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Yuhao Wang (Peking University) Doubly heavy hadrons at LHCb 03/06/2026 16

Observation of doubly charmed baryon Ω!!"
A clear peak observed with local significance > 8M

Ξ!!""yield per fb%3 = 440 110 at 2024 Run2 data ⇒ also improved by a factor of 4  
The peak remains significant after a tight requirement on the decay time r > 170 fs, indicating weakly-decaying nature
Precise measurements of the lifetime and production are underway with the full LHCb Run 3 data

$!"# = 2771 ± 114 $!"# = 184 ± 24

[LHCb-PAPER-2026-022, in prep.]
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Yuhao Wang : Talk, Beauty 2026
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Heavy Baryons

3/2+ 
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Bottom Sector
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All three now seen by LHCb

Heavy Baryons Experimental Status

Heavy quark flavor symmetry 
implies the spectroscopy of 
the bottom baryons is 
expected to be similar, up to 
corrections of order 
ΛQCD /mc,b
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The ground-state charmed-baryon 
spectrum at the physical point

• Using CLS ensembles that span a wide range in the quark mass 
plane along three trajectories to get a complete light/strange and 
charm quark mass dependence. 

• Analyzing the two-point correlation functions to extract the 
ground state. 

• Use SU(3) constraints to quantify light/strange quark mass 
dependence.  

• Perform a combined chiral-continuum extrapolation.
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•  within the CLS effort (partially 
quenched approach) 

•  Improved Wilson Fermions 
•

Nf = 2 + 1

𝒪(a)
Mπ ∼ 130 − 430 MeV

 CLS Ensembles Nf = 2 + 1
Quark Mass Plane
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good coverage of the quark mass plane  
controlled chiral extrapolation towards the physical point
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• Three mass trajectories  
• TrM = const. (sum of bare quark masses 

const) 
•  = const. (const. strange quark mass) 
•  =  (equal light and strange quark 

mass)

ms

mℓ ms

 CLS Ensembles Nf = 2 + 1
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good coverage of the quark mass plane  
controlled chiral extrapolation towards the physical point
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• Six different lattice spacings (a ≈ 0.1−0.04 fm)  
• OBC for finer lattice spacing to avoid topological freezing 
• High statistics  configurations for each ensemble  
• Three sources per ensemble  
• Two charm masses close to physical per ensemble to interpolate to physical mass 
• full parametrization of light/strange/charm quark mass dependence

∼ 1000

 CLS Ensembles Nf = 2 + 1



Archana Radhakrishnan, IIScPrecision study of heavy baryons | Lattice 2026

2 3 4 5 6

L [fm]

100

150

200

250

300

350

400

450

M
º

[M
eV

]

LMº = 4

LMº = 5

Mphys
º

ms = m`

Tr M = const

ms º ms,ph

A650

A653

A654

B450

C101

D200D201

D250

D450

E250

E300

H101

H102r002

H105

H106

H107

J305

J307

J500

N200

N201

N202

N203

N204

N300

N302

N304

N306

N451

N452

S201

S400

X151

X250

X251

X450

rqcd021

            
           fm

LMπ ≤ 4 4 < LMπ ≤ 5
5 < LMπ L < 2.3 CLS Ensembles Nf = 2 + 1

• Ensemble close to the physical point  
• Dedicated ensembles to study possible finite volume effects 
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CG5 c1s sm45sm45 sm285sm285 mom000

Fit Results

# Parameter Name Value ± Error
0 m 1.1658 + /→ 0.0016213
1 C 3.4588e→ 08 + /→ 1.2508e→ 09

Chi-Square / Degrees of Freedom

ω2/nDoF = 2.81/(2.81/(29→ 2)) = 0.10

Fit Visualization

2

CG5 sc1 sm285sm285 sm45sm45 mom000

Fit Results

# Parameter Name Value ± Error
0 m 0.84750 + /→ 0.0023573
1 C 1.4322e→ 09 + /→ 6.4296e→ 11

Chi-Square / Degrees of Freedom

ω2/nDoF = 4.68/(4.68/(27→ 2)) = 0.19

Fit Visualization

7

Ωcc

Ωc

Example of the effective masses on the 
ensemble at the physical point 

Operators

8
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HQET doubly charmed baryon interpolators
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TABLE IV. Quantum numbers of singly and doubly charmed baryons and interpolators, OA� in the HQET picture, where � is the spin index.
` and `

