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Open Questions

Lattice QCD s.
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Second Beam Energy Scan (BESII) at RHIC

« Planned for 2019-2020

~50 MeV
« Chemical potentials of interest:

g/ T~1.5...4

Ly (MeV)
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O

« 24 weeks of runs each year
« Beam Energies have been
chosen to keep the iy step
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Comparison of the facilities

Compilation by D. Cebra

Facilty |RHICBESII || SPS NICA SIS-100  |J-PARC HI
SIS-300

Exp.: |[STAR NA61 ||MPD CBM JHITS
+FXT + BM@N

Start:  (5019-20 (/2009 ||/2020 2022 2025

2018 2017

Energy: 17.7-19.6 |/4.9-17.3(/2.7-11 ||2.7-8.2 2.0-6.2

Vs (GeV)[2.5-7.7 2.0-3.5

Rate: |100HZ 100HZ |/<10kHz |/<10MHZ |100 MHZ

At 8 GeV 2000 Hz

Physics: | CP&OD CP&OD ||op&DHM || OD&DHM |OD&DHM

Collider Fixed target  Collider Fixed target  Fixed target
Fixed target ~ Lighterion  Fixed target
collisions

CP=Critical Point OD= Onset of Deconfinement DHM=Dense Hadronic Matter



How can lattice QCD support the experiments?

» Equation of state
Needed for hydrodynamic description of the QGP

* QCD phase diagram
Transition line at finite density
Constraints on the location of the critical point

» Fluctuations of conserved charges
Can be simulated on the lattice and measured in experiments
Can give information on the evolution of heavy-ion collisions
Can give information on the critical point
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Hadron Resonance Gas model

Dashen, Ma, Bernstein; Pr@h, Venugopalan; Karsch, Tawfik, Redlich

nteracting hadronic matter in the ground staie can be well approximated by a non-interacting

resonance gas
* The pressure can be written as:

1 1
pH /T = > WEZR (TV,pxa) +img > WZ5 (T.V, pxa)

VT3 :
i€ mesons i€ baryons

where

Vd; [°°
InzZM/B _ T / dkk? In(1 F ze5i/T) |
: 212 Jo
with energies ; = /k?2 + mf degeneracy factors d; and fugacities
z; = exp <(Z X?MXa)/T) :
a
X “: all possible conserved charges, including the baryon number B, electric charge (),

strangeness 5. ) d SN2 o . y
» Fugacity expansion for ue=p,=0: 28 — ¥~ 2 (—’) “DNFINT2 K (N=2) cosh [N—B]
gacity exp Hs=Hq 1 i;ﬂz o NXZJI( ) 2(N =) cos n

Boltzmann approximation: N=1




QCD Equation of State
at finite density

O

TAYLOR EXPANSION

ANALYTICAL CONTINUATION FROM
IMAGINARY CHEMICAL POTENTIAL

ALTERNATIVE EQUATIONS OF STATE
AT LARGE DENSITIES




QCD EoS at pz=0

WB: PLB (2014); HotQCD: PRD (2014) @ WB: Nature (2016)
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*  EoS for Ni=2+1 known in the continuum limit since 2013

* Good agreement with the HRG model at low temperature

* Charm quark relevant degree of freedom already at T~250 MeV




Constraints on the EoS from the experiments

@ S. Pratt et al., PRL (2015)
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« Comparison of data from RHIC and LHC to theoretical models through
Bayesian analysis
» The posterior distribution of EoS is consistent with the lattice QCD one
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- Taylor expansion of the pressure:

G DS () - S ()

« Two ways of extracting the Taylor expansion coefficients:

* Direct simulation
 Simulations at imaginary g

» Two physics choices:

* MpFO, Us=Ho=0
° Ugand pgare functions of T and py to match the experimental constraints:

<ng>=0 <nQ>=O.4<nB>
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Pressure coetficients: direct simulation

O

 Calculate derivatives of InZ, where Z in the staggered formulation is given
by:

