The initial state and early time dynamics in heavy-ion collisions

Ron Belmont
University of Colorado Boulder

APS April Meeting 2018
Columbus, OH
16 April 2018

@]l University of Colorado
Boulder

R. Belmont, CU-Boulder APS April, 16 April 2018 - Slide 1



What do we mean by the initial state and early time dynamics?

What is the initial state?
@ Size: how big is the overlap?
@ Shape: what does the overlap look like?

MC Glauber IPGlasma

,“’ ™

What are early time dynamics?
@ How does the system evolve given the initial conditions?
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Standard model of heavy ion physics

collisions thermalization hydro hadronization freezeout
.
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Initial fluctuation hydrodynamic model final state interactions
Phase Initial state & early times?
Initial overlap Yes
Pre-equilibrium Yes
QGP in hydro evolution Yes
Hadronization No
Hadron gas phase No
Freezeout and final state | No
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Azimuthal anisotropy measurements

-
dy

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

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

@ Y = Qb — Yre

V/(r? cos np) + (r?sin nyp)
(r?)

1+ Z 2v;, cos ny Vo = {(cos ny) €n =
n=1
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Azimuthal anisotropy measurements

Lower pressure gradient

A

/3/;\ Higher
S » pressure
\//VC/ gradient

v

-
dy

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

@ Symmetry planes v, can be different for different harmonics

o QP:d)/ab*wn
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Data and theory for v,
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A very brief history of recent heavy ion physics

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

o 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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A very brief history of recent heavy ion physics

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

o 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.” —Jiirgen Schukraft, QM17

R. Belmont, CU-Boulder APS April, 16 April 2018 - Slide 7



Which is which?

;i 1o Monte Carlo Glauber 72477
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Figures courtesy D. V. Perepelitsa
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..maybe we shouldn’t be so surprised?
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Which is which?

Figures courtesy D. V. Perepelitsa
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..maybe we shouldn't be so surprised?
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Testing the hydro QGP picture in small systems

Two key ideas (several years of RHIC operations)

@ Vary the geometry (different collision species), fix size and lifetime (same collision energy)

o Fix the geometry (same collision species), vary the size and lifetime (different collision energy)
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Intermission

Small systems geometry scan
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Testing hydro by controlling system geometry

@ Hydrodynamics translates
initial geometry into final state

@ Test hydro hypothesis by
varying initial state

€2 €3
p+Au 024 0.16
d+Au 0.57 0.17
*He+Au | 048 0.23
° 6;2)+Au < EngAu ~ 8%He+Au
° 5[3>+Au ~ angAu < SgHe+Au

R. Belmont, CU-Boulder
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Vo Vs pT in the geometry scan

PHENIX, Phys. Rev. C 95, 034910 (2017)

0.227\ 1T ‘ L ‘ L ‘ LI ‘ LI ‘ L T T \7
[ = p+Au 200 GeV 0-5% ]
O'Zf = d+Au 200 GeV 0-5% E
0.18F " °He+Au 200 GeV 0-5%
[ == SONIC p+Au
0.16 B== SONIC d+Au
0 14: = SONIC *He+Au H
. . 0.12}~ @ =
@ v, ordering as expected from &, ordering K r ﬂ b
e Hydro theory fits data perfectly 0.1 @ ' ﬂ E
0.08F @/ =
0.06F P ﬂ =
0.04[~ =
0.02~ PHENIX =
O: Il l | ‘ | ‘ - ‘ - ‘ I - ‘ L1l 1:
0.5 1 1.5 2 2.5 3 3.5

p_(GeVic)
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v3 Vs pT in the geometry scan

0.1

PHENIX 3He+Au PRL115, 142301 ——
0.08 | PHENIX d+Au preliminary QM2017 —o— .

d+Au IP-Glasma+MUSIC PREDICTION m =
0.06 | *He+Au IP-Glasma+MUSIC —

(2]
>
0.04 B. Schenke QM17
0.02
0
0 0.5 1 1.5 2 2.5

pr [GeV]

