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Origin of Collective in small system:
Initial State or Final State

Initial State Final State

g2 : Initial-state geometry
+ fluid-response (hydro)

€p : Initial-state momentum
correlations (CGC)

Short-range correlation Long-range correlation
Weakly depend on initial spatial geometry Strong depend on initial spatial geometry

Initial energy density Hydrodynamic
distribution expansion

Final State # Hdrodynamics Expasion

pMeasure o glnit jg one of the key evidences for the hydro expansion

Both vifeasure qnd eIt need to be well controlled in order to test this linear relation
S. Huang



Initial eccentricity: &,

Initial momen
correlation: g

System Evolution in Small-Size System Collision
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System Evolution in Small-Size System Collisions

Pre-equilibrium
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System Evolution in Small-Size System Collisions

Pre-equilibrium ~ Hadronization
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System Evolution in Small-Size System Collisions

Pre-equilibrium Hadriation )
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Testing linear relation (v1€s¥re o el™t) js challenge!

beam direction
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V 018F oy = 200 GeV0.5% @ QGP Droplet? Geometry Scan at RHIC
0.16 -4 °He+Au =
2 E_ = d+Au I I !_—
> 2:: «p+Au | " i l .! 3 ' _ p+Au(2015) d+Au(2016) 3He+Au(2014)
01 . s * E STAR:PRC 110, 064902 (2024)

Nucleon Nucleon Subnucleon
lauber [30, 31] Glauber [14, 29] Glauber [32]

b<2fm 0-5% centrality 0-5% centrality

(e2) (e3) Vies) Vied)  V(ed) V{ed)

He+Au 0.50 0.28 0.53 0.33 0.54 0.38
d+Au 0.54 0.18 0.59 0.28 0.55 0.35
p+Au 0.23 0.16 0.28 0.23 0.41 0.34

PHENIX:? &;(*He+Au) = £5(dAu) = &(pAu)

However, such calculation is too simply:

Ly, (PHe+Au) = v,(d+Au) = v, (p+Au) (PHENIX) 1) CentrallotY can not be defined from b
3 2) Eccentricity should be <€%>
Nature Physics 15, 214-220 (2019)

9/18/2025 S. Huang 7



https://www.nature.com/articles/s41567-018-0360-0

V 0185 Vo = 200 GeVO-5% """ gy QGP Droplet? Geometry Scan at RHIC
0.16 -+ °He+Au =
2 o1 Tomu 1 if ! ”— p+Au(2015)  d+Au(2008) 3He+Au(2014)
O o WG
0.1;— hl s " — STAR:arXiv:2312.07464

Nucleon f Nucleon \ Subnucleon

Glauber [30, 31]|Glauber [14, 29]] Glauber [32]

b<2fm 0-5% centrality | 0-5% centrality

(e2) (e3) Vi{es) Vied) | VI(ed) V{ed)

He+Au 0.50 0.28 0.53 0.33 0.54 0.38
d+Au 0.54 0.18 0.59 0.28 0.55 0.35
p+Au 0.23 0.16 0.28 0.23 0.41 0.34

g5(3HeAu)>e5(dAu)>e;5(pAu)
1)Centrality from NBD®Npart

2)Eccentricity from /(g2 )

§v3(3He+Au) ~ v,(d+Au) = v4(p+Au)(PHENIX)  Differ only by 20% even with Nucleon

Nature Physics 15, 214-220 (2019) Glauber
9/18/2025 S. Huang 8



https://www.nature.com/articles/s41567-018-0360-0

Sub-Nucleon Fluctuation in small system

Disk-like Gaussion-like Quark-like
1.0/(d) © PrAu i(e) () — «l2t+02/l 4 STAR: PRC 110, 064902 (2024)
. .d+Au ---  e{2} - -~
0.8 :?Au | | 0.8 Nucleon Nucleon [ Subnucleon |
T eSS Saaw Glauber [30, 31] Glauber [14, 29]| Glauber [32]

b<2fm 0-5% centrality |0-5% centrality

(e2) (e3) Vi{es) Vied) | VI(ed) Vied)

"He+Au  0.50 0.28 0.53 0.33 0.54 0.38
d+Au 0.54 0.18 0.59 0.28 0.55 0.35
p+Au 0.23 0.16 0.28 0.23 0.41 0.34
P N > 4
0.0 : T T WY - 0.0
0 20 40 60 80 O 20 40 60 80 0 20 40 60 80 3
Centrality (%) Centrality (%) Centrality (%) 83( He+Au) = 83(d+AU)z€3(p+AU)

PRC 94, 024919 (2016)

