QCD thermodynamics

Frithjof Karsch, BNL/Bielefeld
T

Key Questions
T 4 NSAC Long Range Plan 2007
o p®
mo. @ 6 What are the phases of strongly \
©  Quark Gluon Plasma interacting matter, and what role do

~156 MeV they play in the cosmos?

@ What does QCD predict for the
properties of strongly interacting matter?

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

4

recent reviews: bB NSAC Long Range Plan 2015

H.-T. Ding, F. Karsch, S. Mukherjee,
Thermodynamics of strong-interaction
matter from Lattice QCD arXiv:1504.05274

U. Heinz et al., Exploring the properties of the phases of QCD matter
- research opportunities and priorities for the next decade, arXiv:1501.06477
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Exploring the QCD phase diagram
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of state, 5 ,
expectation:
freeze-out close to
QCD transition line
freeze-out 0

1000
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— LHC: establish contact with
the QCD PHASE transition

— RHIC: locate/provide evidence
for the QCD critical point

observable ’

consequences:
freeze-out pattern of
mesons and baryons, controlled by Tf, U, s
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Outline
I

@ QCD thermodynamics projects in 2014/15

@ Equation of state and transition temperature

— continum extrapolated EoS at up = 0,
— Insight into the role of topology close to Tc
— EoS at non-zero net-baryon density and the BES@RHIC

@ Charge fluctuations and the RHIC search for the
critical point
— evidence for many new strange and charmed baryons
— using electric charge fluctuations to search for the
critical point
— characterization of freeze-out conditions using
conserved charge fluctuations
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Thermodynamics projects in 2014/15
I

Equation of state and the transition temperature:

A. Bazavov et al. (hotQCD), Equation of State in (2+1)-flavor QCD,
Phys. Rev. D90 (2014) 094503

V. Dick et al., Microscopic Origin of UA(1) Symmetry Violation in the High Temperature
Phase of QCD, Phys. Rev. D91 (2015) 094504

Fluctuation of conserved charges using Taylor expansions:

A. Bazavov et al.(BNL-Bielefeld), Additional strange hadrons from QCD thermodynamics
and strangeness freeze-out in heavy ion collisions, Phys. Rev. Lett. 113 (2014) 072001

A. Bazavov et al.(BNL-Bielefeld), The melting and abundance of open charm,
Phys. Lett. B737 (2014) 210.

In-medium meson properties

A. Bazavov et al., In-medium modifications of open and hidden strange-charm
mesons from spatial correlation functions, Phys. Rev. D91 (2015) 054503 USQCD

Y. Maezawa et al., Meson screening masses at finite temperature with projects
Highly Improved Staggered Quarks, arXiv:1312.4375 2014/15
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Lattice meets Experiment in 2014/15
T
Workshops/Programs on Heavy lon Physics:

— Theory and Modeling for the Beam Energy Scan: from Exploration to

Discovery, RIKEN/BNL Feb. 26-27, 2015, organizers: M. Lisa, S. Mukherjee, H. Petersen,
M. Stephanov, P. Sorensen

— RHIC users' meeting: Beam Energy Scan workshop,
BNL, June 10, 2015, organizers: S. Mukherjee, D. McDonald, J. Mitchell

International Conference and Workshop Series:

— Extreme QCD
2014: BNL&Stony Brook, June 19-21, 2014, organizers: F.Karsch, D.Kharzeev, J.Verbaarschot
2015: CCNU Wuhan, China, Sept. 21-23, 2015, co-organizers: H.-T. Ding, F. Karsch.....

— Critical Point and Onset of Deconfinement
2014: Bielefeld, Germany, Nov. 17-21, 2014, organizers: O. Kaczmarek, F. Karsch et al.
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Equation of state of (2+1)-flavor QCD

pressure, entropy & energy density

16 [ -

non-int. limit 4

\
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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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Crossover transition parameters
I

PDG: Particle Data Group hadron spectrum

1

¢ [GeV/im?) PDGIRD -
0.8 |
06 | T,
0sl | Te = (154 £ 9) MeV
8C
. €. = (0.34 + 0.16)GeV /fm®
) | | | T [MeV]
130 140 150 160 170 180 compare with:
ehucl mat- ~ 150 MeV /fm°
A. Bazavov et al. (hotQCD) , 6nucleom ~ 450 MeV / fm3

Phys. Rev. D90 (2014) 094503
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Crossover transition parameters
I

