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Surprises on the way to the QCD phase diagram

Owe Philipsen

@ Chiral phase transition at finite T in massless limit:

40 years of “common wisdom” get modified

@ Emergent chiral spin symmetry: a modified phase diagram
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The expected QCD phase diagram (so far science fiction)
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Temperature T [MeV]
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"= Neutron stars

Nuclei Net Baryon Density UB

Based on NJL, linear sigma model, random matrix models, ...

Task: determine by first principles calculations in QCD!

Prohibited by the “sign problem”



The critical point “derived from” the chiral limit
[Halasz et al., PRD 98; Rajagopal, Wilczek 00, Hatta, lkeda, PRD 03,...]

Importance of the chiral limit!

model predictions, no QCD information



Other (mostly ignored) possibilities

Knowledge of chiral limit constrains those possibilities!



The nature of the QCD thermal transition, up =0
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The nature of the QCD chiral transition

...is elusive, massless limit not simulable!
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@ Coarse lattices or unimproved actions: Ist order for Ny = 2,3
@ Ist order region shrinks rapidlyas @ — 0

= Improved staggered actions: no Ist order region so far, even for Ny =3 mps > 45MeV
[HotQCD, PRL 19, PRD 21]
Details and reference list: [O.P, Symmetry 21]



The nature of the QCD chiral transition, Nf=3

...has enormously large cut-off effects!
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O(a)-improved Wilson:
| st order region shrinks for a — 0
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O(a) improved Wilson [Kuramashi et al. PRD 20]
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Different view point: mass degenerate quarks
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@ Consider analytic continuation to continuous Nj
@ Tricritical point guaranteed to exist if there is Ist order at any Nj
@ Known exponents for critical line entering tric. point!

@ Continuation to a £ 0 : Z(2) surface ends in tricritical line

[Cuteri, O.P., Sciarra PRD 18]



Different view point: mass degenerate quarks
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@ Consider analytic continuation to continuous Nj
@ Tricritical point guaranteed to exist if there is Ist order at any Nj
@ Known exponents for critical line entering tric. point!

@ Continuation to a £ 0 : Z(2) surface ends in tricritical line

[Cuteri, O.P., Sciarra PRD 18]



Different view point: mass degenerate quarks
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@ Consider analytic continuation to continuous Nj
@ Tricritical point guaranteed to exist if there is Ist order at any Nj
@ Known exponents for critical line entering tric. point!

@ Continuation to a £ 0 : Z(2) surface ends in tricritical line

[Cuteri, O.P., Sciarra PRD 18]



Methodology to determine order of transition

Finite size scaling of generalised
cumulants

(D "1 10 Ay
Bn = TCEREE K

Standard staggered fermions, bare parameters: l,am, N, N,

(Pseudo-critical) phase boundary:

Second-order 3d Ising:

2d chiral critical surface
separates |st order
from crossover
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m/T

Bare parameter space of unimproved staggered LQCD

[Cuteri, O.P, Sciarra 21]  ~120 M Monte Carlo trajectories with light fermions,
aspect ratios 3,4,5
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@ Old question: M/T =0o0r £0 ? Answered for Ny =2
@ New question: will N{"® slide beyond Nt =3 ?



Tricritical scaling in lattice parameter space

[Cuteri, O.P, Sciarra |HEP 21]  Staggered
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@ Tricritical scaling observed in lattice bare parameter space
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aT

@ Allows extrapolation to lattice chiral limit, tricritical points N™¢ (N )

@ If tricritical point exists: region of |st-order transitions not connected to continuum

@ QCD chiral transition is second order for Ny =2 | 7



The nature of the QCD chiral transition

[Cuteri, O.P, Sciarra |HEP 21]

1st

[HotQCD PRL 9]
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Universality class(es)? Pl Consistent with:

fRG, DSE, bootstrap...

