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Two experimental handles

on collectivity in small systems

Geometry Engineering Beam Energy Scan

3SHe+Au d+Au d+Au
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Two experimental handles

on collectivity in small systems

Geometry Engineering Beam Energy Scan '

Test if the initial geometry is translated to
final-state momentum anisotropy

vary the duration of each stage
to assess their relative importance

Pre-equilibrium Hadronization
3SHe+Au d+Au
2014 2008 fls
a® il
1°] : o« :‘LI ||?lll
09_ Og ;Pillb"“l
p+A Al |‘h" l|(
+AI 'I"
%)
Initial state Quark Gluon Plasma? Hadronic phase

thermally equilibrated ? and freezeout
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High-multiplicity triggered event samples
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Top 9-5%, bbc charge >=48.0 p+Au minbias
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Experimental methods in PHENIX

Event plane: determined at 2-particle correlations comprised of:
large backward pseudorapidity 1) particle at midrapidity
Particles: tracked over a large 2) energy cluster in BBC
pseudorapidity range 3) tracks in FVTX

dN /d¢ = 1+22vn cos(n(gp—"Y,)) pair argpzli:gygﬁ modulation
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EP: Measurements of v (p;) at mid rapidity

We use this detector to
measure the event plane

K FVTX-South
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2-particle correlations

Central Arms

Inl < 0.35

FVTX-South FVTX-North
-3<n<-1 1<n<3

 various detector combinations are used

» 2-particle correlations used for:
— estimate nonflow (in conjunction with min bias pp data)
— look for the ridge

— in some cases -> to confirm the EP measurements
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Cumulants: measure integrated v,

from tracks in FVTX as a function of N,

Central Arms
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V, VS Nn: analysis method

Tracks
FVTX and Central Arms

We use this detector to
measure the event plane

Central Arms

FVTX-North

* We want to measure integrated v, ( 0<p;<«)

FVTX-South

* No p; information available from FVTX
* Devise a correction based on AMPT
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RESULTS

1. Ridge in different systems
2. Geometry scan: flow of inclusive and identified particles

3. Energy scan with dAu
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Ridge (d/?*He+Au), and no clear ridge pA

Phys. Rev. Lett. 114, 192301, 2015 Phys. Rev. Lett. 115, 142301, 2015
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d+Au at 200 GeV: ridge evolution with An
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d+Au at 200 GeV: ridge evolution with An

- d+Au s, =200 GeV 0-5%
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d+Au at 200 GeV: ridge evolution with An
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d+Au at 200 GeV: ridge evolution with An
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A clear ridge is seen with all detector combinations, even for An > 6.2
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RESULTS

1. Ridge in different systems at 200 GeV
* Pronounced ridge in d/*He+Au, but not in pAl
* In d+Au, the ridge extends over An > 6.2
2. Geometry scan: flow harmonics of inclusive and
identified particles
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Charged hadron v,: d/3He+Au
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0.2 4 3He+Au 200GeV 0-5%, PRL 115, 142301 i
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Charged hadron v,: p+Au, p+Al

U P A e e R e

0.21 w p+Au 200GeV 0-5%, arXiv:1609.02894 =

0185 M =
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Nonflow estimation based on pp data

PRC 95 (2017) 034910 Central p+Au
Non flow at high pT
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* Not subtracted - cited as a systematic uncertainty
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* Vv,(3HeAu) ~ v,(dAu) > v,(pAu) ~ v,(pAl)
Geometry control works!
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Geometry engineering, Vv, (p7), and models

PRC 95 (2017) 034910

PRL 114, 192301, (2015)

PRL 115, 142301, (2015)
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* Hydrodynamics with small n/s works!
 AMPT: weakly coupled partonic cascade+quark
coallescence+hadronic cascade also works at low px.

Other obesrvables ?