@ v3 in d+Au less than vs in *He+Au as expected from e3
@ Excellent agreement between theory and experiment
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vo and vz vs pT in the geometry scan

o ghSheF? etglgs 014906 (2017 | — IEBEVISHNU®, | # ® PHENIX v, data
ys. Rev (017} iEBE-VISHNU u, 4 A PHENIX v; data
n 0.15/ .59 p+Au | 0-5% d+Au - | 0-5% *He+Au gim™
=
g’j_/ 0.1 1 (c)
5

MC-Glauber

.0 05 1.0 15 2.0 25 0.0 05 1.0 1.5 2.0 25 0.0 0.5 1.0 15 2.0 2,5 3.0
T (GeV) pr (GeV) pr (GeV)

@ v and v3 follow pattern of €2 and &3

o Last piece of puzzle: v3 in p+Au is in the works
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Quick recap of small systems geometry scan

Second harmonic

p+Au d+Au

o Geometries: eb™™" < &9 SHetAu

~ e
o Observables: Vi < ydtAu o SHetAu
Third harmonic
o Geometries: 5™ & gdtAU < gHetAu

3He+Au

?
p+Au o . d+Au
Ry <y

o Observables: v;
What's next?
@ v3 in p+Au coming soon!

@ Alternate explanations? Need more theory calculations!
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Intermission

Small systems beam energy scan

R. Belmont, CU-Boulder APS April, 16 April 2018 - Slide 16



Testing hydro by controlling system size and life time

J.D. Oﬁuela Koop et

4o Phys. Rev. C 93, 044910 (2016)
£ Spacet|me volume  so2Tey
o Standard picture for A+A: 27F in QGP phase
. . £ 30f 3 fm
QGP in hydro evolution 5 F
25F
e What about small systems? % E
And lower energies? ‘5205}@ 2,
.. . X 15
@ Use collisions species and gt @““m 200 GeV
energy to control system g 1°§ o
size, test limits of hydro s/ e
. “r- £ 1 1
applicability 0 e e o

Center-of-Mass Energy [GeV]
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Vo VS p, comparisons to theory

Va

PHENIX, Phys. Rev. C 96, 064905 (2017)
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oafb O¥AU \s.. = 200 GeV 0-5% 3 d+Au s, = 62.4 GeV 0-5% 3 d+Au ys,, =39 GeV 0-10% 1 d+Au |5, = 19.6 GeV 0-20%
“F <035 ] PHENIX Extrapolated
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o Event plane v» vs pr

measured for all energies
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Vo VS p, comparisons to theory

Va

PHENIX, Phys. Rev. C 96, 064905 (2017)
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Inl <0.35 § === SONICv, PHENIX Extrapolated
035F @ V,{EP} F = superSONICv, + F Res(w; M%) B
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@ Event plane v» vs pr measured for all energies

o Hydro theory agrees with higher energies very well, far underpredicts lower energies—lots of
non-flow at lower energies
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AMPT p+Au
AMPT d+Au
AMPT 3He+Au

PHENIX He3+Au
PHENIX d+Au

PHENIX p+Au

PH ENIX
preliminary

3 3.5
P, [GeV/c]
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Vo Vs p7, comparisons to AMPT

PHENIX, Phys. Rev. C 96, 064905 (2017)
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Vo Vs p7, comparisons to AMPT

PHENIX, Phys. Rev. C 96, 064905 (2017)
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>0_45_d+Au Vs, = 200 GeV 0-5% 3 d+Au \s..=62.4GeV0-5% F d+Au |5, =39GeV0-10% 3} d+Au |5, =19.6 G VO'ZOf’ 3
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o AMPT flow only shows good agreement at low pr and all energies
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Vo Vs p7, comparisons to AMPT

PHENIX, Phys. Rev. C 96, 064905 (2017)
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o AMPT flow only shows good agreement at low pr and all energies

@ AMPT flow-+non-flow shows reasonable agreement for all pr and all energies
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Multi-particle correlations

flow and nonflow
A Vp = <COS(H(¢some particle — w")»

Vr? = <C05(n(¢some particle — ¢some other particle))>

@ How to deal with “fake flow”?

