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Overview

e Baryons in medium: rarely studied!

« FASTSUM approach

e Anisotropy
 New, lighter ensemble + finer ensemble

¥ Hyperons at non-zero T
 Hadron Resonance Gas (for “warm” baryons)
* Parity doubling (for “hot” baryons)

e Other FASTSUM Results

¥ Bottomonium
* Conductivity
* Dense matter mesons

e Conclusions



Baryons in a medium

Previous Work:

Lattice studies of baryons at finite temperature very limited, (all quenched)

¥ I 'screening masses De Tar and Kogut 1987
¥ 'with a small chemical potential

QCD-TARO: Pushkina, de Forcrand, Kim, Nakamura, Stamatescu et al 2005
¥ I temporal correlators Datta, Gupta, Mathur et al 2013

Effective models, mostly at T" 0 and nuclear density <zparity doubling models
De Tar & Kunihiro 89 Mukherjee, Schramm, Steinheimer & Dexheimer, Sasaki 2017

Our Work:

PRD 92 (2015) 014503 [arXiv:1502.03603]
JHEP 06 (2017) 034 [arXiv:1703.09246]
Phys.Rev. D99 (2019) no.7, 074503 [arXiv:1812.07393]



Parity

No parity doubling in (T=0) Nature:

+ve parity: m, = my = 0.939 GeV
-ve parity:  m. = my = 1.535 GeV

Question: What happens as T increases?

Lattice:
Parity operation:

P (1, x)P L=, (1" X))

Lreates a towel

Construct correlation functions:

Gi(7) = / ax (trO(x, 7)P 0(0,0)) |

A Ax )




Symmetries

Charge conjugation (at zero density):

I
>

< >

G()=" G(LT" 1) () 1UT=Na &L,

l.e. positive /negative parity states propagate forward /backward in #

Eg. for a single state: G,(1)=Ae ™ +AemITH

Chiral symmetry:

Constrains spinor structure so that G, (1) =" G. (1) ie. parity doubling: m+ =m-
Together with (! ) % G.(1)=G.(1/T" 1) ie.forward/ back symmetry
Question: Does this happen in Nature in deconbPned phase?

¥ assuming mg ~ 0
¥ what about the strange-quark sector



Nucleon Correlators

Nucleon: O (X) = apcuy (X) | dp, (X)C YnUc(X)

Different Operator Choices:  Y; = 5, Y5 = 475 and Y = 2 (Y4 +Y5)

Delta: Of (1) = #oe |208(2) (db (2)C" () ) + d3(@) (up (1)C" uel) )|

w

Omega: O ((2) = thoesh () sp(2)C" 1 so(x)

Gi(7) = / 0X (trO(X, 7)PLO(0,0)) . Py = ~(1 )

1
2



Baryons

Spinl/ 2 octet Spin3/ 2 decuplet




Baryons: No 1sospin

Spinl/ 2 octet Spin3/ 2 decuplet




| attice Parameters - Generation 2

Lattice Spacing: as = 0.123 fm
Anisotropy: as/ar= 5.6

Spatial Volume: (3fm)3 - (4fm)3
- N, N, T[MeV] T/T. Ngc Neg
>A< 24 128 44 0.24 16 139
24 40 141 0.76 4 501
24 36 156 0.84 4 501
N 24 32 176 0.95 2 1000
24 28 201 1.09 2 1001
T=1/Ly 24 24 235 127 2 1001
24 20 281 1.52 2 1000
=1/(a,N,) 24 16 352 190 2 1001




| attice Parameters - Generation 2

(2+1) Ravour
X Quark Mass: M. = 392(4) MeV
’" Lattice Spacing: as = 0.123 fm
Anisotropy: as/ar= 5.6
Spatial Volume: (3fm)3 - (4fm)3

B N S N T T [MGV] T/ TC Nsrc chg

X ; 24 128 44 0.24 16 139

‘ 24 40 141 076 4 501

24 36 156 084 4 501

N 24 32 176 095 2 1000
SR 24 28 201 109 2 1001
T=1/Ly 24 24 235 127 2 1001
24 20 281 152 2 1000

=1/(a,N,) 24 16 352 190 2 1001




| attice Parameters - Generation 2

(2+1) Bavour
X Quark Mass: M. = 392(4) MeV
Lattice Spacing: as = 0.123 fm

Anisotropy: as/ar= 5.6
Spatial Volume: (3fm)3 - (4fm)3

- ! N, N, T[MeV] T/T. Ngc Neg

X 24 128 44 024 16 139
24 40 141 076 4 501

24 36 156  0.84 4 501

N 24 32 176 095 2 1000

24 28 201 1.09 2 1001

24 24 235 127 2 1001

24 20 281 1.52 2 1000

24 16 352 1.90 2 1001




| attice Parameters - Generation 2

T_ = 185(4) MeV

N #: nIe om

Hadron Spectrum Collaboration

Nty
139
501
501
1000
1001
1001
1000
1001




| attice Parameters

a [am]
Gen2L Gen2

35 X

18

{ ‘
'as ~0.12 fm |

2+1) flavour |

0 M# [MeV]

140 236 392



| attice Parameters

a [am]
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35 X

18
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(Generation 2 results

140 236 392



| attice Nucleon Correlator: G
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| attice Nucleon Correlator: G

