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Collectivity at RHIC

What is collectivity?
What is RHIC?

Why should we care about collectivity at RHIC?
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The Relativistic Heavy lon Collider

—

R. Belmont Collectivity at RHIC Slide 4




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  Collision Energies (GeV)

pT+pT 510, 500, 200, 62.4

p+Al 200

p+Au 200

d+Au 200, 62.4, 39, 19.6

3He+Au 200

Cu+Cu 200, 62.4, 22.5

Cu+Au 200

Zr+Zr & Ru+Ru 200

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

And lots more to come!

R. Belmont
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What is collectivity?

No fully agreed-upon definition...

For some, it means hydro evolution (too narrow)
For some, it means multiparticle correlations have a certain sign (too specific)

My proposal: existence of global correlations
—e.g. translation of initial geometry to final state observables
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Standard model of heavy ion physics

collisions thermalization hydro hadronization freezeout
. ¢ K A
= -| §* : & b "
Initial fluctuation hydrodynamic model final state interactions

Initial state: very well-described by CGC, see talks by Adrian and Vladi in this session!

Thermalization may not be needed for hydro evolution to occur, see talk by Ryan in this

session!
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Azimuthal anisotropy measurements

dN
dy

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

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

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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Azimuthal anisotropy measurements

Lower pressure gradient

A

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

v bt

v

dN
dy

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

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

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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Important discovery in 2005

Standard Eccentricity

Nucleus 1 Y___ Nucleus 2

A nucleus isn't just a sphere
Optical Glauber — Monte Carlo Glauber

R. Belmont

G. Roland, PHOBOS Plenary, Quark Matter 2005

Participant Eccentricity

Nucleus 1

b —ommmmeINGINATUN T Nucleus 2
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Important discovery in 2005

G. Roland, PHOBOS Plenary, Quark Matter 2005

Standard Eccentr|C|ty Participant Eccentrlmty
[/PHoBOS '200 Gev | ] o4 PHoB0S 200 GeV |
~ 0.8 - c
o —~ I Cu+Cu
E Cu+Cu E 03 preliminary Au+Au
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_:W/ '/‘\N 0.2 ﬁ}ﬂ oy + ¢ + + 7
o — — > ’
>N 0.4 % Au+Au + < ﬁ++# T
0.2~ § hom wom wo® - 0.1 [t m
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% 100 200 300 400 % 100 200 300 400
Npart Npart

A nucleus isn't just a sphere
Optical Glauber — Monte Carlo Glauber
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Important discovery in 2010

AIver_IaBd Roland, Phys. Rev. C 81, 054905 (2010)
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Collectivity at RHIC

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

Symmetry planes 1, can be
different for different harmonics

© = ¢1ab — Yn
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Data and theory for v,

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

0.2 [|vy ==« | RHIC 200GeV, 30-40%
Vo =—— | filled: STAR prelim.
0.15 open: PHENIX ﬁ
o n/s=0.12
T~ 01 Flvg e —
c -
\>/ —‘—K-_ @
0.05 i .
...... :“-.___,*_..nf; {
0 pe R |
0 0.5 1 1.5 2
pr [GeV]
d—N X 2vy cos @ + 2vp cos 2¢ + 2v3 cos 3 + ~+ 2v5 cos by
¥
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Fluctuations in large systems

PHOBOS, Phys. Rev. C 81, 034915 (2010)
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Collectivity at RHIC

[See also STAR, Phys. Rev. C 72, 014904 (2005)]

Fluctuations should also be
translated, so measure o,/(v2)

In| <1

Reasonable agreement with
models of initial geomtry
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Fluctuations in large systems

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

0.8

0.6

0.4

0.2

R. Belmont

PHENIX

Sys. Uncert. 2%

Au+Au \s,, = 200 GeV
h* 1<[n|<3
— MC Glauber, cumulant based estimate
----- MC Glauber, direct calculation
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Collectivity at RHIC

Fluctuations should also be
translated, so measure o,/(v2)

1<|n <3

Generally good agreement with
models of initial geometry
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Fluctuations in large systems

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

Sys. Uncert. 2%

Au+Au \s,, = 200 GeV
h* 1<[n|<3
— MC Glauber, cumulant based estimate
----- MC Glauber, direct calculation
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Collectivity at RHIC

Fluctuations should also be
translated, so measure o,/(v2)

1<|n <3

Central: breakdown of
small-variance limit

Peripheral: non-linearity in hydro
response (e.g. J. Noronha-Hostler
et al Phys. Rev. C 93, 014909
(2016))
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Intermission

Small systems
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A very brief history of recent heavy ion physics

R. Belmont

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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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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Intermission

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

Hydrodynamics translates
initial geometry into final
state

Test hydro hypothesis by
varying initial state

‘ €2 €3
p+Au | 0.24 0.16
d+Au | 0.57 0.17
SHe+Au | 0.48 0.23

p+Au d+Au

<&

p+Au ~ ~d+Au
63 ~ 53

~ €3He+Au

< €3He+Au

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

p+Au ysy, = 200 GeV 0-5%
-@- v, Data

—4-v; Data
= v, SONIC
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E d+Au |5y, = 200 GeV 0-5%
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(b) 5

L °He+Au |/s,, =200 GeV 0-5%  (c) ]

N

e T U N B |
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pT(GeV/c)

v» and v3 vs pr described very well by hydro in all three systems

0.12F == v, iEBE-VISHNU
=
> 0.
0.08
0.06)
0.04
0.02 ,
o ,,,,,
05 1 15 2 25 3
pT(GeV/c)
—Suggests QGP droplets in hydro evolution
Hydro far from equilibrium—see Ryan'’s talk
R. Belmont

