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Charmed Mesons:   and  
Sergio Chaves

D(s) D*(s)

• Not studied at T ≠ 0 before (on lattice) 

               (Open Charm) 

• Confined phase: 

                

• Periodic for all T: 

               

G(τ) ∼ cosh(−M(τ − 1/2T))

G(1/T − τ) = G(τ)
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R(τ; T, T0) =
G(τ; T )

Gmodel(τ; T, T0)

RoR(τ; T, T0) =
R(τ; T, T0)
R(τ; T0, T0)

We use a 2-step procedure

Dominant behaviour is ground state 
Use model for this 
(confined phase):

Divide correlation f’n by model

Can now compare 2 temps 
by taking ratio-of-ratios:

This is a constant as ( ) 
if ground state has mass 

τ → ∞
M(T0)

Gmodel(τ; T, T0) = Z
cosh[M(T0)(τ − 1/2T )]

sinh[M(T0)/2T ]

Spectrum Kernel
SpectrumKernel

This is a unity (as ) when  and   
have same ground state mass 

τ → ∞ T T0
M(T0)

Studying Thermal Effects 



0.2

0.22

0.24

0.26

0.28

T=47 MeV
T=95 MeV

0 8 16 24 32 40 480 8 16 24 32 40

τ/a
τ

0.24

0.26

0.28

0.3G
(τ

)/
G

m
o

d
el

(τ
)

T=109 MeV
T=127 MeV

D D
*

D
s

D
s

*

 and    MeVD(s) D*(s) T ≤ 127

0.97

0.98

0.99

1

1.01

1.02

1.03

T=47 MeV
T=95 MeV

0 8 16 24 320 8 16 24

τ/a
τ

0.97

0.98

0.99

1

1.01

1.02

[G
(τ

;T
)/

G
m

o
d
el

(τ
;T

)]
 /

 [
G

(τ
;T

0
)/

G
m

o
d
el

(τ
;T

0
)]

T=109 MeV
T=127 MeV

D D
*

D
s

D
s

*

No temperature dependence 

R(τ; T, T0) =
G(τ; T )

Gmodel(τ; T, T0)
RoR(τ; T, T0) =

R(τ; T, T0)
R(τ; T0, T0)

T0 = 47 MeV



 and    MeVD(s) D*(s) 127 ≤ T ≤ 190
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• Ratio-of-ratio shows no temperature dependenceup to  MeV 

• Temperature dependence clearly visible at  MeV 

• Results for mass have 5MeV accuracy 

• Scalar and axial vector channels have clear T effects (not shown)

T ∼ 127

T ∼ 152
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FASTSUM set up

I anisotropic lattices a⌧ < as
I allowing better resolution, particularly at finite temperatures

since T =
1
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Lτ = 1/T

+ve -ve 

No parity doubling in (T=0) Nature: 

	 +ve parity:    GeV  
	 -ve parity:     GeV 

Question:   What happens as T increases? 

Lattice:   Parity operation:                                              
  

• Use this to construct correlation f’ns 

Charge conjugation 
(zero density): 

Chiral symmetry:  

m+ = mN = 0.939
m− = mN* = 1.535

Parity in the Baryonic Spectrum

P𝒪(τ, ⃗x)P−1 = γ4𝒪(τ, − ⃗x)

PRD 92 (2015) 014503 [arXiv:1502.03603]

JHEP 06 (2017) 034 [arXiv:1703.09246]

Phys.Rev. D99 (2019) no.7, 074503  [arXiv:1812.07393]

Eur.Phys.J.A 60 (2024) 3, 59 [arXiv: 2308.12207]

G±(τ) = − G∓(1/T − τ)

G+(τ) = − G−(τ)

G+(τ) = G+(1/T − τ)}

Ryan Bignell



Results  — “Reconstructed” Correlators

G(τ; T) = ∫
∞

−∞

dω
2π

KF(τ, ω; T)ρ(ω)

Following: H. T. Ding et al, Phys. Rev. D 86 (2012) 014509, [arXiv:1204.4945]

KF(τ, ω; T) =
e−ωT

1 + e−ω/T
where the fermonic kernel is:

KF(τ, ω; 1/Nτ) =
e−ωτ

1 + e−ωNτ
=

m−1

∑
n=0

(−1)n e−ω(τ+nNτ)

1 + e−ωmNτ
=

m−1

∑
n=0

(−1)n KF(τ + nNτ, ω; 1/(mNτ))

1 + e−ωmNτ = (1 + e−ωNτ)
m−1

∑
n=0

(−1)n e−nωNτwe write where  N0 = m Nτ  and m is odd

Grec(τ; 1/Nτ; 1/N0) =
m−1

∑
n=0

(−1)n G(τ + nNτ; 1/N0)Suppose ρ(ω) was indept of T :



