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Landscape of nuclear physics
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Nuclear Matter Quark Gluon Plasma

. @ Phase Tran5|t|o§
& 63 .

Confinement Deconfinement
QGP (quark gluon plasma): a deconfinement phase of the QCD matter

~ 2X10%? K




Particle Daa Group, LBNL, @ 2000, Supported by DOE and NSF



Phases diagram
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A brief history of relativistic heavy ion physics

1974: Workshop on “GeV/nucleon collisions of heavy
lons”

We should investigate.... phenomena by distributing
energy of high nucleon density of a relatively large
volume” ---T.D.Lee

'RHIC, BNL §
1984: SPS starts, (end 2003) :
1986: AGS stars, (end 2000)
2000: RHIC starts

2010: LHC starts

Future: FAIR & NICA



A brief history of relativistic heavy ion physics

1974: Workshop on “GeV/nucleon collisions of heavy
lons”

We should investigate.... phenomena by distributing
energy of high nucleon density of a relatively large
volume” ---T.D.Lee
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big bang: the very early history of the universe

little bang: the different stage for a relativistic heavy ion collisions

Hydro expansion
of QGP or hadron gas
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Preequilibrium hadronisation

Initial state Freeze-out




QGP-the most perfect fluid in the world
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BNL News, 2005

New state of matter more remarkable than predicted -- raising many new questions
April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relativistic Heavy Ton Collider
(RHIC) -- a giant atom "smasher" located at the U.S. Department of Energy's Brookhaven
Mational Laboratory -- say they've created a new state of hot, dense matter out of the quarks
and gluons that are the basic particles of atomic nuclei, but it is a state quite different and even
more remarkable than had been predicted. In peer-reviewed papers summarizing the first three
years of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and
gluons, as was expected, the matter created in RHIC's heavy ion collisions appears to be more
like a figuid.

"Once again, the physics research sponsored by the Department of Energy
15 producing historic results," said Secretary of Energy Samuel Bodman, a
trained chemical engineer. "The DOE is the principal federal funder of basic
research in the physical sciences, including nuclear and high-energy
physics. With today's announcement we see that investment paying off."

"The truly stunning finding at RHIC that the new state of matter created
in the collisions of gold ions i1s more like a liquid than a gas gives us a
profound insight into the earliest moments of the universe,” said Dr.
Raymond L. Orbach, Director of the DOE Office of Science.

Also of great interest to many following progress at RHIC is the emerging
connection between the collider's results and calculations using the

: : Secretary of Energy
methods of string theory, an approach that attempts to explain Samuel Bodman
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Theoretical tools for QGP evolution



Life time~ 1023 s
size~ 104 m

. < Numerical simulation

Dynamical Model

Boltzmann approach Hydrodynamics

microscopic view Macroscopic view




Boltzmann approach Hydrodynamics

microscopic view Macroscopic view

Liquid: particles exert forces on
one another all the time, flows in
a coordinated fashion

Gas: particles only know about
each other when they bump



Hydrodynamics

Ideal hydro viscous hydro
0,S*=0 0,520
Local equilibrium system Near equilibrium system

e(x) p(x) n(x) u*(x) e(x) p(x) n(x) u*(x)
7" (X)  TI(x)

. Hydro expansion
Initial state of QGP or hadron gas Freeze-out

Preequilibrium hadronisation
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Hydro expansion
of QGP or h:=

Preequilibrium
Hydrodynamics:

-A macroscopic tool to describe the expansion of QGP or hadronic matter
Conservation laws

8,N*“(x)=0

Initial state Freeze-out

adronisation

5 equ. 14 independent variables

- reduce # of independent variables (ideal hydro)
0,T*(x)=0 - or provide more equations? (viscous hydro)



Hydro expansion
of QGP or

Freeze-out

Initial state

Preequilibrium adronisation

Conservation laws:
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Elliptic flow v.
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}20-25% V2 suppression

Viscous hydro: Shear viscosityn & elliptic flow V2

n
S 4r
H. Song and U. Heinz, PLB08
H. Song and U. Heinz, PRCO08

-Elliptic flow is sensitive to the
QGP shear viscosity, minimal
value of n/s lead to 20-30% V2

2 suppression

-V2 can be used to extract the QGP shear viscosity



Effect from Hadronic evolution

Partially Chemical equil.