0 stand for up and down quarks, c for charm and s for strange. S, I and sd are strangeness, isospin, and diquark total spin quantum
numbers, respectively.
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SU(4) doubly charmed baryon interpolators
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TABLE V. As in Table IV for the interpolators from SU(4) symmetry. In this case we did not consider J =
3

2
states.O

0
µ

(see Table IV) as these contain both J =
1
2 and J =

3
2 components. The two contributions are disentangled using projection

operators (at zero momentum):

(P 3/2
)ij = �ij �

1

3
�i�j , i, j 2 {1, 2, 3},

(P 1/2
)ij =

1

3
�i�j . (2)

We note that the interpolators for the ⌅c and ⌅
0
c

states will, in principle, have an overlap with both physical states since they
are not distinguished by a conserved quantum number. In the HQET case, the two interpolators differ in terms of the total spin
of the diquark (sd) which is not conserved at a finite heavy quark mass and for the SU(4) case the interpolators are in different
SU(3) flavor multiplets, however, the flavor symmetry is, of course, broken. We have not taken possible mixing between the
states created by the ⌅c and ⌅

0
c

interpolators into account. This would require calculating the corresponding cross-correlation
functions. However, such a study was performed in Ref. [43] with high statistics and no significant mixing was found. This
suggests that the approximate SU(3) symmetry holds sufficiently well to suppress the mixing.

IV. VARIATIONAL METHOD AND FITTING PROCEDURE

We compute the mass spectrum in the conventional way by calculating two-point correlation functions created from sets of
baryonic interpolators Oi,� , with spin index �. These correlation functions contain contributions from all states with the same
quantum numbers given by the interpolators

[C(t)]ij = P±
�̄�

⌦
Oi,�(t)Oj,�̄(0)

↵
=

X

n

h0|Oi,�(0)|nihn|Oj,�̄(0)|0ie
�Mnt, (3)

where P±
�̄� is the parity projection operator. We employ the variational method [64, 65] in order to reliably extract the ground

state and first excited state. For each interpolator given in Section III we generate a 3 ⇥ 3 matrix of correlators by varying the
smearing applied to the quark fields. Extracting the eigenvalues, �↵

(t, t0), of the generalized eigenvalue problem at large times,
the lowest two states are cleanly separated:

C1/2
(t0)C(t)C�1/2

(t0)v
↵
(t, t0) = �↵

(t, t0)v
↵
(t, t0), �↵

(t, t0) / e�M↵(t�t0)
⇥
1 + O(e��M↵0↵t

)
⇤
, (4)
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TABLE V. As in Table IV for the interpolators from SU(4) symmetry. In this case we did not consider J =
3

2
states.O

0
µ

(see Table IV) as these contain both J =
1
2 and J =

3
2 components. The two contributions are disentangled using projection

operators (at zero momentum):

(P 3/2
)ij = �ij �

1

3
�i�j , i, j 2 {1, 2, 3},

(P 1/2
)ij =

1

3
�i�j . (2)

We note that the interpolators for the ⌅c and ⌅
0
c

states will, in principle, have an overlap with both physical states since they
are not distinguished by a conserved quantum number. In the HQET case, the two interpolators differ in terms of the total spin
of the diquark (sd) which is not conserved at a finite heavy quark mass and for the SU(4) case the interpolators are in different
SU(3) flavor multiplets, however, the flavor symmetry is, of course, broken. We have not taken possible mixing between the
states created by the ⌅c and ⌅

0
c

interpolators into account. This would require calculating the corresponding cross-correlation
functions. However, such a study was performed in Ref. [43] with high statistics and no significant mixing was found. This
suggests that the approximate SU(3) symmetry holds sufficiently well to suppress the mixing.

