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QCD thermodynamics and the Heavy lon

Collision Program at RHIC

Key Questions
NSAC Long Range Plan 2007

6 What are the phases of strongly \

e o o Interacting matter, and what role do
mo /002? they play in the cosmos?
® .
O Quark Gluon Plasma @ What does QCD predict for the

155 MeV properties of strongly interacting matter?

@ What governs the transition of quarks
and gluons into pions and nucleons?

4

NSAC Long Range Plan 2015

Nuclei

Us
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Exploring the QCD phase diagram in Theory and Experiment

Phase Theory Experiment Signatures
Structure

QGP EQS, densities, Jet quenching, Azimuthal
Phase temperature, transport anisotropy, strangeness

properties, Novel enhancement, Quarkonia T4

symmetries: LQCD + QCD suppression, etc of o

based models fogm o QuarI: Gluon Plasma
Hadronic  Hadron mass, spectral Freeze-out properties (yields, ~™°MY[======-.." el @
Phase functions, freeze-out ratios and spectra) source O o

properties (temperature, size and life time {HBT ® ¢

volume, lifetime etc). LQCD ® Hadron Gas @

+ QCD models
Cross over Susceptibility volume direct signature ? (indirect @ ®

dependence. LQCD thrnugh&&?] e
Critical Correlation lengths, Fluctuations, Higher He
point Susceptibilities. LQCD + moments of conserved

QCD based models number distributions

_ : Bedanga Mohanty (STAR),

N:::SES ﬁ:;ir::g?m - QCD Models Baryon correlations Opening talk given at
P e "Critical Point and Onset of
Transition LQCD, QCD models Some signatures Deconfinement 2013”, Napa
line 0 PoS CPOD 2013 "713) 001
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Exploring the QCD phase diagram

* RHIC@BNL

quark-gluon-plasma

T [GeV]

initial conditions J

0.15 ;_ Tf.

NICA@)JINR
-
evolution freeze-out ‘.
hadron gas
yacuum nuclear matter

neutron stars

controlled by the
QCD equation of T J 0 chemical potential U B

state, controlled by
T, up, us I — LHC: establish contact with
the QCD PHASE transition

observable consequences: — RHIC: establish contact with
freeze-out/hadronization pattern of the QCD critical point
mesons and baryons, controlled by TrypuB, s

>
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Exploring the QCD phase diagram

crossover line:
(P. Petreczky)

Tc(“Bv p’S)

0.15 ;
= ~
evolution freeze-out ‘.
hadron gas
yacuum nuclear matter

controlled by the neutron stars
QCD equation of T J 0 chemical potential U B

state, controlled by
— LHC: establish contact with

T, pB, Us
Q the QCD PHASE transition

observable consequences: — RHIC: establish contact with
freeze-out/hadronization pattern of the QCD critical point

mesons and baryons, controlled by TrypuB, s

>
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Exploring the QCD phase diagram with net charge fluctuations
I

RHIC beam energy scan: v/s = (7.7 — 200)GeV /A

search for the critical point generalized susceptibilities
a 8np /T4
Xpn =
300 0 (Hq/ T)™
q = B 9 Qa S

Temperature (MeV)

0 250 500 750 1000
Baryon Chemical Potential uy (MeV)

F. Karsch, USQCD All Hands Meeting 2015 6




Exploring the QCD phase diagram with net charge fluctuations
I

RHIC beam energy scan: v/s = (7.7 — 200)GeV /A

search for the critical point generalized susceptibilities
— N\
need to know Jghe EoS g oO"p/T*
at non-zero HUB, s Xn —
300 (S. Mukherjee), ’ " 8(Hq/T)n

q:BaQas

— coefficients in the Taylor expansion
of the Equation of State

Temperature (MeV)

0 250 500 750 1000
Baryon Chemical Potential uy (MeV)
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Exploring the QCD phase diagram with net charge fluctuations
I

