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Sadly | won’t be able to cover

@ Electron lon Collider/Spin
(Matt Sievert, Ferdinand Willeke, Salvatore Fazio, Bernd
Surrow)

@ sPHENIX
(Rosi Reed, Anne Sickles, Sanghwa Park)

@ Small Systems
(Mark Mace, Shenglu Huang, Heikki Mantysaari)

@ Heavy Flavor
(Miguel Escobedo, Zhenyu Ye)
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Equation of State at finite g
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Equation of State

m= Y, inflection line
= uns Minimum of ¢?

\ & Freeze-Out
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Equation of State at finite g
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Equation of State- Lattice QCD

Equation of State agrees for stout (WB) and HISQ
(HotQCD) actions
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WB Phys.Lett. B730 (2014) 99-104
HotQCD Phys.Rev. D90 (2014) 094503
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Equation of State at finite g
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Thermalized charm quarks?

Still questlons at ,uB =0. Sensmve Observables’?
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[WB] Nature 539 (2016 no
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WB Collaboration Nature 539 (2016) no.7627, 69-71
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Equation of State at finite g
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Large baryon densities

The phase diagram

LHC 5.5TeV in c.m.s. CERN Switzerland SIS 2GeV on target GSI Darmstadt Germany
(ALICE, CMS, ATLAS) 2010-2025 (FOPI, TAPS, HADES) running
FAIR 30GeV on target GS| Darmstadt AGS 10GeV on target BNL Upton USA

Germany (CBM) (E896, E917, E910) complete

NICA 10GeV in c.m.s. Dubna, Russia SPS 160GeV on target CERN Switzerland
(MPD, SPD) ] (NA49, NASO, NAGO, WA98...) stopped

) RHIC 200GeV in c.m.s. BNL Upton USA
L] (BRAHMS, PHENIX, PHOBOS, STAR)
running until 2025

NICER Neutron Star Satellite
(2017)

Beam Energy Scan Il RHIC
(2017-2019)

Great Collider in China

superconductor >10 years from now

| Baryon Density | I g T
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Equation of State at finite g
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Reconstructing EOS at finite ug from Lattice QCD

BEST

COLLABORATION Lattice QCD Equatlon of State+ variable CP

See also J. Noronha Tues and S. Sharma Weds

ng(T,ug)/ T
[P(T,up)-P(T,O)VT*

ng=0, ng/ng=0.4

. . . n . . . . |
140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280
T [MeV] T [MeV]

HotQCD Phys.Rev. D95 (2017) no.5, 054504 HotQCD Phys.Rev. D95 (2017) no.5, 054504

Critical Point

No sign of criticality up to /T < 2and T > 0.9, for O(u$)
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Equation of State at finite g
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Mapping the phase diagram- part 1

140 constant P mm
£ m
135 N
crossover lines — Mg [MeV]

See S. Sharma

References
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@ Lattice QCD: relatively flat
curvature across upg

@ Thermal fits consistently
above the pseudo-critical T

Separate lights vs. strange

Missing strange baryons?
freeze-out temperatures

— T
| (ns/malo o o
L cont. est.
PDG-HRG = g
QM-HRG —
QM-HRG: £33 = =
. N,=6: open symbols _|
P N_=8: filled symbols _|
2 T [MeV]
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Lattice QCD [HotQCD] PRD95 (2017) no.5, 054504, PRD 83, 014504 (2011); [WB] PLB 751, 559 (2015), JHEP
1104, 001 (2011); [INFN] PRD 92, no. 5, 054503 , Thermal Fits [STAR] arXiv:1701.07065; [ALICE]
J.Phys.Conf.Ser. 779 (2017) no.1, 012012; Missing Hadrons: PRL113 (2014) no.7, 072001; NPA931 (2014)
1108-1113 ; arXiv:1702.01113 2 Temperatures: PRL111 (2013) 202302
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Equation of State at finite g
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Mapping the phase diagram- part 2

@ net-K results including most
M /0’2 = x4 /X2 up-to-date strange resonances

170 — Tstr > T//‘ght
160 @ net-K comparisons to Lattice
QCD (partial pressures)
= 150 Tsir > 148 MeV
[0}
= 60
[ N =200 GeV stat+sys
108 7, 241 Lattice QD oY MR mmstat
ka 40
130 - i- = Tce net-p,Q's HRG <%
E 20
1o0L" & - Tee net-K's HRG ‘ ‘ ”
0 100 200 300 400 [ Lattice
HB [MeV] ?30 135 140 145 150 155 160 165

T [MeV]