N~
PH-<ENIX
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V,/€, in systems with different geometry

:I T 1 | T T 1 | L | | L L T T 1 T T The VZ/E2 in p+Au iS
0.8~ = p+Au200 GeV 0-5% )
L deAu 200 GeV 0-5% higher than that of d+Au
0.7 *® ‘He+Au200GeV 0-5% and 3He+Au collisions
== SONIC p+Au
0.6 = SONIC d+Au
© == SONIC *He+Au 1 3He/d+Au — some events
5 0.5 - hot spots never connect
SN 0 4t 1 andso g, 2 v, translation
Sk incomplete
0.3 : .
- 1 This behavior is within
0.2 4 the expectation of
- PHENIX 1 SONIC model, which
0.1— ] . - ey
- 7 includes Glauber initial
# Lo b bvv v b b by 0T 1
0 05 e T e 335 geometry angl viscous
arXiv:1609.02894 p,(GeVic) hydro evolution.
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Triangular flow at 200 GeV in different systems:

insights about the role of preflow

> i | |0-|5;/°| vﬁ |= %IG;¢ | I L I L L
: " *He+Au v, v, (PRL 115, 142301)
Vs IN d/*He+ Au | e d+Auv, v

Nearly identical | °"[

S st
. PH ENIX
| preliminary I

0.1 l

005— g

v; smallerin d+Au ||
0
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Triangular flow at 200 GeV in different systems:

insights about the role of preflow

IIIl]llllllIIIIIIIIIIIIIIIIII
- - 0-5% Ys,, = 200 GeV
- 3
» *He+Auv,, v, (PRL 115, 142301)
[] | ? 3 2
Vs IN d/*He+ Au | e d+Auv, v,

: , 15— — SONIC *He+A
Nearly identical | 015 —39NC HesAu

| —“\r——
| PH-ENIX
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0.1

0.05

v; smallerin d+Au||
0 =

ST EeTaeeasnn A A Al
| 0.5 | 1 1.5 2 p2.5[Gev/2
* Trends well described with hydro without prelJIow
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Include pre-equilibrium flow

:0.2IIII|IIII|IIIIIIIII|IIIIIIII»__l
- 0-5% Ys,, = 200 GeV . 4

= “He+Au v, v, (PRL 115, 142301)
. d+s’3\uw?'\f3

— superSONIC *He+Au
— superSONIC d+Au

PH--ENIX
preliminary
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worse agreement with
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llllllllJL
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1L 1 1 | I 11 1 1 I 11 1 1 I 1 1 1 | I | I | i L1 1 I
0.5 1 15 2 2.5 3

P. [GeV/c]

Relative contributions from pre-equilibrium and QGP need retuning ?
N
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|dentified particle v, in different systems

Central p+Au Central d+Au Q Central 3He+Au

0.251
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|dentified particle v, in different systems

Central p+Au Central d+Au Q Central 3He+Au Q

e p+Au 200 GeV 0-5% ; d+Au 200 GeV 0-5% T 3He+Au 200 GeV 0- 5%
[ w U4 i T $ I = whew
0.2~ 5 i & 7
- ° P+P e Y } = PP HHH :
ok 5 E $ 2l g E % " H g
: : § O EE
0.1 E ﬁ gL . % o EE a
: f L = ®p _
0.05_— E E —__— m [:1 ¢ i | W) v ey
2 9 e i o PH ENIX |
P T i prellmmary ]
o Bl el Pl Brarenind] il Brardr ] B Br i i B B el Brinsonel Rnninine Benarl Enlienin B il EErcinitsined Ve ol [Ersnining Braniriirtll EnEnaren
0.5 1 15 2 2.5 3 3. 0.5 1 1.5 2 25 3 3. 0.5 1 1.5 2 2.5 3 3.5
p_(GeV/c) p.(GeV/c) p.(GeV/c)

* Mass-ordering in all three systems
* Less pronounced in p+Au than in d+Au and 3He+Au

* Need to compare to models
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RESULTS

1.Ridge in different systems at 200 GeV
* Pronounced ridge in d/*He+Au, but not in pAl
* |In d+Au, the ridge extends over An > 6.2
2. Geometry scan: flow of inclusive and identified particles
*  V,(p7) and v,4(py) follow initial geometry
* hydro and AMPT describe the data up to pr ~ 3 or 1 GeV
v, in dAu and 3HeAu discriminate against preflow/flow
* identified particle v,(pt) shows mass ordering -
data/theory comparisons needed
3.Energy scan with dAu
*  V,(p7) at midrapidity
* Vu(n) o
. V,{2} and v,{4} vs multiplicity
PH-<ENIX