-ve
G parity
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Raw

Correlators
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log|Gy (7)/Gn (7)]
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R ( O %  parity doubling
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Tinflection[lvI eV]
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m(T)/m, (To)

Octet Masses versus T
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Decuplet Masses versus |
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Hadron Resonance Gas

e applicable in confined phase
e non-interacting gas of (bound) hadrons
e thermodynamic partition function, multiplicity given by Boltzmann weight

Fitt m(T) = $(T,")m.(0) + [1" $(T,")I m (T,

tanh[(1" T/T)/"]
here T,") = . Y e Wi
W $ ( ) tanh[l/"_ width

1.6 |

14 R \{ .
u }\\ i
1.2+ ® N( g i—'




Hadron Resonance Gas

0.1

0.08— in-medium HRG

— HRG
o Budapest-Wuppertal (cont.)

0.06 ai —

0.04

")BS /VT?

gBO 140 150 160

Lattice data from:
Budapest-Wuppertal: JHEP 1201 (2012) 138
Phys. Rev. D 92 (2015) no.11, 114505



p(I1B| = 1)/T°

Pressure from HRG

Contributions from strange baryons
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Lattice data from:
P. Alba et al., Phys. Rev. D 96 (2017) no.3, 034517
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Spectral Functions

Do
: dll
G+ I — L K !’II . "
()= KO0
T / J
Euclidean (Lattice) Spectral
Correlator Kernel Function
0 o
1 — e .
K, )_1+e"!/T

Input Data: G.(!), ! = 1,...! (10) Output Data: %($), $ ( 1,...] (1000



Maximum Entropy Method

Need to maximise

Bayes Theorem:

P(D) = P(DIF)P(F)

P(D|F)P(F)
P(D)

l.e. =

ButP(DIF)! €' '° %  minimising!2 $ maximising
%  Maximum Likelihood Method wrong??



Maximum Entropy Method

Need to maximise

Bayes Theorem:

P(D) = P(DIF)P(F)

P(D|F)P(F)

l.e. = P(D)

ButP(D|IF)! e''° ™  minimising!2 $ maximising
%  Maximum Likelihood Method wrong??

' +H P

. " 111 1 1 (")

P(F) ~ eS - - - a #"Y1 m(")! # i
(F) ~e Shannon-Jaynes entropy: S 2 (") m(")! #")In )

Asakawa, Hatsuda, Nakahara, Prog.Part.Nucl.Phys. 46(2001)259
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Spectral Function Dictionary

A
Stable
Bound (decaying) States

Melted/Plasma

SN <




Nucleon spectral function via MEM

T <Tc T>Tc
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Comparison between baryons
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Summary - Hyperon Spectrum

Used 3
* raw correlators Genol Gen2
» conventional exp fits X X

e gspectral f'ns (MEM)
Confined phase:

* +ve parity masses ~constant = f(T)

e -ve parity masses Y as I =

Decontined phase:

* degeneracy of parity ground states
* some signs of degeneracy amongst baryon channels

In progress: Gen2L






BOTTOMONIUM

« NRQCD approach for b-quark .
* Main results from Gen 2
* Checks against

* Gen 2L (light)

* Gen 3 (finer temporal lattice)

Gen2L Gen2

X X



T=0 Correlators
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1=0 spectral functions

p(w)/my
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Themal modification of .

spectral function
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Events / (0.14 GeV/c?)

CMS pp versus PbPb
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Generation 3 Results

a [am]
Gen2L Gen2

35 X

18 One Temperature only

140 236 392



Upsilon: Gen2 vs Gen3
Going towards (temporal) continuum
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tv1: Gen2 vs Gen3
Going towards (temporal) continuum
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Generation 2L Results

140 236 392



" (1) [arbitrary units]
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Upsilon: Gen2 vs Gen2L
Going lighter
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Summary - Bottomonium

e FASTSUM has analysed B
Gen2L Gen2

three different ensembles X X
e “Gen?2’
e “Gen2L” (Preliminary)

M#
e “Gen3d” (one T only)

* Produced results for for bottomonium using NRQCD

e Main results:
e S-wave/ & (O, stable well above T¢

e P-wave Ty melts not far above T



Summary - Hyperon Spectrum

Used
d
e raw correlators
Gen2L Gen2
e conventional exp fits X X

e gspectral f'ns (MEM)

Confined phase:
e +ve parity masses ~constant = f(T)

e -ve parity masses N as I =

Deconfined phase:

« degenerancy of parity gnd states
e some signs of degneracy amongst baryon channels

In progress: Gen2L



