16 «+-°He+Au s
ou-zii g I BE
" 1

It tinal state interactions dominate: 1o

measured anisotropy « spatial anisotropy

So engineer the geometry using
different projectiles: p, d, 3He

Simple model
expectation:
(using nucleon
degrees of
freedom)

50 Bjorn Schenke, BNL



RHIC system scan: IP-Glasma+Music+UrQMD

B. Schenke, C. Shen, P. Tribedy, Phys.Lett.B 803 (2020) 135322; Data: C. Aidala et al. (PHENIX), Nature Phys. 15, 214 (2019)

- & PHENIX v,{EP} (a) T theory v2{SP}  (b) T 0.5% 3He+Au (c)

. PHENIX v3{EP} + theory v3{SP}
- 0-5% d+-Au

0.0k
0.0

e v, (solid) and v3(dashed) - parameters constrained by AuAu data

e Bands: systematic uncertainty (different matching of EoS and removal of 2nd order
transp. coefficients)

51 Bjorn Schenke, BNL



RHIC system scan: IP-Glasma+Music+UrQMD

B. Schenke, C. Shen, P. Tribedy, Phys.Lett.B 803 (2020) 135322; Data: C. Aidala et al. (PHENIX), Nature Phys. 15, 214 (2019)

- & PHENIX v,{EP} (a) T theory v2{SP}  (b) T 0.5% 3He+Au (c)

. PHENIX v3{EP} + theory v3{SP}
- 0-5% d+-Au

0.0k
0.0

e Computed vszsimilar between systems: Initial shapes are more
similar, because of sub-nucleon degrees of freedom

52 Bjorn Schenke, BNL



B. Schenke, C. Shen, P. Tribedy, Phys.Lett.B 803 (2020) 135322

RH IC SYSte m Sca n Experimental Data: C. Aidala et al. (PHENIX), Nature Phys. 15, 214 (2019)

STAR, New at QUARK MATTER 2019

- & PHENIX v.{EP} (a) T theory v2{SP}  (b) T 0.5% 3He+Au (c)

. PHENIX v3{EP} + theory v3{SP} _

STAR CO Scahng I 0_5% d_I_Au
STAR v C() scaling —

o*®

Illlllllllll .I.Illllll [

| |||||||||
5 20 25 00 05 10 15 2.0
pr (GeV) pr (GeV)

0.0k
0.0

2.5

e STAR Collaboration presented results at Quark Matter

Discrepancy needs to be resolved
53 Bjorn Schenke, BNL




Analysis: Effect of initial state momentum anisotropy

Initial state momentum

€ P+Au #- v, ptAu STAR p+Au
e, d+Au 8- v, d+Au STAR d+Au .
c+ ¢ *HetAu  —f= vn “HetAu STAR AutAu anisotro oy
e, Au+Au un AutAu .
e - o (T =T +i(2T")
& =gV =
P (T + T¥)

e, decreases with multiplicity

Opposite to v,12}

System ordering opposite to
data at dN_ /dn =~ 20

(vpdAu>y,AUAU N calculation)

o4



Analysis: Correlation with the initial geometry

e Pearson coefficient

Re(&,- V¥)

V&P VL)

e Correlation of v, vector with

O, =

the geometry (¢&,) vector
decreases towards low

multiplicity

90



Analysis: Correlation with initial momentum anisotropy

e Pearson coefficient

Re(gp : ‘_/)f)

(&, 1*)| VL I*)

e Correlation of v, with the
initial momentum anisotropy

£, iIncreases towards low

multiplicity for all systems

o6



Analysis: What drives the elliptic anisotropy?

e Below dN, /dn ~ 10 the initial

momentum anisotropy
contributes strongly to the

final charged hadron elliptic
anisotropy

e Only above dN_,/dn ~ 100

(only AuAu here) everything
is geometry driven

e But how do we measure this?