RHIC beam energy scan: v/s = (7.7 — 200)GeV /A

search for the critical point generalized susceptibilities
need to know Jghe EoS g oO"p/T*
at non-zero HUB, s Xn —

300 (S. Mukherjee), ’ " 8(Nq/T)n

q:BaQas

— coefficients in the Taylor expansion
of the Equation of State

Temperature (MeV)

- _ — higher order cumulants of
A : net-charge (B,Q,S) fluctuations
measured in the BES at RHIC

need to know the properties
of charge fluctuations at 1’y
(HotQCD)

0 250 500 ) TO0OU
Baryon Chemical Potential uy (MeV)
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Net proton number fluctuations at RHIC
I

10'}(2) 7.7 (0 115GeV 1 mean (6N,) = (N, — Nz
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]gf | variance
o 10°F ]
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o ¢ g; = ((0Ng)") — (0Ng)
S 10 ] q
W 1ok _ 9%
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'g 10° T 04<p <08 (GeVic) | Sq — <(5Nq) >/0‘q
=) 4’ ly|<0.5 1 _
< 10°f Skellam Dis. } ku rtOS|S
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10°F ¥ 030-40% mmn | . 4 4
O + 070-80% ====== ; kg = <(5Nq) >/o'q — 3
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Net-proton (AN,)
STAR Collaboration, PRL 112, 032302 (2014)
higher order cumulants characterize shape of conserved charge distributions

q q
_ X3 2 Xa Sqoy xs Mg B x5
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Cumulants of conserved charge fluctuations
I

net baryon number fluctuations net electric charge fluctuations
2" AusAu Collisions at RHIC | 1.0[ | e 3>3 %
10 [ L L ] I~ Au+Au PH lll ENIx 8 (% S g
O osl D& Skellam Distribution | 08 © ;g’g?}’ preliminary g & §
. ] O e
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1-2_: ——+—+ : ———+++ . ] - é)
021705 & v
~ 1Of EBna s @
© o8l 0.0prww w w o
A2 & p+p data ] 1
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_ J. Mitchell (for PHENIX),
STAR Collaboration, PRL 112, 032302 (2014) CPOD2014 (2015) 075
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Cumulants of conserved charge fluctuations

Exploring the properties of the phases of QCD matter - research

opportunities and priorities for the next decade
U. Heinz et al., arXiV:1501.06477

new STAR preliminary and error

projection for BES_“ Net-proton Au+Au 0-5% Central
- 0%-5% Au+Au:; |y|<0.5 - -
c 3 ¢ 04<p<08GeV (Published) I S e 1 T
2 ! ¥ 04<p<20GeV (Prelminary) - [ 5
o o ?
Q_ 27 b [ ] é *
5 | o5 } -
(E 1 l . ‘% - B sPHENIX 2019 BES-2
2 i o uramp
0 B ® STAR 201011 BES
oL+ | | | I R R R |2
10 Beam Energy (s:::) 10
X. Luo (for STAR), CPOD2014 (2015) 019 J. Mitchell (for PHENIX),

CPOD2014 (2015) 075
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Conserved e-Charge Cumulants in (2+1)-flavor QCD
A-project (INCITE): HotQCD

L I CaN AN
pressure: T2 = 2 it Xiiok T T

,J,k=0

the simplestcase: up > 0; pus = pug =0

cumulants of electric charge fluctuations
BQ
Xzn (T) (1B Xar: (T)
X3 (T, up) = x3(T,0) + = > (T> + =2 T +...