References

Lattice QCD [HotQCD] Phys.Rev. D95 (2017) no.5, 054504, Phys. Rev. D 83, 014504 (2011); [WB] Phys. Lett. B
751, 559 (2015), JHEP 1104, 001 (2011); [INFN] Phys. Rev. D 92, no. 5, 054503 , net-p,Q HRG Phys.Lett. B738
(2014) 305-310 net-K HRG HRG from [WB] arXiv:1702.01113; Partial Pressures arXiv:1607.02527

UNIVERSITYof HOUSTON | PHYSICS



Equation of State at finite g
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Mapping the phase diagram- part 3

@ net-K results including most
M /0’2 = x4 /X2 up-to-date strange resonances

170 — Tstr > Tiight
1
160 i @ net-K comparisons to Lattice
QCD (partial pressures)
= 150 ) Tstr Z 148 MeV
2 i 8
N . . 60
= L] i 1 I
[ K . . =200 GeV stat+sys
1400 | 7 541 iatics acD oY MR mmstat
! * Nbx 40
1. <
130 - B Tee net-p,Q's HRG < %
E 20
1o0L" & - Tee net-K's HRG ‘ ‘ ”
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T [MeV]

References

Lattice QCD [HotQCD] Phys.Rev. D95 (2017) no.5, 054504, Phys. Rev. D 83, 014504 (2011); [WB] Phys. Lett. B
751, 559 (2015), JHEP 1104, 001 (2011); [INFN] Phys. Rev. D 92, no. 5, 054503 , net-p,Q HRG Phys.Lett. B738
(2014) 305-310 net-K HRG HRG from [WB] arXiv:1702.01113; Partial Pressures arXiv:1607.02527
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Equation of State at finite g
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net-p Skewness vs. kurtosis

2 __ X4 —
ro”(vewn) = ;5 (T, ne)ce = Many caveats:
B,0 B2 4 o ]
fg + iz (us/T) + O(up) @ Volume variation vs. centrality
5.0 B.2 binning v. skokov et al., PRC (2013)
I3y 313y
o @ Efficiencies A.Bzdak,V.Koch, PRC (2012)
’ 2 STAR: 0.4 GeV<p,<0.8 GeV .
14 Spog‘;ﬁ;: : PRL 112 (2014) 0<32(§02 o Spallatlon protons
t2r  HRG — | @ Kinematic/acceptance cuts
1 [ V. Koch, S. Jeon, PRL (2000)
sl ¢ @ Protons vs. baryon fluctuations
o6 | M. Asakawa and M. Kitazawa, PRC(2012), M.
: Nahrgang et al., EPJ(2015)
o4y . ] @ Hadronic interactions J.steinheimer et
02} i 1 al., PRL (2013)
pop it Mp/o2
0 p/op
0 0.2 0.4 0.6 0.8 1

References
Lattice QCD J.Phys.Conf.Ser. 779 (2017) no.1, 012015;
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Equation of State at finite g
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Modern Critical Point Predictions

‘ | Unlikely due fo transition line

curvature

2+1 Lattice QCD (1) 4 ’ !

Allowed Region

truncated Dyson-Schwinger
e %0 oiNuL

| ’ _.,{_

UPT At . . . .
- +Finite-Size Scaling Exclusion | Black Hole Engineering
pr> !
50 : v ]
0 200 400 600 800
kg [MeV]

References

Lattice QCD [HotQCD]PRD95(17)no.5,054504; Finite-Size ScalingPRC84,011903(11); R. Lacey
PRL114(15)n0.14,142301; Black Hole Engineering arXiv:1706.00455; 2+1 Polyakov LoopPLB732(14)273;
Dyson-SwingerPRD93(16)n0.3,034013 ; DGGPRD95(17)n0.5,054512; 2+1 NJLIJMPA32(17)no.11,1750061; Older

summary: Stephanov PoS LAT2006:024,2006

UNIVERSITYof HOUSTON | PHYSICS



Equation of State at finite g
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Modern Critical Point Predictions

‘ | Unlikely due fo transition line
curvature

2+1 Lattice QCD (1) 4 ’ !

Thermal Fits ]

%' |
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i I
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Transport Coefficients
00000000

Transport Coefficients (/s(T, ug), ¢/s(T, us),
Dg(T, pig) - )

SCIENTIFIC ...
AMERICAN .-

THE EARLIEST
UNIVERSE
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Transport Coefficients
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Theoretical calculations of viscosity at ug =0

sk —uowp ] 0.30
PHSD =-kubo kin.
HRG+HS+QGP 0.25} — HRG+HS
— AdS/CFT = PHSD
1.ob = semiQGP ] 0.20f pQCD
= DS YangMills
= - f. AdS
= |1 — BAMPS 2 osf noncon
monopoles 14 mom.
0.5 III [ l ]: 0.10f
I iH ! I 1 I 0.05} ’
fLILLh—G"""‘" \\.\
Y] I — . . 0.00 TSy
100 150 200 250 300 350 400 100 150 200 250 300 350 400
T (MeV) T (MeV)

