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THE ELEVEN QUESTIONS IN 21st CENTURY
Connecting ; What Is Dark Matter?

Quarks - \IthatDlsdthr(]e NJlture of tge Da;k Energy?
with the ow Did the Universe Begin*

CostS Did Einstein Have the Last Word on Gravity?

What Are the Masses of the Neutrinos and
How Have They Shaped the Evolution of the Universe?
How Do Cosmic Accelerators Work and What Are They Accelerating?
Are Protons Unstable?
What Are the New States of Matter at Exceedingly High Density and Temperature?
Are There Additional Space-Time Dimensions?
How Were the Elements from Iron to Uranium Made?
Is a New Theory of Matter and Light Needed at the Highest Energies?
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® Little bangs (@ RHIC and LHC.
Au+Au at Vsne=200 GeV
Pb+Pb at Vsnn=5.02 TeV
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FEXS 18 L i Al PR 4R

hadronic phase

QGP and
. . and freeze-out
initial state hydrodynamic expansion
- /‘ “a' B

,i‘t*“ R 7"",'3
:f h pe 0' e

X,

[ N .

A ,
'i R '4‘
‘::‘,(: "4 e
"?t?, > e ¥

pre-equilibrium hadronizaﬂon

- Initial State: - QGP and hydrodynamic expansion:

- fluctuates event-by-event - proceeds via 3D viscous RFD
- classical color-field dynamics - EoS from Lattice QCD

* Pre-equilibrium:
- rapid change-over from glue-field dominated
initial state to thermalized QGP

- time scale: 0.15 to 2 fm/c in duration
- build-up of transverse velocity fields?

- hadronic phase & freeze-out
- interacting hadron gas

- separation of chemical and
Kinetic freeze-out
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Perfect fluid with smallest viscosity/entropy

Paul and Ulrike, Phys. Rev. Lett. 99, 172301 (2008)

RHIC LHC 20~30% 4
Centrality 25 ’

T ' T ' T ' | —o— He
. | —l— N

. . ] | —@— H,0
20 * = 1/s=0.03 L™ A @ R:IG
wee  1/s=0.08 - | A acp
* | —%/— Mescn gas
O E

v, (percent)

l7=7-5fmlc | I-1I.UI N I-UI.5I N Iﬂ.lﬂl h Iﬂ'.l5l N I"|.Iﬂl |
(T-T )T,
.
S eFlow can be described by hydrodynamics

- ' with a very small shear viscosity/entropy =>

-‘ ‘QGP’ is a nearly perfect fluid.
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SEIG W & collective flow

AN 1 d2N

dppdydd — 2mdprdy

vp = (COS(2¢))

= (14 2vq cos(¢) + 2vpcos (2¢) + ...)

e]nitial geometry shape can be transferred [ .o

1k Centrality 0-2%
V,{2}
va{2}
ve{2}
vs{2}

¢ B > o

005 | ‘A“s Cﬂ i
| gf'gé | } [%
§

L
- il
into final momentum space through final o —— e mmmram
: . ” 0 1 2 3 = 5
interactions"collective flow 0. (GeV/o)
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flow and Fourier Series

f(@) be a periodic function with period 27

The function can be represented by
a trigonometric series as:

f(H) =a, + ian cosnf + ibn sinnf

The coefficients are:
Measuring 1 ("
. a, = — j floe)de
collective flow vy 2l
iIs nothing but a { o
Fourier analysis 4 =_| f(6)cosm8d6 m=1,2,

on the exp. data.
*Vn=am b,=—[" f(6)sinmod6 m=1,2,
T I-~x
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Mass ordering and NCQ scaling of v2

T I T I T

>N Hydro model PHENIX Data STAR Data
C 0.3— - n <> n-{-_'_n,_ ' M h++h. —
O | A KHK 255 4 Ky % o 3
© o AHA| 7 00 09
- 322 0
G 0.2 — , g') s
© ¥ I i OO“G—SOO
R o 29,
4 9
8_ 0.1 — o >
= 29
# —
8 ° %
T Ol _
<

| | . | |

0 2 4 6

Quark coales CeTr(gQ;sverse Momentum p; (GeV/c)

Vzhadron(p.‘_) X n vzquark(p.‘_/n)

ePartonic flow 1s followed by coalescence to form hadrons,
indicating the existence of deconfined QGP phase
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Multi-particle cumulant flow

ﬂ ocl+2 ¥ v_cos n(ga-\I’_r)

do .
v = <COS n(qp—ll’,,)> = <ein(¢_"’f)>

Cn {2}: <ein(¢1 —¢2)> _ <ein(¢1 Y)Y, —fﬂz)> —~ <el'n(fﬁ1—1/fr) > <ein(% —¢2)> _ (Vn {2})2

CH {4 } _ <ein(¢1 + P~ @3 =0y) > _ <ein(fp1 -p) > <ein(¢3 @) > _ <ein(¢1 @) > <ein(fﬂ3 -p) > ~—(v {4})4

N. Borghini, P.M. Dinh and J.-Y Ollitrault, Phys. Rev. C63 (2001) 054906

® Multi-particle cumulant vn was designed to measure the real flow
by reducing non-flow effects.
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Multi-particle cumulant flow in A+A

03

0.25

0.2

0.15

0.1

0.05

Phys. Rev. Lett. 105, 252302

v T L T L2 T T v L2 L v T v v T T T

* v,{2} 0%-50%

v v,{4) 0%-50%
¥ ¥ ¥
EV’M (STAR) 5 %
x |

® 10%-20%
W 20%30%
A 0TA0%
B2 10%-20%(STAR)

Il 2% -20%(STAR)
.: 0% -40%
>
£
- 4
e 1
0 1 2 3 4
P, (GeV/c)

- T .