. Event plane measurements of v,

200 GeV 62 GeV 39 GeV 20 GeV

>°;.45" d+Au |5, =200 GeV 0-5% 1 d+Au |5, =62.4GeV0-5% I d+Au {5 =39 GeV0-10% 1 d+Au |8, =19.6 ¢ \}'ol-lzl*,' N
Il <0.35 E: I \/—— T Extrapolated | ]
°-4;“ o V({EP} E3 + PHZENIX T Res(¥}™) | :
0.35F F prellmlnary T Global Sys _ 4359 =
: m (19.6 GeV) ~ -48% ]
0.3 Ed E3 E3 E
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o4 et I ." t A E * ]
005f o ° F " I = EX | E
r . @ 1+ o i = © + (d)
[ l1111111111111111111[11111‘ 11111 llllllllllllllllllllllllll' 11111 llllllllllllllllllllllllll' 11111 Lo bovna by b Lo g 14
05 1 15 25 3 05 1 15 25 3 05 1 15 25 3 05 1 15 2 25 3
P, [GeV/cl P, [GeV/cl P, [GeV/cl P, [GeV/c]
Nearly identical Increase at high p;?
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dAu BES: v,(pt) and hydro models

200 GeV 62 GeV 39 GeV 20 GeV

N  [fTTTTT T | LA LN LML BNLINL UL P N O O O | IIIIIIIIIIIIIIIIIIIIIIII | IIIIIIIIIIIIIIIIIIIIII l
>o45_d+Au f_ 200 GeVO 5/ d+Au 624GeV0 5/ d+Au S 39 GeV 0-10/ d+Au S\ 196 VO 2
Il <0.35 — somc v, \/— Extrapolated | ‘
°'4;' o V,{EP} s SUPEFSONIC V_ PH “ENIX Res(¥! ™) |
0.35\- preliminary Global Sys _ 4+35%
: (19.6 GeV) ~ -48%
03f
0.25F
0.2b With Preflow
0.15F
0.1F
0.05F No PrefIOWJ

11 11 1 1 1111 1L 1 1 1111 l L1 1 1 1
05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
P, [GeV/cl] P, [GeV/c] P, [GeV/c] P, [GeV/c]

! |

Nearly identical Increase at high p; ?
Well described by hydro Nonflow ?

No clear trend with preflow
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Nonflow correlations: insights from AMPT

200 GeV 62 GeV 39 GeV 20 GeV

N S I I B I B E LN L L | R B E R B L | I R I R B L L R N B
>0_455_ d+Au ys,, =200 GeV0-5% 4 d+Au E:;=62.4 GeV0-5% % d+Au ﬁl:=39 GeV0-10% % d+Au ﬁt: 19.6 GeV0-20f0 3
f Il <0.35 ¥ AMPT o, =0.75mb ¥ SN ¥ Extrapolated | 1 ]
04F o v, (EP) F == AMPT v,{EP} E PH - ENIX F Res(#,™™) 1
0.35F === AMPT v,{Parton Plane} k3 3 preliminary ¥ Global Sys_ 4359
; ¥ ¥ ¥ (19.6 GeV) -48%
0.3 - T
0.252— 3
0.2F
0.15F
0.1F
0.05fF
C:

Pure Flow With Non-Flow

 Evidence for collective effects down to 39 GeV
* Nonflow correlations at 20 GeV require further studies
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Nonflow correlations: insights from AMPT

200 GeV

62 GeV

39 GeV

20 GeV

0.3f

0.1f
0.05F

IIIIIIIIIIIIIIIIIIIIIIIII

d+Au ﬂ 200 GeV 0- 5°/o
F Il <0.35
5‘ e V,{EP}
= AMPT v,{Parton Plane}

C LRI IUULLE IULLR UL UL L £
_: d+Au
T AMPT om,,,=o.75 mb

I == AMPT v,{EP}

+ wmmm AMPT v,{EP} No Scattering

=62.4 GeV 0-5%

oF:

_: d+Au \s,,

C \/—
{  PHENIX

lllllllllIIIIIIIIIIIIIIIIIIII

=39 GeV 0-10%

preliminary

_ - d+Au |s,,
T Extrapolated
T Res(¥;™™ |
:- Global Sys _ 4+35%
£ (198 GeV) = -46%

IllllllllllllllllllllllIIII

=19.6 GpV 0-20g-

—_——

lllllllllllllllllllllllll"’ llIIlllllllllllllllllllll:' lIllllIlllllllllllllllllsll
0.5 1 1.5 2 25 0.5 1 15 2 25 3 0.5 1 1.5 2 25 3 0.5 1 15 2 25 3
P, [GeV/c] P, [GeV/c] P, [GeV/c]
Pure Flow With Non-Flow All Non-Flow
J. Velkovska, Copenhagen 32