Collectivity at RHIC
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CGC results on small systems

Mark Mace, Quark Matter 2018 arXiv:1805.09342, submitted to Phys. Rev. Lett.
0.20 — —
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v» is remarkably well-described
v3 is also well-described, but hydro seems to do a bit better
More about CGC in small systems—Adrian and Vladi’s talks
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Small systems beam energy scan
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Testing hydro by controlling system size and life time

J.D. Oduela Koop et
- Phys ev. C 93, 044910 (2016)

Spacet|me volume  s02Tev
n QGP phase

w
un
T

Standard picture for A+A:
QGP in hydro evolution
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What about small systems?
And lower energies?
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size, test limits of hydro F
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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
P, [GeV/c]
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AMPT with no scattering
J.D. Orjuela Koop et al Phys. Rev. C 92, 054903 (2015)

;0_‘27E]Iipti§: Anisotropy v, (a) > Triangular Anisotropy v, (b)
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AMPT with no scattering
J.D. Orjuela Koop et al Phys. Rev. C 92, 054903 (2015)

o

Z012[

R. Belmont
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5 EII|pt|c Anisotropy v,
L AMPT *He+Au
L 0<bIfml<2

[ {s = 200 GeV

(a)

= ¢ = 1.5 mb and Hadron Cascade On
=== ¢ = 1.5 mb and Hadron Cascade Off
¢ = 0.0 mb and Hadron Cascade On
¢ = 0.0 mb and Hadron Cascade Off

P, [GeWc]

Collectivity at RHIC

Turn off scattering in
AMPT—remove all correlations
with initial geometry

O parton = 0 and Gpadron = 0

Participant plane v» goes to zero

Other sources of correlation
remain—non-flow

Slide 22



V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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. i || i -
E L L] 2 EX E
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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AMPT flow only shows good agreement at low pr and all energies
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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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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V> vs p1, comparisons to AMPT
Phys Rev. C 96, 064905 (2017)

d+Au Vs_ 200 GeVO 5%
Inl <0.35
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0.35f === AMPT v,{Parton Plane}

0.3
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I d+Au ¥s,,

F Res(¥;

(19.6 GeV)
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)
- Global Sys _ +35%
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0.5
P, [GeVic]

3

05 1 15 2 25 3
pT[GeV/c]

05 1 15 2 25 3
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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
AMPT non-flow only far under-predicts for low pt, too high for high pr

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

200 GeV 62.4 GeV 39 GeV 19.6 GeV

V2
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Hydro theory agrees with higher energies very well,
underpredicts lower energies—nonflow?
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Intermission

Extremely small systems
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Extremely small systems in hydro theory

P. Romatschke, Eur. Phys. J. C 77, 21 (2017)

“| predict the breakdown of hydrodynamics at momenta of order seven times the temperature,
corresponding to a smallest possible QCD liquid drop size of 0.15 fm.”

“In view of the ‘QGP drop size lower bound’ of 0.15 fm, it is maybe not surprising that the
matter created in p+p collisions would behave hydrodynamically. At this scale, however, p+p
collisions may not be the ultimate drop size test. QCD-QED couplings allow fluctuations of
electrons to e.g. quark pairs, thus opening up the possibility of local energy deposition
reminiscent of p+p collisions occurring in et +e™~ collisions (cf. Refs. [70-72]). Data on
eT+e™ collisions taken at e.g. LEP should be re-analyzed with modern tools in order to find
(or rule out) hydrodynamic behavior in these systems.”
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Extremely small systems at LEP

Y.-J. Lee, Quark Matter 2“%&& ?\}[ﬁQARY [XIOD) PRELIMINARY

ALEPH g'e’, (5-91GeV o Frrrm T lepH et demotaev 1T
24 35<N0m °<999 ‘ F 30<NOMine N
| 0<NOMfine 999
290 Ml<1.6, 0.4<p,<100.0 GeV 0.08 [ m\<5.o, 0.0<p,<100.0 GeV .
[ 1.6<|An|<3.0 L 1.6</An|<3.0 §
o —e— Archived Data F —e— Archived Data 7
Systematical Uncertainty 0.06~ Systematical Uncertainty ]
1.8 Archived PYTHIA 6.1 MC [ Archived PYTHIA 6.1 MC ]
= 4
216 -
> [ §
1.4 T
1.2
1 8
0.8 L |
L | | | S AR A IR AU ETE I
3 0 0.5 1 1.5 2 2.5 3

A
Archived data matches archived PYTHIA 6—no evidence for coIIectivﬁ’)cy
Additional analysis with ALEPH (and OPAL) ongoing
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Extremely small systems in AMPT
J.L. Nagle et al, Phys. Rev. C 97, 024909 (2018)

&0.0215 T &0.0215 T

g [ AMPTe" +e - g+ G [One String] (@ ] 81 [ AMPT [Two Strings] (@ ]

[ p® >05Gevic; p(TB) > 0.5 GeVic ] [ o >05 Gevic; p(TB) >0.5 GeVic 1

0.021 — 0.021— —

r e  Case 1: With Interactions 1 B e  Case 1: With Interactions 1

B L Case 2: Without Interactions T r L Case 2: Without Interactions T

0.0205— — 0.0205[— —

[ case1:c,=(3.70 £ 0.02)E-3 i [ Coselic, =(123 £0.00E3 i

L Case 2: ¢, = (3.80 * 0.02)E-3 - | Case2:c,=(3.30+0.01)E-3 -

0.021— — 0.02[— —
0.0195— — 0.0195

P PP U IR B SPErEE A s b b e e e b b e

Ag(rad] Ag[rad]