[G. Fejos, PRD 22]

[HotQCD PRD 22] ('rossover [S. R. Kousvos, A. Stergiou SciPost
[J. Bernhardt, C. S. Fischer PRD 23
[R. D. Pisarski, F. Rennecke PRL 24

HISQ, crossover [G. Fejos, T. Hatsuda PRD 24]
down to M, I 80 MeV ) U(3)|_ | U(3)R

0 .
T, = 98(6)MeV 40 Moy

Y

Crossover for DW fermions, Nf=3, ITiq ! [lphys [Zhang et al., PoS LAT22, 23]



Imaginary chemical potential

No sign problem! [D’Ambrosio, Kaiser, O.P,, PoS LAT 22 + in preparation]

Repeat study of Columbia plot with H = 10.81 T/3 Same situationas U =0

Physical
Point\

()%

@ [Bonati et al, PRD 19]
stout-smeared staggered

@ [Biclefeld+Frankfurt, PRD 22]
HISQ

@ No sign of Ist-order phase transition!

@ Consistent with DSE approach [Bernhardt, Fischer, PRD 23]



Constraints on the critical point

!
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T ‘ 2
an'qu O 1(( ||2 IJ'B N o T A /,//I---... \\
TpCFDq TpCFDq /;,/ : \‘\
TpC /, I
T. :
P I
0.0158(13) [Bellwied et al, PLB 5] :
0.0135(20) [Bonati et al, NPA 19] '
0.0145(25) [Bonati et al, PRD 18] I
0.016(5) [HotQCD,PLB 19]
. L cep .
Ordering of critical temperatures g~ " 3.1Tpe0g G485 Mev  [0-P. Symmetry 21]
. . . ce
Cluster expansion model of lattice fluctuations Mg~ > ! T [Vovchenko et al. PRD 18]
. - . L,e
Singularities, Pade-approx. fluctuations "> 25T, T < 125 MeV [Boliweg et al. PRD 21]
. . . . . . . (,e :
Direct simulations with refined reweighting "> 2.5T  [Wuppertal-Budpest collaboration, PRD 21]
Consistent with DSE, fRG [Fischer PPNP 19; Fu, Pawlowski, Rennecke PRD 20; Gao, Pawlowski PRD 21]

CEP seen at larger density, but “not yet controlled” |J.wp l 610 MeV



A surprise: emergent chiral spin symmetry

Chiral spin transformationSU(2)cs : ! $ ! "=exp i%; ! I M= {&, % & &, &}

SU@R)cs ! SU@)y " SU@) " SUR).! SU@)r! U()a

QCD quark action, chiral limit & *D ! = %2 °D,! + 1% 'D;!

]

CS invarian breaks C¢<

Necessary condition for approximate CS symmetry:

Quantum effective actiortdynamically dominated by colour-electric interactions!



CS-symmetry observed In meson correlators

JLQCD domain wall fermions at phys. point g, -

Spatial correlatordRohrhofer et al., PRD 19] E2:

Nf=2+1+1 DW [Chiu, PRD 23]
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Temporal correlators:
[Rohrhofer et al., PLB 20]
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Three temperature regimes of QCD

Symmetries (verified): Degrees of freedom (to be verified):
T/TCAT/MeV N
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°T 10004
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;1 200 ¢
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Rohrhofer et al.,, Phys. Rev. D100 (2019)



Check well-studied observables: screening masses

Cls(z) = C (", x) Zr!' const. e# Mscr Z
S

Directly related to the partition function and equation of state
by transfer matrices: T=¢ 3 T,=¢ 3

epV/T :Z:TI‘( e! aHN!) I

= Tr( € @HzNz) = - @ EnzN:

n;

Screening masses: eigenvalues of H;

For T=0 equivalent to eigenvalues of H, for T £0 “finite size effect”



Meson screening masses at intermediate temperatures

[HotQCD, PRD 19]
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Chiral symmetry restoration

Heavy chiral partners “come down”
in all flavour combinations
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Resummed pert. theory:

m . . .

i =1+ P G(T)+ pa (T + pa§(T)
My _ Mps .4

a1 - ozt %9,

Cannot describe the “bend”

No quark hadron duality for T<0.5 GeV in 12 lightest meson channels! CS symmetry!

[Glozman, O.P, Pisarski, EPJA 22]



Degrees of freedom: spectral functions

d$ cosh@(|#|! & 2))

General euclidean correlator: C(#p) = 2% sinh(&$12) 1($,p)
@ Inversion problem ill-defined on a discrete lattice
@ Statistical approaches to find “most likely” spectral function
@ Alternative: microcausality + KMS [Bros, Buchholz, Ann. Inst. Poincare Phys, Theo 96]
! d3U : l 2 2 ( .
$(#,p) = ds 22 &#)' #°! (p! w! s D. (U,S) <«— Thermal spectral density
0

Most direct route to spectral density: spatial correrlators!