U e T A T 2

— Ideal hydro N _

5 — / ~80%

E /L1 oz

- Al -

¥ /5 -
VIO c / - >

o~ b— F —

» - -

g PCE  —

- — — CE -

n P. Huovinen 074

0 T

0 1 p; (Ge\

3]

hadronic dissipative effects

0.14

' T,.=100MeV
0'12:_ -8 -+ hydro+cascade

0.1 +  PHOBOS(hit)

- ¢  PHOBOS(track)
0.08¢

-~30- POO
0.061 |+elid]

s )
0.04-

K]
0.02-

L T. Hirano 06

e e b b e e

00 50 100 150 200 250 300 350 400

N

part

-These two HRG effects are not included in early viscous hydro calculations

mmmm) viscous hydro + hadron cascade (URQMD) hybrid approach

URQMD includes the partially chemical equilibrium nature & hadronic dissipative effects




VISHNU & IEBE-VISHNU hybrid approach

. Hydro expansion
Initial state of QGP or hadron gas Freeze-out
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VISHNU: H. Song, S. Bass, U. Heinz, PRC2011 — ideal hydro Tdec=100 MeV |
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Collective Flow
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QGP with fluctuating density
¢

Elliptic Flow &
higher order flow harmonics
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The Success of Hydrodynamics
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-hydrodynamics nice describe of integrated and differential Vn of all
charged and identified hadrons



Various Flow Predictions ftom Hydrodynamics
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H. Xu, Z. Liand H. S*, Phys. Rev. C93, no. 6, 064905 (2016); W. Zhao, H. Xu and H. S*, Eur.
Phys. J. C 77, no. 9, 645 (2017); X. Zhu, Y. Zhou, H. Xu and H. S*, Phys. Rev. C95, no. 4,
044902 (2017); W. Zhao, L. Zhu, H. Zheng, C. M. Ko and H. S*., Phys. Rev. C 98, no. 5,
054905 (2018); Li, Zhao, Zhou, H.S*, in preparation (2020) ... ... ... ...



Flow & QGP viscosity
@ top RHIC and LHC energies

Temperature T [MeV]




Lowest bound of specific shear viscosity
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-classical definition:
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Extracting QGP viscosity-early attempt

H. Song,et.al, PRL2011
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Extract QGP properties from bulk observ.

-massive data evaluation

Exp Observables Hydro model & its Inputs:
- particle yields -Initial conditions
- spectra -E0S
- elliptic flow - shear viscosity
- triangular flow & higher order - bulk viscosity
flow harmonics - Heat conductivity
- event by event Vn distributions - relaxation times
- higher-order event plane - freeze-out/switching cond.

correlatons L.



An quantitatively extraction of the QGP viscosity
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J. Liu, U. Heinz, PRC 2015



Extracting QGP viscosity with massive data evaluation

A 12-dimension PHoF ffige
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Extracted QGP viscosity with ever increasing precision
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Flow & viscosity at RHIC-BES

Hybrid model for RHIC BES

- proper initial condition ‘
(dynamical initial cond.,...) NI

- 3+1-d hydro oA
(effects from heat cono; lijlﬁity .)

-hadronic afterbu ACT

- EoS with T &yd




Recent model development for RHIC BES
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and C. Shen, Phys. Rev. C98, 064908 (2018) In the future



Recent development of hybrid model for RHIC BES

Dynamical initial conditions
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Extracting n/s(+/s) from RHIC BES (1)

-early attempt
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Flow and QGP signals at small systems



Correlations & Flow in p-Pb collisions
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-Many flow-like signals have been observed in high multiplicity p-Pb collisions



Flow

In p-

Pb -- Hydrodynamics Simulations
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Initial state or Final state effects?