4 = /DU e % (det M1)1/4(det M2)1/4(det M3)1/4 = /DU g Veft

Direct simulation:

where M, is the fermionic determinant of flavor 7 and Sg the gauge action

« The derivatives with respect to the chemical potential of flavor i are

Aj = ge(det M)t = MM,
B; = giopm(det M)V =t (M) M — MM MM —1)
G = g(det Myt = fr (MM — 3My M MM

+F2M M MM MM
= % log(det M;)'/4 = fr (M]’.’Mj‘l — AMIM MM = 3MY M MM
F12MI M MM MM
—6M; M MM MM MM




P fficient
Direct simulation:
0O(105) configurations (hotQCD: PRD (2017) and update 06/2018)
L
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. . . . . . 0.0025 : ‘ - - : 0.00015 . . . . .
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Pressure coefficients: simulations at imaginary

@ T A : . -
zero chemical potential

SimUIationS at imaginaI'V u.p: strangeness neutrality T=150 MeV :
= T=200 MeV v
imaginary strangeness A
a4 imaginary baryon density WM
Common technique: [de Forcrand, £
Philipsen (2002)], [D’Elia and wa A
Lombardo, (2002)], [Bonati et al., ¢ ¥ v v v,
(2015), (2018)], [Cea et al., (2015)] %= = = = = = =

0 \ /2 3n/4
IM pgaryon

The BNL-Bielefeld-CCNU effort focuses to this point

Strategy: simulate lower-order fluctuations and use them in a combined, correlated fit

sz(us) — / XS(HZB)/HB —
1 .
1t See also M. D’Elia
+/,/l/' et al., PRD (2017)
/ P-%




Pressure coefficients: simulations at imaginary

@ T A : . -
zero chemical potential

SlmUIatlons at lmaglnaI'V U.B: strangeness neutrality ;:; gg Me¥
imaginary stl%lngeneess
imaginary baryon density

L I SR J

3n/4

/2

Im p'Strange

Common technique: [de Forcrand,

Philipsen (2002)], [D’Elia and wa L v
Lombardo, (2002)], [Bonati et al., ¢ v v v vy,
(2015), (2018)], [Cea et al., (2015)] o & = = = ===

L]
0 \ /2 3n/4
IM pgaryon

The BNL-Bielefeld-CCNU effort focuses to this point

Strategy: simulate lower-order fluctuations and use them in a combined, correlated fit

B( o ) _ 2 ~ 4 ~3 6 ~5 4' 4'
X1 \UB) = 2¢couB + 4cyip + Ocg i’y + = 7 c4€1,u3 + 9,C4€2NB
) ) ) 41 Al
X2 (ip) = 2¢2 + 12cafi% + 30csfify + Sicaa1f + greaealiy
o A oAl Al See also M. D’Elia
X3 (B) = 24csfip + 120csfip + 5,0461113 + 7 —cqeafil et al., PRD (2017)
A1
X2 (iB) = 24cq + 360csfi% + caerfify + 6,0462u3




Pressure coefficients

See talk by Jana Guenther on Wednesday

Simulations at imaginary pg:
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Red curves are obtained by shifting x,B/ to finite pg: consistent with no-critical point



Range of validity of equation of state

O

= We now have the equation of state for pg/T<2 or in terms of the
RHIC energy scan:

Vs = 200, 62.4, 39, 27. 19.6, 14.5GeV

The Phases of QCD

Quark-Gluon Plasma

Temperature (MeV)

0 200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p_ (MeV)




Alternative EoS at large densities

EoS for QCD with a 3D-Ising critical point

T4anAT(T) —4 T4anon-Ising(T) +Tc4cnlsing(T)

Cluster expansion model

Vovchenko, Steinheimer, Philipsen, Stoecker,
1711.01261

P. Parotto et al., 1805.05249 (2018)
» Implement scaling behavior of 3D-Ising
model EoS

» Define map from 3D-Ising model to
QCD

» Estimate contribution to Taylor
coefficients from 3D-Ising model
critical point

» Reconstruct full pressure

Density discontinuous at pg> g,

+  HRG-motivated fugacity expansion for pg
T, > _
PETIE) _ \B(T.pg) =Y bu(T) sinh(kius/T)
k=
*  b1(T) and b2(T) are model inputs
« All higher order coefficients predicted:
b (T) = age L2
ST R by (TR
+ Physical picture: HRG with repulsion at
moderate T, “weakly” interacting quarks
and gl})140ns at high T, no CP

