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@ Summary and outlook
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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.

o Mid-late 2000s—Detailed, quantitative studies of strongly coupled QGP.
d+Au as control.

@ 2010—Ridge in high multiplicity p+p (LHC)! Probably CGC!
o Early 2010s—QGP in p+Pb!
o 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 d4+Au even at low energies???
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@ Early 2000s—QGP at RHIC! No QGP at SPS. d+Au as control.

o Mid-late 2000s—Detailed, quantitative studies of strongly coupled QGP.
d+Au as control.

@ 2010—Ridge in high multiplicity p+p (LHC)! Probably CGC!
o Early 2010s—QGP in p+Pb!
o 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 d4+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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Testing hydro by controlling system size

J.D. Orjuela Koop et al
Phys. Rev. C 93, 044910 (2016)
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Multiparticle correlations in small systems

CMS, Phys. Lett. B 765 (2017) 193-220
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@ Multiparticle correlations: a strong case for collectivity

@ Influence of fluctuations:

w{2} =/vZ+o2+6 § non-flow, o2 variance

v2{2,|An| > 2} = \/V22 + 02 eta gap removes some non-flow

{4} =~ w{6} =~ w»{8} ~ ,/vz2 — o2 higher orders remove non-flow

@ Significant and well-known success in Au+Au and Pb+Pb
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CMS, Phys. Lett. B 765 (2017) 193-220
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Multiparticle correlations in small systems

CMS, Phys. Lett. B 765 (2017) 193-220
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@ Multiparticle correlations: a strong case for collectivity
@ Influence of fluctuations:
{2} =/vi+02+6 § non-flow, o2 variance
v2{2,|An| > 2} = ,/v2 + 02 eta gap removes some non-flow

{4} =~ w{6} =~ w»{8} ~ ,/vz2 — o2 higher orders remove non-flow

@ p+Pb remarkably similar to Pb+Pb
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@ Multiparticle correlations: a strong case for collectivity

@ Influence of fluctuations:

w{2} =/vZ+o2+6 § non-flow, o2 variance

v2{2,|An| > 2} = \/V22 + 02 eta gap removes some non-flow

{4} =~ w{6} =~ w»{8} ~ ,/vz2 — o2 higher orders remove non-flow

@ 0 =0 in p+p? Need to understand the fluctuations better
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Multiparticle correlations in small systems

CMS, Phys. Lett. B 765 (2017) 193-220 arXiv:1707.06108
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@ Multiparticle correlations: a strong case for collectivity

@ Influence of fluctuations:

w{2} =/vZ+o2+6 § non-flow, o2 variance

v2{2,|An| > 2} = \/V22 + 02 eta gap removes some non-flow

{4} =~ w{6} =~ w»{8} ~ ,/vz2 — o2 higher orders remove non-flow

@ 0 =0 in p+p and d+Au? Need to understand the fluctuations better
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Fluctuations in Au+Au
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@ Standard picture of fluctuations works well for most centralities in Au+Au

@ Up-tick in peripheral can be explained by non-linearity in hydro response
(e.g. J. Noronha-Hostler et al Phys. Rev. C 93, 014909 (2016))

@ Will revisit fluctuations again later...
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The Relativistic Heavy lon Collider

@ RHIC is the only polarized proton collider in the world
@ RHIC is one of two heavy ion colliders, the other being the LHC

o 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
*He+Au 200

Cu+Cu 200, 62.4, 22.5

Cu+Au 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!
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2016 d+Au beam energy scan in PHENIX

200 GeV 62 GeV

Central Trigger
Enhancement!

Central Trigger
Enhancement!

50 80

oo e B‘Bsgcr\a:sgsaulh bislsc“(r):?-agos‘:um
d+Au collision energy | total events analyzed | central events analyzed
200 GeV 636 million 585 million
62.4 GeV 131 million 76 million
39 GeV 137 million 49 million
19.6 GeV 15 million 3 million
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Central arms (CNT) cover

|n| < 0.35, tracking, momentum
determination, PID, etc.