Initial state effects: — Various Models interpolations

-K. Dusling and R. Venugopalan, PRL 2012, PRD2013, NPA 2014
-A. Dumitru and A. V. Giannini, NPA 2015, A. Dumitru and V. Skokov PRD2015

-B. Schenke, S. Schlichting, P. Tribedy, and R. Venugopalan, PRL2016
-K. Dusling et al, Phys. Rev. Lett 120 042002 (2018)
-C. Zhang, et al Phys. Rev. Lett. 122, no. 17, 172302 (2019).

Final state interactions:

-P. Bozek, W. Broniowski, G. Torrieri, PRL2013
-K. Werner, et. Al., PRL2014

-G.-Y. Qin, B. Muller. PRC2014

-Y. Zhou, X. Zhu, P. Li, and H. Song, PRC2015
- P. Bozek, A. Bzdak, and G.-L. Ma, PLB2015

- P. Romatschke, Eur.Phys.J. C77 21(2017)

-W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song,
Phys. Lett. B 780, 495 (2018)




Anisotropy Parameter v,

Reminder :

o
W

=
N

o
-k

1/Nyygqer AN/(AO)

0.2

QGP signals in large systems
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High Pt
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-strong elliptic flow

-jet quenching

-NCQ scaling of
elliptic flow
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NCQ scaling of v2 in p-Pb collisions

Low Pt

Intermediate Pt

0

2 GeV

Collective Flow:

Hydrodynamics
final states interaction

6 GeV
NCQ Scaling of V2.

-Recent Exp measurements--need
systematic theoretical

Initial state effects Investigation
(strong debate)

0.15[AUCERTD g Ty cHep it IS

B A K (0-20%) o5 A(185<N , <250) |

- 0O P(0-20%)  ATLAS, p-Pb {5,=5.02TeV -

= 01— h*(60<N_) N

,—\F L |

& I ,_ .

0.05 s 30 9 o -

BT @ | ]

0 1 2 3

pTIn(GeV)

ALICE data: PLB,726,

164 (2013).

CMS data: PRL, 121, 082301 (2018).
ATLAS data: PRC, 96, 024908 (2017).

-Where does such approximate
NCQ scaling of v2 come from

-Is it an indication of partonic
degree of freedom?



coalescence model & NCQ scaling of v2

Coalescence model  zhao, Ko, Liu, Qin & Song, PRL 125 7 072301 (2020).

dNpy ' .
2P, &M / d>x1d°prd®x2d>pafe(x1, p1)fg(X2, P2) x Wii(y, k)0 (Py — p1 - po)
dNg
5P, = &B / d3X1d3P1d3X2d3p2d3x3d p3fq, (X1,P1)

X fgy (X2, P2) g5 (X3, P3) Wi (Y1, k1; ¥2, k2) 6 (Pg — p; — po — p3)

Thermal & hard Partons:

- Thermal partons generated by hydro ~ 0.15[2p22 uzsn™™  cieptuiucsrs o

- Hard partons generated by PYTHIAS, L P020%) A

then suffered with energy loss by LBT £ 0.1 o
Q_‘ -

Coalesence processes: 0.05} ? P Lo -

- thermal - thermal parton coalescence

- thermal - hard parton coalescence 5 3

p_/n(GeV)

- hard - hard parton coalescence



Hydro-Coal-Frag Hybrid Model

Thermal hadrons (VISH2+1):
- generated by hydro.
with Cooper-Frye.
Meson: P.< 2P.; baryon: P:< 3P..

Coalescence hadrons (Coal Model):
-generated by coalescences model
Including thermal-thermal,
thermal-hard & hard-hard parton
coalescence.

Fragmentation hadrons (LBT):
-the remnant hard quarks feed to
fragmentation .