(b)

liquid state

®v2{4} 1s smaller than v2{2} because of reduction of non-flow effect.
® Similar flow between LHC and RHIC, indicating the formation of QGP in A+A.
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Long-range correlation in large and small systems

P

— Y
Final*hadron
freezeout

PP Final hadron

— freezeout

® Do long-range correlations 1in small and large systems have the
same physical origin? Can QGP be formed 1n small systems?

I [ 5/ (2 BRI YERT 5T ) 11



v2 in large and small systems

Small systems

L arge SYStem

CMS, Phys.Rev.Lett. 115 (2015) no.1, 012301

l I I I I I I I I I I I ! | I I I I I I I I I I I I I I I I I I I I I I I I I I l | I I I l I
010 pp¥s=13TeV o VSUR(2, 1AnI>2} pPb ys =5 TeV 1+ PDbPDb VSNN =2.76 TeV —
m Vv,{4} il il s ® . ]
+ V,{6} 1 1 o Y Xd
o pP®
0 V{8) | | o g° |
_ o VLYZ} i g 8 8 008005 | &®
N
S o?
0.05+ - in -+
i ° .* *? . 9 1 .. * ‘ ‘ % Q. * + i ‘
ol +
® =» o
| o 4 @ + 1
® 1 1 |
03< p < 3.0 GeV/c 0.3 < p, < 3.0 GeV/c 03< p < 3.0 GeV/c
1 1 ml <l 2.4 | l | ml < 21.4 | | | nl < 21.4 | 1
0 50 100 150 0 100 200 300 O 100 200 300
N:'I:Iine N;)::Iine N::Iine

® Multi-particle cumulant v, are less than 2-particle v;=> non-flow
® Similar v; for 4,6,8-particle cumulants vz {k}=> multi-particle
correlation/flow

I [ 5/ (2 BRI YERT 5T )
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Sign change of c2{4} in small systems

%10~ Phys. Lett. B 765 (2017) 193 CMS
0.03 m m(s=13TeV 1
’ s Vs=7 TeV

! > Vs=5TeV
0.021 )
: " pPb
! %] O \jsNN=5TeV
0.01 03<p_<3GeVic |
m| < 2.4
0] E— ¢ _'
|
- D -
0 50 100 150 200
offline
k

®c> {4} changes sign at a Nk!

ou{4} = {/~cu{4}, n=2
cni{d} =((4)) —2 X <<2>>21

((2)) = (™=,
((4)) = <<ei"(4’1+4’2—4’3—¢4)>>,

=> an onset of collectivity in small system?

I [ 5/ (2 BRI YERT 5T )
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ULTIMATE SMALL SYSTEMS

) T r T L T T T T
~ - ALICE Preliminary ent #pP)
v - p-Pb.\s,, =5.02TeV Kkt BAR 1
= mKF *
R A
v 0.2~ Low Multiplicity Template: N, <15  +K’ -]
s [ # )
a
S—t B ' ¢ T
> 0.1 M R
- L _
L o #* 4
- o - ae -
| em ¥ 4
Y ¥
(i - N 1 1 T
0 2 B 6
p. (GeV/c)
N 0.2 T T T T ] T T T T ] T T T T I T T T T T T T T T
- ATLAS p p Template Fit
L \(SNN =5.02 TeV, OnXn 1 p+PI|p Nrec > 60 :_
I An>25 ! I " ree ¢ i
A5+ ) L IN®°>60 H
0151 20 < N < 60 .8 ¢fp L 220 7]
- ¢ Photonuclear & # . 8 ]
[~ CGCcalc. %" P- Pb : i
0.1 . i
- - og 000§g -
L o Q 4
| * gt pp @
« O p + 4
0.05_— ég $ 7
[ Pb-Pb i
L l Ultraperipheral i
1 1 1 1 I 1 1 1 1 I 158 1 1 I 1 | 1 1 | 1 1 1 1
T T2 T3 T4 s

ATLAS, Phys. Rev. C 104,014903

p, [GeV]

ALEPH e'e’,

C(a0)

s = 183-209 GeV
| — 1
- Ny =50
- Thrust Axis
0.5

L

. e'e +

bl e

- Austin Bat)

~

sign(AV,) VIAV2|
o

|
o

5

1 1

PP

L - Data - MC
i - CMS pp 13 TeV, v***{2}
- CMS pp 7 TeV, v:"{2}
F * CMS pp 5 TeV, v;b{g}

2 4
P, (GeV)

6

Nagle, J., et al. Phys. Rev. C 97, 024909 (2018)

0.0215

0.021

0.0205

0.02

Skt At Dttt bl st
L. AMPT [Two Strings]
[ p% > 0.5 GeVic; p” > 0.5 GeVic

*  Case 1. With Interactions
= Case 2: Without Interactions
-
[ Case 1:c,=(12.3 £ 0.01)E-3
[ Case 2:¢,=(3.30 +0.01)E-3

Baty, Gardner, and Li,
PRC107 (2023) 064908,
arXiv:2104.11735

Zhao, Lin, XN Wang,
arXiv:2401.13137: particle
scattering is essential for
collectivity in jets

vi{2, IAn"1>2}

A parton propagating in the vacuum

“QGP” expansion?