'\ —Kinematics

—Combinatorics

< >
vi = (cos(n(¢a — ¢5)))
dh vi = (cos(n(¢a + db — e — ¢a)))
ve = (cos(n(ga + b + de — da — de — bf)))
v
v
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Nonflow approaches in AuAu

S OA2 e e e S OA2 e e e
7 [ Au+Au Sy, = 200 GeV & Vo{2} ] 7 [ Au+Au Sy, = 200 GeV o Vo{4} ]
L hl<pisss o~ 1 r e l<pi<s o~ 1
01 PH “ENIX n 0.1~ PH “ENIX ]
r preliminary b r preliminary b
0.08 [~ - 0.08 [~ —
0.06 - . 0.06 - .
0.04 . 0.04 .
0.02 [# . 0.02— .
I I B B I N W N B B I I B B I N W N B B

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Centrality (%) Centrality (%)
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Nonflow approaches in AuAu

0,12 (e e e e S OA2 e e e
7 [ Au+Au Sy, = 200 GeV & Vo{2} ] 7 [ Au+Au Sy, = 200 GeV o Vo{4} ]
oqf Mishiss™ o o Vy{2,]An|>2} 4 oqf Mishiss™ o o V,{4} E
i PH “ENIX ] L PH “ENIX ablab ]

r preliminary b r preliminary b
0.08 [~ - 0.08 [~ -
0.06 - . 0.06 - .
0.04 . 0.04 .
0.023 . 0.02— .
Coen bbb b b s b b s b by Coen bbb b b s b b s b by

0O 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
Centrality (%) Centrality (%)

o Large pseudorapidity separation
—Big difference for 2-particle (good)
—No difference for 4-particle (good)
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Nonflow approaches in AuAu
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o Large pseudorapidity separation
—Big difference for 2-particle (good)
—No difference for 4-particle (good)

R. Belmont, CU-Boulder
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Multi-particle vo in the d+Au beam energy scan

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

200 GeV 62.4 GeV 39 GeV 19.6 GeV
N [T e e L e A taaazaac e
> d+Au Sy 200 GeV d+Au \s,, = 62.4 GeV d+Au \s,, =39 GeV d+Au \s,, = 19.6 GeV
0.12F o - T PHENIX T 1<n<3 ]
0.1 ."-., T T T "V} ]
- ...
0.08f M r .'o‘ T overeteetecetessgetetes T .-w.,“...’ 4
0.06f + ¢ + 1 1
0.04f T T T b
0.02F T b 7 b
‘ @ (b) (c) (d)
015505550350 s 5 01520 25 30 35 40 45 5 10 18 5025 30 35 4045 5 161550 5530 35 40 45
NFVTX NFVTX NFVTX NFVTX
tracks tracks tracks tracks
o v»{2} relatively constant with N5¥1X and collision energy
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Multi-particle vo in the d+Au beam energy scan

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

200 GeV 62.4 GeV 39 GeV 19.6 GeV
e ———— TP T T T TP TP e P T P Fre e e rrre e S———.
> d+Au Sy 200 GeV d+Au \s,, = 62.4 GeV d+Au \s,, =39 GeV d+Au \s,, = 19.6 GeV
0.12F o N T PHENIX T l<n<3 ]
0.1 T T T VA2 ]
[ o6, ) IV{4}
008_‘ M- '0. T 'WT T .o'“‘\-.ﬂ.."....' * Vi{ﬁ} ]
0.06F + o T by T t 1 T ]
- PRTE RO TH
0.04F +++ 1 t t 1 1 1
0.02F - ] ] 7
' (a) (b) (C) (d)
..................................................................................................................... A AR A
510 15 50 2536 3540 45 5 10 1520 2530354045 5 10 15 20 2530 354045 5 10 15 20 25 30 35 40 45
Niracks Niracks Niracks Niracks

o v {2} relatively constant with N,

FVTX
tracks

@ Measurement of v>{4} in d+Au at all energies
@ Measurement of v2{6} in d+Au at 200 GeV

and collision

energy
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Multi-particle vo in the d+Au beam energy scan