References
See references in JNH arXiv:1512.06315
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Transport Coefficients
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Bayesian Analysis

Tminn/s = Tpeak{ /s = Tsw

Prior range

—— Posterior median
90% credible region

0.4 1
015 020 035 030
Temperature [GeV]
0.3+
Prior range
0.08
f\ 0.2
o [\
S [ \
0.04]
/ \ “1
016 —
Temperature [GeV] 0
[DUKE] arXiv:1704.04462 04

(n/8)RHIc ~ 0.12
(n/8)RHIc ~ 0.06

lC’S(T)I band = 1 sigma

— | HC
Tmax~195 MeV
— RH|C
Tmax~145 MeV

‘ Small systems? ‘
Talks by R. Belmont, M. Mace, S. Huang
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[McGill] Gabriel Denicol Quark Matter 2017



Transport Coefficients
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Mixed Harmonic Correlations- a solution?

Cm,nm+n = (COS(Mp1 + Ngp — (M + N)g3))

- -3 _:
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r s ]
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[STAR] arXiv:1701.06497
Need to understand vy, vs, Vg — ep's orn/s(T), ¢/s(T)?
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Transport Coefficients
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BES: Viscosity vs. Dynamic Universality Class

Critical Point Critical Point
Universality Class H Universality Class B

No Critical Point

@ 1 us, | viscosity

@ From HRG,
Transport: Kadam,
Mishra Nucl.Phys. A934
(2014) 133-147
See also Denicol, Jeon, Gale,
Noronha Phys.Rev. C88

(2013) no.6, 064901

@ Divergence 1} in
viscosity at CP

@ 3D Ising Model-
Mixing between
chiral condensate
and baryon density
PRD70 (2004) 056001

@ Finite viscosity at

PRL115(2015)n0.20,202301

@ AdS/CFT:

PRD78 (2008) 106007

AdS/non-CFT:

PRD83(2011)086005

Dynamical CP phenomena Review
Rev. Mod. Phys. 49, 435
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Transport Coefficients
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Hydrodynamic upgrades needed at the BES

Make hydrodynamic code MUSIC ready for the BES by

« including finite net-baryon density
« equation of state (EoS) at finite net-baryon density
* baryon diffusion
* test EoS with critical point

+ coupling it to a dynamical fluctuating initial state appropriate
for long medium formation times

« including a proper treatment of strangeness and isospin
(not yet in this talk)

from B. Schenke Tues.
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Transport Coefficients
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Diffusion

HeT,

In water, diffusion increases with temperature
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Transport Coefficients
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Diffusion of Baryons

1.2

0.15 100 « non-conformal AdS
< 0.8}
S o010 e CFT limit -
L:; 15=0 DB 06'
E - — -+ ug=100MeV 0.4-

0.0 7 S Hp=200MeV 0.2} .

T — — 15=300MeV et along freeze-out line
..... Ug=400MeV 0.0
00014 200 250 300 3 7 196 624 200
T [MeV] Vs [GeV]

Baryons get “stuck” at the critical point- implementation into

hydro+new observables needed for BESII
Phys.Rev.Lett. 115 (2015) no.20, 202301 ; arXiv:1704.05558
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Transport Coefficients
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Sensitivity to baryon diffusion in hydro

vV SNN = 19.'6 G?V

S0F  eeeee initial === COp=0.4
50} - CB :-.p. 0 """ 'QB = ].. 2

-4 -3 =2 -1 0 1 2 3 4
Yy
C. Shen, G. Denicol, C. Gale, S. Jeon, A. Monnai, B. Schenke, arXiv:1704.04109
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Chiral Magnetic Effect
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Finding the Chiral Magnetic Effect

Isobar Run 18

Hold v, (background) constant,
Chiral Magnetic Effect (CME) vary B field

should follow B field

0\ © 96
” ~ 40 Zr

LH) ,7“ ',i‘ f

“/ﬂ‘(

IE /W
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Deng et al PRC94,041901 (2016)



Chiral Magnetic Effect
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Magnetohydrodynamics

Best estimates of B field/initial Lifetime of the B Field
charge density o
5 ~ 1
Au+Au 200 GeV Cq.% 0.1
4 % STAR
’g 0.01
T % 0.001
Ny 0.0001
X 2
5 107
1 % 10—6
* 10—7 ......... [T Leoasasiss [
%% T20 30 40 50 60 -1 0 1 2
Centrality t/Ray

See Talk by S. Shi Tues. See Talk by V. Skokov Tues.