PDG: Particle Data Group hadron spectrum

1 . .
3 QCD s /#1 topcited hep-lat paper in 2014\
e [GeV/fm~] PDG-HRG —— :
A. Bazavov et al. (hotQCD), The chiral
0.8 | and deconfining aspects of the QCD
transition, Phys. Rev. D85, 054503
06 L T, | K(2012) (369 cit.) )
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Phys. Rev. D90 (2014) 094503
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Chiral Transition
I

vty overlap on HISQ
1.6 :
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0.06
0.04 | 1.4 | [pN)/T?
' 0.04
1.2
0.02 | 12T, 323 x8
ol 0.02 1 =0
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AT
. V. Dick et al, arXiv:1502.06190
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: 0.06 | N A DY R
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0
— near zero modes have well localized eigenstates 0 0005 001 0015 0.02 0025 0.03 0035 004
— consistent with instanton gas model A (GeV)

— UA(1) remains broken also above Tc M.1. Buchoff et al (hotQCD), PR D89, 094503 (2014)
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Chiral Transition

-
overlap on HISQ

UA(1) remains broken at Tc 16
T. Bhattacharya (hotQCD) PRL 113, 082001 (2014)

p(N)/T°

12T, 328 x8
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fate of UA(1) breaking and thus also

the chiral phase transition in the massless
(chiral) limit of QCD remains to be an
unsolved textbook problem of QCD
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M.I. Buchoff et al (hotQCD), PR D89, 094503 (2014)
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Explore the structure of matter close to the QCD transition

temperature using fluctuations of conserved charges

— probing the response of a thermal medium to an external field, i.e.
variation of one of its external control parameters: 1', @, mq

(generalized) response functions == (generalized) susceptibilities

1
pressure: 7z = s 1 Z(V,T,uB,Q,s>Mu,d,s)

particle number density quark number susceptibility 4™ order cumulant
1 0InZ 1 0%1n Z 1 0*ln Z

q _ q _
VT3 0u,/T X2 = yrs O(pq/T)? X4 = yrs O(pq/T)4

Xi =

O'X = <(5Nx)2> — <5Nx>2 K',Xo'X = <(5Nx)4> — 30’X

generalized quark number

susceptibilities: px = px/T
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Evidence for many charmed baryons in thermodynamics

. close to Tc charmed baryon fluctuations

gm = " are about 50% larger than expected in a
OMHRGS ~e HRG based on known charmed baryon
QM-HRG — | resonances (PDG-HRG)
. PDG-HRG - - |
0.5 | B9C)(,QC_,BAC non-int. i
e s iz ) quarks | all charmed baryons/mesons

| <@ charged charmed baryons/mesons

L strange charmed baryons/mesons
LT :/

L8 6 including resonances predicted in quark model
K i

BSC,,. SC _BSC
| -X112 /(X913 X112 )

0.7

05 M - s B calculations and observed in lattice QCD
“““““““““““““““ L. T calculations allows for a HRG model (QM-HRG)
03 L7 7 T T[I\feVI] - description of lattice QCD results on conserved
140 150 160 170 180 190 200 210 charge fluctuations and correlations

A. Bazavov et al., Phys.Lett. B737 (2014) 210
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Analyzing strangeness carrier with higher order cumulants
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A. Bazavov et al.,
Phys. Rev. Lett. 113, 072001 (2014), arXiv:1404.6511
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Freeze-out parameter from conserved charge fluctuations
T

cumulant ratios of electric charge fluctuations
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constrains freeze-out temperature/' determines freeze-out chemical potential
Ty ~ (150 = 5) MeV BI-BNL, PRL 109, 192302 (2012)

S. Mukherjee, M. Wagner, PoS CPOD2013 (2013) 039
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Exploring the QCD phase diagram with net charge fluctuations

RHIC beam energy scan: v/s = (7.7 — 200)GeV /A
search for the critical point

. % Quark-Gluon Plasma preparing for BES-II: 2019/20
W P24GEeV
73Mev &
300 « 39GeV 3 want to understand properties of
T L= matter in the range
3
s 08<T/T. <2
@ 20
£ 0<pp/T <3
&
@ :
" — equation of state

— crossover line

— critical point?