A single color string (e™+e™ collisions) shows no sign of collectivity

Two color strings shows collectivity
—Small systems like p/d/3*He+Au have more
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Final thoughts

R. Belmont

Massive wealth of experimental data
Collectivity in A+A collisions well-established and widely accepted
Collectivity in small systems controversial and actively being researched

Three competing pictures:
—Hydro (collective)
—AMPT (collective)
—CGC (not collective)

Each of these has considerable success describing the data
—~Clear need for additional observables to help discriminate

Extremely small systems, like et +e™, e+p, e+A, may hold important information
—What will we find at the EIC?
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Final thoughts

Massive wealth of experimental data
Collectivity in A+A collisions well-established and widely accepted
Collectivity in small systems controversial and actively being researched

Three competing pictures:
—Hydro (collective)
—AMPT (collective)
—CGC (not collective)

Each of these has considerable success describing the data
—~Clear need for additional observables to help discriminate

Extremely small systems, like et +e™, e+p, e+A, may hold important information
—What will we find at the EIC?

“The optimist regards the future as uncertain.”"—Eugene Wigner
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Intermission

Additional material
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Intermission

Photons in small systems
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Photons in small systems

5 VS = 200 GeV, |n| < 0.35
- [=] p+Au, 0-100 %
ar
S 3
< L Y
T PH-<ENIX
o [ preliminary
20
i + ----------------------------- =
ol
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Photons in small systems

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

S = 200 GeV, Jn| < 0.35

[=]p+Au, 0-100 % [=]p+Au, 0-5 %

4 4
i Col
=} 3 — S 3 - n
< [ T~ x T | ] —~—
o0 PH-<ENIX o0 T PH <ENIX
o L preliminary o L i preliminary
2r 20 |

AR AN + ............................. S N 0 SR T A——

ol ol vt
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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 %

[Suy = 200 GeV, [n| < 0.35
[=]p+Au, 0-5 %

4 ; — Thermal, Shen et al 4 ; — Thermal, Shen et al
r pQCD, Shen et al [ ‘ ----- pQCD, Shen et al
S 3F _3 e
2t P I T | | e
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Thermal photons in p+Au? Theory from Phys. Rev. C 95, 014906 (2017)
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n yields

arXiv:1805.04084, submitted to Phys. Rev. Lett.
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Photon yields

arXiv:1805.04084, submitted to Phys. Rev. Lett.
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Collectivity at RHIC

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

p/d+Au in between—onset
of thermal radiation?
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Intermission

Small systems beam energy scan
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Testing hydro by controlling system size and life time

J.D. Oduela Koop et
- Phys ev. C 93, 044910 (2016)

Spacet|me volume  s02Tev
n QGP phase

w
un
T

Standard picture for A+A:
QGP in hydro evolution

[
=]
vv‘vvv

N
o
T

What about small systems?
And lower energies?

N
1=
T

200 GeV

@
e
%
»
3
0
o
3
5

Use collisions species and
energy to control system
size, test limits of hydro F
applicability o~ . S o

10?

Volume x Time in QGP [fm? Ay fm/c]
3
T

st £7.7 Gev 20 GeV

10
Center-of-Mass Energy [GeV]
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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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o4F dHAU Vs, = 200 GeV 0-5% 1 d+Au s, = 62.4 GeV 0-5% 1§ d+Au {5, =39 GeV 0-10% 1 d+Au fs,, = 19.6 GeV 0-20%
“F ml<o0.35 PHENIX Extrapolated
035F @ V,{EP} + + F Res(wi ™) 1
0.3F Global Sys. = +0.3% 3+ Global Sys. = +1.8% 1 Global Sys. = +3.6% + Global Sys. = ;3;;/; E
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0.15F & 1 + 3
. > "® i o -0 ® - +
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® L 2
. o ®
0.05F L] T ° b-- L + d-
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Event plane v» vs p7 measured for all energies
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d+Au beam energy scan

Phys.

Rev. C 96, 064905 (2017)

200 GeV 62.4 GeV

39 GeV

19.6 GeV

~ L I I I I R I I I I L M L I R R R I I I L I R L R RN RS R R S A LS LA AR LERS LN RARE AR RARE I
>
d+Au s, =200 GeV 0-5% d+Au {s,, = 62.4 GeV 0-5% d+Au s, =39 GeV 0-10% d+Au ys,, = 19.6 GeV 0-20%
0.4F + + +
Inl <0.35 == SONIC v, PHENIX Extrapolated
0.35F @ V,{EP} F = supersoNICv, + F Resw;M) B
0.3F Global Sys. = +0.3% 3+ Global Sys. = +1.8% 1 Global Sys. = +3.6% + Global Sys. = ;3;;/; E
0.25F =+

R. Belmont

Event plane v» vs p7 measured for all energies

Hydro theory agrees with higher energies very well,

underpredicts lower energies—nonflow?
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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Inl <0.35 AMPT O‘pa"un =0.75mb Extrapolated
04F V,{EP} 3 ¥ PH| ENIX T Res(w; ™) E
0.35F - pre Immary F Global Sys _ +35% E
(19.6 GeV) ~ -48%
0.3fF F + + E
0.25F F | + E
. i || i -
E L L] 2 EX E
0.15 - O et '***
0.1F ..' F " + .' + E
. e ® . +
0.05F . + . +
'Y .
ot b b bbb e b b b b b b b bonns b b b W b b b b Le s |
05 5 2 2. . 15 2 2. 0.5 1 2 5 3
P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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AMPT flow only shows good agreement at low pr and all energies
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V> vs p1, comparisons to AMPT
Phys. Rev. C 96, 064905 (2017)
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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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V> vs p1, comparisons to AMPT
Phys Rev. C 96, 064905 (2017)
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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
AMPT non-flow only far under-predicts for low pt, too high for high pr
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v, and dNg,/dn vs 1