UrOMD afterburner:

-All hadrons are feed into UrQMD for
hadronic evolution, scatterings and
decays

Zhao, Ko, Liu, Qin & Song,PRL 1257
072301 (2020).

0.15 | ALICE,p-Pb |$,,,=5.02 TeV CMS,Up-‘Pb\"STm=B.15 TeV
o 7 (0-20%) Ks(185<N_ <250)

A K(0-20%) 0P A(185<N_ <250)

0 P(0-20%)  ATLAS, p-Pb |5, 5.02 TeV

O h(B0<N)

OrrT 71717

N

o

(0 ) I o R N R N N N B N B B B~

pTIn(GeV)

Hvdro. Coalescence,fraﬁmentation fraﬁmentation

0 3GeV 5GeV P,

Main Parameters:

-Thermal partons from hydro
with P: > P..

-Hard partons from LBT
with P: > P..

Fixed by the pT spectra
pr1 = 1. 6GeV and prz = 2. 6GeV




v2(pT) and NCQ scaling

p+t+Pb@ \% = 5.02 TeV,0-20% p+Pb@ \J% = 5.02 TeV,0-20%
0.4 TALCEDATA-20% ' cmsSlp+Ph8.16Tev = " ALICE DATAD-20% ' ' CMSp+Pb8.16Tev' |
i O m K’(185<N_<250) 0.15[- O = K)(185<N_<250) ]|
L K ch | /_ K ch |
i 0O p O A(185<N,<250) | i 0O P 07 A(185<N,<250)
0.3~ Hydro-Coal-Frag — - Hydm'{:o?['":rag ATLAS,p+Pb 5.02 TeV
- — T ATLAS,p+Pb 5.02 TeV - _ K N i
~ L E () h*(60<N_) 4 i 0.1 P |
=y - — 1" |
=0.21 1& [ Hydo e
> - N
i 0.05
0.1F
0 2 4 6 0 1 2 3
pT(GeV) pTln(GeV)

-Hydro-Coal-Frag model gives a nice description of vz(pt) of pion, kaon and
proton over prfrom 0 to 6 GeV.

-At intermediate pt, Hydro-Coal-Frag model can obtain an approximate NCQ
scaling as shown by the data.

Zhao, Ko, Liu, Qin & Song,PRL 125 7 072301 (2020).
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s the underlying physics identical in small and large systems?

Can one fluid rule it all? (for p-p p-Pb and Pb-Pb collisons )

Low Pt region

) = *data f:>r Vs=13 TeV ' V2 = ; ' 2V2' — ' J
0.12F V3 *y,, subtracted T Vs ‘ [b i V3 + ’ b
Val2 ) Vg e vaf2
0.1F  ATLAS, Nyy=60+ —@— A LATLAS, Nep=110-140 +—@— L7 4 ALICE, 0-5% +—@— ¢
ATLAS*, Ny =60+ +—4— i - CMS, Nir=120-150 —5— 9 >
0.08 F CMS**, Nyy=110-150 —H— y ‘ S iy P D 7 . g <+ . it
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o o’ S
m*"’. v s pe on ¢ o ¢ " b
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-Hydrodynamics can simultaneously describe v2, v3 and v4 for p-p, p-Pb
and Pb-Pb collisions.



co{4}

s the underlying physics identical in small and large systems?

Can one fluid rule it all? (for p-p p-Pb and Pb-Pb collisons )

Low Pt region

0 ¥ 10°® 4, ><105 x 107
‘o C{4}ALICE +Pb " c,{4} CMS p+p| = c4cms
0 | pkuuned | 3P % {4} ATLAS, 3-sub] 4 % C,{4) ATLAS, 3-sub]
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-However, the description of C2{4} become worse and worse from p-Pb to
p-p collisions



s the underlying physics identical in small and large systems?

