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Charmed baryons—why do we need to study them?

Have not been studied (both experimentally and theoretically (to some extent)) in 
great details as charmed mesons even though they can provide similar or more 
information about the theory of strong interactions.

 Singly charmed baryons : 

– light quark dynamics in presence of one heavy quark.

– Light diquarks in presence of heavy quark

– Experimentally many more states may be observed (if not, then diquark picture).

 Doubly charmed baryons : 

– nature of strong force in the presence of slow relative motion of the heavy 
quarks along with the relativistic motion of a light quark. 

– Multiple scales

– Is  there any quark-diquark symmetry :                      ?

– Only one state has just been discovered. Should be many more..

 Triply-charmed baryons : 

– Charmonia analogues in baryons

– Heavy quark-quark interaction

– No experimental discovery yet



Charmed Baryons (PDG,2016)
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Theory of hadrons
• QCD : Theory of strong Interactions

– So far, we are incapable in solving the full theory analytically in the non-perturbative regime

• Define theory in 4D Euclidean space-time grid and solve numerically 

: Lattice QCD (systematics needs to be in good control, 

the study of excited states with multi-hadron scatterings has made

impressive progress but is still under development)

• Models :

– Motivated from QCD or low energy limits of QCD

Use chiral Lagrangian rather than full QCD Lagrangian

 Spin independent confining interaction (linear or HO)

 Spin dependent hyperfine interactions:

 Spin-orbit and tensor interactions

 Flavour dependent short range quark force

 Flavour symmetric spin-spin interaction
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Theory of Hadrons

• Models  : 

– Quark models (relativistic, non-relativistic, quark-diquarks, Regge

trajectories, heavy quark spin symmetry, chiral quark model, 

Nambu-Jona-Lasinio model)

– Effective field theories (HQET, NRQCD, pNRQCD, couple channel analysis)

– QCD sum rules 

– Holographic QCD

– and more



 Kinetic Energy : 

 Spin independent confining potential : 

linear Coulomb

 Spin dependent  hyperfine interaction :

Contact tensor

 Spin-orbit potential : 

Quark Model

Roberts et.al : Int.J.Mod.Phys. A23 (2008) 2817-2860



Octet Decuplet

SU(4) multiplets





LHCb Collaboration :

Phys. Rev. Lett. 118 (2017) no.18, 182001 

𝜴𝒄
𝟎 Baryons

http://inspirehep.net/search?p=collaboration:'LHCb'&ln=en


 Why are the new states narrower in widths?

 Are those c(ss) systems? Is it thus difficult to pull apart two s quarks 

from a ss diquark? (The decay to 𝜩 𝒖𝒔𝒔 𝑫(𝒄𝒖) would have been 

favoured if it was kinemetically allowed.)

 Or, are these narrow pentaquark states? 

 Why are there no peaks in Ξ𝑐
+𝐾+?

Structures and Quantum Numbers of 𝛀𝒄
𝟎
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ss

Heavy quark

Q(s=1/2))
Heavy quark

Light diquark

 𝟑𝒄(𝒔𝒔, 𝑺 = 𝟏)

S : 1/2, 3/2
L(=1) + S(=1/2)  : 1/2, 3/2 
L(=1) + S(=3/2)  : 1/2, 3/2, 5/2 

Simple Picture (P wave states)



𝒍𝝆 : Orbital angular momentum due to 𝜌-mode, that is between two light quarks
which form a diquark system

𝒍𝝀: Orbital angular momentum due to 𝜆-mode, that is between 
heavy and light diquarks

𝒔𝑫𝑸 = 𝒔𝒒𝟏 + 𝒔𝒒𝟐: Spin of diquark (sum of light quark spins)

𝒔𝑸 : Spin of heavy quark

𝑳 =  𝒍𝝆 +  𝒍𝝀 ∶ Total orbital angular momentum

Angular momentum of the light diquark system 𝒋𝑫𝑸 = 𝑳 + 𝒔𝑫𝑸: 

 𝑱 = 𝒋𝑫𝑸 + 𝒔𝑫𝑸: Total angular momentum

Q

𝒒𝟐𝒒𝟏
𝒍𝝆

𝒍𝝀

Heavy quark

Light diquark

Parity : −𝟏 𝒍𝝆+𝒍𝝀

Courtesy : M. Pappagallo

Yoshida et.al. Phys.Rev. D92 (2015) 114029 𝑯, 𝒔𝑸 = 𝟎

Likhoded et al





𝜴𝒄
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𝟎(𝟑𝟎𝟓𝟎) 𝜴𝒄
𝟎(𝟑𝟎𝟔𝟎) 𝜴𝒄

𝟎(𝟑𝟎𝟗𝟎) 𝜴𝒄
𝟎(𝟑𝟏𝟏𝟗)

𝟏/𝟐−

𝟏/𝟐+𝟑/𝟐−

𝟏/𝟐−

𝟑/𝟐−

𝟓/𝟐− 𝟓/𝟐+

𝟑/𝟐−

𝟏/𝟐+ 𝟓/𝟐−

𝟑/𝟐−

𝟏/𝟐+

𝟓/𝟐−
𝟏/𝟐−

𝟑/𝟐+

𝟓/𝟐−

𝟏/𝟐−𝟑/𝟐−𝟓/𝟐+

Structures and Quantum Numbers of 𝛀𝒄
𝟎

• Are they orbitally excited (L=1) states? Or radial excitations?
• Or are they Pentaquarks? Lack of signal in 𝚵𝒄

+𝑲+ spectrum? 
• Mixtures of pentaquarks and baryons?