IV. VARIATIONAL METHOD AND FITTING PROCEDURE

We compute the mass spectrum in the conventional way by calculating two-point correlation functions created from sets of
baryonic interpolators Oi,� , with spin index �. These correlation functions contain contributions from all states with the same
quantum numbers given by the interpolators

[C(t)]ij = P±
�̄�

⌦
Oi,�(t)Oj,�̄(0)

↵
=

X

n

h0|Oi,�(0)|nihn|Oj,�̄(0)|0ie
�Mnt, (3)

where P±
�̄� is the parity projection operator. We employ the variational method [64, 65] in order to reliably extract the ground

state and first excited state. For each interpolator given in Section III we generate a 3 ⇥ 3 matrix of correlators by varying the
smearing applied to the quark fields. Extracting the eigenvalues, �↵

(t, t0), of the generalized eigenvalue problem at large times,
the lowest two states are cleanly separated:

C1/2
(t0)C(t)C�1/2

(t0)v
↵
(t, t0) = �↵

(t, t0)v
↵
(t, t0), �↵

(t, t0) / e�M↵(t�t0)
⇥
1 + O(e��M↵0↵t

)
⇤
, (4)

<latexit sha1_base64="mytjANoLsLoB11aZAbg8z8XTUQg="></latexit>

id L/fm LMω Mω/MeV MK/MeV a/fm
E250 6.12 4.05 131 493 0.064

Baryon Mass
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Baryon Mass

CG5 c1s sm45sm45 sm285sm285 mom000

Fit Results

# Parameter Name Value ± Error
0 m 1.1658 + /→ 0.0016213
1 C 3.4588e→ 08 + /→ 1.2508e→ 09

Chi-Square / Degrees of Freedom

ω2/nDoF = 2.81/(2.81/(29→ 2)) = 0.10

Fit Visualization

2

CG5 sc1 sm285sm285 sm45sm45 mom000

Fit Results

# Parameter Name Value ± Error
0 m 0.84750 + /→ 0.0023573
1 C 1.4322e→ 09 + /→ 6.4296e→ 11

Chi-Square / Degrees of Freedom

ω2/nDoF = 4.68/(4.68/(27→ 2)) = 0.19

Fit Visualization

7

Ωcc

Ωc

• Point-to-all propagators with 
optimized Gaussian smearing on 3D-
APE-smoothed links.  

• Average correlators over all sources 
per configuration. 

• Fit the two-point correlation 
function using a two-exponential fit 
starting from early timeslices to 
describe the excited state. 

• The region where the contribution of 
the two-state exponential is 
negligible determines the start of 
the single-state fit. 

• Perform an uncorrelated fit to the 
correlator. 

• Autocorrelations are accounted for 
using a bin-size analysis.

Determination of ground state
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Extrapolation to the physical 
point

Matching condition between isoQCD and QCD+QED (“Edinburgh consensus”): 
                                             

Charm mass fixed by the averaged D-meson mass: 

                                   

Scale setting through the gradient flow scale , while the physical gradient flow 
scale  is obtained from  

                                         

All fits are performed on dimensionless quantities ,  and  to cancel 
 errors from working with fixed bare couplings 

Physical and continuum limit: 

                   

Mπ = 135 MeV MK = 494 MeV

MD =
2MD + MDs

3
= 1899.4 MeV

t0
t0,ph mΞ

t−1/2
0,ph = 1.362(8) GeV

M2
π t0 M2

Kt0 MD̄ t0
𝒪(a)

mq → mq,ph L → ∞ a → 0

M({mq}, L, a) t0({mq}, a) ⟶ M t0,ph t0({mq}, a) ⟶ t0,ph

FLAG 2024

RQCD, 2211.03744

See talk by Wolfgang - 20/07 @ 10:20 AM
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Charmed Baryon Spectroscopy

Charmed baryon multiplets

SU(3) flavour classification of the ground states

Multiplet JP
States Quark content

anti-triplet 3̄ 1
2

+
!c, ”c udc, usc/dsc

sextet 6 1
2

+
#c, ”→

c, $c uuc, usc, ssc

sextet 6 3
2

+
#↑

c , ”↑
c , $↑

c uuc, usc, ssc

triplet 3 1
2

+
”cc, $cc ucc, scc

triplet 3 3
2

+
”↑
cc, $↑

cc ucc, scc

→ 5 multiplets, 12 baryons — within each multiplet the masses di!er only by SU(3)

breaking ↑ ms ↓mω

Archana Radhakrishnan 3

* *

*

*

Ξ0Ξ−

Charmed Baryons in SU(3) multiplets

20M 20S
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Extrapolation to the physical 
point