/ 24
leading order is /— electric charge fluctuations are dominated by \
most problematic pions

— taste violations are the largest source for
systematic errors

=P |arge lattices are needed to

\ control them 643 % 16 /
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Electric charge fluctuations in (2+1)-flavor QCD
I

— taste violations are the largest source N e
of systematic errors in the plon sector i
600 RMS M_ [MeV] ' - | 170 | 1 506 | |RMS —%—
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] 500 | -
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0.6
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. my/m=20, N;=8 =
0.35 | m /m| 27 NT—16 @ ]
cont. extrap. 12 A
mg/m=20, N;=12 ‘@ 0.3 ¢ . 8 v
8 W 025 I cont. extrap. = |
mg/m=27, N:=16 & | ' M
12 A 02 f u
8 v | [ | -
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Electric charge fluctuations in (2+1)-flavor QCD

cumulants of electric charge fluctuations
BQ 2 BQ 4
T) (pB Xan (T) (1B
(T, up) = x2(T, 0) + X2 ( ) an (
Xn( 7#}9671( ,0) + > \T + o4 T +
leading order is next-to-leading order (and higher) is

most problematic controlled by baryons: signal-to-noise ratio
IS the main problem — but can be handled
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Equation of state of (2+1)-flavor QCD

pressure, entropy & energy density

16 [ -

non-int. limit 4

\

3p/T* 2 stout HISQ
gTt BT (€-3pyT4 W W .
3s/4T3 14 p/T4 Z
s/4TS W .
TMeV] | T[Mev]
0||||||||||||||||||||||||||OIIIIIIIIIIIIIIIIIIIIIIIIII
130 170 210 250 290 330 370 130 170 210 250 290 330 370
A. Bazavov et al. (hotQCD) , — improves over earlier hotQCD calculations:
Phys. Rev. D90 (2014) 094503 A. Bazavov et al., Phys. Rev. D80, 014504 (2009)
— consistent with results from Budapest-Wuppertal
[ U = pus = pug = 0 ] (stout): S. Borsanyi et al., PL B730, 99 (2014)

— up to the crossover region the QCD EoS agrees quite well with hadron resonance gas
(HRG) model calculations; However, QCD results are systematically above HRG
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Equation of state of (2+1)-flavor QCD: pugp/T > 0
A-project (GPUs): S. Mukherjee et al

_:.ioz‘!jlzkv Xk (T )( ) <L;?><%>k

1,7

the simplest case: up > 0; pus = ug =0

P(’—’:;:fB) _ P(;{;O) N xfz(T) <M?B>2+ xﬁ;T) (L;?)‘lxé;((’—)r) (H;B)G

+O(pg)
1 - . . . .
HRG Vs |~ 7 GeV
- A(P/TY) — RHIC > o
An O((pp/T)*) expansion is - O(up) — BES-I, Il //
exactin a QGP up to O(g?) OB T 5~ 12 GeV

How good is anO((ug/T)?)
expansion in a HRG?

- needed for ug /T ~ 1.2
— deviations less than 3% . | C x=pglT |
at up/T = 2 0 05 15 2 25 3

O = D W A 01 O N 00 © O



Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp)  P(T,pp) — P(T,0) x5 <u3>2 Lo L <u3>2+
T4 T4 /2 T 122\ T

variance of net-baryon

- - - - * -
number distribution Kurtosis*variance
2
KO B
0.35 T T T T T T 1_2 T
B — ] B, B
free /
0.3 | %2 . 1 x4 XZT hadron resonance gas
. BES-I: 200 GeV
0.25 t R A -
8 [ 7 0.8 N,=6 &
0.2 f 8 ‘W
0.6
0.15 ¢ continuum extrap. BNL-Bielefeld
N=12 o 04 t preliminary
0.1 8 m
6 0.2} ]
0.05 ] quark gas
. T [MeV] . T [MeV]
120 140 160 180 200 220 240 120 140 160 180 200 220 240 260 280
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

_$ Ly (L) (e (),

z,g,k:O

the simplestcase: up > 0; pus = pug =0

P(T,pp) _ P(T,0)  x3'(T) (u3>2+ x5 (T) (u3>4+ Xc (T) (HB)G
T4 T4 2 T 24 T 720 T
the general case: up > 0,us > 0, ug > 0

introduce constraints: (i) strangeness neutrality
(i) fixed electric charge/baryon number ratio