TN
PH <ENIX



V, VS I
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Insights from AMPT

200 GeV 62.4 GeV 39 GeV
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. Forward: well described at all\'s,, «

« Backward: AMPT deviates from
data at low energy
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Insights from AMPT

200 GeV 62.4 GeV 39 GeV
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Insights from AMPT

200 GeV 62.4 GeV 39 GeV
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dAu BES: v, vs multiplicity from cumulants

612k | d+Au ys, =200GeV  (a) -

ot B {2}
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o

| AYRL PR FRTTE FEATI RETRY FRTTE FRRTY RTRTY RUTRIIATY!
5 10 15 20 25 30 35 40 45
1<ini<3
Ntrk

v2{2}: 2 particle correlation
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dAu BES: v, vs multiplicity from cumulants

. 200 GOV
G2k . deAu |5, =200GeV  (a) 1

% * Vp{2} ]
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o .
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1<ini<3
Ntrk

v2{2}: 2 particle correlation
v2{4}: 4 particle correlation

the difference can be attributed to
nonflow + fluctuations
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dAu BES: v, vs multiplicity from cumulants

200 GeV 62 4 GeV 39 GeV 19.6 GeV
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Real v2{4} at all 4 energies!
Evidence of collectivity down to 19.6 GeV
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dAu BES: v, vs multiplicity from cumulants

200 GeV 62.4 GeV 39 GeV 19.6 GeV
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Interesting correlation at low multiplicities
needs to be understood further !
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RESULTS AND CONCLUSIONS

1. Ridge in different systems at 200 GeV
* Pronounced ridge in d/*He+Au, but not in pAl
* In d+Au, the ridge seen for An > 6.2—> truly long-range
2. Geometry scan: flow of inclusive and identified particles
* Vy(pt) and v(py) follow initial geometry
* hydro and AMPT describe the data up to pr ~3 or 1 GeV
 v;in dAu and 3HeAu discriminate against preflow/flow
 identified particle v,(pt) shows mass ordering -
data/theory comparisons needed
3. Energy scan with dAu
* V,(p7) at midrapidity — nonzero v, at all energies
* V,(n) — flow dominated at forward n; additional
correlations at backward n
* V,{2} and v,{4} vs multiplicity: evidence for collectivity

PR EnIROWN t0 20 GeV !
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Table 6: Summary of the systematic uncertainties on the v vs pr measurements at 200, 62.4, and 39 GeV.

Sys 200 62.4 39
Double interactions +9.4% < 1% < 1%
Event Plane 4.5% 4.5% 4.5%
East vs West 1.6% 3.6% 5.9%
PC3 Match 1% 1% 1%
¢ shift 1% 1% 10% pr < 1 and 5% pr > 1
Total IS £5.8% +£7.5%

Table 8: A summary of the systematic uncertainties applied to the measurement of vy vs n in 200, 62.4,
and 39 GeV d+Au collisions.

Sys Type 200 62 39
Double Interactions B +2% < 1% < 1%
Event Plane B 4.8% 4.8% 4.8%
Fake Tracks B 3.3% 3.3% 3.3%
Evs W B 1.6% 3.6% 5.9%
AMPT correction B ~0-3% ~0-3% ~0-3%
Total (approx.) B “_ngg +8% +9%
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V, VS n: analysis method

Tracks in FVTX and CNT I

We use this detector to
measure the event plane

Central Arms

FVTX-South FVTX-North

_ o » Apply correction to data v,(n)
* Determine parton- * Analyze using final-state « Change the AMPT input

plane angle ,"true" y, particles in the PHENIX parton cross section (and
« Use all final-state acceptance to get v,(n) resulting v,)> repeat

charged particles to . :
determine “true” v,(n) ghra;geeathe input p; spectra

\ J \ J \- J
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Understanding v»2{2}, w{4}, and w{2,|An| > 2}

200 GeV 62 4 GeV 39 GeV 19.6 GeV
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o {2} and v2{4} vs N}y X—weighted average of v5’ and v5

o v {2,|An| > 2} vs NEVIX—fixed, equal weighting \/vE v

@ dNc,/dn and v» vs 1) alone may explain these results

Ron Belmont QM17
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Components and cumulants in p4+Au and d+Au at 200 GeV
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@ Real v2{4} in d+Au, imaginary v>{4} in p+Au
e Fluctuations could dominate in the p+Au (v2{4} = \/v3 — 02)
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