
 
Nilmani Mathur 

Department of Theoretical Physics,  

TIFR, INDIA 

Hadron Spectrum Collaboration 

 

    Baryon Spectroscopy  
    From Lattice QCD 



    Confinement XI @ St. Petersburg 

                Baryons 

Light (nucleon, delta,…) 

 

Strange (Cascade, Lambda,…) 

 

Heavy (Charm, Bottom) 
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@Edwards 
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 CASCADE   Spectra 
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            Hyperfine Interaction of quarks in  Baryons 

 _ 

 + 

 + Nucleon (938) 

     Roper (1440) 

  S11(1535) 

+ 

 + 

 _ 

Δ(1236) 

         Δ(1700) 

Δ(1600) 

+ 

+ 

  _ 

Λ(1116) 

     Λ(1405) 

  Λ(1670) 

21
21

.. 


cc

Color-Spin Interaction  

Excited positive > Negative  

Glozman & Riska 

Phys. Rep.  268,263 (1996) 

21
21

.. 


FF Flavor-Spin interaction  

Chiral symmetry plays major role 

Negative > Excited positive 

..Isgur 
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Radial excitation? q4q state? 

What is the structure of these resonance states,  

for example,  

 Roper ((1440) 1/2+) resonance? 

- Hybrid state (qqqg)?  

- Dynamical meson-baryon state? 

 _ 

 +  
+ Nucleon (938) 

     Roper (1440) 

  S11(1535) 

+ 

 + 

 _ 

Δ(1236) 

         Δ(1700) 

Δ(1600) 

+ 

+ 

  _ 

Λ(1116) 

     Λ(1450) 

  Λ(1670) 

What is the structure of Λ(1405)?  
Dynamical meson-baryon state ? Fivequark state? 
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 Quark 
(on Lattice 

sites)    
Gluon 
(on 

Links) 

Quark 
Jungle 
 Gym 

quark propagators : 

Inverse of very large  

matrix of space-time,  

spin and color 
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      Analysis  (Extraction of Mass) 
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Correlator 
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exponentially 
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Effective mass :  
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M 

a (a2) 

Continuum Limit 

M 

L 

Finite volume Effect 

M 

Physical pion mass 

m

q  

)(
2

m

Input parameter 

Chiral extrapolation 

Chiral perturbation theory 
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S.Durr et.al, Science 322, 1224 (2008) 
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 Hadron Spectrum Collaboration 
 
Jefferson Lab, Univ. of Cambridge, Maryland, 
CMU, Tata Institute, Trinity College 
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   Octahedral group and lattice operators 

 Λ         J 
  G1 

  G2 

  H 

1/2⊕7/2⊕9/2⊕11/2 … 

5/2⊕7/2⊕11/2⊕13/2 … 

3/2⊕5/2⊕7/2⊕9/2 … 

Λ       J 
 A1 

 A2 

 E 

 T1 

 T2 

0⊕4⊕6⊕8 … 

3⊕6⊕7⊕9 … 

2⊕4⊕5⊕6 … 

1⊕3⊕4⊕5 … 

2⊕3⊕4⊕5 … 

Baryon 

Meson 

…R.C. Johnson, Phys. Lett.B 113, 147(1982) 

Construct operator which transform irreducibly under the symmetries of the lattice 
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NR 
Ops 
with  
one  
Deri- 
vative 

NR 
hybrid 
Ops 
with  
two  
Deri- 
vatives 

NR 
Ops 
with  
two  
Deri- 
vatives 

Total 
number 
of ops 
up to 
two  
Deri- 
vatives 

HSC : Phys.Rev. D84, 074508 (2011), 1104.5152. 
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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 
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    Rotational Invariance in Spectrum 

Phys. Rev. D77: 034501 (2008)  

If there is rotational invariance there will be no overlap (coupling) between different  J,  
that is  the matrix   
 
Approximate block-diagonality has been observed 
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HSC : 

@Edwards 
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           Hybrid Baryons 
States  have maximum overlap to operators constructed from chromoganetic field  
and which vanish in the absence of gluonic fields 

HSC:Dudek etal, arXiv:1201.2349v1 
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HSC : Phys.Rev. D87 (2013) 054506  

@Edwards 
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HSC : Phys.Rev. D87 (2013) 054506  
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Quenched 
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χQCD : 
arXiv:1403.6847 
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Doubly Charm (ccu, ccd, ccs):  
 Discovery is controversial 
 SELEX (2002) claimed to have       
 got it (ccu) 
 BELLE (2013), LHCb(2014) did not 