A high-multiplicity Jet = the tiniest “QGP droplet”?

cMS 138 tb™ (pp 13 TeV)
03<j <3.0GeV
N I — IE: VS
® o,
¥.. arXiv:2312.14103
0.2+ ¢
L]
01" _e—pATA
— PYTHIA
------ SHERPA
0 1 1 1 1 I
04 ... 05 <j_r <3.0 GeV
N ¢ i Two-particle long-
' range correlations
02 m*i<16
IAY'l > 2 ¢
01 Anti-k;R=0.8
P > 550 GeV
0...1..1]...1...1.1.[.
20 40 60 80 100
Njch
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A multiphase transport (AMPT) model

Z. W. Lin, C. M. Ko et al. PRC 72, 064901 (2005) AR Melting AMPT Model
(1) initial HLJING energy in nucleon
condition

excited strings and minijet partons spectators

---------------------------------------------------------------------------------- fragment iter Partorrs------=r-----serrrrsspeeseeeeaaan

(2) parton cascade

[2<->2 elastic ZPC (Zhang's Parton Cascade)

collisions : =
] till parton free-eout

Quark Coalescence

(4) hadronic
rescatterings

Z.-W. Lin et al., PRC 72 (2005) 064901

[ 7/(58 B R BRI HLA 58 ) 15



Time evolution of a central Au+Au collision from the
AMPT model (string-melting version)

Pre-
collision

Detector

h ™
a/5 t=0.20 fm q/5 t=C.20 fm

o
o O
pi /5 {:&) pi/s 5 ¢ 5

box range: +—30.00fm box range: +—30.00fm

D 2/(5 BRFIR Y BT 16



Studying flow™ with AMPT model

Z.-W.Lin et al., Phys. Rev C 72, 064901 (2005)

[JING (PDFs, nuclear shadowing):
minijet partons,  excited strings, spectators

'- Wielt to g & ghar via

intermediate hadrons

ZPC (Zhang's Parton Cascade)

Partons freeze out

A+D =gy | H

Hadrons freeze out (at a global cut-off time);
strong-decay all remaining resonances

Final particle spectra

.‘~:... .'/‘0
.QO'U. .&

flow =flow(escape@®@hydro®CGC)®non-flow

o 2/ B RFIARY B 5T 17




AL DA CIp v

Au+Au 200 GeV (b=0 fm)

o 5 H/LRYALIIE (b=0) HT

#7STLEI == (8] AT
PIAEA B ZER

(& 1F1E,
HXSFR D o

Ma et al.

2011

' I&I T Ial T I$I T I'NI T Iol T INI T IAI T

—
o
=TT

AMPT events

E T

af

2t

of

2

4f

6 ,

8- £,=0.30, ,=0.01

L S R R R

+ event 3

8F

6F

4t

2

oF

o

4F

6F

8 €,=0.03,;=0.24

ofi kil b
10 8 6 4 -2 0 2 4 6 8 10
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x (fm)

via parton cascade

X (fm)

via parton cascade

—~10 10

B g% : £

CU ;8_— » ;8

— 4 - 4

(qV) - -

-6 2_ N 2_

® o : of

Q. - -

N 2 -2f -2f

S| : 4

C = = - - &,=0.03, .=0.24

-— 8- € 0.02,63 0.02 -8:— €2=0.30’€3=0.01 _8:_ 2= V.U, C3=V.
_10_]II|IIIIII]|III|III|]II|IIIIII]lIIIlIlI _10III|III|IIIIIII|III|III|III|IIIIIII|III _10—III|III|IIIIIII|III|III|III|IIIIIII|III
-10 -8 6 -4 -2 0 2 4 6 8 10 ,10 -8 6 -4 -2 0 2 4 6 8 10 :-10 -8 6 -4 -2 0 2 4 6 8 10

=>£*E|’Efz|-‘ulb

X (fm)

via parton cascade

.8

o 1 ) 0
o 3 I s 0 Sosf v, %
O o | o | éo 6:— (f)
© o o | > f
Q. 0.5 0.5 0.4b
(/)] i i '
E i I 02 °
3 0 o (i]=
= I
() 0.2
E 0.5 -0.5[ 0.4
o| "l : :
E Au+Au 200 GeV (b=0 fm) - Au+Au 200 GeV (b=0 fm) '0'6:_ Au+Au 200 GeV (b=0 fm)
E _1||||-|.|||||IIII‘|IIII '1-1I 11.01-5|1|10|||||0.|5||||1 .O'Sllllll|||||II|III|III|I||||||[|II|
c 1 0.5 0 0 5Px (GeVlc)1 b, (GeVic) .08 -06 -04 02 0 02 04 pxo('gevtlléi);
U

o= pFHEE

AR LI AN TR D T A ARSHE X HRIFIER
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c 0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Om

G. L. Ma and X.-N. Wang, PRL 106, 162301 (2011)

Illl|Illl|llll|Illl|Illl|llll|llll|llll|Illl

Au+Au 200 GeV (b = 0 fm)

- V1

v, v3

Do
< <
m

n

0=10mb

l
W, = —[arctan

n

(r*cos(ne))
Vn = (cosn(¢ — ¥n))

Note: wn is the minor axis of initial
geometry distribution.