Forward vertex detector (FVTX)
covers 1 < |n| < 3, tracking only
(no momentum vector
information)

Beam beam counters (BBC):
centrality and vertex determination

BBC and FVTX used for triggering

BBC south and FVTX south used
for event plane determination for
Run16 flow analysis (south =
backward)

CNT, FVTXS, BBCS used for
event plane resolution

R. Belmont, CU-Boulder
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The PHENIX forward vertex detector
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A Multi-Phase Transport model

AMPT basic features
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PHENIX He3+Au

= PHENIX d+Au

PHENIX p+Au

PH ENIX
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3.5

Initial conditions
Particle production
Pre-equilibrium

Expansion

Hadronization

Final stage

MC Glauber
String melting
None

Parton scattering
(tunable)

Spatial coalescence

Hadron cascade
(tunable)

@ AMPT has significant success in describing flow-like signatures

(for low pr and pr-

integrated)

@ AMPT produces final state particles over the full available phasespace
—possible to perform exact same analysis on data and model
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AMPT with no scattering

J.D. Orjuela Koop et al Phys.
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Trianqular Anisotropy v, (b)
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Turn off scattering in
AMPT—remove all
correlations with
initial geometry
Oparton = 0 and
Ohadron = 0

Participant plane v»
goes to zero

Other sources of
correlation
remain—non-flow
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Intermission

Results
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Two particle correlations

arXiv:1708.06983

d+Au {s,, = 200 GeV 0-5%
CNT -- FVTXS A/
0.65 < |An| < 3.35 © o
[-1+3522C cns(nAq;)Q, *b
RN
/ \ /¢ s \Q\
1(.,-.--1\..‘,,-.._.\.0.

&W' '

G0 L2 3
Ap

1.04F

CaQ)

0.98|

Central Arms

A 4

Inl <035
FVTX-South FVTX-North

1<n<3

-3<n
--3.9<n<-3.1 e ° 3.1<n<3.9-

e 0.65 < |An| < 3.35

vy ion physics seminar, 9 November 2017 - Slide 16

R. Belmont, CU-Boulder




arXiv:1708.06983

Two particle correlations
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Two particle correlations

arXiv:1708.06983
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Two particle correlations

Central Arms
Il <0.35
FVTX-South
-3<n<-1
-3.9<n<-3.1

0 6.2< |An <78

R. Belmont, CU-Boulder

4

1<n<3

arXiv:1708.06983

e
T U4

1.001+
=
4
o 1
0.999
FVTX-North
3.1<n<3.9

d+Au [, = 200 GeV 0-5%

BBCN - BBCS

6.20 < |An| < 7.80 2%

< 142C,cos(30g) 00" S,
<

- TN
~ 4 -

Lo im e w e mmm e O
4 ~

S0

‘8000
~. "

-1 0 1 2 3 4

ion physics seminar, 9 November 2017 - Slide 16




Two particle correlations

arXiv:1708.06983
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Wide range of pseudorapidity separation has potential to provide

significant leverage to disentangle various flow and non-flow effects
o Ridge observed for |An| > 6.2—long range indeed!
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Intermission

Event plane results
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Experimental method and details

Definition of Q-vectors

M M
Qn,x = ZCOS n¢i = %eQny Qn,y = ZSin n¢i =TmQ,

i=1 i=1
Calculation of event plane

Qny

n,x

mp, = arctan

Calculation of harmonic coefficients v,

va = (cos(n(¢ — 1n)))/R(¢n)

Determination of event plane resolutions

an [{cos(n(vd — v8))) (cos(n(u — vE)))
Rvn) = \/ Tos(n(vE — ¥5)))