Phys. Rev. C 96, 064905 (2017)

E d+Au \'s.. = 200 GeV 0-5% <a> t d+Au \s,, =62.4 GeV 0-5% ®) % d+Au |s,, =39 GeV 0-10% (©)]
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0.02F e I +

[ I
ootk ® V,{EP} (x0.3%) I ® V,{EP} (+1.8%) I ” ® V,{EP} (+3.6%) E
F o dN, /dnxooozo EI | 3 dN /dnxooozs | 3, () | ¢ dN_/dn x 0.0030 | |
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BBC south (—3.9 < < —3.1) used to estimate the event plane
200 GeV shows strong forward /backward asymmetry in v, and dNe,/dn
Asymmetry is large for dNg,/dn at all energies, but not for v,
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Vo vs 17, comparison with AMPT

Phys. Rev. C 96, 064905 (2017)
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AMPT flow only agrees with mid and forward rapidity very well, misses backward rapidity

R. Belmont

Collectivity at RHIC

Slide 39



Vo vs 17, comparison with AMPT

Phys Rev C 96 064905 (2017)
L LA ALL SRS SASAASARA RN & LNUALAS SRS AAL SALBAASIALERION &

5 d+AU VS_ 200 Gev 0-5% @ 1 d+Au |5, =624 GeV 05% () I d+Au s, =39 GeV 0-10%  (©) ]
Y {EP} ¥ AMPT o,,,,,=0.75mb ¥

E ] I ~—
0.07F = AMPT v,{Parton Plane} T == AMPT v,{EP} T PH:-ZENIX 1
0.06F E Ed preliminary

0.03F

0.02F

0.01F

-3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
n n n

AMPT flow only agrees with mid and forward rapidity very well, misses backward rapidity
AMPT flow+non-flow is very similar at mid and forward
AMPT flow-+non-flow shows striking anti-correlation at backward rapidity
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Vo vs 17, comparison with AMPT

Phys. Rev. C 96, 064905 (2017)

T R B O o o e R R R a e s e
> 0.08F d+Au VS_ 200 GeVO 5% (@ 1 d+Au \s,. = 62.4 GeV 0-5% (bg_f_ d+Au \s_ =39 GeV 0-10%  (©) ;
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AMPT flow only agrees with mid and forward rapidity very well, misses backward rapidity
AMPT flow+non-flow is very similar at mid and forward
AMPT flow-+non-flow shows striking anti-correlation at backward rapidity

AMPT non-flow only shows nothing at mid and forward, large v» at backward rapidity near the
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d+Au beam energy scan

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

19. 6 GeV
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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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Measurement of v»{6} in d+Au at 200 GeV and v»{4} in d+Au at all energies
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d+Au beam energy scan

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

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

Lx107° Lx107°
g 03P ey g 03P
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tracks tracks

Is the sign of c;{4} a good indicator of collectivity? No.
Fluctuations could dominate in the p+Au...
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Eccentricity distributions and cumulants

- R L SR (A 522 3 oy 4\1/4
£ 0.035—p+Au, [£,0=0.27, 0 =0.14,s = 0.51, k = 2.867] e2{4} = (&2 — 25207 —dezso” — (k= 2)07)
S E
5 F—d+Au, m (= 0.56, 0 =0.24, s = -0.16, k = 1.97] p+Au  d+Au
o 003 ; el 0.00531  0.0983
Q C ] 2 2
g r ] derso 0.00147 -0.0053
5 0.02F = (k—2)o* 0.00031 -0.0001
c C l
0.015( E the variance brings £2{4} down (this term gives the
0.01 E usual \/vZ — o2)
F ] positive skew brings e2{4} further down, negative
0.005[ = . .
] skew brings it back up
% 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 0.7 0. 8 O 9 71 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

03107 LX107°
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Eccentricity fluctuations alone go a long way towards explaining this
Additional fluctuations in the (imperfect) translation of 2 to v,?
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Brief summary: small systems beam energy scan

Measurement of v, vs pr for d+Au at 200, 62.4, 39, and 19.6 GeV
—Hydro describes higher two energies well, misses lower two energies
—AMPT describes all data well with mix of flow and nonflow

Measurement of v, vs i for d+Au at 200, 62.4, and 39 GeV
—Hydro theory at lower energies would be very useful
—Interesting anticorrelation between flow and nonflow at backward rapidity

Measurement of v,{6} at 200 GeV and v,{4} at all four energies
—Nonflow should be combinatorially suppressed
—Highly non-trivial fluctuations
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Multi-particle correlations

flow and nonflow

A Vn = <COS(I’I(¢50me particle — wn)»
Vr? = <Cos(n(¢some particle — ¢some other particle))>
vl
/
How to deal with “fake flow"?
—— —Kinematics
< > —Combinatorics
7 = (cos(n(¢a — bp)))
/ vy = {cos(n(¢a + ¢b — dc — ¢a)))
v = (cos(n(¢a + b + e — g — e — br)))
v v =

Collectivity at RHIC
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Nonflow approaches in AuAu
%ri(lv 1804.10024, submitted to Phys. Rev. C
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Nonflow approaches in AuAu

%élv 1804.10024, submitted to Phys. Rev. C
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Large pseudorapidity separation
—Big difference for 2-particle (good)
—No difference for 4-particle (good)
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Nonflow approaches in AuAu