. L'QCD (V'Vuppert'al-Budabest, es'timate)'
0.3+ * CEM-LQCD
- - -CEM-HRG, b = 1 fm®
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Xs o1f iﬂhmp

00f----~

=
pe—i
[P —
—re—i
—————
—e——
T

0.1}

02} -
Hg = 0

0.3 s L L s L L
100 120 140 160 180 200 220 240

T [MeV]

+ Plan: integrate pg and get p(T,ug)




QCD phase diagram
O

TRANSITION TEMPERATURE

CURVATURE

RADIUS OF CONVERGENCE
OF TAYLOR SERIES




* QCD transition at puz=0 is a crossover
Aoki et al., Nature (2006)

+ Latest results on T, from HotQCD
based on subtracted chiral
condensate and chiral susceptibility

166 FT (4n—0 ' ' ]
= €]
164 L up = 0) [MeV] i Xdisc '@ ]
162 . Xsab ] P. Steinbrecher
A

160 o ° Y ® | for HotQCD,
158 - i . X 82, Zeu = { 1807.05607
156 ¢ g 07, Xdise % ]
154 C HotQCD preliminary (156.5:|: 1.5) MeV m ]
152 F ]
150 F . 1/N? .

%, NN Q A

%, e 4o & 6

QCD transition temperature and curvature

See talk bi Patrick Steinbrecher on Wednesdai findinis

Compilation by F. Negro

[
Taylor =Y Kaczmarek et al. PRD (2011) p4, =0
+0(2)
Taylor —©—1 Endrodi et al. JHEP (2011) stout2, p =0
Im. Cea et al. PRD (2014) | o HISQ, p=iy
Im. p o Bonati et al. PRD (2014) stout2, ug=0, b
Im. p — o Bonati et al. PRD (2015) stout2, p=0, ly
1 =
Im. i | Bellwied et al. PLB (2015) —6— 571‘3]56.451 o
Im. p Cea et al. PRD (2015) | o HISQ, u=y
Taylor Hegde et al. (Lattice 2015) HISQ, S=0
+0(2) ;
Taylor oW F—©—— Bonati etal. 1805.02960 stout2, p.=0
2\
Taylor } S | hotQCD @ QM2018 HISQ, S=0,
‘\Q‘x‘ © Q Q/B=0.4
0 0.005 . 0.01 0.015 0.02 0.025 0.03

Ko

Curvature very small at pz=0

«  New results from HotQQCD and from
Bonati et al. agree with previous




Plenary talk by Sayantan Sharma on Tuesday

» For a genuine phase transition, we expect the «-volume limit of the Lee-Yang
Zero tO be real A. Pasztor for WB @QM=2018

Im By
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Fluctuations of
conserved charges

O

COMPARISON TO EXPERIMENT:
CHEMICAL FREEZE-OUT PARAMETERS

COMPARISON TO HRG MODEL:
SEARCH FOR THE CRITICAL POINT




Evolution of a heavy-ion collision

Free streaming @
Hadrons \‘

Ho1 Hadron
ﬁewmrx}:- T~110 MV
Gas — € ~ 0.05 GeV/im?
Deconined T~175 eV
Quark Gluon £ ~1G=Vim3
Matter

T ~ 230 eV

£ ~3GeV/im3

» Z —

Project ke and (distance along
Target Nuclei the colision axs)

T=0MV

Pb Fb £ -0.17 GaV/im3

*Chemical freeze-out: inelastic reactions cease: the chemical composition of the system is
fixed (particle yields and fluctuations)

¢ Kinetic freeze-out: elastic reactions cease: spectra and correlations are frozen (free
streaming of hadrons)