Defining: 

 

group-theory coefficients of  fixed by SU(3) analogous expressions for 
 

  

 - linear charm mass effects constrained by two  values                               

             

δM2

3̄ , 6* , 3 and 3*

bcMD̄ t0 κc

Charmed Baryon Spectroscopy

Continuum parametrization

Linear expansion about the SU(3) symmetric line, per multiplet

Useful flavour variables:

M2 = 1
3

(
2M2

K + M2
ω

)
, ωM2 = 2

(
M2

K →M2
ω

)
↑ ms →mε

e.g. for the spin- 12 sextet (fB ↓ mB
↔
t0):

f!c = b6 + bc6 MD

↔
t0 + b̄6 M

2t0 → 2 ωb6 ωM
2t0

f”→
c

= b6 + bc6 MD

↔
t0 + b̄6 M

2t0 + 1 ωb6 ωM
2t0

f#c = b6 + bc6 MD

↔
t0 + b̄6 M

2t0 + 4 ωb6 ωM
2t0

↭ group-theory coe!cients of ωM2 fixed by SU(3); analogous expressions for 3̄, 6→, 3, 3→

↭ 4 physics parameters per multiplet (b, bc, b̄, ωb) ↗ 5 multiplets = 20
↭ bc MD

↔
t0: linear charm-mass dependence — constrained by the two εc values
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Gell-Mann-Okubo relations

Charmed Baryon Spectroscopy

Continuum parametrization

Linear expansion about the SU(3) symmetric line, per multiplet

Useful flavour variables:

M2 = 1
3

(
2M2

K + M2
ω

)
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2t0 + 1 ωb6 ωM
2t0

f#c = b6 + bc6 MD

↔
t0 + b̄6 M

2t0 + 4 ωb6 ωM
2t0

↭ group-theory coe!cients of ωM2 fixed by SU(3); analogous expressions for 3̄, 6→, 3, 3→

↭ 4 physics parameters per multiplet (b, bc, b̄, ωb) ↗ 5 multiplets = 20
↭ bc MD

↔
t0: linear charm-mass dependence — constrained by the two εc values
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Charmed Baryon Spectroscopy
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Charmed Baryon Spectroscopy
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Charmed Baryon Spectroscopy
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Exploring more sophisticated fit forms!

The combination b6 + bc6MD corresponds to mB
→
t0 in the SU(3) chiral limit if MD is extrapolated to this

limit. bc6 has the mass dimension ↑1 and the other parameters have the dimension ↑2. When these functions
are called with the arguments MM

→
t0 then b6 = b6, bc6 = b6

→
t0,ch, b̄6 = b̄6t0,ch and ωb6 = ωb6t0,ch, where

t0,ch is t0 in the SU(3) chiral limit. Note, however, that this conversion is not needed anywhere.

For completeness, we show the corresponding expressions for the spin 1
2 anti-triplet and triplet:

f!c(Mω,MK ,MD) = b3̄ + bc3̄MD + b̄3̄M
2
↑ 2ωb3̄ωM

2
, (17)

f”c(Mω,MK ,MD) = b3̄ + bc3̄MD + b̄3̄M
2 + ωb3̄ωM

2
, (18)

f”cc(Mω,MK ,MD) = b3 + bc3MD + b̄3M
2
↑ ωb3ωM

2
, (19)

f#cc(Mω,MK ,MD) = b3 + bc3MD + b̄3M
2 + 2ωb3ωM

2
. (20)

The sets of four parameters for each baryon multiplet are not related to one another. However, one may
expect similarities regarding the charm mass e!ects, e.g., bc3 ↓ 2bc3̄ ↓ 2bc6. The number of parameters
can be reduced if we investigated (mB ↑MD)

→
t0 and (mB ↑ 2MD)

→
t0, respectively, for singly and double

charmed baryons. This may have advantages and we should discuss it.

Finite size e!ects of the meson masses may be relevant and can be taken into account, see section ??. To
next-to-leading order (NLO), i.e., O(p4), in mesonic chiral perturbation theory (ChPT), these read for the
light mesons [?]