(resin(ne)) N 77].

c

> .
01k Centrality 0-2% (c)

| e V,{2} I I*}{

| A v4{2}
R ﬂ
e @ R d; g
{ I
i § t I
% .5
i { ALICE, PRL, 107, 032301 (2011)

0.05 -

0o 1 2 3 4 5
p. (GeV/e)

® I {17 Eb=0RYF

AN

i

CC
L L

5}|t|.: ’ *I:I gggﬁz%EQq Fﬁ*ﬁﬂ‘io
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AMPT results on long-range correlation in p+Pb

’ track

p+Pb (1.5mb), N <35
1<p_<3GeVic e

0.24{" .
02217 4
0o | RS
2 S
U L

1/N,, °N""/(dAn dAg)

®No long-range correlation 1n
low-multiplicity p+Pb.

1/N,, °N""/(dAn dAg)
.

G.-L. Ma and A. Bzdak, PLB 739, 209 (2014)

p+Pb (1.5mb), N _

ac

110

—
A
©
A
w
@
®
<
O

o
¥

e~ '\;‘
3y, t‘.‘“ { Y ! ’) . \\tf
4 AR ;;F/ ! A

® Clear long-range correlation in
high-multiplicity p+Pb.
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AMPT results on long-range correlation and v,

G.-L. Ma and A. Bzdak, Phys.Lett. B 739 (2014) 209. A. Bzdak and G.-L. Ma, Phys.Rev.Lett. 113, (2014) 252301.
RS R LR LR U I R
s L - p+Pb 3 mb (melting AMPT) . —e— V, (exp. data) il
| p+Pb 1.5 mb (meling AVIT) . 0.1 —& V5 (exp. data) T
N ——- pt .5 mb (melting : -
& J C— o+Pb 0 mb (melting AMPT) ¢ .ot - o e gﬁ'\MAE]I'— g mg; -
O p+Pb (default AMPT) o-] N L T s ! 1
0.05- —&— p+Pb (exp. data) o —- ZAY i T
S 'l__,. a(_ i (+)++O+¢b ?J g g+o++++_:
g ~ 0,05+ s
T_ ;'E : p+Pb 5.02 TeV +
z : a AP 4 daadag}
— -p*Pb5.02TeV (N >110) 1.0 <p_<2.0 GeV/c A, A A i
l vv v v v by v v v v by by Iy B AA _:
0 05 1 15 2 25 3 ol
IA®| (rad) O 50 100 150 200 250 300 |
. . . Ntrack
eThe two-particle correlation in p+Pb
can be well described by 6=1.5-3 mb. *For p+Pb, AMPT (6=3 mb)
eThe signal strength increases with ¢ repi*.ocllucezs thz 1n3tegrated two-
and vanishes for 6 = 0 mb.=>Long- particic Vo and vo.
range correlation 1s produced by parton

cascade.
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Studying flow™ with AMPT model

Z.-W.Lin et al., Phys. Rev C 72, 064901 (2005)

IJING (PDFs, nuclear shadowing):
minijet partons,  excited strings, spectators

'- Telt to g & ghar via

intermediate hadrons

/ZPC (Zhang's Parton Cascade)

Partons freeze out

A+D =gy | H

" EECETTY TR ERETEEEELELL

ART (A Relativistic Transport model for hadrons)

Hadrons treeze out (at a global cut-off time);
strong-decay all remaining resonances

Final particle spectra

flow =flow(escape@®@hydro®CGC)®non-flow

o 2/ B RFIARY B 5T 23



Escape-type small systems?

thanhere L. He, T. Edmonds, Zi-Wei Lin, F. Liu, D.

HIJING

energy in nucleon T
excited strings and minijet partons 5{)&'1;1[012

fragment into partons

ZPC (Zhang's Parton Cascade)

till parton freezeout

more partons

: . <
" with NCOll =0 ¢

B il here
Quark Coalescence
ART (A Relativistic Transport model for hadrons)
(§ . Au+Au (b=7.3 fm) - = freezeout partons
c L=~
o 0.04 CTmSL e non-freezeout partons
= - SRR S
© | Seeo
Q— | - — — -~ - o
0.02— —
. ?\Q\Tff‘.’
PR g
[ g lnk vi
0 - _
| I\ smseassssasessee s
.,,..,.,..Q‘QT?’ ----------------
| aa . . L
0 S) 10 15 20

- 3ll(active) partons

Number of parton collisions

Molnar, Fuqiang Wang, Phys.Lett. B753 (2016)
506.

larger probability for
partons to escape
along the short axis

Features:

* All partons’ v2 increases with Ncoll

*Freezeout partons’ v2 decreases
with Ncoll.

*Non-freezeout partons go from
negative v2 to small v2 after
collisions

*The escape contribution to total v2
1s large (~70%) 1n mid-central
Au+Au; larger for d+Au (~90%)

I [ 5% /(8 B R B3 52 ) 24



Final partons’ v2 with different Ncoll

Final freezeout partons

~p35= ~~ 0.15
i p+Pb 5.02 TeV N —
0.3} 120<N,___ <260 A - p+Pb 5.02 TeV (AMPT JS, 3 mb)
0.25 " AMPT (3mb) S - O o ©
25| g I o o
0.25— = 0.1 — o O o .
0.15) . Q
N & . 9 o 3 © O
A (Q\] [~ O Q
0.05 = 0.051— g S
% 12 3456 7 8 01011121314151617 18 i Q O ;
. . -o-N_,=0 : $
O__ —©- NcoII=1
partons|=| Ncoll=0 |+| Neoll=1 - 9 Nogi=2 v ooy
. ~© NcoII=3 '
-+ Ncoll=2 | +{ Ncoll=3 |+ Ncoll=4 -0-05_— Neoi=4
. & NcoII=5
1| Neoll=5| 4/ Neoll=6 |+ ... - Neoi=6
_0 1 1 1 1 l 1 P 1 1 l 1 P 1 1 l P 1 1 1 l P 1 1 1 l P 1 1 1 l P 1 1 1 l | - 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
pT(GeV/c)

® Final partons’ v2 decreases with Ncoll.