%élv 1804.10024, submitted to Phys. Rev. C 012
N S 1 s e M 0,12 e e
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Large pseudorapidity separation
—Big difference for 2-particle (good)
—No difference for 4-particle (good)
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Collectivity in large systems

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

~0.08
>

0.07F
0.06 |
0.05F
0.04F
0.03F
0.02F

0.01

R. Belmont

0
0

LN L L L L L L B LB BB L

Au+Au \'s, = 200 GeV

T T T
o Vo{2,]An|>2} 3
0 Vy{4} -
0 V,{6} 1
v V,{8} —

I

Sys. Uncert. 6%

cab b b b b by b by by g by gy

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

Collectivity at RHIC

1<|n <3
V2{2}, V2{4}, V2{6},
V2{8}
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Collectivity in large systems

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

1.2 e e e
2 L PHENIX Au+Au (s, = 200 GeV -
s 1| h* 1<n|<3 -
- — MC Glauber, cumulant based estimate
0.8\ - MC Glauber, direct calculation —
06f -
]
021 Sys. Uncert. 2% ]
I TR R RS R N R N S

R. Belmont

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

Collectivity at RHIC

1<|n <3

OV2/<V2>

Central: breakdown of
small-variance limit

Peripheral: non-linearity in hydro
response (e.g. J. Noronha-Hostler et
al Phys. Rev. C 93, 014909 (2016))
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Collectivity in large systems

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

.
e 0270

& [ PHENIX 1<[n|<3 ] 1< |77| <3
0.151 =
[ * STAR |n|<1 ]

E Cannot extract

0.1 ‘

o.os? b b t 2 '+ .l “ é O3/ (V3)

. ? :

e i R -

-0.05 Au+Au |s,, =200 GeV

_O.lk 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 N
0 10 20 30 40 50 60

Centrality (%)
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Intermission

Particle production in small systems
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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 _
T S iiilﬂ i
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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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

PPS16+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)

High-p7 modification consistent with nPDF effects (EPPS16)

R. Belmont

Collectivity at RHIC
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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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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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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?
Don't forget: particle species dependence of Cronin! There must be final state effect(s)...
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Particle species dependence of “Cronin enhancement”

PHENIX, Phys. Rev. C 88, 024906 (2013)

2F

.
N
1:'-
o
&

d+Au\sy,, = 200 GeV
T+t ]
K+K*

P+p 7

R. Belmont

Collectivity at RHIC

7, o, 7,
KT K-,

P, P,

¢

Protons much more strongly
modified than pions

¢ consistent with other mesons
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Brief summary: particle production in small systems

R. Belmont

Strong modifications at forward & backward rapidities
—Not nPDF effects alone
—Additional initial state effects possible (e.g. the usual multiple scattering)

Nuclear modification strongly dependent on particle species
—Must be final state effect(s)
—Hadronization, radial flow, etc...
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Back to basics (a brief excursion)

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

o = (x") = /+°0 x"f(x)dx

The moment generating function:
M, (t) = (™) = /+OO e™f(x)dx = /HO i Lnx”f(x)dx = i,unt:
-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)
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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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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.

R. Belmont Collectivity at RHIC Slide 55



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*

vi{2} = (v + 0%)2
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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d+Au beam energy scan

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

200 GeV 62.4 GeV 39 GeV 19.6_GeV

(A A0 RARLY IR Liaas bl RSN KRR LA A LAAAE AL MRAR RARR b LALL] LALA LA LA AL |RAAE AR LR RARAN R itk LAEL LR LA KL |RAAE AR R LA Puas RbLb) SLALE LA LR LA T
> d+Au S 200 GeV d+Au Sy 62 4 GeV d+Au Sy 39 GeV d+Au s 19 6 GeV
0.12f o T T PHENIX T 1<n<3 ]
0.1 "-., T T T VA2
oo,
L S I I . V2{4}
0.08 R % : ’ b 4 +V,{6)
eoseecesescsescsesce,, + { + %
0.06F + + ;- + ' T T
TIIELPEATH
0.04r +++ T t + T T
0.02 T T T
(@) (b) (C)
1 1 1 1 1 1 1 | PP TETY T PP P PR Prer A A 0 FTETE PR Y FETRY SYRTE PRI FYTR AT FRTR] FYUTI FYUTY FATE TR FYAT)
0 5 101520 25 30 35 40 45 5 lO 1520 2530354045 5 10 1520 2530 354045 5 10 1520 2530354045
FVTX FVTX FVTX FVTX
tracks tracks tracks tracks

v2{2} and va{4} vs NFYIX all tracks anywhere in FVTX

tracks !
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d+Au beam energy scan

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

200 GeV 62.4 GeV 39 GeV

o~ T T
> d+Au S 200 GeV d+Au Sy 62 4 GeV d+Au Sy 39 GeV
0.12r . T T PHENIX

0 e E 1
0.08f [ R SN $ s
0.06F 2 1 S ottt
s
ty s en st pnn AR '
0.04¢ ."mmi T . QQQOjQ‘ v 1

X
0.02F + (b) I ogeseet®
1 TTPPPE PP PPPPL PRPPL FUVIT TRURL POV P FETR FYPTY FOVRL PRTRTTRVU L, AUT, /2 FYRTE PET PP PRVIY YRTY FRTRL PRPRY FYRTE ETR VPR I Y
0 5 101520 25 30 35 40 45 51015202530354045 51015202530354045 51015202530354045
FVTX FVTX FVTX FVTX
tracks tracks tracks tracks

v2{2} and va{4} vs NFYIX all tracks anywhere in FVTX

tracks !

va{2,|An| > 2} vs NFVTX one track backward, the other forward

tracks !