#_
ds dRe R SD.(R,s) [Lowdon, O.P. JHEP 22]
0 IX3]

C(x3) =

NI =



For stable massive particle with gap to continuum states (QCD pions!):

2
Vacuum spectral function: )

N-particle states

VvV

Ansatz D, p, sq C\)IDm,! plg" ps « m2q " Do pu, sC [Bros, Buchholz., NPB 02]

“thermoparticle” multi-particle, scattering, Landau damping etc.

Analytic structure inherited from vacuum in absence of phase transition

== |ow T behaviour dominated by vacuum particle states



The pion spectral function

[Lowdon, O.P, |HEP 22]
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Does QCD deconfine across the chiral crossover ?
[Bala et al., JHEP 24]
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Implications for physical QCD?

One viable scenario (more possibilities!): [L. Glozman, R. Pisarski, O.P, EJPA 22]

u¥ ol is CS symmetric

Bending direction known from

/ screening masses at small density
15
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....and in addition possibly a chiral phase transition



Conclusions

The thermal chiral transition in the massless limit is second order for Nf=2-7
Approximately chiral-spin symmetric regime for Tpoc < T < 3Ty
CS-band must continue to finite density!

Lowest excitations in CS-band hadron - like,
no perturbative/partonic description!



Backup slides



Including chemical potential

N =2 N¢e =2+1
[fig. edited from Sciarra, PhD thesis 201 6]
u

®
physical point

Crossover

TMB

Model predictionspo full QCD information

[Stephanoy, Rajagopal, Shuryak PRL 98]: (models + early lattice results)

“As Mg is reduced from infinity, the tricritical point ... moves to lower U until it reaches
the T-axis and can be identified with the tricritical point in the (T, Ms)-plane”



Bare parameter space of unimproved staggered LQCD

[Cuteri, O.P, Sciarra 21] | st order scenario does not fit!
e+ N;O3 NiO4 |+ N;tO5 .
e N{OB6 N:O7 +<+4 NfOS8 | | ‘NfZS%
| | ‘ ‘ ‘ quadratic + cubic
0.5} . a 008 | linear + quadratic
crossover
04+
0.06 -
5. 03| c
g S o0e
8 02|
0.02
Ol | @ 1St |
0
O \ \ \ \
0 0.05 0.1 0.15 0.2 0.25 0.3 ; = - — - —
. . 015 . .
aTl aT=N 0

@ Tricritical scaling observed also in plane of mass vs. lattice spacing
@ Allows extrapolation to lattice chiral limit, tricritical points N"¢ (Ny )
@ st order scenario:  m¢(a) = m¢(0) + ci(aT) + c(aT)? + ... incompatible!

@ The chiral transition is second order for N¢ =2 ! 6



Meson screening masses

at high temperatures

[Dalla Brida et al., JHEP 22] Lo |

Nf=3, T=I1 GeV -160 GeV
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information is “in the precision”! |

p2 = 0.03273996
[Laine, Vepsalainen., JHEP 04]
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Comparison with plasmon ansatz

Bros+Buchholz ansatz Perturbative plasmon: Breit-Wigner shape

Both fit spatial correlator
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The large N, QCD phase diagram

[McLerran, Pisarski NPA (2007), ...]
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Fermi sea of quarks, surrounded by Fermi shell of baryons;
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PE ! M can interpolate from purely baryonic to quark matter Q v



CS symmetry at Pnite density

T 4 T 4 [Glozman, O.P., Pisarski, EPJA 22]
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@® Cold and dense candidate: baryon parity doublet mod&kssymmetrid
[Glozman, Catillo PRD 18]
@® Quarkyonic mattefMclLerran, Pisarski, NPA 07; O.P., Scheunert JHEP 19]
I
-contains chirally symmetric baryon matter pr
-consistent with intermediate CS regime
B
@ CS consistent with or without chiral phase transition cd Q ~ Aqep
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