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

200 GeV 62.4 GeV 39 GeV 19.6 GeV
P Laabd Aadaa kadat iy b LRIy s ae AL  aaanad e e ey o P P
=t d+Au Sy 200 GeV d+Au \s,, = 62.4 GeV d+Au \s,, =39 GeV d+Au \s,, = 19.6 GeV
0.12- . T T PHENIX T l<n<3 ]
0 1'_ .'-. I I 1 ° v2{2} J
R ) =V {4}
0.08 [ O S T '_""""[ fia o 1 +v{6} 1
0.06F o T by T t 1 T ]
ey ;
0.04F i + 1 t 1 1 1
0.02F T T T 1
: (a) (b) (C) (d)
..................................................................................................................... A AR A
5 10 1520 253035 4045 5 10 1520 2530354045 5 10 15 20 2530 354045 5 10 1520 2530 354045
NFVTX NFVTX NFVTX NFVTX
tracks tracks tracks tracks
FVTX

v2{2} relatively constant with N/, 5 and collision energy
Measurement of v»{4} in d4+Au at all energies
Measurement of v»{6} in d4+Au at 200 GeV

v2{4} increases and approaches v»{2}
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Multi-particle vo in the d+Au beam energy scan

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

>(\I 01: T T T T T F\}TX‘ T T 3
0.09; d+Au, 10 < Ntracks <30 3
- o .
0.08 ° —
E & 3
o Select 10 < NFYIX < 30, 0.07t B ) E
integrate 0.06— ........................................... o —
o AMPT sees similar trend i N - e E
0.05F % ________ =
@ Fluctuations? N e
o Not Bessel-Gaussian 0-04; =
e Not small-variance 0 03i =
limit el = PHENIX Data AMPT E
o Need to understand = =
fluctuations better O'OZE ® NZ{Z}D NZ{Z}D 3
0.01— n N2{4}D W2{4}D =
0 E Il Il Il Il Il Il Il Il ‘ Il .
20 30 40 50 607080 107 2x10?
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Quick recap of small systems beam energy scan

@ Good agreement with hydro at 200 GeV and 62.4 GeV, bad agreement at 39 and 19.6 GeV
—Nonflow

Good agreement with AMPT at all 4 energies
Measured v»{6} at 200 GeV

Measured v»{4} at all 4 energies energies

Need to understand the fluctuations better
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Intermission

Hard scattering as understood by a flow person
(Caveat emptor)

Hard scattering means large momentum transfer Q? between partons

o Leads to final state particle with large pr

@ Probe small distance scales x ~ 1/Q
(e.g. 2 GeV <> 0.1 fm)

Probe early times because scatterings occur during nuclear crossing 7 = 2R /v
(e.g. 7 = 0.13 fm for Au+Au at 200 GeV)
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Hard scattering in large systems

20

ALICE
0-10% Pb-Pb, |s,, = 2.76 TeV

Average D°, D, D*", |y|<0.5
with pp p,-extrapolated reference
Charged particles, |n|<0.8
Charged pions, n|<0.8
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=351 is 0-5% cent. and Npm=325 is 0-10% cent. (partly overlapping)
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o

Raa < 1 means particles are suppressed

Bigger system: more suppression

Suppression even in peripheral (small-ish)
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Hard scattering in small systems

§1.87\HH T T — = T T T T T 1 T T T T T T T T T T+
Iﬁ1.ef— 3 1.6 F 7°Rua 3
1t < 1.4 £ min bias E
1o E t d+Au /syv = 200 GeV ]
C - :-4—1—:—-——’——0— E 12 :_ _:
OBI; : 1 T I T ]
o.sz— E.% 1825 gb(?TeV E 08k E iif e ) I .
0_4; ATLAS Preliminary pr \wsNN_SOZ TeV —i ) C PHEN|X PRL 98 172302 3
ook -2.0<y<1.5 390/25 nb’! 3 0.6 L FARTTORN T TUPR TUR TOR TP T
L o ° ATLAS-CONF-2016-108 0 2 4 6 8 10 12 14 16
10 p, [Gev] 1 pr(GeV.
p/l{-*;A
® Ryjan = 7,\,5;5’2::';7\/50”
@ R,/4a ~ 1 means no modification

@ Only showing minimum bias...