Can one fluid rule it all? (for p-p p-Pb and Pb-Pb collisons )

Intermediate Pt region

—— L CMS,p+Pb 8.16 TeV' g
018 p+ Pb s K(185<N_ <250) l
- T P OP  A(185<N_ <250)

Hydro-Coal-Frag
- . ATLAS,p+Pb 5.02 TeV .
01k —FK O wieon,)

pTI n(GeV)

p+p Vs =13 TeV
I st <N, < 150)

0O A (105 <N, <150)

Hydro-Coal-Frag
m (105 <V, <150) |
—K (105 <N_, <150) }
—P (105 < N, < 150) |

0.5 1.0

1.5 2.0 0.

p/n|GeV/e]

-The NCQ scaling become worse from p-Pb to p-p collisions

-Fragmentation become important tends to break-up the NCQ scaling



Large systems : traditional hydrodynamics are great success

Small systems : hydrodynamics and the fluid behavior is not that good

eBC n/s=HH—-LQ
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-Small systems may approach or beyond the limit of hydro; The situation is
worse for smaller systems



s the underlying physics identical in small and large systems?

Can one fluid rule it all? (for p-p p-Pb and Pb-Pb collisons )

Small systems :
-Phonemically, hydrodynamics and the fluid behavior is not that good

-Fragmentation/mini-jets become more & more important for smaller systems

-Small systems may approach or beyond the limit of hydro
-Isotropization & thermalizations is slower for small systems

Opacity 7

pL 2.70 3.36 108 4.85 0.66 6.54 7.01 8.68
l ] T 7
0.4} ¢ Israel-Stewart attractor :

0.2} rp-dominated / r
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PRL124(2020)102301



Comments & Discussions

Hydrodynamic side: Hydrodynamic attractor
-Isotropization & thermalizations for oal=  [israel-Stewart attractor
Large and small systems (need more : re_dominated
efforts) o2
-Properly treat pre-equilibrium stage 0.0

lisotropization for small systems ozl

-Anisotropic hydrodynamics

M. Algahtani, et al Phys. Rev. Lett. Opscityy,
119(2017)042301 1002.70 336 408 485 .66 731  8.68
S
-Hybrid approach IP-Glasma+hydro J:

(

s

B.Schenke, et al Phys Lett B 803 (2020) 135322 %..
-Hybrid approach core+ corona 10-!

Y. Kanakubo, Y. Tachibana, T. Hirano.
Phys.Rev.C 106 (2022) 5, 054908 ... ...

Characteristic time

0 50-60 40-50 30-40 20-30 1000 oo
% Centrality

-initial state fluctuations for various systems’ 7 ¢+



Exploring the small collision systems

5 120— ]
z System size scan _pory
100 — o
80—
Geometry [




Rich collision systems at RHIC and the LHC
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Probe the Nuclear

G Deformation with high energy

nucleus-nucleus collisions

AUAU

~ Landscape of nuclear physics

rotational

quarks @ “%° © Energy
& gluons quarks, gluons (MeV)
940
Xexe neutron mass
B . constituent quarks
60 — RuRu / ZrZr Q@a 140
— . hadrons ; pion mass
I baryons, mesons
L CuCu
40 ° 0 8
— proton separation
| energy in lead
20 — protons, neutrons
00 N
. nUC|eI vib1!$t3ioznal
])p state in tin
D. | | | | I | | | | | | | | | | | | | | | nudec‘)jnic densities
and currents
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0.043
oordinates

-Relativistic heavy collisions start from nuclei

collective c

state in uranium

-Rich collision systems to explore the nuclear structure



o Probe the Nuclear
+'PHOBOS BEEGUSE Deformation with high energy
e nucleus-nucleus collisions
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BRAHMS : Relativistic heavy ion collision can
87 ) probe the nuclear deformation

PR .