M
2
ω(L) = M

2
ω

[
1 +

M
2
ω

(4εF0)2
h(LMω)↑

1

3

M
2
ε8

(4εF0)2
h(LMε8)

]
, (21)

M
2
K(L) = M

2
K

[
1 +

2

3

M
2
ε8

(4εF0)2
h(LMε8)

]
, (22)

where

M
2
ε8

=
1

3

(
4M2

K ↑M
2
ω

)
, (23)

F0, the pion decay constant in the SU(3) chiral limit is a low energy constant (LEC) and

h(ϑ) = 2
∑

n →=0

K1(ϑ|n|)

ϑ|n|
. (24)

Above, n ↔ Z3 and K1(x) denotes the modified Bessel function of the second kind of order one.

Next we discuss the ChPT expectations for singly and doubly heavy baryons. One issue here is that there will
be transitions between the J = 1/2 and J = 3/2 channels both for the singly and doubly-charmed baryons
in meson loops. Since the respective gaps are typically smaller than the pion mass, the impact on J = 1/2
baryons can probably not be neglected. Moreover, transitions 6 ↗ 3̄ ↗ 6 for the singly charged baryons
are possible too and the anti-triplet states have smaller masses than the sextet states. Since we will neglect
these e!ects, the results must be taken with a grain of salt and are only phenomenological. Most likely, the
anti-triplet is the “safest” multiplet regarding the omission of such corrections.

The result for the doubly heavy baryon triplet is from [?, ?] (
→
t0m3 = (b3 + bc3MD) = f#cc(0, 0,MD) is the

heavy baryon mass in the SU(3) chiral limit):

f”cc ↘↗ f”cc +
→
t0m

3
3

g
2

2(4εF0)2

[
3H

(
Mω

m3

)
+ 2H

(
MK

m3

)
+

1

3
H

(
Mε

m3

)]
, (25)

f#cc ↘↗ f#cc +
→
t0m

3
3

g
2

2(4εF0)2

[
4H

(
MK

m3

)
+

4

3
H

(
Mε

m3

)]
, (26)
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full parametrization of light/strange/
charm quark mass dependence
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Extrapolation to the physical 
point

Charmed Baryon Spectroscopy

Lattice spacing e!ects

Full fit form (n labels the ensemble):

m(n)
B

√
t(n)0 = fB

(
M(n)

ω ,M(n)
K ,M(n)

D

)
+

1

t→(n)0

[
ca + cac MD

→
t0 + c̄a M

2t0 + ωcBa ωM2t0
]

O(a2)

+
[
t→(n)0

]↑3/2
c̄a3 O(a3)

↭ a2 ↑ 1/t→0: the symmetric-point flow scale relates di!erent ε values
↭ cac MD

→
t0: charm-mass-dependent cuto! e!ects a2!mc — expected to dominate

↭ ωcBa per baryon: SU(3)-breaking discretization e!ects
↭ O(a3) term: Wilson fermions at fixed bare coupling — needed with 6 lattice spacings
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Charmed Baryon Spectroscopy

Lattice spacing e!ects

Full fit form (n labels the ensemble):
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ω ,M(n)
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D

)
+

1

t→(n)0

[
ca + cac MD

→
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2t0 + ωcBa ωM2t0
]

O(a2)

+
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t→(n)0
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↭ a2 ↑ 1/t→0: the symmetric-point flow scale relates di!erent ε values
↭ cac MD

→
t0: charm-mass-dependent cuto! e!ects a2!mc — expected to dominate

↭ ωcBa per baryon: SU(3)-breaking discretization e!ects
↭ O(a3) term: Wilson fermions at fixed bare coupling — needed with 6 lattice spacings
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Good model as a first assumption - works 
fine, but additional models inspired by 

ChPT as well as lattice spacing 
dependence are being explored!
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Pion Mass 
Dependence

• masses rescaled 
with   and 
perform a 
combined chiral 
and continuum fit. 

• Curves show the 
continuum part 
subject to group-
theoretical 
constraints.  

• Data points are 
projected based on 
the fit, and stars 
are physical values 
from PDG (in 
agreement with the 
fit). 

• All three 
trajectories are 
used.

t0
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Charm quark mass interpolation
Discovered last month!