Results - “Reconstructed” ratio: 
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Parity doubling in the correlators
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Interquark Potential in a Meson
HAL-QCD Method

Correlation F’n Considered,   :C(τ; r)

Schrödinger Equation:

(−
∇2

2μ
+ V(r)) ψ(r) = E ψ(r)

(0,0) (x,⌧)

(x+r,⌧)

O†
�
(0;0) O�(x, ⌧ ; r)

Source Sink

q̄

q

Figure 5.1: A representation of the point-split correlation function, as defined in
equation (5.2).

work with the on-axis data calculated using equation (5.2). Figure 5.2 shows the
dependence of these correlators on r and ⌧ for each of the temperatures available.
Due to the large range over which these correlators span, the data are plotted on
a logarithmic scale but these correlators are not positive definite and thus there
are some data that do not have a defined logarithm; non-positive data will still
be used for further analysis, however.

5.2.2 Time-dependent method

This method was first applied to the interquark potential in [100] and will be the
method used, and later developed upon, in this thesis.

This point-split correlation function can be expressed in terms of eigenstates
of the Hamiltonian,

C�(r, ⌧) =
X

j

 j(r)e
�Ej⌧ , (5.4)

where the energy of each eigenstate, j, is given by Ej. The indexing j is chosen
such that Ej < Ej+1 8j. The unnormalised wavefunction  j(r) is related to the
NBS wavefunction,  j(r), by

 j(r) =
 ⇤
j
(0) j(r)

2Ej

, (5.5)

and is written in this form for convenience. Once this equivalence between
our lattice observable (the point-split correlator) and the NBS wavefunction has
been established, we can introduce the Schrödinger equation. We use the time-
independent form with a reduced quark mass, µ,

✓
�
r

2

2µ
+ V� (r)

◆
 j (r) = Ej j (r) . (5.6)

The value of µ was set to 1
4m⌥. For a system of two bottom quarks interacting

via a central potential, the reduced mass is half the mass of the bottom quark,

65

ψ(r)

r

(−
∇2

2μ
+ V(r)) C(τ; r) = E C(τ; r)

InputOutput

H |ψ⟩ = E |ψ⟩
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Linear Regression Method

(−
∇2

2μ
+ V(r)) C(τ; r) = E C(τ; r) ⟶

∂C( ⃗r, t)
C( ⃗r, t)

=
1

2μ
∇2

r C( ⃗r, t)
C( ⃗r, t)

− V( ⃗r )

Tim Burns

y( ⃗r, t) = m(r) x( ⃗r, t) + c(r)i.e. it’s linear:
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∂tC( ⃗r, t)
C( ⃗r, t)

=
1

2μ
∇2

r C( ⃗r, t)
C( ⃗r, t)

− V( ⃗r)

μ V(r)

(Preliminary)
Tom Spriggs
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Studying Thermal Effects via Spectral Functions 

Correlation Function’s Spectral Representation:

Kernel 
(Geometry / 
Periodicity)

Spectral 
F’n 

(Physics)
Two sources of

Thermal Effects:

G(τ; T ) = ∫
∞

0

dω
2π

K(τ, ω; T ) ρ(ω; T )
K(τ, ω; T ) =

cosh[ω(τ − 1/2T )]
sinh(ω/2T )

ρ(ω; T )

ω

Kernel:

Spectral

F’n:



Maximum Likelihood}
Direct Method - “no” fit

} Bayesian Approaches

Machine Learning

from Geophysics}

Many Approaches to Extract Spectral Information

1. Exponential (Conventional  f’ns) 
2. Gaussian Ground State (+  f’n excited) 

3. Moments of Correlation F’ns 

4. Maximum Entropy Method  
5. BR Method 

6. Kernel Ridge Regression 

7. Backus Gilbert 
8. HLT 
9. HMR 

δ
δ

ω

MEM
Ben Page 
Antonio Smecca



Summary
FASTSUM approach

• anisotropic 
Open Charm Mesons

•  and  have no T dependency below 127 MeV 
• Scalar and axial vector channels have strong thermal effects 

Charm Baryons
• +ve parity less T dependent than -ve 
• Signs of approx parity doubling 

Interquark potential in bottomonium
• Thermal effects seen 

Spectral Functions
• Work in progress!

D(s) D*(s)
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Generation 2L

a-1 = 6.079(13) GeV from HadSpec calculation of 𝝮 baryon, 
D. J. Wilson, et al., Phys. Rev. Lett. 123 (2019)

c  32.46(7)  

  [am]

Tc ~ 167 MeV