(CNT, FVTXS, BBCS used for event plane resolution)
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vo vs p1 200 GeV method comparison

arXiv:1708.06983 J.Y. Ollitrault et al Phys Rev C 80, 014904 (2009)
018 " ‘v‘z{‘E‘P‘)‘(‘BI‘o‘b‘a‘l ‘S‘y‘s‘. ADPSNYARA AR A
0.16- W V,{EP} PRL 114 (2015) . ‘{ N
[ ¢v,{2rc} 5,0 ] 22 o o o =
014 tQ- ¢ . + L E
0.12F ii B i
F . 1 o *°F
0.1f ] 4 F
0.08F " 1 =
o.osf— . B =
L= E
oo PHENIX =
0.02 0-5% d+Au £
r \s,, =200 GeV TE ) | ! ! 1
LR S T MR B T A 0.2 0.4 0.6 0.8 1
p, [Gevic] resolution
e Important to remember that v,{EP} is an estimator of (v)¥/«
@ High multiplicity — high resolution - a =1

@ Low multiplicity — low resolution — a =2

@ For all RHIC small systems results, o = 2
—same dependence on fluctuations as two-particle methods
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Va

Vo VS p, comparisons to theory

arXiv:1708.06983
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o Event plane v,

vs pt measured for all energies
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0.3

Vo VS p, comparisons to theory

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies

@ Hydro theory agrees with higher energies very well, far underpredicts lower
energies—Ilots of non-flow at lower energies (you probably expected that?)
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Vo VS p, comparisons to theory

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies
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@ Hydro theory agrees with higher energies very well, far underpredicts lower
energies—Ilots of non-flow at lower energies (you probably expected that?)

@ Hydro theory with pre-flow very similar (pre-flow must be there...)
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Vo Vs p7, comparisons to AMPT

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies
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Vo Vs p7, comparisons to AMPT

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies
@ AMPT flow only shows good agreement at low pr
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Vo Vs p7, comparisons to AMPT

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies
@ AMPT flow only shows good agreement at low pr
@ AMPT flow-+non-flow shows reasonable agreement for all pr
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Vo Vs p7, comparisons to AMPT

arXiv:1708.06983
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@ Event plane v» vs pr measured for all energies

AMPT flow only shows good agreement at low pr
AMPT flow+non-flow shows reasonable agreement for all pr
AMPT non-flow only far under-predicts for low pr, too high for high pr

()
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v3 vs pr—a further test of geometry engineering

= 02 T e e 02 e e T T
> 0-5% {s,, = 200 GeV > 0-5% {s,,, = 200 GeV
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@ v3 is non-zero and lower in d+Au compared to *He+Au
o Excellent further confirmation that geometry engineering works

@ Hydro predictions show excellent agreement with data
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v3 vs pr—a further test of geometry engineering
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@ v3 is non-zero and lower in d+Au compared to *He+Au
o Excellent further confirmation that geometry engineering works

@ Hydro predictions show excellent agreement with data
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v3 vs pr—a further test of geometry engineering
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@ v3 is non-zero and lower in d+Au compared to *He+Au
@ Excellent further confirmation that geometry engineering works

@ Hydro predictions show excellent agreement with data
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Intermission

o Ridge observed even for |An| > 6.2
o Positive v vs pr observed at all energies

@ Hydro theory describes 200 GeV and 62.4 GeV with flow only while 39 and
19.6 GeV must have some significant non-flow

o AMPT suggests flow dominates at low pr, mix of flow+non-flow at mid
and high pr

@ v3in d/3He—|—Au confirm geometry engineering, excellent agreement with
hydro
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V2 VS 1)
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vo and dNcp/dn vs n

arXiv:1708.06983
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e BBC south (—3.9 < n < —3.1) used to estimate the event plane

@ 200 GeV shows strong

forward/backward asymmetry in v» and dNc,/dn

(both much larger at backward)

@ Asymmetry is large for
seems to decrease with

dNc,/dn at all energies, where as v» asymmetry
decreasing energy
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Vo Vs 77, comparison with AMPT

Va

arXiv:1708.06983
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o AMPT flow only agrees with mid and forward rapidity very well, but shows

higher v» at backward

for lower energies
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Vo Vs 77, comparison with AMPT

arXiv:1708.06983
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o AMPT flow only agrees with mid and forward rapidity very well, but shows
higher v» at backward for lower energies

@ 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 77, comparison with AMPT

arXiv:1708.06983

R B e B W R RRRa
o.0gk d+Au Vs,,=200GeV0-5% @ % d+Au s, =62.4GevVO05% ()} d+Au {s,=39Gev0-10%  (© ]