Yuhao Wang (Peking University) Doubly heavy hadrons at LHCb 03/06/2026 16

Observation of doubly charmed baryon Ω!!"
A clear peak observed with local significance > 8M

Ξ!!""yield per fb%3 = 440 110 at 2024 Run2 data ⇒ also improved by a factor of 4  
The peak remains significant after a tight requirement on the decay time r > 170 fs, indicating weakly-decaying nature
Precise measurements of the lifetime and production are underway with the full LHCb Run 3 data

$!"# = 2771 ± 114 $!"# = 184 ± 24

[LHCb-PAPER-2026-022, in prep.]

Preliminary Preliminary

ΩccΩc

MD =
2MD + MDs

3
= 1899.4 MeV
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Continuum Extrapolation
Discovered last month!

Yuhao Wang (Peking University) Doubly heavy hadrons at LHCb 03/06/2026 16

Observation of doubly charmed baryon Ω!!"
A clear peak observed with local significance > 8M

Ξ!!""yield per fb%3 = 440 110 at 2024 Run2 data ⇒ also improved by a factor of 4  
The peak remains significant after a tight requirement on the decay time r > 170 fs, indicating weakly-decaying nature
Precise measurements of the lifetime and production are underway with the full LHCb Run 3 data

$!"# = 2771 ± 114 $!"# = 184 ± 24

[LHCb-PAPER-2026-022, in prep.]

Preliminary Preliminary

ΩccΩc
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Charmed Baryon Spectra
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Summary

• Precise determination of the ground-state singly and doubly-charmed baryon 
spectra with 37 ensembles along 3 mass trajectories. 

• A full systematic budget is in progress. 

• Model variations with finite-volume terms, etc., are in progress. 

• Extend to the bottom and mixed charm-bottom sectors.
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Backup
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JP
=

1
2

+
, ⌅

0
c HQET JP

=
3
2

+
, ⌅

⇤
c HQET

aM
t/a

aM

t/a

JP
=

1
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FIG. 7. Effective masses for the first and second eigenvalues for HQET interpolators on the symmetric ensemble with V = 32
3
⇥ 64. The

filled regions indicate the fit ranges chosen and the fit results, including the statistical errors.

These comparisons are made with the same smearings applied to both sets of interpolators. Changing or optimizing the
smearing in the individual cases may change these conclusions. The SU(4) and HQET interpolators in each channel both
belong to the same (lattice) hypercubic representation: either the dimension two G1 representation for the interpolators denoted
as spin-1/2 in Tables IV and V, which in the continuum gives J =

1
2 ,

7
2 , . . . or the dimension four H representation for the

spin-3/2 interpolators corresponding to continuum J =
3
2 ,

5
2 , . . .. In the limit of very large statistics the SU(4) and HQET

interpolators should give the same energy for each state. For positive parity consistency is seen, while for negative parity we use
the interpolator with the best overlap for our setup. Similar behavior is seen throughout for the smaller volume, V = 24

3
⇥ 48.

Note that care has to be taken in order to avoid the misidentification of multi-particle states, for example, a positive parity
baryon plus a pion as a negative parity baryon. We have studied this systematically for the ground state negative parity channels.
All but one of our JP

=
3
2

� ground states are smaller in mass than two-particle states of the same quantum numbers, consisting
either of a 3

2

+ baryon or a 1
2

+ baryon plus a pseudoscalar meson in a S-wave or a P-wave, respectively. None of the 1
2

�

states contain D or Ds mesons – all combinations of these mesons with 1
2

+ baryons of the same combined isospin, strange
and charmness are heavier in mass. There are, however, quite a few S-wave decay channels with thresholds close to our mass
estimates that require careful study, in particular

