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Beam Energy Scan (BES) Il @ RHIC

starting 2019

o QCD critical point & phase diagram
o properties of baryon-rich QGP
< onset of chiral symmetry restoration

@ unexpected new phenomena
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Beam Energy Scan Theory (BEST) Collaboration Topical Collaboration in Nuclear Theory

develop a comprehensive theory framework for RHIC BES

= ES :
o R COLLABORATION /
A-);)- ;.u ( -'. MONTANA / ,‘.'\I'::“.w.."'. MCGiII U

. ,; Aok Lot o/ Lo
O y ™~ ( 7
ALl 2 AN
. "™ MA - -~ l;’
: v . - .

\ , SOUTH ) WISCONSIN! e & :
D— "\ DAKOTA ' s SREA gy ERMON
WYOMING . ,»~ : AMP

\V

UIC, U Chlcago gl — X

menl OV R 8 s © U Conn
LINOIS ANA :

: "””:““T'" OSU S B
IU i o ‘

‘\

.'\A.‘L.‘.{\! AS

N NC State
R Charotie N 4

s
N ;t MEXICO
(
\ ".:N,,""{.,
.

IS -') SIP

SONORA \

™

CHIMUAHUA

\ COAHUILA
\i
. Wy B
\ '} 'll;‘\{;\l -“( X 4 N
..“'tl"\lll‘,

-~ A

funded by: U.S. Department of Energy, Office of Science, Office of Nuclear Physics



INitial condition
3-d, conserved &
axial charges

B =
BEST

COLLABORATION

EoS: LQCD

model critical EOS
hydrodynamic .

chiral anomaly evolution Elrﬁﬁglggld%n&s

& EM fields (3+1)-d, viscous, hydrodynamic
conserved currents

global analysisl
. of expt data
hadronic explore new
dynamics phenomena




initial conditions
3-d, conserved &
axial charges

D =
DEST

COLLABORATION

. QCD EoS

hydrodynamic .
chiral anomaly ) a fluctuations
. evolution critical mode &
& EM fields (3+1)-d, viscous, hydrodynamic
conserved currents
global analysisl
. of expt data
gadron.lc explore new
dynamics phenomena




BNL-Bielefeld: Phys. Rev. D95, no.5, 054504 (2017)

LQCD Eo0S, present reach:
P(T, up) B "
Tf = 2 —%f<T>(M7) uglT S 2,1/s 2 14.5 GeV
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— approx. evolution trajectories of inviscid QGP
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analytic continuations from imaginary
chemical potentials

Wuppertal-Budapest-Houston: EPJ Welb Conf. 137, 07008 (2017)
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location of critical point: ug/T S 2 presently distavored

[ Fodor, Katz, 2004 @
: Datta et al., 2016 © ‘ 300 ¢
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static universality:

- QC

-+2(n—1)

th _
N cumulant o

D critical point «—— 3-d Ising

< coupling of critical mode to baryon & proton

Stephanov: Phys. Rev. Lett. 107, 052301 (2011)
Stephanov: Phys. Rev. Lett. 102, 032301 (2009)

son, Stephanov: Phys.Rev. D70 (2004) 056001 (2004)
Hatta, Stephanov: Phys. Rev. Lett. 91, 102003 (2003)

Ko? net-proton

specific signs

kurtosis

0%-5% AU+AU; |Y|<05
¥ 04< p. < 0.8 GeV (Published)
¢ 04< p.< 2.0 GeV (Preliminary) -
+ BES-lI —
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time evolution of non-Gaussian fluctuations signs can e different from equiliorium
— Ibased on generalized Fokker-Planck evolution . universality lost

Mukherjee, Venugopalan, Yin: Phys. Rev. C92, no.3, 034912 (2015)
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Mukherjee, Venugopalan, Yin: Phys. Rev. Lett. 117, no.22, 222301 (20106)
(editor’'s suggestion)

e novel off-equilibrium Kibble-Zurek scaling
T — universality regained

K4(T)

(B8
]

emergent time scale: Txz = T (T7) = Tyyencn(T™) S o _
m |
} | S i

KZ scaling Ll | . ]

equilibrium ~ equilibrium 5 5

scaling - scaling i i
| I equilibrium KZ scaling equilibrium =
“quench N T L s s . s e o

s -5 0 5 10
t

iINnsensitive to the initial conditions

T=7—1, =71, 15
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MUSIC: (3+1)-d, shear & bulk viscosities, baryon current & diffusion Shen, Schenke: in preparation

sensitivity to baryon diffusion contant (Cpg)
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MUSIC: (3+1)-d, shear & bulk viscosities, baryon current & diffusion

va2(p) — v2(P)

sensitivity to baryon diffusion contant (Cpg)
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3-d MC Glauber-LEXUS model ...

