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4 (u, d , s, c) degenerate flavors
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4 (u, d , s, c) degenerate flavors
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Ensemble details

Lattices generated by Hadron Spectrum Collaboration.

Dynamical configurations (Nf = 2 + 1).

Anisotropic lattices with ξ = as/at ∼ 3.5.

Lattice spacing : as = 0.12 fm

Lattice size : 163 × 128.

Statistics : 96 cfgs and 4 time sources.

R. G. Edwards, et al. Phys. Rev. D 78, 054501 (2008)

Clover Fermions with stout smeared spatial links

Quark fields : Distilled M. Peardon et al., PRD 80, 054506 (2009)

Caveat mπ ∼ 400 MeV
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Spectroscopy : baryon operator construction

Aim : Spectroscopy including excited states.
Local operators → low lying states.
Extended operators → States with radial and orbital excitations.

Proceeds in two steps
Construct continuum operators with well defined quantum no.s.
Reduce/subduce into the irreps of the reduced symmetry.

Used set of baryon continuum operators of the form
Γαβγqαqβqγ , Γαβγqαqβ(Diq

γ) and Γαβγqαqβ(DiDjq
γ)

Excluding the color part, the flavor-spin-spatial structure

O [JP ] = [FΣF
⊗ SΣS

⊗DΣD
]J

P

.

γ-matrix convention : γ4 = diag[1,1,-1,-1];
Non-relativistic → purely based on the upper two component of q.
Relativistic → All operators except non-relativistic ones.

Subset of DiDj operators that include [Di ,Dj ] ∼ Fij → hybrid.
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No. of interpolating operators

Ωccc

G1 H G2

g u g u g u
Total 20 20 33 33 12 12

Hybrid 4 4 5 5 1 1
NR 4 1 8 1 3 0

Λcdu

G1 H G2

g u g u g u
Total 53 53 86 86 33 33

Hybrid 12 12 16 16 4 4
NR 10 3 17 4 7 1

Ωccs , Ξccu , Ωcss and Σcuu .

G1 H G2

g u g u g u
Total 55 55 90 90 35 35

Hybrid 12 12 16 16 4 4
NR 11 3 19 4 8 1

Ξcsu

G1 H G2

g u g u g u
Total 116 116 180 180 68 68

Hybrid 24 24 32 32 8 8
NR 23 6 37 10 15 2

R. G. Edwards, et al. Phys. Rev. D 84, 074508 (2011)
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Non-Relativistic operators : SU(6)× O(3)

Ωccc

HH
HHHD

J
1/2 3/2 5/2 7/2

0 0 1 0 0
1 1 1 0 0
2h 1 1 0 0
2 2 3 2 1

Ωcc , Ξcc , Ωcss and Σcuu

HHH
HHD

J
1/2 3/2 5/2 7/2

0 1 1 0 0
1 3 3 1 0
2h 3 3 1 0
2 6 8 5 2

Λc

HHH
HHD

J
1/2 3/2 5/2 7/2

0 1 0 0 0
1 3 3 1 0
2h 3 3 1 0
2 6 7 5 1

Ξc

H
HHHHD

J
1/2 3/2 5/2 7/2

0 2 1 0 0
1 6 6 2 0
2h 6 6 2 0
2 12 15 10 3

R. G. Edwards, et al. Phys. Rev. D 84, 074508 (2011)
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Generalized eigenvalue problem

Using this large operator basis, with definite JP in the continuum limit,
to build the correlation matrix

Cij = 〈0|OiO†j |0〉 =
∑
n

Z n
i Z

n†
j

2En
exp−Ent

Solving the generalized eigenvalue problem for this correlation matrix

Cij(t)v
(n)
j (t, t0) = λ(n)(t, t0)Cij(t0)v

(n)
j (t, t0)

Principal correlators given by eigenvalues
λn(t, t0) ∼ (1− An) exp−mn(t−t0) +An exp−m

′
n(t−t0)