⇤c ! ⌃c + ⇡ , ⌃c ! ⇤+ ⇡ , ⌃c ! ⌃c + ⇡ , ⌅
⇤
c
! ⌅

⇤
c
+ ⇡ ,

⌅c ! ⇤c +K , ⌅c ! ⌃c +K , ⌅c ! ⌅c + ⇡ , ⌅c ! ⌅
0
c
+ ⇡ ,

⌅
0
c
! ⇤c +K , ⌅

0
c
! ⌃c +K , ⌅

0
c
! ⌅c + ⇡ , ⌅

0
c
! ⌅

0
c
+ ⇡ ,

⌦c ! ⌅c +K , ⌦c ! ⌅
0
c
+K , ⌅cc ! ⌅cc + ⇡ , ⌦cc ! ⌅cc +K ,

where the baryons on the left hand sides are implied to have negative parity and those on the right hand sides positive parity.
Neither have we made the isospin nor charges explicit. Comparing all these channels at our three different sea quark mass
combinations leads to the following conclusions. The ground state negative parity ⌦c state, obtained both from the SU(4) and
HQET inspired interpolators, is always degenerate with the sum of the ⌅c and a kaon. We show the corresponding effective
masses at M⇡ = X⇡ = 461 MeV and at M⇡ = 259 MeV in Fig. 9. Likewise, we identify our negative parity ⌅

0
c

signal as a ⇤c

plus kaon scattering state.
Particularly interesting is the behavior of the negative parity ⇤c, also depicted in Fig. 9 for two ensembles: while effective

masses obtained from the SU(4) interpolator are degenerate with the combined mass of a ⌃c and a pion, the effective masses
from the HQET interpolator are systematically lower, at least at our two heavier pion mass points. This suggests the HQET
interpolator to significantly overlap with a physical state lower in mass than the scattering state while the SU(4) interpolator in
this case strongly couples to the close-by two-particle state. All the other negative parity singly and doubly charmed baryons
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Figure 4: The spin identified spectra of (a) Lc, (b) Sc, (c) Wc and (d) Xc baryons for both parities in terms
of the splitting from the respective vector meson. The keys are same as in Figure 1(a).

stars in violet shows the experimental candidates. Hence the leading corrections in the observed
discrepancies between the experimental data and our estimates could be attributed to the charm
quark tuning, the discretization of the charm quark action and the unphysically heavy light pion
mass. Nevertheless, one can see a good agreement for the singly charmed baryon spectra also,
between the number of states in the lower non-relativistic bands and the expectations as per a
model with SU(6)⌦O(3) symmetry.

5. Conclusions

In this work we present the first calculation of the ground and excited state spectra of singly,
doubly and triply-charmed baryons using dynamical lattice QCD. Employing state-of-the-art tech-
niques like derivative-based operator construction formalism, ‘distillation’ and variational fitting
method, we are able to reliably extract spectra of charm baryons with well-defined total spin up to
7/2 for both parities. The low lying states in all the spectra remarkably resemble the expectations
based on a model with SU(6) ⌦ O(3) symmetry. We study quark mass dependence of various
energy splittings including those that originate from hyperfine interactions, as well as spin-orbit
interactions. From these studies, we also make the predictions in the bottom sector which are
mB⇤

c
�mBc

= 80± 8 MeV and mWccb
= 8050± 10 MeV. However, it is to be noted that the sys-

tematic uncertainties like chiral extrapolation, discretization effects and finite volume effects are
not quantitatively addressed here. Further, one needs to incorporate multi-hadron operators in the

6



Archana Radhakrishnan, IIScPrecision study of heavy baryons | Lattice 2026

Binsize Analysis

0 5 10 15 20 25

Bin Size [S]

0.8

1.0

1.2

1.4

1.6

æ
2
[S

]/
æ

2
[1

]
Binning Analysis: Variance vs. Bin Size

Fit: cA=0.250, dA=3.975, øA=0.550

2øA = 1.100

2øA error band

Data



Archana Radhakrishnan, IIScPrecision study of heavy baryons | Lattice 2026

Charmed Baryon Spectroscopy

Fit procedure

Fully correlated global fit with x-errors

↭ Total least-squares function:

ω2 =
∑

n,i,j

(
xn
i → fn

i

)[
Cn

ij

]→1(
xn
j → fn

j

)
+
∑

k

(
pk → fk

)2

!p2k

↭ Cn
ij : per-ensemble covariance of all observables {mB,Mω,MK ,MD,

↑
t0} from binned

jackknife

↭ x-errors: every input (Mω, MK , MD, t0, . . . ) promoted to a nuisance fit parameter with
its own constraint
→ 211 parameters in total, but Ndof una!ected

↭ Error propagation: 500 bootstrap samples, each re-minimized

↭ Technical: JAX-compiled ω2 + analytic gradient, central fit (Minuit) + 500 bootstrap re-fits
(L-BFGS-B) in ↑7 min on a laptop
(numerical-gradient setup: ↑20 h)
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point
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More Models!