— freeze-out line

— transport properties

0 250 500 750 1000 — in-medium hadron properties
Baryon Chemical Potential uy {MeV)
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Exploring the QCD phase diagram with net charge fluctuations

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 UB, LS Xn —
300 (BNL-Bielefeld-CCNU) T O(pue/T)™

g = B, Q, S
crossover line: Te (B, MS)]

(BNL-Bielefeld-CCNU)

— coefficients in the Taylor expansion
of the Equation of State

Temperature (MeV)

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

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

J

Baryon Chemical Potential ug (MeV)
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Equation of state of (2+1)-flavor QCD: up/T > 0

Ambitious Goal: EoS in the entire parameter range accessible to the BES@RHIC
R

_:.ioi!jl!k' ik (T )( > (lf—’?><%)k

1,),R— )

the simplest case: us = ug =0

A(T,pp) P(T,pp) — P(T,0) xZ (uB>2 1t Xy (uB)
T4 T4 2 T 12 X2
variance of net-baryon /

number distribution kurtosis*variance

K,BO'%

work in progress: report at Quark Matter 2014

P. Hegde (BNL-Bielefeld-CCNU), The equation of state at O ()
Nucl. Phys. A 931, 851 (2014)
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EoS at up /T > 0: Current status
e
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The EoS is well controlled for us/T < 2
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Conserved charge fluctuations and freeze-out
T

net baryon number fluctuations

12
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STAR Collaboration, PRL 112, 032302 (2014)
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Conserved charge fluctuations and freeze-out

T4

A(T,pp) _ P(T,p5) — P(T,0) _ x3 <u3>2 <1+ 1 X7 (

B
2
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M.Kitazawa et al, PR C86 (2012) 024904
A.Bzdak et al., PR C87 (2013) 014901
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Conserved charge fluctuations and freeze-out
T
Next order: depends on 6™ order cumulants and requires knowledge on
the parametrization of the freeze-out curve, eg.

2
1B
T¢(pB) = T¥(0) (1 — Ky (?> )
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T Iane 2nd order, Z(2)
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2 T B 2
o T 1X: (BB
B 1 _I_ 2 XzB ( T )
B CEP
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HrB Xf 1 _I_ 6 Xf ( T ) A [7¥=
1 Xgq o = 2 Y S T
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Heavy Quark spectroscopy, thermal dileptons, transport coefficients
bottomonium -
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Advancing the development of software needed

for QCD thermodynamics calculations
I

NP SciDAC-3 project: Computing Properties of Hadrons, Nuclei and
Nuclear Matter from Quantum Chromodynamics (LQCD)
(BNL, Jlab, LLNL, MIT, UNC, UoW, W&M)

NERSC Exascale Science Application Program:
Domain Wall Fermions and Highly Improved Staggered Quarks for Lattice QCD,
N. Christ (Columbia U.), F. Karsch (BNL)

— optimization and improvement of inverters

— code optimization for BlueGene/Q, GPU-clusters (+Titan@ORNL),
INTEL's Knights Corner and Knights Landing
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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 T L T T
b  Nodfltion — 3500 | #CG iterations
. 3 3 : ; = q
0.01 | 3000 |
H 2500 |
= 0.001 3 16416f21b7130m00119m0322b.10000 W
5 F A
o Lo
S 0.0001 b 2000
&: [
T 1e0sp 1500 |
1606 | 1000 |
1e-07 -- 500 |
0 500 1000 1500 2000 2500 3000 3500 0

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

450

400 -
350 |
300 -
250 |
200 |
150 ©
100 ©

Calculating charge fluctuations on the lattice

- GFlop/s

fp32, ECC

HISQ CG 64°x16
K40 e 7120P
K20 o 5110P e

_#rhs

450

1 2 3 4 5 6 7 8

400 |
350 |
300 |
250 |
200 |
150

| GFlop/s

M

HISQ CG 4 rhs

K40 o 7120P
K20 e 5110P e

100 r

16%4  32%«8 48312 32364 64°«16

O. Kaczmarek, C. Schmidt, P. Steinbrecher, M. Wagner, arXiv:1411.4439
@> SciDAC-3 visiting 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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25



Conclusions

@ During the last 5 years LGT calculations have achieved two
important goals: determination of Tc and calculation of the
equation of state with physical quark masses in the continuum limit

& LGT calculations start to produce quantitative predictions on
QCD thermodynamics that provide input to the interpretation
of heavy ion experiments

EoS, Tc, transport coefficients, spectral functions,
phase boundary, fluctuations of conserved charges,....

The next five years — before BES-Il at RHIC

& Lattice QCD will provide the EoS in the entire parameter range
relevant for BES-Il at RHIC (if no critical point exists in that range)

& Lattice QCD will strengthen evidence for a critical point
(if it exists In the parameter range accessible to BES-Il at RHIC)
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