Guo-Liang Ma, Adam Bzdak, Nucl. Phys. A 956 (2016) 745748
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Initial partons’ v2 with different Ncoll

Initial partons

ol p+Pb 5.02 TeV EJ\T 0.2 -~ == N0
0.3% 120<N,, <260 A - -~ N =1 . p+Pb 502 TeV (AMPT JS, 3 mb)
02518 AMPT (3mb) —: 0.15 o :collzg
i — coll o
0.2 ;— S,\ : Nc0|I=4 : C) O o O O
0.15; & 01 :—' o Ncollig
0.15— >(\j . She A
‘ 0.05( o O
0.05 n O O e o
% 12 3456 7 8 01011121314151617 18 O: -------------------------------------------------------------------------- SITE I
- o
partons|=| Ncoll=0 [+ Ncoll=1 - o ° o ©
0.1 . O o
+| Ncoll=2 | 4] Ncoll=3 |+ Ncoll=4 - O 5 :
~0.15F Yy
+H Ncoll=5| + Ncoll=6 + ... -

L1l 1l l Ll 1l l Ll 1l l L1l 1l l L1l 1l l L1 1l l L1 1l l L1 1l
_020
1.5 2 2.5 3 3.5 &

pT(GeV/c)
® In the initial state, v2 (small Ncoll)>0 and v2 (large Ncoll)<0 since the

average v2 must be zero.
Guo-Liang Ma, Adam Bzdak, Nucl. Phys. A 956 (2016) 745748
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Partons’ Av2 with different Ncon

Guo-Liang Ma, Adam Bzdak, Nucl. Phys. A 956 (2016) 745.

S | p+Pb502TeV (AMPTJS,3mb)  * Neal = 4
(- — Tt Teoll™™ -
= . N _ =
o A coll
? 0 2__ . —®= WNeo=
—~ - °: coll~
g - : | ~® WNeol=
?NO"IS.__' o o o . ‘
: . ’
i o '
0.1 0
- o
: . :
0.05- 0 ° .
[~ a
O'—l 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
p_(GeV/c)

More parton collisions generate larger Av2. '
=>The escape mechanism needs collisions.
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Studying flow™ with AMPT model

Z.-W.Lin et al., Phys. Rev C 72, 064901 (2005)

IJING (PDFs, nuclear shadowing):
minijet partons,  excited strings, spectators

'- Telt to g & ghar via

intermediate hadrons

/ZPC (Zhang's Parton Cascade)

Partons freeze out

A+D =gy | H

" EECETTY TR ERETEEEELELL

ART (A Relativistic Transport model for hadrons)

Hadrons treeze out (at a global cut-off time);
strong-decay all remaining resonances

Final particle spectra

flow =flow(escape@®hydro®CGC)®Pnon-flow
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AMPT with introducing an initial ‘flow’

d) Before transpQri,
Vi2“i:0.1__-_ |

0
0.1

N

>

=
O
e
©
o
=

Initial flow v2

y - ENN

|
Leszce ‘ t ., |
C A ‘ "
L T ; '
“ ” AP 4 < /"“‘ "“‘s\‘ - —— )
/P -
Y,

e [f an initial momentum anisotropy from CGC, how does
the mnitial flow interplay with final flow? Can it survive?
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AMPT results with different strengths of initial flow

Maowu Nie, L1 Y1, Jiangyong Jia, Guoliang Ma.Phys.Rev.C 100 (2019) 6, 064905 Qma 0.09
' 0.08} L l
R
- N
© >
LL * =
C
0.06 = ™ d 0.06 —_
_ " e i
0.04— o v3'=0.06 —
i —%— V3"'=0.07 _
_e_ vlnlt_o 08
= vg"‘_o.og
- —o— V3"=0.1 }
0-02—$| Lo oo oo o
0 50 100 150

® The existence of initial flow affects final flow measurement. <Nch>
At small Nch, initial flow 1s basically dominant and easily survive.
e Atlarge Nch, final flow 1s dominant; initial flow but help increase final flow.
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Studying flow" in small systems with AMPT model

Z.-W.Lin et al., Phys. Rev C 72, 064901 (2005)

IJING (PDFs, nuclear shadowing):
minijet partons,  excited strings, spectators

'- Telt to g & ghar via

intermediate hadrons

/ZPC (Zhang's Parton Cascade)

Partons freeze out

A+D =gy | H

" EECETTY TR ERETEEEELELL

ART (A Relativistic Transport model for hadrons)

Hadrons freeze out (at a global cut-off time);
strong-decay all remaining resonances

Final particle spectra

flow =flow(escape@®hydro®CGC)®non-flow
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AMPT results on non-flow in p+A

X1 O"6 M. Nie,P. Huo, J. Jia, GLMa Phys.Rev. C98 (2018) 034903
;? 25— I LB AL R L
N [ p+Pb5.02TeV 0.3<p<3GeV :
© 20} ! J
§ ' [ Standard (AMPT) -
15F ] —O— Two-subevent (AMPT)
o) —#— Three-subevent (AMPT) -
- ] _’
10 - N —— 1/N*fitting :
O E
o Q [ .
e i o u L] -
Of -t~ g
5F =
_1 0 | 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l :

20 40 60 80 100

<N_>

® By turning off parton cascade and hadron rescatterings, we can
study non-flow due to jets , resonance decays, TMC, etc..