® Hadrons reach the detector




Distribution of conserved charges

O

» Consider the number of electrically charged particles Na

- Its average value over the whole ensemble of events is <Nqg>

* In experiments it is possible to measure its event-by-event distribution

10°R77Gev T T g s cey T kyteseey L | ALtAu

10°F Ml <0.5
- 02<p <20 GeVic 3
10%} ¥ 0-5%
3[ m 30-40%
" 10% I & 60-70%
§ 102 1— STAR Preliminary 3
=10 '-::';':::'::::'::::':::
IS F "9)200 Gev ! '
5 10°k C
Qo i [
£ %]
103:' ; : ] 2
I |
ol Yreoe Ly
10.- _M¥||1|| | !|I¥

T ® 0 % STAR Collab.: PRL (2014)




Fluctuations on the lattice

O

» Fluctuations of conserved charges are the cumulants of their event-by-
event distribution

XBSQ _ 8l+m+np/T4
= 3(us /T B(ks /T) (g /T)"

» They can be calculated on the lattice and compared to experiment

o Definition:

* variance: 02=y, Skewness: S=x,/(X,)%? Kurtosis: K=X,/(X,)?
So = x3/x2 Ko® = X4/X2
M/o? = x1/x2 Sa® IM = xa/x1




Things to keep in mind

O

» Effects due to volume variation because of finite centrality bin width

o Experimentally corrected b\}/ centrality-bin-width correction method
. Skokov et’al., PRC (2013), P. Braun-Munzinger et al., NPA (2017),

» Finite reconstruction efficiency V. Begun and M. Mackowiak-Pawlowska (2017)
o Experimentally corrected based on binomial distribution A Bzdak,V.Koch, PRC (2012)
» Spallation protons
o Experimentally removed with proper cuts in p;
e Canonical vs Gran Canonical ensemble
o Experimental cuts in the kinematics and acceptance

V. Koch, S. Jeon, PRL (2000)
» Baryon number conservation P. Braun-Munzinger et al., NPA (2017)

o Experimental data need to be corrected for this effect
» Proton multiplicity distributions vs baryon number fluctuations
_ , M. Asakawa and M. Kitazawa, PRC(2012), M. Nahrgang et al., 1402.1238
o Recipes for treating proton fluctuations

» Final-state interactions in the hadronic phase J.Steinheimer et al., PRL (2013)
o Consistency between different charges = fundamental test




Consistency between freeze-out of B and Q

O

 Independent fit of of R,,2 and R,,B: consistency between freeze-out

chemical potentials 160 [
Hpg
140 | i
0.8 — 120 } i
:E1Bg==M'_BI=O2§===========_==
0.7t STAR, 27 GeV - 100 } i
0.6;=========== STAR, 39 GeV 1 80 | 7
os | |
60 | i
04 f======= STAR, 62.4 GeV
40 .
03} ]
T=140 MeV +—s—i o0 | i
02} T=145 MeV —— |
- =: STAR 200Gev T=150 MeV —— 0 Vs [GeV]
0-1 i i " " L " 1 " L " " 1 L " L " 1 " L " N 1 N
W VeV 0 >0 0 ™ 20
0 20 40 60 80 100 120 140 160 180 200 V5[GeV]|ph [MeV] (from B)|ph [MeV] (from Q)
200 25.8+2.7 22.8+2.6
WB: PRL (2014) 62.4 69.7+6.4 66.6=7.9
STAR collaboration, PRL (2014) 39 10511 101+10
27 - 136+13.8




Freeze-out line from first principles

O

« Use T- and yg-dependence of R,,? and R,,B for a combined fit:

XT(Tp) xS (T,0)+ x5 (T,0)q1(T) + x> (T,0)s1(T) g

RY(T, ) = = +O(u}).
12\4> B
X5 (T, 1) x5 (T,0) T
B
BB (T uey — X0 (TonB) _ x3(T,0) + X112 (T,0)q1(T) + xZ5(T,0)s1(T) pp O3
(T, ) = B(T = B(T T +O(pp)
X2 (T, uB) X2 (T,0)
C. Ratti for WB, NPA (2017) _
T [MeV}e . .
210 + S 7,? . X . [} —_
£ f o
200 | 2 5 E 150
190 | o
180 - é 100 e -
o ~®— Dyson-Schwinger [C. Fischer et.ol. 2014]
170 ‘g Fa  freeze—oul [Becotlini et.el, Cleymans et.ol. 2005]
4| freeze—out parometrizotion [Andronic et.ol. 2008]
160 5 S0 F ia modified statistical fit [Becettini et.ol. 2012)
150 + = e freeze—oul from fluctuations [Albo et.ol, 2014]