STA P o e

T o d < e S
v ‘;' ‘ ~ '_l', ,L b r)" ! + . 7/
o N e, \ “ .,/_.
Vg
Nl , d f Vi -

initial conditions:
(with deformations) Collision time < 1024 s

| . A )

heavy ion collision at =" "
intermediate energies 4_. -
excites nuclei during /.

the collision / ®
- e il e J




Relativistic heavy ion collision can
probe the nuclear deformation

initial conditions:

(with deformations) Well calibrated calculations

A
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Initial conditions viscous hvdro
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Probe the Nuclear Deformation with

Isobar collisions

B2 = 0.06




%Ru+%Ru and 0Zr+%Zr Collisions @ RHIC isobar run

Isobar
B collisions B
Neutron __ . 2 o
— 7%/ e, © o/ 9P o Extra
‘-";;‘ }“‘; w} » .Q=$>l" P ‘1,.: -“n proton
e & “5;“2‘ o’ g &3 - e "{:‘;eﬁ: ;‘:; : o€
“q S 5 D A o 3 i as o B ¢
Proton | 8070 SEGSET S o : ’@55&3 920
— ot T g o & B &y &
> ) > > 4
96740+ 96740+ 9% RuU 9%RU
. ® - ®

-Obviously different early magnetic field
for Ru+Ru and Zr+Zr collisions

-Aim to search the Chiral Magnetic Effect
(CME) and probe nontrivial structure of
the QCD vacuum




Search CME with Isobar collisions

1.02 + STAR Isobarpost-blind analysis, Vsyny = 200 GeV, Ru+Ru/Zr+Zr, 20-50% .
1----=-=-=-=-—=-—==—= === = = = = = = = 3 - = ? - - = = -
2 ;
—-—
ECU 0.98 | S A |
* L 7
0.96 - Lot : o
094 ] 1 1 ] ] ] | ] ] 21
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& R R Kt Lt L Qgﬁ%"q N N
¥ o o 0 o @ o TN
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STAR Collaboration. arXiv: 2109.00131 [nucl-ex]

between the two isobar systems. Observed differences in the multiplicity and flow harmonics at the
matching centrality indicate that the magnitude of the CME background is different between the
two species. No CME signature that satisfies the predefined criteria has been observed in isobar
collisions in this blind analysis.

-Observed differences in both multiplicity and v2 imply that CME background
are different for ®°Ru+Ru and %Zr+°Zr Collisions at matching centralities



Nuclear Deformation

- £0
p(r,0,¢) = 1 4+ e(r—R(8,¢))/ao
R(0,9) = Ry (1 + [Jo[cos Y2 0 +sinyYs o]

3 4
+ 33 Z Cl{gth?,’m + 31 z
m=— m=—

+

a'é_l,mn,m)
3
1+ B2Y20(60, @)

Quadrupole:

Triaxial spheroid: a # b # c.

14 B3Ys0(0, ¢)

Octupole:

1+ B4Y30(0,0)

Prolate: a=b<c =2 f3,, y=0

Hexadecapole: Oblate: a<b=c > B,, y=T1/3 or -B,,y=0




Deformation of 2°Ru and °6Zr

PHYSICAL REVIEW C VOLUME 42, NUMBER 3 SEPTEMBER 1990

Strong octupole and dipole collectivity in **Zr: Indication for
octupole instability in the 4 =100 mass region

%Zr has very large octupole deformation from  B(E3;07 — 37)

Conversion from B(En) to B, via: (32 =

4 \/B(EQ)T dn \/B(ES)\T\

37 R2 2 7 37 R3 e?

52 E2J1, (MeV) 53 Eg; (MBV)

%Ru@ 0.83 3.08

Tz (0062 175 (0202,0.2350270 1.90

k ADNDT107,1 (2016) ADNDT80,35(2002)




Hydrodynamic calculation with |n|t|ally deformed nuclel

Preequilibrium hadronisation ’
J J U J
Y Y Y

Initial conditions viscous hydro hadron cascade
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Initial conditions (TRENTQO)

-Sample nucleon position in deformed nuclei with:

L0
— d le:
p(1,0,0) = T R@ Jas duadrupole

Octupole:

R(0,9) = Ry (1 + [Jo[cosyYa g +sinyYs o]

3 4
+35 Z a3,m)/3,m+,84 z a4,m}/4,m)

m=—3 m=—4



Vn{2}

V2 and Vs for Ru+Ru and Zr+Zr collisions

— = VISHNU, v3{2}, Ru+Ru _
0.12 4 == WVISHNU, v3{2}, Zr+2Zr Isobar collision 1.06
O STAR, v3{2}, Ru+Ru e _
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-With fine tuning parameters, IEBE-
VISHNU fits V2 & V3 for Ru+Ru collisions

-Using B2 B3 in table1, it “predicts” V2 &
V3 for Zr+Zr collisions & the related ratio
-- (the data are roughly described).

v2{2}(Ru + Ru) —— VISHNU, ratio
v2{2}H(Zr + Zr) O STAR, ratio

v3{2}(Ru + Ru) {)
v3{2}(Zr+ Zr)
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R(ac,{3})

ac{3}for Ru+Ru and Zr+Zr collisions
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Applications of Deep Learning In
Relativistic Hydrodynamics



Why Deep Learning in Physics?

gL ey “Unlike earlier attempts ... Deep
Learning systems can see patterns and

spot anomalies in data sets far larger

and messier than human beings can

cope with.”

(B wrbead shifis lrem
VM AP s

Science:

Deep Learning

TRANSFORMS
. SCIENCE
L e Can “Black—box” models learn patterns
and models solely from data without
relying on scientific knowledge?




Applications of Deep Learning in Physics

Y. D. Hezaveh, L. Perreault Levasseur and P. J. Marshall, Nature 548, 555 (2017)
J. Carrasquilla and G. R. Melko, Nature Phys. 13, 431 (2017)

Carleo et al., Science 355, 602-606 (2017)

E. P. L. van Nieuwenburg, Y. H. Liu, S. Huber, Nature Phys. 13, 435 (2017)

Pierre Baldi, Peter Sadowski, and Daniel Whiteson, Nature Commun. 5 (2014) 4308

Luke de Oliveira, Michela Paganini, and Benjamin Nachman, Comput Softw Big Sci
(2017) 1: 4

Long-Gang Pang et al., Nature Commun. 9 (2018) no.1, 210



Searching for Exotlc Partlcles in High-Energy Physics

Higgs benchmark

Deep learning can improve the power
for the collider search of exotic particles

t% S "“FJ‘ | %
E S < PN B P.Baldi, P. Sadowski, & D. Whiteson
S A Nature Commun.5, 4308 (2014)

ooooooooooooooooo

Fully connected Softmax

For the case of Ising layer (64)

gauge theory
- Z
H T J Zp H-iEp g =2 I
J. Carrasquilla and R G. Melko, I O oz

Nature Physics 13, 431-434 (2017)

Identlfy QCD Phase Transition with Deep Learning

DNN efficiently decode the EOS
information from the complex final
particle info event by event

LG. Pang, K.Zhou, N. Su,

color supercondifigy H. Petersen, H. Stoecker, XN. Wang.
Nature Commun.9 (2018) no.1, 210

i

temperature

hadronic matter

neutron star

baryon chemical potential ~ /!B



More Comments  on several examples of supervised learning

Image identification

\ \ - Higgs signal or background?
P.Baldi,et al,Nature Commun.(2014)

hidde Iy

High temperature or low

N\ O -
% % iz temperature phase?
Carrasquilla & Melko. Nature

hidden layer output PhyS|CS 2017)

N  EoSLorEOSQ?
X : Pang,et al Nature Commun.(2018)

ng
hidden layer output

“Unlike earlier attempts ... Deep Learning systems can see patterns and spot
anomalies in data sets far larger and messier than human beings can cope with.”