E o v,{EP} AMPT G,,,,, = 0.75 mb )
0.07F = AMPT v,{Parton Plane} T —AMPTv,{EP} E3 MNIX E
— AMPT v,{EP} No Scattering ks preliminary A

0.06f +

N
I..*..I....I....I....I....I..‘.ﬁ.
-2 -1 0 1 2 3

n n

AMPT flow only agrees with mid and forward rapidity very well, but shows
higher v» at backward for lower energies

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 detector
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Intermission

@ More hydro theory calculations for 1 dependence would be very helpful

@ The data shows large forward /backward asymmetry that decreases with
energy, but is that what'’s really happening?

@ AMPT flow only shows forward/backward asymmetry at all energies

o AMPT flow+non-flow shows strong anticorrelation between flow and
non-flow at backward rapidity that brings v» backward down significantly

o Flow and non-flow are non-additive
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Multiparticle correlations
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Experimental method and details

Definition of Q-vectors is the same as before

Two particle correlator:

(2) = (cos(n(¢1—¢2))) (=va)
T MM -1)

Four particle correlator:

#) = (cos(n(¢1+¢2—ds— ) (= va)
_ Qo 4@l 2Re[@nQ Q7] 2(M —2)[Qu[* — M(M —3)
N M(M — 1)(M — 2)(M — 3) M(M —1)(M —2)(M —3)

Calculation of cumulants and harmonic coefficients

a2} = ((2)) = (va) vo{2} = v enf{2}
afdy = (@) -2((2))° =) 201" wi4) =V -a{4}
(FVTXN and FVTXS used for multiparticle calculations)
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Components and cumulants in p+Au and d-+Au at 200 GeV

p+Au

arXiv:1707.06108

d+Au
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@ Is the sign of c,{4} a good indicator of collectivity? (Hint: no)
o Positive c;{4} doesn’'t mean absence of collectivity (many other p+Au results)
o Negative c,{4} doesn't mean collectivity, could be CGC (Talk by M. Mace)
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v2{2} and v2{4} in the d+Au beam energy scan

arXiv:1707.06108

200 GeV 62.4 GeV 39 GeV 19.6 GeV
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o {2} relatively constant with N, .. and collision energy
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v2{2} and v2{4} in the d+Au beam energy scan

arXiv:1707.06108

200 GeV 62.4 GeV 39 GeV 19.6 GeV
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o v»{2} relatively constant with N5¥1X and collision energy

o Measurement of v2{4} in d+Au at all energies
o Measurement of vo{6} in d+Au at 200 GeV
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v2{2} and v2{4} in the d+Au beam energy scan

arXiv:1707.06108

200 GeV 62.4 GeV 39 GeV 19.6 GeV
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v2{2} relatively constant with N/Y7% and collision energy

Measurement of v2{4} in d+Au at all energies
Measurement of v»{6} in d4+Au at 200 GeV
v2{4} increases and approaches v»{2}

(19.6 GeV looks a bit like CMS p+p...)
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v2{2} and v2{4} in the d+Au beam energy scan

arXiv:1707.06108
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STAR cumulant results

ystems <107
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STAR cumulant results
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The

story so far:
Real v2{4} in d+Au collisions at all energies!

Complex v»{4} in p+Au at 200 GeV, maybe fluctuations dominate? Good
reason to believe collectivity/flow in p+Au as well

Is real-valued v»{4} really a good measure for collectivity?

Good news: we can turn the knobs in AMPT to see if we can draw a clear
connection between v»{4} and initial geometry in d+Au
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AMPT with no scattering
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@ Turn off scattering in AMPT—remove all correlations with initial geometry
@ Components show different trend but are still non-zero

@ But v>{4} goes from real to ~zero—connection between real v.{4} and
geometry in d+Au but not in p+Au
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The story so far:
@ Real v»{4} in d+Au collisions at all energies
o Clear connection between real v»{4} and initial geometry in d+Au
@ Geometry plays an important role
@ The sign of c2{4} is not a good indicator of collectivity

What about the non-flow?
o We've shown v»{2} but potentially significant non-flow
o We assume v2{4} removes all the non-flow, but are we sure?

