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Experimental Status
Heavy Baryons -

Established EF in 2017, but
the other two remained

inconclusive
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Heavy Baryons Experimental Status

Established EF in 2017, but
the other two remained

inconclusive 22 ®
Ce
20 = Charm Sector
C
n p
[+ Z (%
Vi 2%
S S ee
K ¢,
\0 -
_ he
% - 1 R NI I A B B B AL L R
S 450F I paw LHCb 6.3 fb S 1200 4 paa LHCb63fb" ]
é’ 400F g (5=13.6TeV § 1ok —Fi 5=136TeV 7
ool T Sigm % gof WS : Missing Doubly Charmed
o = = Background & - + = = Background .
» 250 ] ‘ 2 C 'I' _I_ . !
2 ool N §oligryy W) F baryons
o H tth 1T T T T T T ulits: e ! | R
S 150 oS s JrTT T ] i
< 100 _ P < E 5
O Ngiy = 184 + 24 Prelimina X _ .. .
50 g Y O 20F Nsig =2771+114 Preliminary -
O N 1 " L : L L o . :
3600 _3+650 ) 0 36|50 37100 3750 38100 Yuhao Wang : Talk, Beauty 2026
Meana(Zec) [MeV/c?] Mna(€25:) [MeV/c?]

PHYSICAL REVIEW LETTERS 137, 021902 (2026)

=
Observation of the doubly charmed baryon
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Experimental Status
Heavy Baryons -

All three now seen by LHCb
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Heavy quark flavor symmetry
implies the spectroscopy of
the bottom baryons is
expected to be similar, up to

i corrections of order
b 17I2+ $k - :O/f;l - PR
Bottom Sector 25(6316)~ %k
2,(6330)~ X% has not
_Qb(6340)_ * % Xk been
2,(6350)~ *xx observed
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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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]\9 =2 4+ 1 CLS Ensembles

1.4r M =1y ® N, =2+ 1 within the CLS effort (partially ]
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Quark Mass Plane

good coverage of the quark mass plane

controlled chiral extrapolation towards the physical point

b4 =8ty (Mg +5M7) o 2my + m
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]\9 =2 4+ 1 CLS Ensembles

Quark Mass Plane

good coverage of the quark mass plane

controlled chiral extrapolation towards the physical point

1.4

1.2—*

I
me="my
tr M = const
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Physical point
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® Three mass trajectories

® TrM = const. (sum of bare quark masses

const)

B (-334
B G—3.40 ® m, = const. (const. strange quark mass)
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]\9 =2 4+ 1 CLS Ensembles
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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 ~ 1000 configurations for each ensemble
Three sources per ensemble

Two charm masses close to physical per ensemble to interpolate to physical mass

e full parametrization of light /strange/charm quark mass dependence
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LM_ <4 4<LM_ <5

N; =2+ 1 CLS Ensembles 5 <LM, L <23 fm
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® Ensemble close to the physical point
® Dedicated ensembles to study possible finite volume effects
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Example of the effective masses on the

ensemble at the physical point
Baryon Mass

id L/fm LM, M;/MeV Mg/MeV a/fm
(] m=1.166(1) E250 6.12 4.05 131 493 0.064

~ (chisq/nDoF=0.10)
Operators

@ J =
Osy = €*(c"T Cry55%) s Qe
Osy = (5" Cys5¢”) s Q

1.24 1

1.22 A

@
| . |
— N | 2
OO |

t/a

0.92 A

0.90 A Q

0.88 A

B e

Mef,
—e—
—e—

m=0.848(2) ®
0.82 (chisg/nDoF=0.19)

5 10 15 20 25 30 35 40
t/a
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1.24

1.22 A

0.92 A

0.90 A

0.88 A

Mefs,

0.86 A

0.84 -

0.82 A

Determination of ground state

e Point-to-all propagators with

1t

m=1.166(1)
(chisgq/nDoF=0.10)

optimized Gaussian smearing on 3D-
APE-smoothed links.

e Average correlators over all sources
per configuration.

rl e Fit the two-point correlation
I function using a two-exponential fit
| starting from early timeslices to
pe describe the excited state.

20

m=0.848(2)
(chisg/nDoF=0.19)

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

e Perform an uncorrelated fit to the
! correlator.

® Autocorrelations are accounted for

using a bin-size analysis.