® Subevent cumulant method suppresses jets and resonance decays.
® The three-subevent c2{4} obeys ~1/N4.<=TMC effect
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Particle production under TMC

RN 7 2« All produced N particle must obey the
d tm\-uu‘:J 1:': L:lmq‘x_vw,xlusrii 3 7 .
e\ 7 transverse momentum
conservation(TMC).

* But ones only can experimentally
measure part of them, 1.e. k particles
(k<N), due to the limits of acceptance
and resolution.

N-particle momentum probability distribution:
1

IN@L o BN) = S8 B+ -+ PN (B - f(BN).

AZ/52(]71+.-.+I7N)f(171)“'f(ﬁN)dQﬁ1°-'(1213'N.
F

k-particle momentum probability distribution:

. . | . 9, . . . . .
fr(P1s s D) = Zf(m) ' "f(])k)/FOQ(Pl oo+ DN F(Prt) - - - F(ON)d*Progt1 - - - d* P
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Central Iimit theorem

Why always normal distribution?

X, | X3

X2

X4

Xs

Abraham de Moivre

v el
. XqyE XX+ e e
X n
)  P——
oz o) = 2706 20

BRI P RIRE
(1667-1754)

* For large enough n, the distribution of X, is close to the normal
distribution with mean x4 and variance ¢2/n.
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Central limit theorem

128 &2
'R ¢
Vig 9. _o1/4

4
"\ : " “\\ ; v - ‘ -\‘_“ y ,f" ‘\“_.
e ©® o o o
4
: @ o

Sir Francis Galton
|' ' (1822-1911)

* The bean machine demonstrates the central limit theorem, 1n
particular that the normal distribution 1s approximate to the

binomial distribution.
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Multi-particle correlation due to TMC

X
- - L. - 2 = - - o\ 2o 2
fe(P1y s Dk) = yEAZOA pr) | 0°(Pr+ ...+ PN)f(Prr1) - - fF(PN)d“Pry1 - - - d°PN
“ F
= =\ — f(5 £(7) N oxp [ — P+ ... + i 2
k]].?'o-?]k - ]1 ]k j\r—l{ p J\T_Lv’) ])2 F ,
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c2{2} from TMC

2 £ (2 =) A 2(D1—02) 1 b dd
c2{2}= <ei2(¢1—¢2)>: 0 ngI;LPQ)@ : ,24491(1492
o fa(P1, p2)ddrdos

fa(p1,p2) = f(P1) f(P2)

N =2 (N =2) (p*)p

o

() o 2p1p2
Iy (x) (N =2) (p?)p

02{2} |P1 P2 —

(Ix(x) 1s the modied Bessel function of the the 1st kind.)

N ( Pt + p3 + 2p1pa cos(py — ¢o)
exp [ —

)

pip3
2(N —2)2 (p2)3

CQ{Q} |P1 P2 ~

if P1p2 < %(N —2)(p°)F.

[ 55/(8 BR2ZEBR YRR 5207
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c2{k} tfrom TMC

pip3
2N —2)2 (p2)2,

62{2}|p1,p2 ~

(p1p2p3pa)?
(N —4)* (%)

62{4} Ipl sP2,P3,P4 ~

1 3 (p1p2p3papspe)’

462{6}|p17...,P6 ~ 9 (N B 6)6 <p2>%

L o 24 (p1p2p3papspepTps)’
(N —=8)° (p°)p

[ 55/(8 B RZEHAR YR 52 0T)
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c2{4} tfrom TMC vs the data

cumulants

Our TMC results:

0.10

o o o
- - -
AN @)} o0

<
-
ro

0.00

* Always c2{k} >0

The data
><10‘." . _CMS
pp _
0.031 m(s=13TeV
& (s=7 TeV
. > Vs=5TeV
0.02k i
i pPb
0 Sy =5 TeV
0.07 0.3<p <3GeVic |
ml < 2.4
! ¢ A _
ooo—D_f}%—
LR R
! O 0 O O
0 50 100 150 200
offline

e c2{4} changes from positive
to negative with Ntrack.

e => Data = TMC+ negative part?

I [ 5/ (2 BRI YERT 5T )
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c2{2} from TMC+hydro-like flow

Momentum space (P)

b | f(p,o) = > |1+ 2v2(p) cos(2¢p — 2¥7)],

GT | CLT(<p>=0, gx2=<px>>, oy?=<py>>)

: ., N 2 ( + )2 )
fz(p1,¢1,p2,¢2) = f(p1,¢l)f(p2,¢2)N— exp[ (pl,x + pZ,X) Piy T P2y

TRk

o Faprsd1; pa, )X @) dp d g
f027r 12(p1, @15 p2, 2)dd1dp

p*va(p)[2va(p) — Va.F] . p*

(N =2)(p*)r 2N —2)2(p2)7

2{2) = |(n(p))’|-
Flow TMC
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c2{4} from TMC+hydro-like flow

fa(p1, b1,y P ) = f(P1,¢1)°°-f(p4,¢4)N_4><

| \
(_ (pl.,x + ... + p4.x.)2 - (.p]&’ Tt ‘04'}’)2
\ 2(N —4){p)r 2(N — 4)<1)32’>F /

exp

2r ., : IR
o Sa(P1. B oo Pas Gg)e 00, - dgpy
2 .
o JaP1, 1, Pa, Pa)dy - - - dy

—$4)
! >|P1-P2-P3~P4 o

<82i((bl +(/’2—¢3

2p*(va(p))’[2va(p) — Vo F] N 2p*(va(p))? - 2pva(p)[8va(p) — 3Vyr]

crfd) ~ (n(p)' - -
2 2\F (N =4 (p?) (N =42 (p*)p (N = 47 (P}

, PP (p)? = 360va(p)iar +2TGar)] 38
6(N — 4y <Pz>‘11: 2(N — 4)%{ pz);