S/



Observable to distinguish initial from final state effects

d4-Au 200 GeV =@)= |P-Glasma+MUSIC+UrQMD
0.2 < pr < 2 GeV fixed multiplicity:

,5("22 pr)) =

58



Observable to distinguish initial from final state effects

0.7 4t
O 6 d—|—Au 200 Ge\/ -.- |IP-Glasma+MUSIC+UrQMD

05l 02 <pr<2GeV fixed mu\tiplicity:
0.4 (6v3 8[pr])

ﬁ(vzza [pT]) — — —
V(@2)@lpr)?)

Correlation of v, with the initial anisotropy

59



Observable to distinguish initial from final state effects

0.7 -
0.6 d+Au 200 GeV =@)= |P-Glasma+MUSIC+UrQMD

wift = pest (€3, [s]): IP-Glasma only

051 0.2 <pr <2 GeV fixed multiplicity:
0.4 <5V22 olprl)

ﬁ(vzza [pT]) — — -
V(@2)@lpr)?)
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Observable to distinguish initial from final state effects

0.7 St
0.6 d—|—Au 200 GeV =@)= [P-Glasma+MUSIC+UrQMD

wift = pest (€3, [s]): IP-Glasma only . . . . )
0.9 0.2 < Pr < 2 GeV Pest (€2, [s]): IP-Glasma only f'Xed mu‘tlpllcrty'

0.4 S 23
0.3 | ﬁ(sza [p]) = f 1% [pr
V(@2)@lpr)?)

Expectation if initial state dominates

61



Observable to distinguish initial from final state effects

0.7 N
0.6L d+Au 200 GeV =@)= |P-Glasma-+MUSIC+UrQMD

IP-Glasma+MUSIC4+UrQMD, final state only
0.5

02 < pT < 2 GeV_*_ ﬁest(eg,[S]): IP-Glasma only fixed mU‘tipliCity:
0.4 pest (€2, [s]): IP-Glasma only < 5\/22 5[pT]>

ﬁ(vzza [pT]) — — —
V(@2)@lpr)?)

Expectation if initial state dominates
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Running the gamut of high energy nuclear collisions

B. Schenke, C. Shen, P. Tribedy, arXiv:2005.14682

-------------------- e Exactly match TH
Equatlon of State .

. from lattice QCD when switching

e Can add

- OEE O N O E E N Nl EEE BN, 9299w EEEEEEEEEEEEEEN, e EEEE NS~~~ ED§N§N§N~ N

. Voo Cluid Vo i o intermediate

: -y t : . ICFrOSCOPIC : P :

. Initial state d : : : off-equilibrium

. |P-Glasma ynamies . transport . -

5 :Ta MUSIC T: JgQmp ¢  evolution before

s L IR SRLIREEEECTEEEEEEPY - hydro
T = 04 fm — 145 M@V A. Kurkela, A. Mazeliauskas,

J.-F. Paquet, S. Schlichting, D. Teaney,
B. Schenke, P. Tribedy, and R. Venugopalan, Phys. Rev. Lett. 108, 252301 (2012) Phys.Rev.Lett. 122 (2019) 122302

B. Schenke, S. Jeon, and C. Gale, Phys. Rev. Lett. 106, 042301 (2011)

S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255 (1998); M. Bleicher et al., J. Phys. G25, 1859 (1999)

H. Elfner (nee Petersen), M. Bleicher, S. Bass, H. Stocker, e-Print: arXiv:0805.0567

A. Bazavov et al, Phys. Rev. D 95, 054504 (2017); A. Monnai, B. Schenke, C. Shen, Phys.Rev. C100 (2019) 024907
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Comprehensive description of many collision systems

e Use constant 77/5=0.12 and temperature dependent /s

Same parameters for all systems and collision energies
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Comprehensive description of many collision systems