P(T,ps)  P(T,0) x$N(T) (%)2 LX) (“B>4 4o
T T

T4_T4+2 24

S
x5 = X5 +x2q1 +x281+2(x11 a1+ X5 Ss1 +x3 Q131)

S
_ XlBls X% .
S1 = g di1 + g1 = eeees
X2 X2
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Calculating charge fluctuations on the lattice

us us
for instance: ngflgl

AL = (D)’ D3) + 3(DY DY D3) + D*D3)

190" In detM(ﬂf)
"9 ou’s

e

1
— Z;ﬁr((zwf—la,uM)(1\41:1&,,,1\4)....(1\4;1(3’”1\4)

evaluate traces using stochastic estimators

19
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EoS at up /T > 0: Current status
e

A(T,pg)  P(T,pB) — P(T,0) X% (NB)z 1oL X5 (uB>2
T4 T4 2 \T 12x2 \ T

L 5 . 1 x& (1B\°
estimating the O((up/T)") correction; ~

7202 \ T
T T T T T T T T T T T T T T T |4 T T T T
6 | B B N =6 .4 - 14 + , - , MB/T=3 7
|| X&/%X2 o _ p |
8 = 12 | A %
4 i
| ] 1t NT=6 >
8 W
2 <5%
i 1 0.8 |
0 T ?JA_-* IIIIII - IIIIIIIIII .-. 0.6 | ug/T=2 n
» % 04 : 19 _ 2
2 02 bt S 04 | O((ug/T)"): (open)
PO N | O((ug/T)"): (filled)
4 _L 7 T ST S 1 02 O((ug/T)®) est.: (band)-
180 220 260 300 340 T [MeV]
1 1 1 1 1 1 0 | L L L | | |
160 180 200 220 240 260 280 120 140 160 180 200 220 240 260 280

T [MeV]
The EoS is well controlled for us/T < 2
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Calculating charge fluctuations on the lattice
e

recent advances:

— understood that higher order cumulants are free of divergences and
can be calculated using the so-called linear-mu formulation:
R.V. Gavai and S. Sharma, Phys. Rev. D85 (2012) 054508
now post-doc at BNL
— developed efficient deflation code for the evaluation of charge
fluctuation observables on GPUs

1 T L T T
b . Nodefiation — 3500 | #CG iterations
. 3 | : : = q
0.01 | 3000 r
\ 2500 |
_ 0.001 3 16416f21b7130m00119m0322b.10000 v
= F
= 00001 [ 2000
@ [ A
T 1e0sp 1500 |
1606 | 1000 |
1e-07 -- 500 |
1e-08 7 — ‘ — ‘ — I — I — I — l — ‘ 7 0 1 I 1 I 1 1 1 il(
0 500 1000 1500 2000 2500 3000 3500
N 0 10 20 30 40 50 60 70 80
# of CG iterations
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Calculating charge fluctuations on the lattice

— highly efficient CG inverter for HISQ action on GPUs (and also on MIC)

450 ;Gi:Iop/sl | 450 '_GFIbp/s
400 i fp32, ECC ] 400 I fp32, ECC
350 | | 350 |
300 - _' 300 |
250 - | 250 | M
200 - HISQ CG 643x16 200 HISQ CG 4 rhs
150 - K40 o 7120P ] 150 | K40 e 7120P
100 | K20  5110P o | 100 | K20 o 5110P o
[ . #rhs . ] i | | | | |
1 2 3 4 5 6 7 8 16°%4  32%x8 48312 32°x64 64%«16

O. Kaczmarek, C. Schmidt, P. Steinbrecher, M. Wagner, arXiv:1411.4439
@> SciDAC-3 grad.student at BNL

— gain by using multiple right hand sides — balance against #EV used

— Titan specific: shift eigenvector calculation for deflation to CPU;
generation of eigenvectors "comes for free" and GPU
can run with more right hand sides
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