     
Triply Charm (ccc):  

 Nothing yet 
 LHCb ? 
 Super Belle (lets hope) 
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         Doubly charmed baryons 

Lattice results : Mathur et.al PRD66, 014502 (2002) 
                       Liu et.al PRD81, 094505 (2009) 
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Padmanath et al, HSC : 1307.7022  
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 Ωccc -3/2J/Ψ = 148(8) MeV  

C 
H 
A 
R 
M 
  
 

B 
A 
R 
Y 
O 
N 
s 

Padmanath et al, HSC : 1307.7022  
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  Singly Charm baryons 

Padmanath et al, HSC : 1311.4806  
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B 
A 
R 
Y 
O 
N 
s 

Padmanath et al, HSC : 1311.4354  

D
O
U
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L 
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C 
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       No sign of diquark spectra 
No parity doubling for low-lying states 

Q 

Q 

q 
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          How heavy is charm?  

         Can NRQCD sill work? 

Padmanath et al, HSC : 1307.7022  
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           Bottom Baryons 

Similar to previous charm baryon study bottom baryons need to be studied thoroughly. 
 
For triply bottom baryon one study has been carried out (S.Meinel :PRD85, 114510(2012)).
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Brown et al, arXiv:1409.0497v1 
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          Multi-particle states 
           A problem for finite box lattice 

 Finite box : Momenta are quantized 

  Lattice Hamiltonian can have both 

    resonance and decay channel states  

    (scattering states) 

 

A  x+y, Spectra of mA and 

One needs to separate out resonance states 
from scattering states 
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      What is a resonance particle? 

 Resonances are simply energies at which differential cross-section of a 
particle reaches a maximum. 
 

 In scattering expt. resonance  dramatic increase in cross-section 
with a corresponding sudden variation in phase shift. 
 

 Unstable particles but they exist long enough to be recognized as 
having a particular set of quantum numbers. 
 

 They are not eigenstates of the Hamiltonian, but has a large overlap 
onto a single eigenstates. 

 
 Volume dependence of spectrum in finite volume is related to the two-

body scattering phase-shift in infinite volume. 
 

 Near a resonance energy : phase shift rapidly passes through pi/2, an 
abrupt rearrangement of the energy levels known as avoided “level 
crossing” takes place. 
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    Identifying a Resonance State 

 
Relate finite box energy to infinite volume phase shifts  

by Luscher formula 
 

Calculate energy spectrum for several volumes to evaluate  
phase shifts for various volumes 
 

Extract resonance parameters from phase shifts 
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Luscher’s Method 
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                      Rho decay HSC : 
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   Ongoing and future study 

 Include multi-particle operators for baryons 

 Calculate resonance parameters 
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@C.Thomas 
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  Baryon screening correlators at finite temp 

ILGTI@JHEP 1302  

              (2013) 145  
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                           Conclusion 
    Lattice QCD has entered an era where it can make  significant 

precise contributions to nuclear and particle physics. 

 

    Particle Masses : Understanding the Structure and Interaction of Hadrons. 

 Full QCD calculations are now accessible  at physical pion mass and at 
reasonably large volumes. Lattice QCD is able to reproduce ground state 
baryons accurately for many hadrons. 

 

 However, resonance states, including excited state masses, are still not 
accessible comprehensively. Data analysis becomes increasingly difficult as we 
go towards chiral limit due to the appearance of multi-particle states.  

 

 A comprehensive program is ongoing at Hadron Spectrum Collaboration by using 
multi-operator variational method with distilation technique  in order to extract 
resonance states. 
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NPLQCD 

HALQCD Phys. Rev.Lett. 106, 
162002 (2011) 

Phys. Rev. Lett. 106, 
162001 (2011) 

Shanahan et al, Phys. Rev. Lett. 107, 092004 (2011) 

H dibaryon (uuddss, I=0, 1S0) 
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           Mass in Euclidean space 

Fourier transform in Euclidean time 
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    Mn : location of poles in the propagator of |n>. 

           pole masses of physical state 
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     Symmetries of the lattice Hamiltonian 

• SU(3) gauge group (colour) 

• Zn⊗ Zn⊗ Zn cyclic translational group (momentum) 

• SU(2) isospin group (flavour) 

• Oh
D crystal point group (spin and parity) 
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