140 - 1 | L | 1

200 400

Baryonic chemical potential (MeV)

130

preliminary
1

0 50




J. Noronha-Hostler, C.R. et al., 1607.02527

Lattice QCD works in terms of conserved charges

Challenge: isolate the fluctuations of a given particle species

Assuming an HRG model in the Boltzmann approximation, it is possible to
write the pressure as:

P(jig, fis) = PBS + pBS cosh(ﬂB)@ cosh(ﬂ@ _
+ Ph% cosh(fip — fis) + PBS cosh(iip — 2ugr=+5" cosh(fip — 3jis)

Kaons in heavy ion collisions: primordial + decays

Idea: calculate x,"/x,X in the HRG model for the two cases: only primordial
kaons in the Boltzmann approximation vs primordial + resonance decay

kaons
26/33



Kaon fluctuations on the lattice

\\\\\\\

\\\\\\

——Primordial+decays
N Boltzmann approx.

T [MeV]
0.25
l l i ]
=140MeV
()] - l -------- { -------------- s
b b ket
0.15 fe-rrmmmdmreeemeeennenns i’! _____ l-ln=150MeV
. I
2 ! : : :
S S SR ; g A..m
Sl A S 1Y
1 ! i
1) S ——
; . - 4 o=k
pp=20MeV
0 A i i i A
140 150 160 170 180 190

J. Noronha-Hostler, C.R. et al., forthcoming

Boltzmann approximation works well for lower
order kaon fluctuations

x5 _ cosh(is+ fq)

XX~ sinh(is + fig)
X2K/x K from primordial kaons + decays is very
close to the Boltzmann approximation

Mg and pq are functions of T and pg to match
the experimental constraints:

re g

B STAR thermal fits (77,p,K)
STAR thermal fits (r,p,K,A,Z,Q,¢,K°)
1200 [T xKixKX (HRG model) [ xi/xX (1attice)
I X8 and xPIxE (Alba et al.)
! 006 50 100 150 200 250
Hs [MeV]
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Fluctuations at the critical point

)

M. Stephanov, PRL (2009).

K4
_____________________ baseline
NG
| |
4 8 Net-Proton ]
i 0.4<p, <2 (GeVi/c),lyl<0.5 1
i ® o 0'5°/o 1
3_ fn) o 5—1 OO/O —
-l + 70-80% ]
%S [T s UrQMD, 0-5%

w 2 “
e

o

= e
. ¥ * 3 STAR Prleliminary—:

6 10 20 100 200
VSun (GeV)

- Correlation length near the critical point
E~|T — Te|™Y where v > 0

x, = VT&
X; = 2VT3/233¢%2
X, = 6VT2[233 — \4)¢7

Fluctuations are expected to diverge at the
critical point

Fourth-order fluctuations should have a
non-monotonic behavior

Preliminary STAR data seem to confirm this

Can we describe this trend with lattice
QCD?




Fluctuations along the QCD crossover

Net-baryon variance

P. Steinbrecher for HotQCD, 1807.05607

Disconnected chiral

G%(TO, 0)

T Teltn). i) = 75To, 0) _ (ﬂB )2 + A (“B )4 + O(us)

1.2 : : : : ‘ ‘
1.0 L UJQB(TC(VJB)a /LB)/O%(TOv 0) -1
0.8 O(ug) = ng =0, 22 =0.4
06 Oup) =
04 . HRG -
0. 9 L HotQCD preliminary
0.0 MV
e
0.2 ‘ Sl | |
0 50 100 150 200 250

+  Expected to be larger than HRG
model result near the CP
* No sign of criticality