@ Try to apply an eta gap on the 2-particle (v2{2, |An| > 2}) to get a better
handle on non-flow
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How to apply an eta gap in the FVTX?

A A

PHENIX drapidit PHENIX
FVTX South ey FVTX North
-3<n<-1 1 1<n<3

o v»{2} and v»{4}—use tracks anywhere in the FVTX
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How to apply an eta gap in the FVTX?

A B

PHENIX drapidit PHENIX
FVTX South ey FVTX North
-3<n<-1 1 1<n<3

o v»{2} and v»{4}—use tracks anywhere in the FVTX

e v»{2,|An| > 2}—require one track in south (backward rapidity) and one
in north (forward)

R. Belmont, CU-Boulder LANL heavy ion physics seminar, 9 November 2017 - Slide 37



Can we apply an eta gap to get a better handle on the non-flow?

arXiv;1707.06108

290 GeV 62.4 GeV 39 GeV 19.6 GeV

d+AU |5, = 200 GeV T d+AU \s,, = 62.4 GeV dHAU Vs 239 Gev T+AU V5. =196 GeV
012 . T T PHENIX T 1<n/<3 ]
S 1 1 1 *Va2}
L I o 1 1 =V{4} 1
0.0 “""'*--....._.‘____ e, . W’[ L+
0.06f SN S Iopt I ]
|++ ITCE N y }
0.04F ! I { I I ]
0.02F 1 1 + ]
(@) (b) (c) (d)
1 1 1 1 1 1 1 1 FETY PRTTL FTTR ITRTE PRTRA PAARA L. UK FUPTERT PUTT WOTI FTRY ITATI PRTTY FATRL (YRTE FTATU PTRRI PUTT FTPR AURY FPATUD, AUF. AUITETI RTTRU FTRRL (UTTi FTTe ITns
5101520553035 4045 5 101520 2530354045 5 1016202530 354045 5 10 15 20 25 30 35 40 45
Nivcke Niacks Nirathe Nivcke

o v»{2} and v»{4} vs NFYIX all tracks anywhere in FVTX
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Can we apply an eta gap to get a better handle on the non-flow?

GeV

62.4 GeV

200

T T T T T T T
d+Au \s,, = 200 GeV

R A R
d+Au Vs, = 62.4 GeV

39 GeV
d+Au st =39 GeV

arXiv:1707.06108
GeV

d+Au Usw =19.6 GeV

012 . T PHENIX T 1<n<3 ]
Vo {2}
0.1- ...“‘w- o, I 1 QViEAlelAr“)z}-
L I e 1 1 =V 1
0.08] ., .—-——4-‘....[ 4 +V,{6}
0.06f ~ + i 3 td 1 + ]
' $ 4 z '
0.04F ¢ 4 key T { 1 + ]
A0 . setadel? +
X RAA ‘e
0.02F 3 I eeeett + t 1
(@) (b) (c) (d)
1 1 1 1 1 1 1 1 FETY PRTTL FTTR ITRTE PRTRA PAARA L. UK FUPTERT PUTT WOTI FTRY ITATI PRTTY FATRL (YRTE FTATU PTRRI PUTT FTPR AURY FPATUD, AUF. AUITETI RTTRU FTRRL (UTTi FTTe ITns
5 1015202530354045 5 1015202530354045 5 1015202530354045 5 10 15 20 25 30 35 40 45
Nk N ks Nk Nfioks

) V2{2} and V2{4} Vs Ntracks'
4] V2{2, |A’I7| > 2} Vs Ntracks'

v2{2,|8n] > 2} = /vi +0?

FVTX

FVTX

all tracks anywhere in FVTX

one track backward, the other forward

w{2} =y/vi+o2+4

w{4} ~ /v —o?