Similar system size as peripheral Au+Au but no suppression?
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Selection bias

C. Loizides and A. Morsch, Phys. Lett. B 773, 408 (2017)

0.2

\II\I\\|\\I‘\I\[I\I

o + o +

U T T L T —T

Impact parameter, 0.2 TeV
Multiplicity (3<nl<4), 0.2 TeV
Impact parameter, 5 TeV

Multiplicity (2.5<Inl<5), 5 TeV

\II‘I\\'\\I‘\I\‘I\I’\

o

20 40 60 80 100

Centrality (%)

Suppression in peripheral A+A could be
entirely due to bias effects

@ More multi-parton interactions at
small b, fewer at large b

o Correlation between centrality
selection criterion (e.g. event
multiplicity) and hard process rate
(i.e. presence of high pr particle)

@ End result for both is same: more
hard collisions in “central” vs
“peripheral”
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@ The initial state seems to be well-described by MC Glauber and IP-Glasma
@ The early time dynamics appear to be well-described by hydrodynamics
@ System energy dependence shows intriguing results

@ Collision geometry dependence agrees extremely well with hydro
—Room for alternate explanations? Yes! Need more theory predictions

@ Hard processes occur during early times and probe small distances
—QGP microscope

@ Small systems exhibit collectivity but not high pr particle suppression
—We used to claim that small systems are too small, but peripheral A+A is also small...
—Apparent peripheral suppression may be misleading, bias effects can be significant...
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Additional Material

Additional Material
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Multi-particle correlations: combinatorics and fluctuations

0.05
Vv, (charged hadrons)

= Vy{2}(4n|>0)
= vy{2(an|>1) 1
] VA4

0.04

0,12 e e - B e e e B
> [ Au+Au Sy —ZOOGeV 5 Vz{zler]|>2}: L ALICE Preliminary, Pb- beventsat\/—NL 2.76 TeV |
Foht1<hi<s Y en O Vo{4} ] L gg8288300,, i
0.1 PH ENIX © v 0.1 ee e,

E preliminary + vo{8} I . L
0.08 P ' Nt |
L "1 5

0.06 e

0.02 - =1 v»{6} 1
i L 1 w208} |
O\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ OOHHl‘o”"2‘0”“3‘0‘”‘4‘0”“5‘0””6‘0””7‘0””80

0O 10 20 30 40 50 60 70 80 90 100 : i
Centrality (%) centrality percentile

o Favorable combinatorics—dilution factor = | % | /(}) ~ (k — 1)1/N*7!

@ Insights into fluctuations: “cumulant” v,{k} mixes different moments of v,
f2} = (vi +0°)"% {4} = va{6} = vaf8) & (v — 0%)'/?
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Back to basics (a brief excursions)

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

e = (x") = /+00 x"f(x)dx

The moment generating function:
. +o00 . +oo tn e tn
M, (t) = (e >:/ e”f(x)dx = me f(X)dXZZ'u"ﬁ
- —° p=0 n=0
Moments from the generating function:
d" M, (t)
="
t=0

Key point: the moment generating function uniquely describe f(x)
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Back to basics (a brief excursions)

Can also uniquely describe f(x) with the cumulant generating function:

Ki(t) = In My(t) = Zﬁn%
n=0 !

Cumulants from the generating function:

d"K
L dK()
o[ AL PN
Since K« (t) = In Mi(t), Mi(t) = exp(K«(t)), so
iy = d exp(fx(t)) k= d"In /\:lx(t)
dt 0 dt =0

End result: (details left as an exercise for the interested reader)

Un = ZBn,k(Fél,---,Hn—kﬂ) = Bn(K1, e, Kn—k+1)

k=1

K= (1) (k= )!1Bos(pir, ooor pinks1) = La(Kt, oory Knks1)
k=1
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Back to basics (a brief excursions)

Evaluating the Bell polynomials gives

x) = k1
(x*) = ko+hi
<><3> = K3+ 3Kk1Ko + /@%
<X4> = K4+ 4K1K3 + 353 + 65?52 + l—si‘

One can tell by inspection (or derive explicitly) that k1 is the mean, k; is the variance, etc.
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Back to basics (a brief excursions)

Subbing in x = v,, k2 = o2, we find

(<V3> = V,‘,1 + 6%302 + 30" + 4vpks + m)
7(2<v3>2 - i traiet+ 204)
4>
<V§>_2<V3>2 = —V:+2V30'2+0'4+4Vn:‘i3+1€4
Skewness s: K3 = so°
Kurtosis k: k4 = (k — 3)o*
vo{2} = (v,? + 02)1/2
{4} = (vi—2v20® —dveso® — (k —2)0*)/*