Eccentricity difference between p+Au, d+Au and 3He+Au is substantially mitigated by
the sub-nucleon fluctuation

S. Huang 9



Measurements From STAR

0201 a) 0-10% *He+Au "1 b)0-10% deAu "1 ¢)0-2% peAu -
$HPHENIX v, (0-5%) " ‘ STAR: PRL 130, 242301(2023)
2|_°-15‘ SSTARW %@ E _ EE D T PRC 110, 064902 (2024)
£ r ﬁ | 2B S .m | PHENIX: Nature Phys. 15, 214 (2019)
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Large v5(p;) discrepancy between STAR and PHENIX

Large longitudinal de-correlation in PHENIX measurements as 3D-Glauber indicates!?
3D-Glauber still under-estimates STAR v; in p+Au and d+Au

S. Huang 10



Pre-flow Effect:
Sonic vs. superSONIC Model
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v, 0151 e b v, SONIC 1y, eccentricity without sub-nuclear
: 1 @ v,STAR » )
oo WS 0 87 oos fluctuations
0.05 ._,!':’ I "g,._i__f.‘ ........
i '_____‘.' ------ | .
P 000 » SONIC model :without preflow, under-
S @ T redicts v, in all systems
V0180 4L E 1 v, p 3 y
0.10k i:_:.g"'_'.i-"i L E E * 40.05
005 ._p'" ' | gnE | > superSONIC model: SONIC+preflow
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SONIC: P. Romatschke Eur. Phys.J.C 75, 305 (2015) S. Huang 11



https://link.springer.com/article/10.1140/epjc/s10052-015-3509-3#auth-P_-Romatschke
https://link.springer.com/journal/10052
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v,(3He+Au) = v,(d+Au) > v,(p+Au)
vs;(°He+Au) = v4(d+Au) = vy(p+Au)

Sub-nucleon fluctuation or
pre-flow or both?

Can we perform a real test of
the linear response to initial
eccentricity in small systems?



Lessons the from Asymmetric Systems Scan

‘Maximise the difference in initial geometry between
systems.

*Minimise uncertainties in the initial geometry.

‘Reduce contamination of flow observables from pre-
flow, decorrelation, and nonflow.

13



O+0O(Symmetric) vs
d+Au(Asymmetric) collisions

[ e _ Nucleon-Glauber

. egA“>€200
P e

*a,
. L
........
............

*Elongated deuteron vs. nearly
round oxygen nuclei

ghucl > gquark o — Vastly different initial geometries
nucl uark n n .
o5 ks — ideal test of geometry—flow
. Quark-Glauber response
6(21Au S Eg)o
egAll ~ 6:(3)0
160 + 160

S. Huang



Eccentricity between d+Au and O+0O (l)

Nucleon Glauber Quark Glauber

vvvvvvvvvvvvvvv

" b) Sub-Nucleon Glauber(3 Quarks}]

! —%. O d+Au 10 5
<%&gmmﬂﬁm @ 1 e uEmmD ¢ ;
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N \ . @
i ®e 0 S, ® -
“.20.“40.‘.60“‘8(0'..20.“4011‘60”‘80
Number of Tracks (Nch) Number of Tracks (Nch)

£,(0+0) < &,(d+Au)
Significant difference(~40%)

Regardless nucleon or sub-nucleon fluctuation
S. Huang



Different ab initio Models
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The &,(0+0) from different ab initio initial-state models agrees within ~10%
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Middle-middle correlation from new Run21:
v, with different An cut

O+0 d+Au
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A Golden Comparative Measurement

‘Maximise the difference in initial geometry between systems.
40% difference with &,(0+0) < g,(d+Au)

*‘Minimise uncertainties in the initial geometry.
g, in O+0 and d+Au is insensitive to sub-nucleon fluctuation and
different ab initio models

‘Reduce contamination of flow observables from pre-flow,
decorrelation, and nonflow.

Minimum contamination from nonflow, preflow and de-correlations
for v,

A golden probe for the linear response between v, and &,!