]lll[ | | 1

—— PbPb 5.02 TeV

— —— XeXe 5.44 TeV
00 5.02 TeV
pPb 5.02 TeV
pp 13 TeV

—
—
—
—
—
—
—
—
—
—
—_
—
—
—
—
—

IIIIII | | llllll[

%
®

ALICE Pb-+Pb 5.02 TeV
ALICE Xe+Xe 5.44 TeV
ALICE p+Pb 5.02 TeV
ALICE p+p 13 TeV

L1 1 I 11 1 I 1 1 l | ] I 1 1 1 I 1 1 1

vl

| I I 1T 1 I [ L I T 1 I L

I I Illllll

Au+Au 200 GeV
—==U+U 193 GeV
— =~ Ru+Ru 200 GeV

Zr+Zr 200 GeV

0+0 200 GeV
———3He+Au (pr > 0.2 GeV)

IIIIII | | | L L L

d+Au (pr > 0.2 GeV)
p+Au (pr > 0.2 GeV)
— ==:p+p 500 GeV
B STAR Au+Au 200 GeV

® STAR U+U 193 GeV
PHENIX d+Au v2{2, |An| > 2}

11 1 I L1 1 I L1 1 I | A | I L1 1 I 11 1




Improved understanding of QCD shear viscosity

Event-by-event viscous hydrodynamic simulations with
QCD based initial states can help constrain transport properties

= Kinetic theory
= |attice QCD
== AdS/CFT limit

= Vviscous hydro
viscous hydro + flow data

I_O
—
qv
D
-
N
N~
-

¢
-
-
N

LO pQCD: P. Arnold, G. D. Moore, L. G. Yaffe, JHEP 0305 (2003) 051 pQCD/kin. theory: Z. Xu, C. Greiner, H. Stocker, Phys.Rev.Lett. 101 (2008) 082302
AdS/CFT: P. Kovtun, D. T. Son, A. O. Starinets, Phys.Rev.Lett. 94 (2005) 111601 J.-W. Chen, H. Dong, K. Ohnishi, Q. Wang,
Lattice QCD: A. Nakamura, S. Sakai, Phys.Rev.Lett. 94 (2005) 072305 Phys.Lett. B685 (2010) 277-282
H. B. Meyer, Phys.Rev. D76 (2007) 101701; Viscous hydro: P. Romatschke, U. Romatschke, Phys.Rev.Lett. 99 (2007) 172301
Nucl.Phys. A830 (2009) 641C-648C M. Luzum, P. Romatschke, Phys.Rev. C78 (2008) 034915
Ideal hydro: P. F. Kolb, J. Sollfrank, U. W. Heinz, Phys.Rev. C62 (2000) 054909 H. Song, U. W. Heinz, J.Phys. G36 (2009) 064033
P. F. Kolb, P. Huovinen, U. W. Heinz, H. Heiselberg, H. Song, S. A. Bass, U. Heinz, T. Hirano, C. Shen,
Phys.Lett. BS00 (2001) 232-240 Phys.Rev.Lett. 106 (2011) 192301
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Outlook: More happening at RHIC

® RHIC's fluid also shown to be the most vortical _—

LB Boh itz AN I AN, SN L
\\ ,f.:f;;'i. 0 r B S AN N A
S ‘Hy AURORID
[ J [ J
O wors s T
. PARIS = SUMMER YOUTHFUL Vi 542 N 7665
EEEEEEEEEEEEEEEEEEEEEEEE
Time Jor nations to match Recommended reading for How the hypothalamus helps
words with deeds the hotiday season to control the ageing process
PAGE28 PAGE 52

the chiral anomaly of QCD - most recently with isobars STAR Collaboration
Natue 548, 62-65 (2017)

r | 'C upgrade

® RHIC Beam Energy Scan Il will probe higher net baryon =
density regions of the phase diagram - search for the s 220,
critical point of QCD using event-by-event tluctuations

e sPHENIX is planned to study fully resolved jets, Upsilon -~
states, and heavy quarks as QGP structure probes S

Phenomenology for all of these aspects

needs a framework as the one described in this talk + extensions
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Outlook: Electron lon Collider -2030

Calculations depend on description of incoming nuclei:
Spatial and momentum distributions of color charges / gluon tields

Future Electron lon Collider will help:
® Tomography of nucleon/nucleus and study of gluon saturation
Important inputs for heavy ion physics