So the correct form is actually much more complicated than we tend to think...
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Eccentricity distributions and cumulants

" e
£ 0.035—p+Au, [,0=0.27, 0= 0.14, 5 = 0.5, k = 2.86 p+Au  d+Au
9 0 03i—d+Au @ =056, 0=0.24,s =-0.16, k = 1. 97, el 0.00531 0.0983
Tk 1 2e30° 0.00277  0.0370
= 0.025[ = 4ers0° 0.00147  -0.0053
= = ] (k—2)o* 0.00031 -0.0001
o 0.02 =
c C 4

0.015 1 e the variance brings e2{4} down (this term gives the

E ] usual \/v2 — o2)
0.01~ 1 e positive skew brings £2{4} further down, negative
0.005F 1 skew brings it back up
oo kurtosis > 2 brings £2{4} further down, kurtosis < 2

T O AR U B B Bt . .
% 01702 03 04 05 06 07 08 09 1  brings it back up
eccentricity ¢, —recall Gaussian has kurtosis = 3

e2{4} = (3 — 2¢30% — 4eas0” — (k — 2)o)/*
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Eccentricity distributions and cumulants

x107° x107

0 0.30F 0 g 0.30F e .
€ r PHENIX p+Au E 200Gev | & £ PHENIX  d+AU \E 200 GeV |
2 0.255 <hl<3 3 o255 I<hl<3 4
= F ¢ o [0 1 8 F . « M@ ]
£ 02F 2mm@ 4 E o2F + - 2mm
o C | o C i
o L = ] © L 1] ]
0.15F .. 4 0.15F H =
F e 9 E v 3
0.1 L ;j 0.1 Yeuy . E
E frg,, R E SV I sy
0.05[~ "rresiii,, . d oosf %
HE, 4 FO bbb o]
0.02- 4 002 . cf4) = M@ 220
£ ] £ —— AMPT ]
0.01+ - - =
T o ] g N ]
N ] i 1 RERERPEY:
-0.01F o c {4} = MM 220 2 g
o002, o AMPT 3 MO

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

w{4} = (vs — 2vic? — dwso® — (k — 2)o*)!/*

@ Eccentricity fluctuations alone go a long way towards explaining this
o Additional fluctuations in the (imperfect) translation of €5 to w7
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CGC inspired calculations of multiparticle correlations

Mark Mace, Initial Stages 2017

A ——
/? 0.25 =+ {2} 03rems pP:: \Sww = 5.02 TeV ]
—— w{d} ATLAS, = E7">80 GeV

8 0.20 2_ 4\/2 V2{2} O V{2, IAnI>2}
~ 0201 Q?=2Ge S Vi
& 0.2[" ALICE, 0-20% 1
= o015 o dh V{2, 1AN|>0.8}
N > 5

0.10

0.1 ‘% J
0.05
]
0.00 [ ]

0.0 0.5 1.0 1.5 2.0 0.0

p. [GeV] ;2>T (GeV/c)4

l

o Dusling, Mace, Venugopalan arXiv:1705.00745 and arXiv:1706.06260
@ Striking similarity between CGC inspired calculations and LHC data

o Caveats: p+A only, Qs doesn't directly map to collision energy/multiplicity
Challenge and opportunity: p/d/*He+Au
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CGC inspired calculations of multiparticle correlations

Mark Mace, Initial Stages 2017
—r

oMSPP (g o502V |
0.7 . 03< p < 3.0 GeVic; In| <2.4 4
0.6
s o vel2)
gm §_ oo(:oo o 6608585
< o3 SN ¢DD¢W2.‘ =
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o ~+ ul) = wlo) LRVAVARVAL:S
. —4— w{d)  —4— w{s}
o e w8l vallYZ)
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s e e

o Dusling, Mace, Venugopalan arXiv:1705.00745 and arXiv:1706.06260
@ Striking similarity between CGC inspired calculations and LHC data
o Caveats: p+A only, Qs doesn't directly map to collision energy/multiplicity

Challenge and opportunity: p/d/*He+Au
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MC Glauber vs IP-Glasma