18



c, and ¢; in d+Au and O+0

Non-flfow dominant

/
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_0004 1 . 1 . | . | 1 ] L |
0 50 100 150 0 50 100 150

Number of Tracks (Nch)

Number of Tracks (Nch)

A non-monotonic behavior is
found for c,@d+Au vs.
multiplicity

A clear interplay between
“Flow” and “Nonflow”

C,(d+Au) > ¢,(O+0) at HM
region

C5(d+Au) = ¢5 (0+0)
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V, vs. Multiplicity

- - - ' = ' | ' I ' 9 F ' I ' I ' I
0.06- a) ] b) Nucleon Glauber M C) Sub-Nulceon Glauber,

.ﬁ 40% 1 0.10F W g als qﬁﬁﬁ}&# 8
0.04:— 04@.@@{1)0 ® - %@@@D 11 {b%wg

(4] B
[ 30) 1.
¢ 1 < f
- 1 =0.05- K o 0+0:g(AFDMCY |- 4%
0.021 O 040 ] O 0+0: ¢ (NLEFT)
] I 1 0+0: ¢ (PGCM) 1
® drAu - ® d+Au STAR Preliminary
1 ] 1 ] 1 ] 1 1 ] ! ] 1 ] 1 1 | 1 | 1 |
0 50 100 150 0 50 100 150 O 50 100 150
Number of Tracks (Nch) Number of Tracks (Nch) Number of Tracks (Nch)

v, differs by ~40% between d+Au and O+O caollisions.
*Response coefficient k,=v,{2}/e,{2} is similar in both systems.
*Scaling improves when including sub-nucleon fluctuations.
Splitting at high multiplicity provides leverage to discriminate between different
ab-initio models
S. Huang



Comparing with Hydro v,

PGCM+3DHydro 1 PGCM+3DHydro 2

- O 0+0 1t .
0.02+ ® d+Au 4F STAR Preliminary -
| --0+0, PGCM+3DHydro1 || -- 0+0, PGCM+3DHydro2 |
d+Au PGCM+3DHydr01 1t - d+Au, PGCM+3DHydr02
0 50 100 150 0 50 _ 100 _ 150
Number of Tracks (Nch) Number of Tracks (Nch)

Hydrol
Large sub-nucleon fluctuation

Small n/s=0.04

Hydro2

1 Small sub-nucleon fluctuation

Large 1/5=0.09

*Both hydrodynamic models reproduce the measured v,.

*Hydro 2 (larger n/s) gives a better description of v, in low-multiplicity events.

21



v,{2}/€,{2} in Hydro

= ' I - ; I I I
b) c)
0.10F "o F iy -
OJN
m ___________
(1 O+0: ¢ (PGCM
>0.05 &(PGCM) | | o
® d+Au STAR Preliminary
--0+0, PGCM+3DHydro1 -- 0O+0, PGCM+3DHydro2 -
d+Au PGCM+3DHydro1 d+Au PGCM+3DHydr02
0 50 100 150 0 50 100 150

Number of Tracks (Nch)

Number of Tracks (Nch)

By scaling with €£,{2} from hydro, the models reproduce the measured v,{2}/e,{2}.

A clear linear response is observed between initial €,{2} and final v,{2} in d+Au
and O+O.
*This provides strong evidence for hydrodynamic expansion in small systems.
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V; vs. Multiplicity

C T T T T T T pm [ T T T T T T 1 [ T | T | T |
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STAR Preliminary . ® d+Au 11
. L . L . L . . L . L . L . L | L | L |
0 50 100 150 0 50 100 150 0 50 100 150
Number of Tracks (Nch) Number of Tracks (Nch) Number of Tracks (Nch)

v, Is similar between d+Au and O+O collisions.

*Scaling works only when sub-nucleon fluctuations are included
*This provides further confirmation of the crucial role of sub-nucleon
fluctuations in small systems
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Comparing with Hydro v,

L ! v v | 1 | J I v v v I I 1]
| b) -O+0O, PGCM+3DHydro1 || ¢ -== 0+0, PGCM+3DHydro2 |
0.020 ) ---d+Au, PGCM+3DHydro1 ) ---- d+Au, PGCM+3DHydro2 Hyd rol .
: 1t — Large sub-nucleon fluctuation
0.015 ) 1 Smalln/s=0.04
Bo10] '
.010 ]
- STAR Preliminary - Hyd ro2 _
0.005 1 Small sub-nucleon fluctuation
! Large 1/s=0.09
L | L | 1 | 1 L | L | L I
0 50 100 150 0 50 100 150
Number of Tracks (N_) Number of Tracks (N_)

*Only hydrodynamic model with large sub-nucleon fluctuation can reproduce
the measured v; in d+Awu.
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v3{2}/€,{2} in Hydro

N - | ' T ' l [ ; I ' I : I "]
b) -:-0+O, PGCM+3DHydro1 c) - 0+0, PGCM+3DHydro2
| ---d+Au, PGCM+3DHydro1 || - d+Au, PGCM+3DHydr02
0.04 | m r

.ﬁi‘l

STAR Prellmmary
] O+0:¢,(PGCM)

T T

O d+Au
] ] 1 ] ] ] ] ] 1 |
0 50 100 150 0 50 1 00 150
Number of Tracks (N ) Number of Tracks (N_)

Linear response is observed between initial €;{2} and final v5{2} in Hydro 2 (large n/s)

*Nonlinear contributions are expected to become more pronounced for smaller n/s
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Initial Geometry Fluctuation: £,{4}/¢,{2}

I
- Sub-Nucleon Glauber
1.0
ﬁ ...............................................
= L e
N
3 0.8 .
R
w S e 0+0 NLEFT
0-6_ ...... d+Au
- I : | |
0 20 40 60

Centrality (%)

Central collisions:
e.{4}=e,{2} in d+Au —
dominated by dumbbell-shaped
deuteron geometry.