How is v2{4} > w{2,|An| > 2} possible? Can blame fluctuations to a point, but...
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d+Au beam energy scan

= T 1
S 30k AMPT d+Au
5 F —200GeV 1
gt —624GeV ]
25— — 39 GeV -

= 19.6 Gev 1

201 —
15/ {
10 =
5F =

E —

0 Lo v b v o | P L | —

-3 -2 -1 0 1 2 3

n

Asymmetric dN, /dn and asymmetric v» vs )

The single subevent is weighted by dN.,/dn towards backward rapidity, where v is also
higher—the effect is more pronounced at lower energies

The two subevent is equally weighted between forward and back: \/(vEv])
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d+Au beam energy scan

& e
r AMPT d+Au 1
0.05f “7500GeV ]
B 624GV ]

r —39Gev. ]
0.04F 13.6Gev
0.03F =
0.02}~ e
0.01~ {
O:\ P | P P Ll N i:
3 2 a1 o 1 2 3

n

The single subevent is weighted by dN.,/dn towards backward rapidity, where v is also

The two subevent is equally weighted between forward and back: \/(vEv])

R — ]
S 30k AMPT d+Au
z F AT
© 25p —30GeV. A
. 196 GeV 1
20F E
15/~ =
10 -
5F E
F —
0 L P P P P R e
3 2 -1 1 2 3
n
Asymmetric dN, /dn and asymmetric v» vs )
higher—the effect is more pronounced at lower energies
R. Belmont

Collectivity at RHIC
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d+Au beam energy scan

I — e R R
g 30f AMPT d+Au 0.050 AMPT d+Au
S F —-200GeV B —-200GeV
Z —624GeV r —624GeV
251 GeV. F GeV ]

E ] 0.04F —10.6Gev

20 5 g 1

7 E 0.03 .

15— = ]

: ] 0.02 .

10— — ]
5F = 0.01 ]

O:\ | | | \ | \\\(7 0 | | | | | | .

3 2 -1 0 1 2 3 3 2 0 1 2 3

n n

Asymmetric dN, /dn and asymmetric v» vs )

The single subevent is weighted by dN.,/dn towards backward rapidity, where v is also
higher—the effect is more pronounced at lower energies

The two subevent is equally weighted between forward and back: \/(vEv])

R. Belmont Collectivity at RHIC Slide 58



d+Au beam energy scan
Phys. Rev. Lett. 120, 062302 (2018)

d+AU |5, =200 GeV ] O+Au |s, =62.4GeV | d+AU |s, =39GeV 1 d+Au ys, = 19.6 GeV
0-1 F oo T T PHENIX T 1<pn|<3 1
v,{2}

O T 1 i . vzg}mmﬂ}'
0.08F e 0 1 ’——o—«-l I ..-----...q,"‘i +v§{6} ]
0.06F 2 1 oy 1 fid I .

A 4
0.04F +,] 1 j I T .
(O ‘ vessttadoep? ¢
0.02F I e T enettet? 1 { 1

’ (@ (b) ¢ (C) ¢ (d)

1 1 1 1 1 1 1 1 FETY FRTTY PETTE PATTL SAPTL PAPTL A AU 1 PPTT FETE T FETTL FEUTI FETTY FETY FET] FYTTY FYRTY PRRTY PAAR et Peevi b A0 A0 FETTY FYTTY FYTT FAed Fee e
510 1520 5530 35 40 45 5 10 1520 5530 35 40 45 5101620 2530 3540 46 5 10152025 30 3540 45
N FVTX N FVTX N FVTX N FVTX

tracks tracks tracks tracks

v2{2} and v»{4} vs NfYIX—weighted average of v and v{

v2{2,|An| > 2} vs NFVIX—fixed, equal weighting /(vEvS)
dNch/dn and v, vs 77 alone may explain these results
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d+Au beam energy scan

Phys Rev. Lett. 120, 062302 (2018)

d+AU |s,.= 200 GeV 1 d+Au s, = 62.4 GeV "d+AU |s,, = 39 GeV' d+Au |5, = 19.6 GeV
0-1 F oo T T PHENIX T 1<hi<3 1
«v,{2}
0k T 1 T +V3i2/an>2} ]
o.08k M_ o 1 i RO (5 2{4} ]
: . ’-—*—«-l i il
0.06F n + b 9 ot ¥ :
i
0.04F + ] 3 j I + .
(O ‘ vessttadoep? ¢
0.02F I e T enettet? 1 { 1
‘ (@ by * (C) 4 (d)
1 1 1 1 1 1 1 1 P PTTT FEPRL PTTR PTTT TR N AU U ETTTY PUTT T FYPRE PYTTL PTTTY FETTY FRRTI FETTY PRRTY FRURY FYm Aeed Peevu b, AR U PTTTL PTey FReed Freet Feeet fee
5 0155025303540 45 5 1015202530 35 4045 5 1015202530 354045 5 1015 20 25 30 354045
N FVTX N FVTX N FVTX N FVTX
tracks tracks tracks tracks

v2{2} and v»{4} vs NfYIX—weighted average of v and v{

v2{2,|An| > 2} vs NFVIX—fixed, equal weighting /(vEvS)
dNch/dn and v, vs 77 alone may explain these results
There can also be some event plane decorrelation, e.g.

vo{2,|An] > 2} = /(P v]) cos(2(vF —95))
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Small systems flow