@ How to understand this?
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Understanding two-particle estimates of v» when using subevents

@ dNcy/dn and v, are larger at backward rapidity, so v>{2} and v»{4} are
weighted towards backward
o v{2,|An| > 2} is weighted equally between forward and backward as
B F
Vo' V2

ov23>v2’:,sov22>v23v2’r
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Understanding two-particle estimates of v» when using subevents

dNe,/dn and v» are larger at backward rapidity, so v»{2} and w.{4} are
weighted towards backward
v2{2, |An| > 2} is weighted equally between forward and backward as
vBvE
2 V2
V2B>V2F,SOV22>VQBV2F
The fluctuations are not actually the variance but rather the covariance ¢gr
VVi+ 0% = VBV + e
Correlation strength between forward and backward
|ser| < ogor—fluctuations can contribute less than expected
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Understanding two-particle estimates of v» when using subevents

@ dNcy/dn and v, are larger at backward rapidity, so v>{2} and v»{4} are
weighted towards backward
o v{2,|An| > 2} is weighted equally between forward and backward as
vBvE
2 V2
° V2B>V2F,SOV22>VQBV2F
@ The fluctuations are not actually the variance but rather the covariance ¢gr
° \/v22—|—02 — \/V2BV2F+§BF
@ Correlation strength between forward and backward
|sge| < ogor—fluctuations can contribute less than expected

o Event plane decorrelation small in Au+Au but could be larger in d+Au

@ But that's already encoded in the v» vs 7 measurement discussed earlier
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Understanding two-particle estimates of v» when using subevents

9012 e 9012 e e
[ Aut+Au s, =200 GeV 2 V,{2} 1 [ Aut+Au s, =200 GeV o Vv,{4} ]

F h*1<n|<3 ~N— 4 F h*1<n|<3 T~ 4
0.1 PH ENIX 7 0.1 PH “ENIX 7
r preliminary 1 r preliminary 1
0.08~ - 0.08~ -
0.06 - 0.06 -
0.041 - 0.041 -
0.0214 ] 0.02[- ]
o ) I S S T S IO R N o ) IS S S S T O OO N
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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Understanding two-particle estimates of v» when using subevents

0.12 e e e
7 [ AutAu s, =200 GeV 3 V,{2} ]
rh"i<pi<s™ o~ o Vy{2,)An|>2} 4
0.1~ PH ENIX ]

r preliminary 1
0.08— -
0.06 -
0.04F -
0.022 -
o ) I S S T S IO R N

0 10 20 30 40 50 60 70 80 90 100

Centrality (%)

9012 [ e
[ Aut+Au s, =200 GeV o Vv,{4} ]

F o h*l<n<3 T~~— 4

o1 MM P YENIX ¢ e

r preliminary 1
0.08— -
0.06 -
0.041 =
0.021- -
o ) IS S S S T O OO N

0 10 20 30 40 50 60 70 80 90 100
Centrality (%)
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Understanding two-particle estimates of v» when using subevents

~0.12
>

[ AutAu s, =200 GeV + Vo{2} ]
F h*l<n<3 T~~— o V,{2,)An|>2} 4
0.1~ PH ENIX 7
r preliminary 1
0.08 — .
L ﬁﬁ ]
0.06 s
0.04F s
k il
0.02 i3 -
I I BN I VRN IR DTS S T

0

0 10 20 30 40 50 60 70 80 90 100

Centrality (%)

K 0.12
0.1]
0.08
0.06
0.04
0.02

0

P e e

AutAu |s, = 200 GeV o v,{4}

h*1<pni<3 " o o V,{4}
PH-<ENIX

{4}aman
B . o V.
preliminary — "2

aajbb

0 10 20 30 40 50 60 70 80 90 100

Centrality (%)

@ Two-particle correlation without eta gap has significant non-flow

Can't disentangle flow/non-flow/decorrelation effects (by looking at this plot)
o Four particle correlation with and without subevents is identical

Non-flow and decorrelations don't affect four-particle results in Au+Au
Decorrelation effects present but small (few %) in Au+Au
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The cumulant story so far...