Most, though not all, of the studies favoured p-wave baryons



LHCb : Phys. Rev. Lett. 119 (2017) no.11, 112001

Discovery of doubly-charmed baryons



 𝑉𝑐𝑐 from 𝑉𝑐  𝑐 ∶

One gluon exchange :
Weak coupling approximation

𝑉𝑐  𝑐 =  𝑀 𝑐  𝑐: 1𝑆 − 2𝑚𝑐
𝑚

= −258 𝑀𝑒𝑉

𝑉𝑐𝑐=
1

2
𝑉𝑐  𝑐 = -129 MeV

 𝑉𝐻𝐹(𝑐𝑐) from 𝑉𝐻𝐹 𝑐  𝑐 ∶

𝑉𝐻𝐹 𝑐  𝑐 =  
4𝑎𝑐 𝑐

𝑚𝑐
𝑀 2
= 𝑀 𝐽/𝜓 −𝑀 𝜂𝑐 = 113.2 𝑀𝑒𝑉

𝑉𝐻𝐹 𝑐𝑐 = 
𝑎𝑐𝑐

𝑚𝑐
𝐵 2
=
1

2

𝑎𝑐 𝑐

𝑚𝑐
𝐵 2
= 14.2 𝑀𝑒𝑉

q

𝟑𝒄

𝐻 ≡ 2𝑚𝑐 +𝑚𝑞
+ 𝑉𝑐𝑐  3𝑐 + 𝑉𝐻𝐹 𝑐𝑐 + 𝑉𝐻𝐹(𝑐𝑞)

Phenomenological Quark Model arXiv:1408.5877Karliner and Rosner



arXiv:1408.5877Karliner and Rosner





LQCD for heavy quark physics

Discretization of QCD Lagrangian :

Source of discretization error (need improved 
discretization method preserving continuum 
symmetries) 

Light hadron scale  :  

Heavy hadron scale  : ?

ma << 1



LQCD for heavy quark physics

 Charm : ma = 1.275 GeV, 

ma = 0.5  a ~ 0.075 fm

ma = 0.3  a ~ 0.046 fm

 Bottom : ma = 4.66 GeV

ma = 0.5  a = 0.021 fm

ma = 0.3  a = 0.013 fm

Being heavy lattice correlation functions for heavy quarks decay rapidly.

Relativistic charm quark calculations are now possible.

However, relativistic bottom-quark is still prohibitively costly. 

ma << 1
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quark propagators :

Inverse of very large 

matrix of space-time, 

spin and color

Quark
(on Lattice 

sites)

Gluon
(on 

Links)

Quark
Jungle
Gym
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Determines how effectively this operator 
interpolates states ‘n’ from the vacuum
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Analysis  (Extraction of Mass)
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Determine a by measuring some physical quantity 

and compare that to expt, like parameter tuning  
in any renormalized field theory
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M

a (a2)

Continuum Limit

M

Physical pion mass

mq
)(

2

m

Input parameter

Chiral extrapolation

Chiral perturbation theory

Control of Sytemetics

M

L

Finite volume Effect







P. Perez-Rubio et al, Phys. Rev. D92 (2015) no.3, 034504



Brown et al,  

Phys.Rev. D90 (2014) no.9, 094507 
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ψi : gauge invariant fields on a timeslice t that corresponds to 
Hilbert space operator ψj whose quantum numbers are also carried 
by the states |n>.
Construct a matrix

 Need to find out variational coefficients 
such that the overlap to a state is maximum

 Variational solution  Generalized eigenvalue problem :

 Eigenvalues give spectrum : 

 Eigenvectors give the optimal operator : 

Variational Analysis

Dudek, Edwards, Mathur, Richards, Phys.Rev. D77 (2008) 034501 



Padmanath and NM : Phys.Rev.Lett. 119 (2017) no.4, 042001

HSC : Padmanath et al, 1311.4806, Charm 2013 and 2015
Padmanath, TIFR thesis (2014)



Padmanath and NM, Phys.Rev.Lett. 119 (2017) no.4, 042001



Padmanath and NM, Phys.Rev.Lett. 119 (2017) no.4, 042001



Padmanath and NM, Phys.Rev.Lett. 119 (2017) no.4, 042001
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Singly Charm baryons

HSC : Padmanath et al, 1311.4806
Padmanath, TIFR thesis 2014 
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HSC : Padmanath et al, 1311.4354 
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HSC : Padmanath et al, 1311.4354 
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Ωccc -3/2 J/Ψ = 148(7) MeV 

HSC : Padmanath et al, : PRD90, 074504(2014)  

Triply charmed baryons 

NM and Padmanath



NM and Padmanath et al, arXiv:1311.4806 

Phys.Rev.Lett. 113 (2014) no.7, 072001



 Expt : Morning sessions

 Theory :

 B. Zou : Charm Pentaquarks

 YU, Fu-Sheng : Doubly charmed baryons
 A. Likhoded : Doubly heavy baryons
 DU, Meng-Lin : Heavy light baryons
 MA, Li : Doubly heavy tri-hadron
 SHAH, Zalak : bc baryons



Conclusions and Outlooks

There is a tremendous resurgence of interest in the study of bound 

states with heavy quark(s).

Charmed baryons are contributing to that too.

New discoveries of charmed baryons happened recently.

Theory predicts many more including exotics.

LQCD results with more control over systematics are coming. 

It is strongly envisaged that experimentalists will find many more 

soon.

That will tremendously improve our knowledge about strong 

interactions and how to model `QCD more effectively if not solve fully.

Will look forward to new discoveries. 



Quarkonia14@CERN