=
o

' . °
proton spin
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Outlook: Electron lon Collider -2030

H

O | | 0 SAVE ENERGY, SAVE
 ENERGY.GOV SCIENCE & INNOVATION ENERGY ECONOMY SECURITY & SAFETY iGNy

Department of Energy

Electron

U.S. Department of Energy Selects =
Brookhaven National Laboratory to Host /-

lon Injector

Electron
Injector

Major New Nuclear Physics Facility
Tl W

;, ¥ o
Possible /7 Polarized
7 4
Detector ’ /’ Electron
Location Source

JANUARY 8, 2020

Possible
Detector
Location

Electron

Home » U.S. Department of Energy Selects Brookhaven National Laboratory to Host Major New Nuclear Physics Facility jiestor (RES)

WASHINGTON, D.C. - Today, the U.S. Department of Energy (DOE) announced the selection of
Brookhaven National Laboratory in Upton, NY, as the site for a planned major new nuclear physics

research facility. (Polarized)

lonSource

The Electron lon Collider (EIC), to be designed and constructed over ten years at an estimated cost
between $1.6 and $2.6 billion, will smash electrons into protons and heavier atomic nuclei in an

Booster

effort to penetrate the mysteries of the "strong force” that binds the atomic nucleus together.
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Outlook: Electron lon Collider

Proton size and shape at high energy: Study coherent and incoherent diffraction
Small-x evolution from numerical solution ot JIMWLK equations:

Fit range 0.1 < [t| < 0.6 GeV? L0 = gRe Tt Vi(z,y), Ay = [0.0,1.8,3.5,5.3]

—— Fixed o,  Hi1 (2005
5| === Running o, H1 32013; /'
|Psat ZEUS o
1 5.5 i i
> ['. il % “ = 7
> I [, ‘ '¢ A . |

Proton grows with energy Protons stay lumpy at high energy

/0



Diffractive vector meson production off light ions

Constrain the shape and fluctuations of the small-x gluon distribution
in light ions like d and 3He - better constrain initial state for RHIC system scan

y4+d— J/U+d Q*=0GeV? small-x evolution of the deuteron

— With subnucleon fluctuations |
- No subnucleon fluctuations




Summary: Rule of 3 (What you will likely remember)

1 The guy’s slides had a black backgrouna

2 There was a cool video

3 The Electron lon Collider (EIC) is coming to Brookhaven

72 Bjorn Schenke, BNL



Summary: Rule of 3
1

Heavy ion data described quantitatively by framework built from eftective theories

2 There was a cool video

3 The Electron lon Collider (EIC) is coming to Brookhaven
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Summary: Rule of 3
1

Heavy ion data described quantitatively by framework built from eftective theories

2

Final state effects and sub-nucleon fluctuations are needed to describe small systems:
po+A collisions create the smallest fluid on earth, but other eftects are present

3 The Electron lon Collider (EIC) is coming to Brookhaven
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Summary: Rule of 3
1

Heavy ion data described quantitatively by framework built from eftective theories

2

Final state effects and sub-nucleon fluctuations are needed to describe small systems:
po+A collisions create the smallest fluid on earth, but other eftects are present

3

The Electron lon Collider (EIC) is coming to Brookhaven
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Thank you!

This work is supported by §@/

Computations done at the
National Energy Research Scientific
Computing Center supported by

the Office of Science of the U.S. DOE

Thanks to my collaborators

Charles Gale, Sangyong Jeon, Heikki Mantysaari,

Soren Schlichting, Chun Shen, Prithwish Tribedy,
Raju Venugopalan

)

https://quark.phy.bnl.gov/~bschenke

DIY: All components publicly available

IP-Glasma Initial State:
https://github.com/schenke/ipglasma

Music Hydrodynamics:
http://www.physics.mcgill.ca/music

Equation of State:
https://sites.google.com/view/gcdneos

Particle Sampler:
https://github.com/chunshenl987/iSS

UrQMD Afterburner:
https://github.com/jbernhard/urgmd-afterburner
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