@ Observation of real-valued v2{4} in d+Au collisions at 200, 62.4, 39, and
19.6 GeV from the 2016 d+Au beam energy scan
o Connection between real-valued v2{4} and initial geometry established
o v»{6} measured at 200 GeV
e Strong evidence for collectivity but not evidence against CGC

@ v»{4} observed to be everywhere complex in p+Au collisions at 200 GeV

o Fluctuations play a hugely important role
o Good reason to believe collectivity exists in p+Au
o Sign of cx{4} is a bad criterion for collectivity

@ The trend of w{2}, w{2,|An| > 2}, and v»{4} with collision energy is
consistent with expectations based on dNg,/dn and v2 vs 7
e Subevents/eta-gaps important to remove non-flow but present additional
hazards (but also opportunities)
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Intermission

Clearly, “fluctuations” are doing a lot of work for us. What do we mean, and
how well do we understand them?
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

@ Is that really true?
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

@ Is that really true?

@ Not necessarily! (the theorists know this but many experimentalists did
not get the memo)
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

Is that really true?

@ Not necessarily! (the theorists know this but many experimentalists did
not get the memo)

@ Two assumptions are required to get there:
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

Is that really true?

@ Not necessarily! (the theorists know this but many experimentalists did
not get the memo)
@ Two assumptions are required to get there:
o Gaussian fluctuations
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

Is that really true?

@ Not necessarily! (the theorists know this but many experimentalists did
not get the memo)
@ Two assumptions are required to get there:

o Gaussian fluctuations
e Small relative variance, o/v, < 1
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Cumulants: a closer inspection

o We always say v2{4} =~ v2{6} =~ w»{8} ~ \/vZ — 02

Is that really true?

@ Not necessarily! (the theorists know this but many experimentalists did
not get the memo)
@ Two assumptions are required to get there:

o Gaussian fluctuations
e Small relative variance, o/v, < 1

Are these assumptions valid? Let's have a look...
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Eccentricity distributions and cumulants

£0.035—p+Au, [&,(= 027, 0=014,5 = 051,k = 2.86-
o [—d+Au, [8 [=0.56, 0 =0.24,s =-0.16, k = 1.971
g 0.03; 2 E
8 F E
éo'ozsg E p+Au d+Au
s 002 3 (e2{2}) 0.303 0.610
0_015; é <€ > 0.270 0.560
001; 3 (e2{4}) Approx. 0.232  0.505
F 1 (e2{4}) Exact 0.166  0.508
0.005 B
% 01702 03 04 05 06 0.7 08 08

[

eccentricity >3

o Eccentricity cumulants: e2{2} = ((£3))"/?, e2{4} = (—((&3) — 2(e3)?))/*

@ We don't have the v, distribution but in the hydro limit v, x €,
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Eccentricity distributions and cumulants

£0.035—p+Au, [&,(= 027, 0=014,5 = 051,k = 2.86-
o [—d+Au, [8 [=0.56, 0 =0.24,s =-0.16, k = 1.971
g 0.03; 2 E
8 F E
éo'ozsg E p+Au d+Au
s 002 3 (e2{2}) 0.303 0.610
0_015; é <€ > 0.270 0.560
001; 3 (e2{4}) Approx. 0.232  0.505
F 1 (e2{4}) Exact 0.166  0.508
0.005 B
% 0102 05 04 05 06 0.7 08 08 1

eccentricity >3

o Eccentricity cumulants: e2{2} = ((£3))"/?, e2{4} = (—((&3) — 2(e3)?))/*
@ We don't have the v, distribution but in the hydro limit v, x €,

o Gaussian? No. Small relative variance? No.
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Back to basics (a brief excursion)

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

/+<><> x"f(x)dx

— o0

pn = (x")

The moment generating function:

— 00 — o0 n

" +oo " 400 t" R e "
I\/Ix(t)E<et>:/ e™f(x)dx = ZO X f(X)dX:ZOMnH

Moments from the generating function:

_ d"M.(t)

fin 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:

_ R
Ke(t) = InM(t) = Ky
n=0
Cumulants from the generating function:
n
o — d"K«(t)
datm |,