— 2(e2{2))%,
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c2{4} from TMC+hydro-like flow

Adam Bzdak and Guo-Liang Ma, Phys. Lett. B 781, 117 (2018)

" F | | | |
15k : —n=0.6 J
i — = p=0.7
-==p=0.8
) 10} O ATLAS 7
2 - -
X5t TMC + v5,(5%)
j_/ B -
61 O'— _§____z§ _______
i 5
—5L - ~
10' (a)
100 120

e Transverse momentum conservation brings c2 {k} oc 1/Nk >0,

resulting 1n a large positive non-flow at small N.
e c2{4} , originating from TMC ® flow(v2), qualitatively agrees
with the observed sign change behavior of c2{4}.
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c3{2} from TMC+hydro-like flow

0.008———— T
Mu-Ting Xie, Adam Bzdak and Guo-Liang Ma,
Phys. Rev. C 105, 054904 (2022) “
0. 0004 F X 3 -
TABLE I. The nth order 2k-particle cumulant c,{2k} from the . 6 o7 B ’::- ST
global conservation of transverse momentum only. N 0.0000 R |
n cn{2} cn{4) ca{6} cn{8} =~ f » ALICE 0.2<p;<3 GeV
-0.0004 [ |/ —— p=0.6 GeV ]
1 Pir3 pip3p3p; Pip5p} P P3P [ ,‘/ —— e = 7
2 3T A O o0 P A -90ArF | E:(l)'g 821,
1 np 1 __Pippip, _7 Pipy Py 261 Pip3- Py b : |
3 TSP 2 [-HeT [(N—6)(p?)F1° [(N—8)(p?)F 112 —0.0008 1+
4 1 riv; 17 PiPSP3Py 709 PPy 54193 PiP5Pg I P
24 [(N=-2)(p?)p1* 144 [(N-4)(p?)F1® 288 [(N—6)(p?)p112 288 [(N-8)(p?)F]® 50 100 150 200 25()
I ’ N ’ I
¢ Transverse momentum conservation ooor ]
brings ¢3{2} «1/N3 <0, resulting 1n a oual- on " -
L WO |
ti -flow to v3 at small N — e :
ncgative non-1ow 1o vo at Sima . 5 & “.’.r i
. . . 0.000— 8% =
e c3{2} , originating from TMC @ - :
. . . ™M C,: |Anl>1.0, w/o subtr. 7
flow, qualitatively agrees with the 002§ o 040 (5y=200GeV -
observed sign change behavior of : 0 Auew=200GeV
~0.004 ' 1 .
0 50 100 150
C3 {2} * TPC Multiplicity (%)
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Symmetric and asymmetric cumulants from TMC

SCo 4 {4} — <<6i2(¢1—¢2)+i4(¢’3—¢4)>> _ <<6i2(¢1—¢2)>> <<ei4(<f>3—¢4)>>

— (u302) — (v3) (0?)

acs {3} = <<6i2(¢1+¢2—2¢3)>> — <’U%’U4 COS 4(\1;2 _ \114)>

O For 3-particle:

L 3 . N p§+p§+p§)

e ey = exp| — exp(—®
fBrs- - P3) = £(B1) -+ f(Ps) 5 p( N3, p(—2)
where

& 3 (61 — b))
® = pip; cos(¢; — ¢;
(N =3)(P*)p i, j=1;i<j ! !

f02” ei2(#1162:-203) expy(— ) dby - - - dpy ®

(3}}p =
e [7 exp(—®)déy - - dgs

O For 4-particle:

sca {4} = <ei2(¢1—¢z)+i4(¢3—¢4)> _ <ei2(¢1—¢2)><ei4(¢3—¢4)>

5p12 p12

) TEr

16(N — 4)%(p)

O Decrease and tend to zero with increasing N and decreasing p

Jia-Lin Pei, Adam Bzdak and Guo-Liang Ma, Phys.
Rev. C 110, 024901 (2024)

o_lll |

~
1 I

x107°
40
35 --p=1.2 GeV
| ac,{3}
3ot -- p=0.9 GeV
—p=0.6 GeV

T e G e S A

80 100 120 140 160 180 200

20 40 60
N
107
O.QS— :
--p=1.2 GeV
0.8
i -- p=0.9 GeV
i ’ —p=0.6 GeV
’_’_\0.6
3
<0.5
o
(&)
“ 0.4
o: 1 li‘T'I-l-.LJ’I“““ + | | | |

20 40 60

80 100 120 140 160 180 200
N
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Symmetric and asymmetric cumulants from TMC and Flow

x10°° < 10°3
4.5F 012 1
4f- SC414)  ATLAS ; 1: ac,{3} + ATLAS
a5k | ---- TMC+flow-+interplay o ---- TMC+low-interplay
Nt ---- TMC+flow - ---- TMC+flow
ot 0.08 [\
3¢ — TMC = [ I — TMC
N g B v
2.5__ N ~ ‘| "\
: Soosll |11
21 1 R
1.5:— 0_04:_
E B e ‘.'E'.' ':;':B- ------ E- ............. *_ -
1 ! |
- 0.02—
0.5 ‘:":.'4-:-_- ----- -‘a:-_-..--“.,m ........... _m ............... i
O: I || | | | I$I | | | | O—I | I | I S | | I |
100 150 200 250 300 150 200 250 300
N N