1o T T
0.3t 0-20% d+Au \s,=200 GeV F 0-20% d+Au |s,=200 GeV g
0.25F =+
— [ = Charged hadrons I = Charged hadrons
% oof20<n<-14 +14<n<20 3
v [ Sys =1.9% T Sys =1.9%
=4 r Global + + T Global
3 0.15F . I + E
2 o T
Lo T + .
"‘>'E'\| r I +
L~ T ]
0.05F pHENIX s
r preliminary T
Un T ]
S P P P SR SR T ST R B I N
0.5 1 15 2 25 0.5 1 15 2 2.5
P, [GeVic] P, [GeVic]
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Small systems flow—heavy flavor

r preliminary
OF

1o

I 0-20% d+Au Vs,,=200 GeV

L e u from open heavy flavor decays
[ = Charged hadrons

I -20<n<-14

Sys =1.9%

: .

o PH <ENIX

=1.9%
Global

A L L L UL LA I L L B
'020|%d+/-\‘u ‘ ‘ I
o u from open heavy flavor decays ]
= Charged hadrons
F14<n<20

Sys

$,=200 GeV

—

T

R. Belmont

0.5 1 15 2 25
P, [GeVic]

Nonzero v, for heavy flavor in d+Au

0.5 1 15

Collectivity at RHIC

2 2.5

P, [GeVic]
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Small systems flow—heavy flavor

L B S LA B SN IR L I LI EURILE
0.3t 0-20% d+Au \s,,=200 GeV F 0-20% d+Au |s,=200 GeV E
02 [ e " from open heavy flavor decays I ¢ p from open heavy flavor decaystharged
~  [=Charged hadrons I = Charged hadrons 1
:?’ 0.2;-2.0< n<-1.4 {}1.4< n<2.0 {hadrons
v Sys  =1.9% TsSys  =19% ]
(= r Global T Global 1
& 0.151 ¢ + - + .
o’ o E {heavy flavor
= Eo I ]
005" py T ENIX + {muons
r preliminary T
0 T T ]
R IR EPEITN ETIEP PEITINE: AT AT NI AT NS
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
P, [GeVic] P, [GeVic]
Nonzero v, for heavy flavor in d+Au
3.220, 2.160 for vo > 0 at backward, forward (99.9%, 98.5% one-sided)
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AMPT

o~

>0 22i = AMPT p+Au
"L == AMPTd+Au
0.2 — .
E AMPT He+Au AMPT basic features
0.1 8_— ®  PHENIX He3+Au
0.163— = PHENIX d+Au E \ H Initial conditions HIJING
0.14F PHENIX p+Au 'P Particle production | String melting
0.121- H Pre-equilibrium None
0'15 Expansion Parton scattering
0.08- (tunable)
°'°6§ Hadronization Spatial coalescence
0.04 ~
L PH ENIX i
0.020 preliminary Final stage I(-f[icri];obr;eiascade
P 111 ‘ | | ‘ L1l | | | ‘ ] | ‘ L1l | L1l

0

0.5 1 15 2 25 3 3.5
P, [GeV/c]
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>
0.22 = AMPT p+Au
=== AMPT d+Au
0.2 == AMPT 3He+Au
0.18 = PHENIX He3+Au
0.16

= PHENIX d+Au
a
PHENIX p+Au §

PH ENIX
preliminary

0.5 1 1.5 2 25 3 3.5
P, [GeV/c]

S
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CGC results on small systems

Mark Mace, QM18 Phys. Rev. Lett. 120, 042002 (2018)
CMS Preliminary
T TTT T T T T T

0.14 [ 816 TeV 5.02 TeV pF‘b‘
0.12 [ vy, v 03« P, <3GeVic ]
— I ® — oOn=2 4
0.10 N/\ oo ® == On=3 |

—— - L+ = n=4
Al 0.08 = |
= -g:=§ U3 = | ]
> 0.06 - vy &t Ot o ;
=2 0.05( E
0.04 vs - | .o’o i
L @ "
0.02 e 4 2GeV 4= 5GeV | S .g:ﬂ-gﬂll’ ]
0.00 PL7 g 3GeV —4— 10 GeV 3 R e s T 1

00 05 10 15 20 25 30 RS T R R a— T
ffline
Qg2 [GeV2] K
Dusling, MM, Venugopalan PRL 120 (2018) CMS-PAS-HIN-16-022

“Simple parton model” with quarks scattering off dense gluon field
Can qualitatively reproduce harmonic ordering
Off from data by a factor of 2 to 3
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CGC results on small systems

Mark Mace, QM18 Phys. Rev. Lett. 120, 042002 (2018)
0.200 ] .
| CMS pPb \s,, =5.02 TeV i
0-1751 V2{2} otol- @ V2{2' lAn>2} oﬂlineo'3<p1<3GeV/07
0.150 | - V{2, 1an1>2}, Ntrk <20 sub.
’ o T O T T e m V,{4}
—— 0.1251 e e i il
e V2{4} —_— 0 o 0000 ]
§_ 0.1001 &~ c | oq% ® |
(>\J 0.075 1 '_,,,;.:-,-'::.:::::;;::-:;-.-_-:-_--:g.,.u,., X 005 I EA T I — _
: ¥ > L |
0.050 L + ATLAS,03<p <5GeV/c |
L O Vo{2, I1AnI>2}, 50-100% sub. |
0.0251 o {2} pix e 2 GeV ; v2§4} NI>2}
v {4} - 3GeV r 2 1
0.000 ' " " " 000 ——— 71, P——
0.0 0.5 1.0 15 2.0 0 100 200 300
QS2 [GeVQ] Ngfllllne
Dusling, MM, Venugopalan PRL 120 (2018) CMS PLB 724 (2013) 213