Energy estimates

Eigenvectors related to the vacuum state matrix elements

Z
(n)
i = 〈0|Oi |n〉 =

√
2En expEnt0/2 v

(n)†
j Cji (t0)

Spin identification

C. Michael and I. Teasdale. NPB215 (1983) 433
M. Lüscher and U. Wolff. NPB339 (1990) 222
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Spin identification using overlap factors : (ccc, G1g)
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nr − nh = non − relativistic & non − hybrid

nr − h = non − relativistic & hybrid

r − nh = relativistic & non − hybrid

r − h = relativistic & hybrid
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Spin identification : J > 3
2

For example, a continuum operator O = [ccc ⊗
(

3
2

+)1

S
⊗ D

[2]
L=2,S ]J= 5

2 .

Projects on to 5
2

+
.

In the continuum, 〈0|O| 52
+〉 = Z .

On lattice, O gets subduced over two lattice irreps Hg and G2g .

Then

〈0|OHg | 52
+〉 = Z1α & 〈0|OG2g | 52

+〉 = Z2β

where α and β are the Clebsch-Gordan coefficients.

If “close” to the continuum, then Z ∼ Z1 ∼ Z2.
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Spin identification across multiple irreps : 5/2+
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Hg: atE=0.770(3)

G
2g: atE=0.775(1)
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Joint fitting principal correlators for J = 5/2+

atE = 0.770(3) atE = 0.775(1)
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Ωccc spectrum
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Magenta ellipses : States with strong non-relativistic content.
Boxes with thick border : States with strong hybrid nature.
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Ωccc (3/2+) ground state
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Ωcc spectrum
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Magenta rectangles : States with strong non-relativistic content.
Boxes with thick border : States with strong hybrid nature.

Spectroscopy of charmed baryons from lattice QCD M. PADMANATH Institute of Physics, University of Graz (15/24)



Ξcc spectrum
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Magenta rectangles : States with strong non-relativistic content.
Boxes with thick border : States with strong hybrid nature.
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mq dependence of energy splittings

Binding energy quark mass dependence.

Mass of a hadron with n heavy quarks:MHnq = nMQ +A+B/mQ +O(1/m2
Q).

Energy splittings : a + b/mQ +O(1/m2
Q).

Fits with heavy quark inspired functional forms.

Consider the energy splittings

(Ξ∗cc − D, Ω∗cc − Ds , Ω∗ccc − ηc and Ω∗ccb − Bc),

(Ξ∗cc − D∗, Ω∗cc − D∗s , Ω∗ccc − J/ψ and Ω∗ccb − B∗c )

Extrapolation of the fit to these splittings → mB∗c −mBc = 80 ± 8 MeV

Taking experimental input for mBc → mΩ∗ccb
= 8050 ± 10 MeV
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Quark mass dependence
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u and s → Edwards, et. al., Phys. Rev. D 87, 054506 (2013)
b → S. Meinel, Phys. Rev. D 85, 114510 (2012)
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Ωc (ssc) spectrum
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Magenta rectangles : States with strong non-relativistic content.
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Σc (uuc) spectrum
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Magenta rectangles : States with strong non-relativistic content.
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Ξc (usc) spectrum
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Magenta rectangles : States with strong non-relativistic content.
Boxes with thick border : States with strong hybrid nature.
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Λc (udc) spectrum
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Magenta rectangles : States with strong non-relativistic content.
Boxes with thick border : States with strong hybrid nature.
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Summary and conclusions

Non-perturbative calculation of excited state spectroscopy of
charm baryons.

Non-relativistic spectrum pattern observed up to the second energy band.

Spin and structure identification of the states using the vacuum
state matrix elements.

Energy splittings : Heavy quark inspired form gives good fit with
mb, mc as well as ms . For some, the fits even pass through ml also.

Extrapolations to bottom sector : B∗c − Bc = 80± 8 MeV and
Ω∗ccb = 8050± 10 MeV.
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Outlook

Continuum extrapolation

Charm baryons in multiple volumes : Finite size effects

Calculations at physical light quark masses

Inclusion of multihadron operators : resonance properties.
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