300

susceptibility
T 0 0
Xsub = Vms (amu + a_nld)[ms(zu +24) — (my, + md)zgl
100.0 — " : :
c0.0 | Xaise/ Fi up= 0.0MeV -
| 125.0 MeV » |
60.0 | 200.0 MeV |
400 7 HotQCD preliminary NT — 8, O(IU’6B)
nsg = 0, 29 —0.4
20.0 | "
i T [MeV]
0.0 Il n 1 " Il L Il L Il L Il L Il
135 145 155 165 175 185 195

- Peak height expected to increase
near the CP
* No sign of criticality




High der fluctuati
HotQCD, PRD (2017) WB, 1805.04445 (2018)
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Other approaches I did not have time to address

Reweighting techniques (Fodor & Katz)

Canonical ensemble

(Alexandru et al., Kratochvila, de Forcrand, Ejiri,
Bornyakov, Goy, Lombardo, Nakamura)

Density of state methods

Two-color QCD

(Fodor, Katz & Schmidt, Alexandru et al.)

(ITEP Moscow lattice group, Kogut et al., S. Hands et al., von Smekal et al.)
Scalar field theories with complex actions

Complex Langevin

(See talk by M. Ogilvie on Tuesday)

(see talks by D. Sinclair, S. Tsutsui, F. Attanasio, Y. Ito, A. Joseph on Monday)

Lefshetz Thimble

(see talks by K. Zambello, S. Lawrence, N. Warrington, H. Lamm on Monday)

Phase unwrapping

(see talks by G. Kanwar and M. Wagman on Friday)
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Need for quantitative results at finite-density to support the
experimental programs

Equation of state
Phase transition line
Fluctuations of conserved charges

Current lattice results for thermodynamics up to pg/T<2

Extensions to higher densities by means of lattice-based
models

No indication of Critical Point from lattice QCD in the
explored g range
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Kaon fluctuations on the lattice

@ J. Noronha-Hostler, C.R. et al. forthcoming
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Fluctuations of conserved charges?

O

%k If we look at the entire system, none of the conserved charges will
fluctuate

%k By studying a sufficiently small subsystem, the fluctuations of
conserved quantities become meaningful
dN/dY

Y

| DY, =

O AYtotal: range for total charge multiplicity distribution
O AYaccept: interval for the accepted charged particles
O AYkick: rapidity shift that charges receive during and after hadronization




QCD matter under extreme conditions

__________________________________________________________________________________________ @

To address these questions we need fundamental theory and experiment

Theory: Quantum Chromodynamics Experiment: heavy-ion collisions

* QCD is the fundamental theory of strong
interactions

» It describes interactions among quarks
and gluons

S y _ 1
— T # 7 a — - KU o v
- Z\vin(la g4l )\v.- my,y, 421‘; F

04 -] =
- T, 2
S B 5
's -2 5
- 4 .
9 E e <
- >

* Quark-gluon plasma (QGP) discovery at
RHIC and the LHC

» QGP is a strongly interacting (almost)
perfect fluid
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Cumulants of multiplicity distribution

O

»Deviation of N from its mean in a single event: dNo=Ny-<N5>
« The cumulants of the event-by-event distribution of NQ are:

X=<@NQ)>  x;=<(@BNQ)*>>  x,=<(8NQ)*>-3<(3NQ)>>?

*  The cumulants are related to the central moments of the distribution by:

variance: 6=y, Skewness: S=x5/(x,)%? Kurtosis: k=X,/(X5)?
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Fluctuations and hadrochemistry

B

~ pB(T, pB) P(jip, fis) = Py’ + Pig° cosh(fig) + Py cosh(fis)
T— Z bk Slnh(k ,UB/T) + PB® cosh(fip — fus)+ PB5 cosh(fip — 2fis)
k=1 + PB® cosh(fip — 3fis)

V. Vovchenko et al., PLB (2017) P. Alba et al., PRD (2017)
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Canonical suppression
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Analytical continuation — illustration of
systematics

Analytical continuation on N; = 12 raw data

---------------------------------------------------------
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Analytical continuation — illustration of

syste©atics

Condition: xg < x4 — f(flg) = a+ b + cif + 254%

Analytical continuation on Ny = 12 raw data

0.15 f

T=145MeV