“Simple parton model” with quarks scattering off dense gluon field
Can reproduce v»2{2} and v»{4}
Disagreement with data by a factor of 2, but qualitative features match
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CGC results on small systems

Mark Mace, QM18 Phys. Rev. Lett. 120, 042002 (2018)

T
CMS pPb |5, = 5.02 TeV 1
L 03<p, <3.0GeVic; In|<24 i

0.6 I V2{2}

05 et i 1
E 04 | oo© © ©CPPEREE]
< o3 /ﬁ‘b‘—q jdﬁpomﬂém.mu‘& 77
f vald)vale),

— ]

0.2
I —— - V{8, v2{LYZ)

0.7+

vo{m}

0.1+
—— w4 w8}
| T I T T SR N STE S R
0‘00 1 2 3 4 0 100 200 300
offline
Qs? [GeV2] o
Dusling, MM, Venugopalan PRL 120 (2018) CMS PRL 115 (2015) 012301

Abelian calculations can produce v2{2}, v2{4}, v2{6}, vo{8}
Disagreement with data by factor of 5, but qualitative features match
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CGC results on small systems

Mark Mace, QM18 arXiv:1805.09342, submitted to Phys. Rev. Lett.
0.187 /5,y=200 GeV 0-5% 0.081 Vsww=200 GeV 0-5%
0.16 1 ’ —— p+Au
> 0.071
0.14] I ®- d+Au
0121 - B3 006 ¢ cHerau
' e ] Gluons
N 0.10 , N 005 -
— - -
£ 0.081 £ 0.041 —
0.061 Gluons 0.031
» +Au
0.04 1 . §+Au 0.021
0.021 “e He+Au 0.014
05 1.0 15 2.0 25 3.0 05 1.0 15 2.0 25 3.0
pr [GeV] pr [GeV]

R. Belmont

New for QM18: full calculation using dilute-dense framework, v, and v3 for small systems
geometry scan

Collectivity at RHIC Slide 65



CGC results on small systems

Mark Mace, QM18 arXiv:1805.09342, submltted to Phys Rev. Lett.
0.08] VSww=200 GeV 0-5% 007 e 200 devo s pENX B
—#— p+Au 006:7 -+ *He+Au 3
0.074 u grau L o ¥ ,
0.061 —¢— 3He+Au v B ool } B
- 0.05 1 Gluons /V/////V//’/ [ % + 1
) N 0.04F 4 * &
£ 0.04 ’//,y/ o L Q
0.03 1 0.03F ,
0.02 o.ozf— I l l * *
0.011 g I ]
0.01—- ¢ i . l ‘ ]
05 10 15 20 25 3.0 o
pr[GeV] 08 ' 25(GeV/c)3

New for QM18: full calculation using dilute-dense framework, v, and v3 for small systems
geometry scan

v3 ordering is not quite right

—CGC: p+Au < d+Au < 3He+Au

—Data: p+Au ~ d+Au < 3He+Au
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CGC results on small systems

Mark Mace, QM18 arXiv:1805.09342, submitted to Phys. Rev. Lett.
0.20
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v, is quite close for the three systems

v3 is rather far off
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CGC results on small systems

Data: Phys. Rev. C 96, 064905 (2017)

“Our prediction would therefore be that v, 3(p. ) for high multiplicity events across small
systems should be identical for the same Ng,.”

R. Belmont

Same Centrality

Similar multiplicity

Theory: arXiv:1805.09342
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v3 is same in p/d+Au for different N
v» looks different for p/d+Au for similar Ng,, but need nonflow estimate...
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Longitudinal dynamics in small systems

4
g 5 C PHENIX Small Systems s, =200 GeV
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R. Belmont

Collectivity at RHIC

p+Al, p+Au, 3He+Au

Good agreement with wounded quark model

Good agreement with 3D hydro
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Longitudinal dynamics in small systems
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Collectivity at RHIC

p+Al, p+Au,

Also have v, vs 77
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Longitudinal dynamics in small systems

0.07F + + +
p+Al \/5,,=200 GeV 0-5% p+Au \/5,,=200 GeV 0-5% d+Au |s,,=200 GeV 0-5% *He+Au |/s,;=200 GeV 0-5%

0.06|- o ov (EP ) 4+ + + 4
= v, 3D Hydrodynamics

~—
0.05- & ——+ ' PH-<ENIX

vy

© dN,,/dn [Scaled] preliminary

Good agreement with 3D hydro for p+Au and d+Au
Apparent scaling between v, and dN,/dn—coincidence?
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Small systems geometry scan

PHENIX, Phys. Rev. C 95, 034910 (2017)
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Hydro theory describes the data extremely well

Imperfect scaling with e, captured by hydro—disconnected hot spots
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Small systems geometry scan

J.L. Nagle et al, Phys. Rev. Lett. 113, 112301 (2014)

R. Belmont

Glauber+Hydro
Nagle et al., Phys. Rev. Lett. 113, 112301 (2014) Central Events
u?' 0.3 pad | ' ' e p+Au
~ o A A m d+Au
>°' 8 A3He+Au
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A
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I‘. ) ¢ t Aq A r.
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A A b
]
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0 PR | | I TR T N M| 1
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va /€2 relationship breaks for very large e,

Initial Spatial ¢,

The hydro hotspots are so far apart that they never connect
—Efficiency to translate ; into v» goes down
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Testing hydro by controlling system geometry
arXiv:1805.02973, submitted to Nature Physics
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v2 and v3 ordering matches €, and e3 ordering in all three systems
—Regardless of mechanism, the correlation is geometrical
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