The combination b6 + bc6MD corresponds to mB
→
t0 in the SU(3) chiral limit if MD is extrapolated to this

limit. bc6 has the mass dimension ↑1 and the other parameters have the dimension ↑2. When these functions
are called with the arguments MM

→
t0 then b6 = b6, bc6 = b6

→
t0,ch, b̄6 = b̄6t0,ch and ωb6 = ωb6t0,ch, where

t0,ch is t0 in the SU(3) chiral limit. Note, however, that this conversion is not needed anywhere.

For completeness, we show the corresponding expressions for the spin 1
2 anti-triplet and triplet:

f!c(Mω,MK ,MD) = b3̄ + bc3̄MD + b̄3̄M
2
↑ 2ωb3̄ωM

2
, (17)

f”c(Mω,MK ,MD) = b3̄ + bc3̄MD + b̄3̄M
2 + ωb3̄ωM

2
, (18)

f”cc(Mω,MK ,MD) = b3 + bc3MD + b̄3M
2
↑ ωb3ωM

2
, (19)

f#cc(Mω,MK ,MD) = b3 + bc3MD + b̄3M
2 + 2ωb3ωM

2
. (20)

The sets of four parameters for each baryon multiplet are not related to one another. However, one may
expect similarities regarding the charm mass e!ects, e.g., bc3 ↓ 2bc3̄ ↓ 2bc6. The number of parameters
can be reduced if we investigated (mB ↑MD)

→
t0 and (mB ↑ 2MD)

→
t0, respectively, for singly and double

charmed baryons. This may have advantages and we should discuss it.

Finite size e!ects of the meson masses may be relevant and can be taken into account, see section ??. To
next-to-leading order (NLO), i.e., O(p4), in mesonic chiral perturbation theory (ChPT), these read for the
light mesons [?]

M
2
ω(L) = M

2
ω

[
1 +

M
2
ω

(4εF0)2
h(LMω)↑

1

3

M
2
ε8

(4εF0)2
h(LMε8)

]
, (21)

M
2
K(L) = M

2
K

[
1 +

2

3

M
2
ε8

(4εF0)2
h(LMε8)

]
, (22)

where

M
2
ε8

=
1

3

(
4M2

K ↑M
2
ω

)
, (23)

F0, the pion decay constant in the SU(3) chiral limit is a low energy constant (LEC) and

h(ϑ) = 2
∑

n →=0

K1(ϑ|n|)

ϑ|n|
. (24)

Above, n ↔ Z3 and K1(x) denotes the modified Bessel function of the second kind of order one.

Next we discuss the ChPT expectations for singly and doubly heavy baryons. One issue here is that there will
be transitions between the J = 1/2 and J = 3/2 channels both for the singly and doubly-charmed baryons
in meson loops. Since the respective gaps are typically smaller than the pion mass, the impact on J = 1/2
baryons can probably not be neglected. Moreover, transitions 6 ↗ 3̄ ↗ 6 for the singly charged baryons
are possible too and the anti-triplet states have smaller masses than the sextet states. Since we will neglect
these e!ects, the results must be taken with a grain of salt and are only phenomenological. Most likely, the
anti-triplet is the “safest” multiplet regarding the omission of such corrections.

The result for the doubly heavy baryon triplet is from [?, ?] (
→
t0m3 = (b3 + bc3MD) = f#cc(0, 0,MD) is the

heavy baryon mass in the SU(3) chiral limit):

f”cc ↘↗ f”cc +
→
t0m

3
3

g
2

2(4εF0)2

[
3H

(
Mω

m3

)
+ 2H

(
MK

m3

)
+

1

3
H

(
Mε

m3

)]
, (25)

f#cc ↘↗ f#cc +
→
t0m

3
3

g
2

2(4εF0)2

[
4H

(
MK

m3

)
+

4

3
H

(
Mε

m3

)]
, (26)
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NLO in ChPT
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Finite Size Effects

Transitions!


