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Chiral spin symmetry

Trafo: Generators:
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Relations in multiplets
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CS symmetry

Rohrhofer et al., Phys. Lett. B802 (2020)




Emergent CS symmetry: where does it come from!?

QCD quark action, chiral limit: ZEW“DMD = IEWODow + IEViDilb

]

2% 70| = 0, X%, ;] # 0, CS invariant breaks CS

The classical QCD action in the chiral limit is not CS symmetric!

The free quark action in the chiral limit is not CS symmetric!

Quark gluon interactions: colour-electric colour-magnetic
0 /s a a
Yy T A Yy, T A
CS invariant breaks CS

Necessary condition for approximate CS symmetry:

Quantum effective action 1’ dominated by colour-electric interactions!



Spatial and temporal correlators at finite T

Chiral symmetry restoration at finite T

>~ d
Cr(r.@) = (Or(r@)0r(0,0))  Crlrp)= | 55 K(rawlpre.p)
0 A
~ cosh(w(r —1/2T))
Knw) = — i hw2n

Ci(z) = Z Cr(r, x) Spectral function contains all information about

T,Y,T degrees of freedom
CL(r)= ) Cr(r =)

Inversion from discrete data ill-posed problem

Finite T has preferred reference frame: colour-electric and colour magnetic distinguishable!

Symmetry in spatial and temporal correlators sufficient for symmetry of spectral function



Spatial correlators at finite T

FEq PSS+ S , U(1)a
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Temporal correlators at finite T

JLQCD domain wall fermion configurations Rohrhofer et al., Phys. Lett. B802 (2020)
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Three temperature regimes of QCD

Symmetries (verified): Degrees of freedom (to be verified):
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Rohrhofer et al.,, Phys. Rev. D100 (2019)



How to classify effective degrees of freedom!?

No universal, or generally accepted, definition of “confinement”

Vacuum QCD:  Quark Hadron Duality [e.g. M. Shifman, hep-ph/000913 1]

Experimental observables are always hadronic. Quark hadron duality holds,
when these follow perturbative predictions for partonic (sub-)processes

Example: 0
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Check well-studied observables: screening masses

Ci(z) =) Cr(r,x) 3 const. e M=er?

x’y77-

Directly related to the partition function and equation of state

by transfer matrices: T = T, = ot

e?V/IT = 7 = Tr(e”*"N7)

_ Tr(e—aHZNz) _ Z o~ En.N:

nz

Screening masses: eigenvalues of /.

For T=0 equivalent to eigenvalues of H, for T' = 0 “finite size effect”



Colour-electric vs. colour magnetic fields

Scales at finite T: Matsubara ~ 71", hard modes, fermions QCD
Debye/electric ~ ¢T, Ay EQCD
magnetic ~ ¢*T, A, MQCD
T=2T,
1> N,=0 N=2 N.=3 N =4 [Hart, Laine, O.P, NPB 00]
E I . .
* % * Screening masses in EQCD
10 %E§ iﬁ%i %%§§ §% Y
s . e e i
- . A Looo0) ® ops. constructed only from A4;
> 5 - 0 - ©0, O ops. containing also A,
o 0"

Colour-electric fields dynamically dominant, perturbative ordering reversed!

No quark hadron duality; expected for soft scales of EQCD at low T



Meson screening masses at high temperatures

[Dalla Brida et al., JHEP 22]

Nf=3, T=I1 GeV -160 GeV

Highly non-trivial technically:
shifted b.c. + step-scaling techniques
(Alpha-Collaboration)

mps n N N
o = +p2*(T) +p33°(T) + pa §*(T)
my mps ~4

A — T

27T 27T T 849 ( )

p2 = 0.032739961
[Laine, Vepsalainen., JHEP 04]

2
D3, P4, S4 fitted, excellent Xdof

Quark hadron duality holds
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Meson screening masses at intermediate temperatures

HotQCD, Phys. Rev. D100 (2019) staggered fermions, physical point, continuum extrapolated
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Chiral symmetry restoration drastic change:“vertical” - “horizontal”
Heavy chiral partners “come down” Remember resummed pert. theory:

in all flavour combinations

mps ) ) .
o = L+ pe *(T) +p33°(T) +pa 5*(T) ,
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e TV _TPS 6, GMT)
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Cannot describe the “bend”

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



Finite density

@ Finite density: o is CS invariant; regime must continue to finite density

@ Upper “boundary” of CS band: screening mass at “bend” (one possible def.)

T < T, unscreened

1 »
= — O’ TS — C TS
Ty my (B ) 0 T > T, screened

® Forsmall up

my (uB) 1B \? dl, _ 20yps 205 (pp\?
T —C()"_CQ(?) + ... » dip Co T Cg <T> + ...
Coy >0

@ Lower “boundary” of CS band: (this is a lower bound only)

Tooliis) | pe _ Ten(pB)
=1 0.016(5)< ) L v

Separate order parameters for SU(2)4,U(1)4,SU(4) ?



Possibilities for the QCD phase diagram

QGP QGP

stringy fluid

stringy fluid

CS symmetric
Tch Tch CS Sym 0

HRG - quarkyonic —— HRG - Q\ quarkyonic———

\nuclear baryon parity quark nuclear\baryon parity quark
tter

doublets matter etc
> >

ma
!
my 7 ? 05:; my 7?7 UB

doublets matter \matter
| | |
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@ Cold and dense candidate: baryon parity doublet models CS symmetric
[Glozman, Catillo PRD [8]

@® Quarkyonic matter [McLerran, Pisarski, NPA 07; O.P, Scheunert JHEP |9]
Contains regime with chirally symmetric baryon matter \
Fully consistent with transient intermediate CS regime! %

@ Can be realized wit or without non-analytic chiral phase B
transition! csloq ~Aqep



Effective degrees of freedom...! =9 Spectral functions

Based on micro-causality of scalar, local quantum fields at finite T:

[Bros, Buchholz., NPB 94, Ann. Inst. Poincare Phys. Theor. 96]

o0 a7 ~
prs(on,) = | ~ds | 55 ) 6(35 = (7= * = 5) Da o

T

Exact, goes to Kallen-Lehmann representation for 1" — ( thermal spectral density

For stable massive particle with gap to continuum states (QCD pions!):
Ansatz Dgl(it, 8) = D 5(i@) 6(s — m?) + D 5(, 5)

Analytic structure inherited from vacuum, in absence of phase transition

== |ow energy behaviour influenced (at low T dominated) by vacuum particle states

|7



Why this is plausible

V,A correlators in the chiral limit using PCAC, € = T7/(6f2)
[Dey, Eletsky, loffe PLB 90]

Cv(p,T) = (1—-€)Cvy(p,0)+ eCa(p,0)
Ca(p,T) = (1-¢)Ca(p,0) + eCy(p,0)

General spectral decomposition of spatial correlators

Cr(r,0,T) Z\<m\0p00)\n>]2 7(En = Eo) o= (T=7)(Em—Eo)

Analytic structure of vacuum still dominant for low temperatures



The pion spectral function o e spatial correlators
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Conclusions

QCD has an emergent approximate Chiral Spin symmetry
in an intermediate temperature and density range

Screening masses entirely non-perturbative in that window

New spectral representation based on old locality principles:
spectral functions from spatial lattice correlators

Effective degrees of freedom in CS-regime consistent with hadron-like states

CS-regime extends as a band into QCD phase diagram;
natural connection to quarkyonic matter, investigate imag. chem. pot.
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