Questions still remain about initial charge density, lifetime of B
field, axial charge non-conservation. see s. schiichting Weds
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Question 1: Small Systems

Chiral Magnetic Effect
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B field no longer aligned with o
(arxiv:1610.07964), but signal still seen
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PbPb centrality(%)
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@ Could the proton size grow

in high multiplicity events?
R2(s; N) = R3(s)¥

D. Kharzeev QCD Chirality 2017

@ Could it be a background

effect?
Schlichting and Pratt PRC83,014913 (2011)

@ What new observables could

distinguish these scenarios?



Chiral Magnetic Effect
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Question 2: Flow Background

Event-shape engineering
V.o dN/dn (opp-same) vs v,

. lab

§ [ Ewwn AUk Preiminay @ How does it scale with

+ il Hdosm Pb-PD |5, = 2.76 TeV s

;5_ L ‘:;g""’“” 02<p <50GeVic |, 47 %{ other Vn s?

E [ mowm Me08 1

= R o What about RHIC/small

?‘; oosf- U m Mﬁ#ﬂ% ! ! SyStems?

i : _

N ﬁﬁ{f * @ Need theoretical models to
g . explain all observables

| 1 1 | 1
0 0.02 0.04 0.06 0.08 0.1 0.12

LF]

[ALICE] QM2017
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Chiral Magnetic Effect
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Question 3: Central Collisions

T T T T T 5
STAR U+U 193 GeV ¥ =
-=— Multiplicity binning £ al
< -H- Spectator binning = {xy}=(x) (v} "
« 05  STAR Au+Au 200 GeV = 3l 7 » |
~ —— Year2004 (0909.1717) 4 'n b X
b —e— Year 2007 (1302.3802) g > O<se2n betheon o
= —B- Year 2011 (0-1%) & 2t \ A ® UsU 193 GeV
2 = 2 rd 0-10%
@] ] 3 ¥
[ Y i & 1+ o 1
Jl] o % Multiplicity binning =
@
0 F| e e o ) ) Spectator binning #-
0 0.01 0.02 0.03 004 005 0 0.05 0.1 0.15
—> v, {2} Ellipticity ¢,

@ 1» and g no longer
aligned for central
collisions

@ B-field consistent with data

@ Would Event shape
engineering be flat for
central RHIC collisions?
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Jets+hydro
Jets fully coupled to a realistic medium

T =12 finc e (GeV/fm’)

15 0.45
0.4
10 0.35
. 0.3
\é{ 0.25
0.2
= .5 0.15
0.1
-10 0.05
15 0

-15-10 -5 0 5 10 15
x (fm)

o O,
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Jets+hydro
oce

Coupling jets+relativistic viscous hydrodynamics

BﬁTiSEP("”) = Jt(”)

Energy-mo}nentum tensor Energy and momentum
of the QGP fluid deposited from the jet

@ Realistic event-by-event
quctuatlng hydro backgrounds

" o) Loading Jot Torev 0 PRL 116(2016) n0.25,252301; PRC 95(2017)no.
P> 120 GeVie ®  PbPb(CMS, 0-30 %) 4,044901
10! pi>50Gevie  —— PbPb (Shower+Hydro)4
== PPb (Shower) @ Coupled to advances from pQCD
POPb (Fydre) Z. Kang and T. Chien Tues
P o (PYTHA) . Kang . .

@ Bayesian analysis
[JETSCAPE] S. Cao Tues.

102 1 o ot @ Exploration of jet substructure,
05 e jet grooming etc
e 0 0.2 0.4 0‘,6 0‘.8 1

”
"We call for an agreement between theorists and experimentalists on the appropriate treatment of the background,
Monte Carlo generators that enable experimental algorithms to be applied to theoretical calculations, and a clear
understanding of which observables are most sensitive to the properties of the medium, even in the presence of
background. " Connors, Nattrass, Reed, and Salur arxiv:1705.01974

References

Shown Tachibana et al, PRC95(2017)no.4,044909; Others Pang et al, PRC86(2012)024911; HYDJET++ (many
papers); LBT (many papers); Andrade et al, PRC90(2014)no.2,024914; Schule and Tomasik
PRC90(2014)n0.6,064910
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Outlook

@ Beam energy scan:
e Equation of State at finite ug. Almost there for BES
o Critical Point? Still need hydro updates, work in progress
@ Transport coefficients:
o Numerous effective models. Bayesian analysis helpful
e Baryon Diffusion promising for CP searches.
@ Chiral Magnetic Effect:
e Significant progress made on Magnetohydrodynamics
e Isobar run 18 to shed light on signal vs. background
@ Jets: Efforts underway for combining realistic
event-by-event hydrodynamics+reconstructed jets and
Bayesian analysis.
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