'82{4}<£2{2} |n O+O —
fluctuation-dominated.

oIf v,{4}/v,{2} is controlled

by £,{4}/e,{2} this also provides
key evidence for hydrodynamic
expansion.
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v,{4}/v,{2} in d+Au and O+0O

v{n
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b) 040
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1 | |
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v,{4}/v,{2} strongly depends
on £,{4}/e,{2}

*Hydro model with large n/s=0.09
reproduces the measurement.

*Hydro with small n/s=0.04 fails to
generate v,{4} due to large nonlinear
effects.

‘Implication: Strong constraint
on n/s in small systems.
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Ne+Ne vs O+0 in LHC

Phys. Rev. Lett. 135 (2025) 012302

: 007 nb' +NeNe 0.8 nb™ (5.36 TeV)

I I | | | | [ [ [ | | [ | | I | I I 1 I | | I I | |
- CMS Preliminary o v,{2,|AnI>2} ]
| 03< p.< 3.0GeVic --- V,{2,|1AnI>2}, Sub _
o~ nl <2.4
| 8 1.2/ =
~
GJ |
Z
Q B
<
O |
-Deformed Ne+Ne collisions generate T 1.0
larger €,{2} than O+O. > © Trajectum (NLEFT) 1
'~1 O% dlfferenCe Observed at the LHC - PRL 135 (2025) 012302 Trajectum (PGCM) |
*Hydro model predicts ~20% difference. | PRL 135 (2025) 022302 [l IP-Glasma (PGCM) _
‘Model tends to overestimate the 564030 30 00

deformation parameter 3, Centrality (%)
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Outlook
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S.Huang, J.Jia and C. Zhang arXiv:2507.16162

ch

Different size fluctuations
between asymmetric (d+Au) and
symmetric (O+0O) small systems.

*(pT)~1/R(; differences in (pT)
fluctuations between d+Au and
O+Q provide direct insight into
radial flow effects in small
systems.
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Summary

Comparative study: d+Au vs O+O collisions (unprecedented geometric control)
Two Key observations:

1.v,{2} shows linear response to €,{2} with 40% difference between d+Au and O+O.
2.v{4}/v,{2}is controlled by £,{4}/e,{2}.
— Both strongly support hydrodynamic expansion in small systems.

It is further confirmed by 3D Glauber + hydro calculations tuned from large systems.

Provides rich constraints for understanding formation criteria and properties of small
QGP droplets.



	Slide 1: Probing the Quark-Gluon Plasmas droplet though Anisotropic flow in small Symmetric and Asymmetric systems
	Slide 2: Origin of Collective in small system: Initial State or Final State
	Slide 3: System Evolution in Small-Size System Collision
	Slide 4: System Evolution in Small-Size System Collisions
	Slide 5: System Evolution in Small-Size System Collisions
	Slide 6: System Evolution in Small-Size System Collisions
	Slide 7: QGP Droplet? Geometry Scan at RHIC
	Slide 8: QGP Droplet? Geometry Scan at RHIC
	Slide 9: Sub-Nucleon Fluctuation in small system
	Slide 10: Measurements From STAR
	Slide 11: Pre-flow Effect: Sonic vs. superSONIC Model
	Slide 12
	Slide 13: Lessons the from Asymmetric Systems Scan
	Slide 14
	Slide 15: Eccentricity between d+Au and O+O (I)
	Slide 16: Different ab initio Models
	Slide 17
	Slide 18: A Golden Comparative Measurement
	Slide 19: c2 and c3 in d+Au and O+O
	Slide 20: V2 vs. Multiplicity
	Slide 21: Comparing with Hydro v2
	Slide 22: v2{2}/ε2{2} in Hydro
	Slide 23: V3 vs. Multiplicity
	Slide 24: Comparing with Hydro v3
	Slide 25: v3{2}/ε3{2} in Hydro
	Slide 26
	Slide 27: v2{4}/v2{2} in d+Au and O+O
	Slide 28: Ne+Ne vs O+O in LHC
	Slide 29: Outlook
	Slide 30: Summary