0.2 g
= p+Au 200 GeV 0-5% 3]
0. = d+Au 200 GeV 0-5% 7
01 = *He+Au 200 GeV 0-5%
SONIC p+Au
0.16~ £ SONIC d+Au

== SONIC *He+Au

@@

ey
%ﬂ

e PHENIX

) A A B IR R I S
05 1 15 2 25

pT(GeV/c)

o Glauber left, IP-Glasma right

R. Belmont, CU-Boulder
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MC Glauber vs IP-Glasma

0.2y >
EL pLAu o0 (‘Sev 0_5%‘ 1 0220 = PHENIXHessau —— IPGlasma + Hydro SHerAu
0.2F = E m PHENIXdehu —— IPGlasma + Hydro d+Au
[ " d+Au200Gev o5 ] 0.2 u PHENIX p+Au —— IPGlasma + Hydro p+Au
018: = “He+Au 200 GeV 0-5% E
C SONIC p+Au 0.18—
0.16; | SONIC;HAu 0160 .
0.14F B soniC Heau I i 1 H o . i
e % @ ol EN Jt
NO.lZ; E @ i 3 0.12}~ L]
> £ 1
0.1+ H ﬂ B 0.1
0.08> , ﬂ ﬂ 1 008
0.065 g i 3 o006
0.04 4 0.04- ~—
E /m p 3 00zt PH ENIX
0.02~ PHENIX B : preliminary
o 3 45 2 25 3 3s
0.5 1 15 2 25 35 pT[GeV/c]

pT(GeVlc)

o Glauber left, IP-Glasma right
@ Can tune parameters to match d/3He+Au but can't get all three
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MC Glauber vs IP-Glasma

0.2y >
EL pLAu o0 (‘Sev 0_5%‘ 1 0220 = PHENIXHessau —— IPGlasma + Hydro SHerAu
0.2F = E m PHENIXdehu —— IPGlasma + Hydro d+Au
[ " d+Au200Gev o5 ] 0.2 u PHENIX p+Au —— IPGlasma + Hydro p+Au
018: = “He+Au 200 GeV 0-5% E
C SONIC p+Au 0.18—
0.16; | SONIC;HAu 0160 .
0.14F B soniC Heau I i 1 H o . i
e % @ ol EN Jt
NO.lZ; E @ i 3 0.12}~ L]
> £ 1
0.1+ H ﬂ B 0.1
0.08> , ﬂ ﬂ 1 008
0.065 g i 3 o006
0.04 4 0.04- ~—
E /m p 3 00zt PH ENIX
0.02~ PHENIX B : preliminary
o 3 45 2 25 3 3s
0.5 1 15 2 25 35 pT[GeV/c]

pT(GeVlc)

o Glauber left, IP-Glasma right
@ Can tune parameters to match d/3He+Au but can't get all three

@ Known issue in IP-Glasma of too-circular protons
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IP-Glasma in p+p
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H. Mantysaari et al, Phys. Lett. B 772, 681 (2017)
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| B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014) _| 0.02 lfl ﬂ E E ﬂ . h
________________________ L R A X e
1 1 1 1 1 1 1 1 O | 1 1 1 1 1 1 Il
0 20 40 60 80 100 120 140 160 180 0O 20 40 60 80 100 120 140 160 180

Nﬁgline Ng{(ﬂine

Round protons on left—spectacular failure

Realistic proton shape (and fluctuations) on right—dramatically better
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fluid to rule them all

0.14
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0.1F

- 0.08
>
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0.02

R. Weller and P. Romatschke, Phys. Lett. B 774, 351 (2017)

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%
' v'z '*data for \/;=13 TeV ) ) vz' i i : '2v2 i i i <
V3 **v,, subtracted T V3 Ep T V3 7
Va/2 Vg e Va/2 ¢®
ATLAS, Nep=60+ —@— T ATLAS, Ncp=110-140 —@— ED T ALICE, 0-5% —@— ’ T
ATLAS*, Ncp=60+ +—— CMS, Nyx=120-150 —&— L ]
CMS**, Nirg=110-150 —E— §" LIJ ° T [ ] 7
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® o L ®
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$ . . 1 8 e © 1l g oo ° 1
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o MC Glauber initial conditions

o NB: single set of fluid parameters for all systems
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