Shen, Schenke: in preparation

before collision after collision 2 . O T T T ' ' 2 - O T T T T T
3.5——— | —— . . e
E —e— AU+AU 1.5¢ ! 1.5¢ i
3.0F --4-- d+Au - e
28 : £, £, 3
£ 2.00 . « \ 4 e
E 1.5;— ‘ 0.5% 0.5!
1.0F -
0.5+ ]
0'0_3 _|2 _I]_ 0 ]_ 2 3 O-O_W3
0.0 Yl s
- collision time & 3-d spatial positions determined for every binary collision
nuclei overlap time: 7 ~ 2R/yv. ~ rapidity loss is determined using the LEXUS model
lJeon, Kapusta: PRC 56, 468 (1997)]
- large at lower collisional energy ~  QCD strings are free-streaming by 0.5 fm before thermalized to medium

~ pre-equilibrium dynamics important
20



Shen, Schenke: in preparation

... & hydrodynamics with sources
energy-momentum & net-baryon density are fed into hydro evolution as sources
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divergiﬂg bu\k ViSCQSity at QCD Cri’[ica\ poin’[ Monnai, Mukherjee, Yin: Phys. Rev. C95 no.3, 034902 (2017)
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bulk viscous pressure

(1+1)D, Israel-Stewart hydro
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Hyd O+ Stephanovy, Yin: 1/704.0/396, In preparation

critical fluctuations leads to break down of ordinary hydrodynamics for: &k ~ 5‘3

extends the validity of hydro down to scales: k ~ £~ (from k ~ £73)

Rew - - -
—Im w —
- non-equilibrium / quasi-static entropy: s*(¢,n, ¢) I IT1
© 6™ equation (constrained by 2nd law): b ;
(98>|< r ’ g
(- 0)p = —ypm — Gy(0 - u), where m = 99 C,/‘}; e \3}
L7 AL
- sound velocities are different in Regime | & |I .’
/e, vI/D k

dispersion relations for Hydro+
D4
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Anomalous-viscous fluid dynamics

Shi, Liao et. al: arXiv:1611.04580, arXiv:1704.05531, in preparation

chiral anomalous current on hydro + EM background

N¢
A’

2
E,B* D,J"=

D,Jg* =

0
JR" = NR ut + VR“ + 7 =

d Vg 1¥ = (Vns - VR1H) / Tuix

hydro background: (2+1)-d viscous VISHNU (Heinz et. al.)

Right-Handed

n% (GeV°)

-9 0 3)

20



MS-1

— — — MS-100
MS-1000

Bo
= =0.6f
B 1+(T/TB)2 TB 0 m/c

4
~ Qs (71' Pt%be TO)\/NCOII
1672 onerlap

Jn2

Centrality

flow-subtracted CM

= signal



initial conditions

3-d, conserved &

chiral anomaly

9 \ /

dynamics

D =
DEST

eXpIOre new
phenomena

EoS: LQCD
model critical EOS

fluctuations

<@—P critical mode &

gIObaI analySis
of expt data

23



Chiral magnetohydrodynamics Hirono, Kharzeev, Yin: Phys. Rev. Lett. 117, no. 17, 172301 (2016)

generation of quantized CME current from topology change of magnetic fields

<+— magnetic field
<4---- current

does not require an initial chirality imbalance

29
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non-equilibrium sphaleron transition rate

Mace, Schlichting, Venugopalan: Phys. Rev. D93, no.7, 074036 (20106)

: o T
o \EQUITTDratioN \——
Non-equilibrium, + Quantum + Thermal
classical regime \ regime \ equilibrium

-

(zst= 1 QstQuantza-S7 ) Time

real-time simulations of over-occupied, classical gluons



a lot progress within just a year ...
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