Image generation

RER, DRXIRKNS
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For hydrodynamics can we use deep learning to learn/predict the pattern
transformation between initial and final profiles?

Initial energy density profiles
-------- > final energy density velocity profiles

For the non-linear hydro system, can the black—box network could learn pattern
transformations solely from data without relying on scientific knowledge?
( conservation laws)



Applications of deep learning
to relativistic hydrodynamics

H. Huang, B.Xiao, H.Xiong, Z.Wu, Y. Mu and H. Song; NPA 2019
Phys. Rev. Res. 3 2 023256 (2021)



Deep Learning

training
:: _P‘.",E ; :
r _-,._
self Iearnlng well-trained

-Such deep learning systems do not need to be programmed with the hydro
equation 9,T*(x)=0 Instead, they learn on their own



Deep Learning

Step1 ) Generate the training/testing data sets from hydro

EEEEEEEE )
0,T*(x)=0
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Step?2 ) Design & train the deep neural network

Stacked U-net
2.3 I | The Training Data Sets |
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sU-net

6.0fm/c

vy

VISH2+1

sU-net

VX

VISH2+1

MC-Glauber

/
7
4

sU-net

e Man B
-LE.-FT

Ed

VISH2+1

Ed
Initial

(wi) A

sUnet prediction vs. hydro simulations + — 7,

(wi) A

x (fm) X (fm) X (fm)
0.3

X (fm)

¥ (fm)

0.0

0.9

0.6

-0.6 -0.3

-0.9

3

25 75 125175



sUnet prediction vs. hydro simulations + — 7, = 6.0fm/c
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sUnet prediction vs. hydro simulations

Eccentricity distributions:

Glauber

TRENTO

Glauber

AMPT

Glauber

KLN

T-Tp=2.0fm/c

T-Tp=2.0fm/c

T-Tp=4.0fm/c

T-Tp=4.0fm/c

h T-To=6.0fm/c
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(@5)|1 h.

initial
— final(VISH2+1)
=== final(sU-net)

{bZ}- II:.- F.“h .

{bB}-

(ba) |1\

(bs)|| 1\

A
: (cn)|| /= () (e3)|| )|\ (5)|| 1% (c6)
U i ,‘ s : L I' , . 1 .._I 1 I.‘ ---I.. 1 I- . I 1 I.‘ » I-
0.0 0.5 0.0 0.5 0.5 0.0 0.5 0.0 0.5 0.0 0.5
E3, E3 0r &4 &z, E3 05 &4 E3, E3 0 &4 £, E3 O &4 £z, E3 05 &g £y, E2 0T &4
------ initial
inb, _ _ [ dxdyr’e™e(xy) —— final(VISH2+1)
En€ — 2
| dxdyr?e(x.y) _

final(sU-net)



Simulation time: sUnet vs. hydro

10~20 minute

VISH2+1 | with one CPU
network 1~2 second

© ] with P40 GPU

With the well trained
network, the final state
profiles can be quickly
generated from the initial
profiles.



Outlook

For hydrodynamics

Initial energy density profiles
-------- > final energy density velocity profiles

Final particle profiles
-------- > Initial energy density profiles

For Nuclear Physics

Super h clement
Symmetry studies with Fr y Paa""
LQCD Degrees of Freedom Energy (MeV)
N %3 Origin of beavy elements 17
e O “%° © caiioy St ol A
_§> Wil separation hack) y # 5 o Fistion limits
f quark & d 940 rapsd 0 capture process ———
‘5 models d neutron mass r pradess)
8 .
w
= § Large neutron exces
- @ i
140 & ot
pion mass ) » p )
ab 'nltlo baryons, mesons. ! ‘ & > mit of o staty
£
= e i y / Double Mg "'5n
- 4
S
é Weakening of shell structure
= ’ F
£ DFT . 112 .
vibrational
state in tin 1 Number of seutron

nucleo;
collective " andcun
models

Many many more to explore ... ...
. Enjoy it! have fun!
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