Since Ki(t) = In M. (t), M(t) = exp(Kx(t)), so

_d"exp(K(t)) o d" In M,(t)
B dtn e

t=0 t=0

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

Ha = ZBn,k(Hl,u-,f‘én—kH) (= Ba(K1,y -y Kn—kr1))
k=1

n

Kn = Z(_l)kil(k_ 1)!Bn,k(ul7-“7,u/nfk+l)7

k=1
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Back to basics (a brief excursion)

Evaluating the Bell polynomials gives

x)y = k1
() = k2+hi
<><3> = K3+ 3K1Ko + /@%
(X4) = K4+ 4K1K3 + 353 + 6/{?/&2 + lﬂ‘

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 excursion)

Subbing in x = v,, k2 = o?, we find
(<V3> = Vi46vio° +30" +4vars + m)

—(2<v,?>2 = 2v,‘,‘+4v3(72+204)

1

—v,‘,1 + 2v302 + ot + 4vyKk3 + Ka

(va) = 2(vi)?

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

Vn{2} — (Vs +O'2)1/2
vo{d} = (vi—2v20% —4v,so” — (k —2)o*)'/*

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

g 00350 p*Au, [8,0% 0.27, 0= 0.14, 5 = 0.51, k = 2.86]
§ 0‘03§—d+Au, EZD: 0.56, 0 =0.24,s =-0.16, k —1.92
So025- E
g i e p+Au d+Au
5 002 3 & 0.00531  0.0983
0.0150 1 2e30° 0.00277  0.0370
0oLk 1 4exso’ 0.00147  -0.0053
T 1 (k—2)s* 0.00031 -0.0001
0.005[ 5|
% 0102 03 04 05 06 07 08 08 1

eccentricity €,
e2{4} = (€3 — 2e30° — 4easo” — (k — 2)a™)/*

o the variance brings £2{4} down (this term gives the usual \/vZ — o?)
@ positive skew brings €2{4} further down, negative skew brings it back up

@ kurtosis > 2 brings e2{4} further down, kurtosis < 2 brings it back up
—recall Gaussian has kurtosis = 3
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Eccentricity distributions and cumulants

L1072 2107

»n 0.3¢ T T T T 1 ¢ 0.3¢ T T T T T T
£ £ PHENIX p+Au E 200 GeV | £ F T URRENIX | drAU \E zloo GeV
0.25F 1<n<3 . 0.25 1<n<3 A
§0%% . m@m 188 |, + @M 1
E 02- som® g E o2f «omem
O i° ' ]
0.15— . = 0.15— H =
F e | F s 3
C . | jl L |
o "y + 0% Teag, |
0.05E SRR F T PR R BRRRRRRRE
H@), . LT ]
0.021 . E 0.02 . 2{4} = [[gm} 2mgﬁ 1
.01 3 oo —— AMPT £
= o 1% of e :
© £ 1 © C ++§ '.""“4:
-0.01= . cf4)= @m2mm| 001 =
o2 AWPT 4 o

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
N{cks N{icks

v{4} = (vs — 2v30” — 4vaso® — (k — 2)o™)/*

o Eccentricity fluctuations alone go a long way towards explaining this

e Additional fluctuations in the (imperfect) translation of &> to v»?
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Final thoughts

Ridge observed for |An| > 6.2—long range means early times

o Positive v» vs pr observed from 200 GeV all the way down to 19.6 GeV

@ 200 and 62.4 GeV can be described either with flow only or with
flow+non-flow
e 39 and 19.6 GeV require significant non-flow in any scenario

o Positive v» vs 1 observed from 200 GeV down to 39 GeV
o 200 GeV can be described as flow only for almost all n
o Lower energies can be described as flow only for mid and forward rapidity
o Lower energies show possible flow/non-flow anti-correlation at backward
rapidity—this can obscure what is likely a strong forward /backward
asymmetry at all energies

Real valued v»{4} observed from 200 GeV all the way down to 19.6 GeV
o Multiparticle correlations generally held as best evidence for collectivity

o There is still the risk of some non-flow contribution to v»{4}
e It's very important to understand the details of the fluctuations
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