5 10

15
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Extrapolation to the physical

point

FLAG 2024

Matching condition between isoQCD and QCD+QED (“Edinburgh consensus”):
M_= 135MeV My = 494 MeV

Charm mass fixed by the averaged D-meson mass:

OM), + M
My = D3 > = 1899.4 MeV

Scale setting through the gradient flow scale f,, while the physical gradient flow

scale tO,ph is obtained from e See talk by Wolfgang - 20/07 @ 10:20 AM

=12 = 1.362(8) GeV

0,ph RQCD, 2211.03744

All fits are performed on dimensionless quantities M2t,, Mzt, and M D\/t_o to cancel

O(a) errors from working with fixed bare couplings
Physical and continuum limit:

m, = m,,, L—>o00 a—0

M({mq}aLa a) t()({mq}aa) — M tO,ph t()({mq}aa) — tO,ph
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Multiplet JY  States Quark content
. . Py 1—|_ P
anti-triplet 3 3 A, =, ude, usc/dsc
—|— | |
sextet 6 % Y, =0, Q¢ uuc, usc, ssc
+ —_
sextet 6 % >0, =25, Q5 uuce, usc, ssc
[ —I_ | |
triplet 3 % Zees ee uce, Scc
: + -
triplet 3 2 =, uce, Scc
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EXtrapOlaUOﬂ to the phySICal full parametrization of light /strange/

charm quark mass dependence

point

Defining:

M?=102MpE + M2) o< mg+ 2my,  SM?=2(Mp — MZ) < mg—my

for the spin—% sextet (5 = mp\/to):

fs. = be + bes M5v/to + b M*tg
fzr = bs + bes M5\/to + bg Mt
fa. = be + bes Mp\/to + b M*tg

Gell-Mann-Okubo relations

-
— 2 8bg 6MQQ

+ 1 0bg 5M2t0

+ 4 8bg S M?t
Y

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

3,6%, 3 and 3*

b.M D\/t_o - linear charm mass effects constrained by two k. values
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( M) = bg + bg M3 + bg M?[— zébgaMﬂ
( M%) = bg + beg Mz + by M?|+ 6bg6 M?

= (M, My, Mz) = b3 + bis M + bs M?|— Sbs M*
( M) = bg + bz Mz + bg M?

-

¢25b35M2

v,

Exploring more sophisticated fit forms!
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Extrapolation to the physical

point

Full fit form (n labels the ensemble):

my = fs(MY, M M) [ca + Cac M/t + Co MPtg + 6¢] 5M2to} O(a”)

tS(n)

+ [65™] 7 0(a?)

2 o< 1/t}: the symmetric-point flow scale relates different 3 values
Cac M5+/ty: charm-mass-dependent cutoff effects a’A m, — expected to dominate

6cB per baryon: SU(3)-breaking discretization effects

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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120

Charm quark mass interpolation

mpy to

Mﬁzw = 1899.4 MeV
QC
Mp (GeV)
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Continuum Extrapolation
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1 PDG € Briceno 12 ® PACS-CS13 » HadSpec 15
® This work A Liul0 ® ETMC 14 % Mathur 19
Charmed Baryon SpeCtra = RQCD 2015 V¥V Durr 12 <4 Brown 14 # Padmanath 17
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e Precise determination of the ground-state singly and doubly-charmed baryon
spectra with 37 ensembles along 3 mass trajectories.

e A full systematic budget is in progress.
e Model variations with finite-volume terms, etc., are in progress.

e Extend to the bottom and mixed charm-bottom sectors.

Singly charmed baryons Doubly charmed baryons 115
2900 .
3, 11 6 1" 6, 3 3, 1 3, 21

11.0 1 36 new baryons at the LHC
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Binsize Analysis

d
R 2T A int (1 = %A + f efs/”""‘) : ca>dg >0

1.6 = Fit: c4=0.250, d4=3.975, 74=0.550 _
—== 274 = 1.100
274 error band

X Data

1.4 1 —_

\NZ.
N\

/\

\NZ.
7\

0.8 7

0 5 10 15 20 25
Bin Size [S]

Precision study of heavy baryons | Lattice 2026 Archana Radhakrishnan, IISc



Extrapolation to the physical

point

Total least-squares function:

=D (@ = OB (w5 - )+ A
k

n7?’7.7

i3 per-ensemble covariance of all observables {mp, M, My, M, /to} from binned
jackknife

z-errors: every input (M;, Mg, M5, tg, ...) promoted to a fit parameter

Error propagation: 500 bootstrap samples
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|
More Models' Finite Size Effects

MZ(L) = M2 |1+ Mf—Fz)Qh(LMW) %(4]7\741’:1;) h(LM,, )]
NLOin ChPT  wsiawy st 142 Mehiuan,|
My, = % (AMy — M2) ,

Transitions!

2 i M M g 1 M

— 3H | /=~ 2H | —— —Hl =2
J2eo f“60+\ﬁm32(4 Fy)? | <m3>+ (m3>+3 <m3)] ’
2

g I My 4 M
Vitoms AH [ —= —Hg =1

Precision study of heavy baryons | Lattice 2026 Archana Radhakrishnan, IISc