OCollective flow makes them higher

OThe interplay is present when N is small, but almost negligible
when N is large

OAt small N, TMC dominates, and at large N, flow becomes
significant
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Symmetric and asymmetric cumulants from TMC and Flow

0.5

Jia-Lin Pei, Adam Bzdak and Guo-Liang Ma, in preparation

>_<10_6 %10~
L | 0_ ‘.:.-.:..... .... e A W
:_ H:‘T_TI:|j_f|::_',.'.T.:.T.'..:..'.'$'..'..'..'..-.l*r.ﬂ.l.n.r.n.r. PR _0.02—_ ..
52314} = || 523416}

o < - |

3 -0.04 | :

[ '
i A NE
- — TMC —0.06F |
o --- TMC+flow BE "=+ TMC+flow
- == TMC+flow-+interplay NE ==+ TMC+flow+interplay
- ~0.08 | ;
—Il'llllll"l"'ll'lll"" _01:4_L§||||||||||||||||I|||111|||

50 100 150 200 250 300 . 50 100 150 200 250 300
N N

OCollective flow makes them lower

OThe interplay is present when N is small, but almost negligible
when N is large

OAt small N, TMC dominates, and at large N, flow becomes
significant
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M. Omana Kuttan,et al, Phys. Lett. B 811, 135872 (2020),

05—t Polyfit P
N 4 Mohits “
oy b Shits D0 =z
= 0- \n‘ MS-lracks = *\g
g N N ‘=4~ HT combi 5 \‘\
; 0.3 f“té‘ ‘\*_’*
E 0.2 \\:| 58 Momentt‘Jm-space' ' Maxwelll vs. Spin‘odal
1 ; Validation accuracy: 1TP  20TP
=01 1 T Point-Cloud Network
i i _— e Convolutional Network
56
o ot 0.0
bt 4 % —
o }fl ! X osal
**(-_ & > n=5% n=10%
Alz.\-‘..',.,,'_, . 5*""1'.*.. 5 % 8
# R e l" nd t - > — e JAMpatcie
3 -~ l ¢ j. ! -, 3 52 2- ¢ OMCpaticle o
] > ¢ < - A o Q
> N q - L e k?"“ ]
4 f S ¥ b ] o1 Cﬁ;‘ <
i s - .
0 [ ®
480 -
° U n O rd e red I \:lidation set
) . 2| L0 i, 10%
* Interaction among points I -
- : Etart — 10%
. . ()9 suart
0
* Invariance under transformations e
v R SR
. . . V) T <
C. R. Qi, H. Su, K. Mo, and L. J. Guibas, arXiv:1612.00593, 2016. & o
Classification Netvork 2 0.6
r nput mlp (64,64) leature mlp (64,128,1024) max mlp ‘ - ;‘ v
2z transform transform 1 512,256,k -
- \POOL 1039 (512,256 k)
Freeze Out 3 - < :LT—": 3 3 0.5
P | %4 T b= b1 e nx1024 — i ] 11 a- 141 2l
= £ <] shared % % shared - Modcl-1 Modcl-2  Model-3a Model-3b
. ; global feature
£ \—l_l_!—- k

fransform

/ : n
! malrix :
multiply |

x 1088

mlp (512,256,12§)
Segmentation Network

e e UL e -
v P
>

—(

shared

~ point features

i : £
[ = shared g
}»

mip (128,m)

nx 128

. output scores

M. Omana Kuttan, et al, Phys. Lett. B 811, 135872 (2020),

J. Steinheimer, et al, JHEP 12, 122 (2019),

Y. Huang, L.-G. Pang, X. Luo, and X.-N. Wang, Phys. Lett. B

827, 137001 (2022),
M. Omana Kuttan, ,et al, JHEP 21, 184 (2020),

Shuang Guo, Han-Sheng Wang, Kai Zhou, Guo-Liang Ma, Phys. Rev. C 110, 024910 (2024)
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o EEURRRMES

411

Npart2
Event# Particle# b(fm)  Npartl

J“TW ]

1 1 4218 &.0000 34 84 2 82 1 &3

2112 0.000 0.000 99.996 0.940 6.00 -486 0.23 0.00
2112 0.000 0.000 99.996 0.940 6.78 3.61 0.21 0.00
2212 0.000 0.000 99.996 0940 5.53 148 0.26 0.00

2212 0.000 0.000 -99.996 0.940 -9.31 -2.75 -0.16 0.00
111 0.071 -0.334 -0.376 0.135 1.81 -0.96 -1.18 7.00

T 1 mjss T

Particle ID Final momentum Final position & time
(PYTHIA) (at kinetic freeze-out)

BRI B S EPRUHEFENNFIEES N —TIIR

pl’x pl,y pl,z El p2,x p2,y p2,z E2 chh,x chh,y chh’Z EN

ch
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Fully Connected Layer
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Shuang Guo, Han-Sheng Wang, Kai Zhou, Guo-Liang Ma, Phys

. Rev. C 110, 024910 (2024)
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233 >384 R =

Accuracy

Px> Py, P, E asinput

PCN can identify two systems
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Shuang Guo, Han-Sheng Wang, Kai Zhou, Guo-Liang Ma, Phys. Rev. C 110, 024910 (2024)
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