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Introduction
• Many charmed baryon decays display a rich substructure of hyperon resonances which are 

otherwise hard to study

• Belle has observed many decays of Λ, Ξc0, Ξc+ and Ωc but none have been subjected to a full 

Dalitz-plot analysis

- Ξc0, Ξc+ are particularly worth studying because the excited Ξ spectrum is not understood


• M. Sumihama-san et al recently published the Ξc+ →(Ξ-π+)π+ substructure, confirming the 
existence of the Ξ(1620)0 and is also looking Ξ(1690)0 in Λc+ decays


• Here we are studying Ξc0 →Λ Κ- π+

• This is a reasonably large branching fraction, and has resonant substructure that will include:


- Ξ(1690)- → Λ Κ-

- Ξ(1820)- → Λ K-


- Σ(1385)+ → Λ π+ (well-known)

- K*(890)0 → K- π+  (well-known)


PDG: Ξ(1690)-      JP= 1/2- ??                                                Ξ(1820)-      JP =3/2- ??

     Mass (MeV)                   Width (MeV)                              Mass(MeV)          Width(MeV)

     1691.1 ± 1.9 ± 2.0          < 8                                            1822  ±  6            < 8

     1700 ± 10                       47 ± 14                                     1830  ±   6           72 ± 20       

     1694 ± 6                         26 ±  6                                      1823  ±  2            21 ± 7
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Event Selection
• Cuts are copied from previous analysis (J. Yelton et al, Excited Ξc states)


- goodLambda = 2, 3 MeV cut on Lambda mass

- “atc” cuts:    KaonID > 0.6         pionID > 0.2       protonID > 0.2

- Low momentum cut on Kaon and pion (300 MeV)

- Vertex c2 < 25                                               Standard track quality cuts

- All Belle data used                                        xp > 0.5 (used by Sumihama et al)


• All this is done “blind” by JY without looking at the sub-structure.
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Mass precisely agrees  
with PDG
Resolution agrees  
with MC within 3%.  
(Mass cut of ±8 MeV)

Total signal events ~ 25,000

Integrated  
signal:background
                           1: 1.1



Amplitude analysis
• Coupling of initial and final states given by invariant amplitudes

• Amplitude analysis: tool to extract 

the complex amplitudes from  
experimental data

- Requires some model that 

contains free parameters

- Consider all kinematics of  

final state particles

- Vary the free parameters  

to maximize the likelihood  
that the model is a good  
description of the data sample


• Has its own challenges

- How to construct amplitudes? How many amplitudes are needed? Are there 

ambiguities? How to deal with backgrounds?
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Amplitude analysis
• Start with a model that contains free parameters (typically production coefficients) 

and predicts the probability of having an event with a particular set of kinematics 
(angles, invariant mass, etc.)


• Vary the free parameters to maximize the likelihood that the model is a good 
description of the data sample
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Consider two (of many) possibilities:

Processes relate to indistinguishable quantum mechanical amplitudes

Κ

Λ

Ξ(1820) Ξ(1690)

An amplitude analysis of  the π0π0 system in radiative J/ψ decays



Amplitude analysis
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Λ

Consider two (of many) possibilities:

Processes relate to indistinguishable quantum mechanical amplitudes

Κ

Λ

Ξ(1820) Ξ(1690)

An amplitude analysis of  the π0π0 system in radiative J/ψ decays

Incoherent sum over observables  
(helicity of initial and final state particles) 

Coherent sum over amplitudes

The intensity (number of events per unit phase space)
 is given by the sum of the squares of complex amplitudes



Amplitude analysis
• Use the Intensity function to calculate a (properly normalized) probability: 
 
 
 
 
 
and fold in Poisson statistics to obtain a likelihood: 
 
 
 
 

• Take the natural log of the likelihood and cancel like terms 
(drop terms that are constant in V):
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This term is calculated using a 
phase space MC sample

An amplitude analysis of  the π0π0 system in radiative J/ψ decays



AmpTools
• Collection of libraries for performing unbinned maximum likelihood fits to data using a set of 

interfering amplitudes

- Provides a set of routines that manages the technical aspects of performing fits to large 

sets of data without imposing any constraints on the parametrization of the physics 
model


- Software was designed by Hrayr Matevosyan, Ryan Mitchell, and Matt Shepherd at 
Indiana University


- Implementation of MINUIT was written by Lawrence Gibbons at Cornell University, based 
on the ROOT TMinuit class


- Software can be run in parallel over multiple cores or machines in a cluster using MPI 
and can be dramatically accelerated by enabling the use of supported NVIDIA graphics 
cards (GPUs)


• AmpTools has been used in several analyses with BESIII data

- e.g. PRD.98.072003 (2018), PRD.92.052003 (2015), among others


• Available for free at https://github.com/mashephe/AmpTools/wiki

- Includes a tutorial that provides a complete example of how to use AmpTools for a 

variety of different analysis tasks
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• Construct the amplitude as a piece describing the coupling and propagator and a piece 
describing the decay: 
 
 
 
 
Then treat the coupling as a free parameter, so the amplitude becomes 
 
 
 
 
 

• The density of events for a given event (x) intensity 
 
 
 

• Then vary free parameters (masses, widths, couplings)  
until the likelihood is maximized

Amplitudes
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• Toy MC sample with amplitudes for several intermediate states

- Ξ(1690), Ξ(1820), Σ(1385) and K*(892)


• Perform an amplitude analysis to the toy model as a test of fitting code

Toy model
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Toy model
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Ξ(1690) 
M = 1.690 GeV/c2, 

W = 0.030 GeV
JP = 1/2-

Ξ(1820) 
M = 1.823 GeV/c2, 

W = 0.024 GeV 
JP = 3/2- 

Σ(1385)
M = 1.3828 GeV/c2, 

W = 0.036 GeV
JP = 1/2+

K*(892) 
M = 0.89176 GeV/c2, 

W = 0.0503 GeV 
JP = 1-

Black markers: MC sample
Histogram: fit results
-2 ln(L) = -448198.



Toy model
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Ξ(1690) 
M = 1.690 GeV/c2, 

W = 0.030 GeV
JP = 1/2-

Fitted M = 1.6903(5) GeV/c2

Fitted W = 0.033(1) GeV

Ξ(1820) 
M = 1.823 GeV/c2, 

W = 0.024 GeV 
JP = 3/2- 

Fitted M = 1.8229(3) GeV/c2

Fitted W = 0.0233(6) GeV

Σ(1385)
M = 1.3828 GeV/c2, 

W = 0.036 GeV
JP = 1/2+

Fitted M = 1.3830(5) GeV/c2

Fitted W = 0.035(1) GeV

K*(892) 
M = 0.89176 GeV/c2, 

W = 0.0503 GeV 
JP = 1-

Fitted M = 0.8911(3) GeV/c2

Fitted W = 0.0517(7) GeV

Black markers: MC sample
Histogram: fit results
-2 ln(L) = -448218.



Trying alternate hypotheses
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Ξ(1690) 
M = 1.690 GeV/c2, 

W = 0.030 GeV
JP = 1/2-

Ξ(1820) 
M = 1.823 GeV/c2, 

W = 0.024 GeV 
JP = 1/2- 
Wrong!

Σ(1385)
M = 1.3828 GeV/c2, 

W = 0.036 GeV
JP = 1/2+

K*(892) 
M = 0.89176 GeV/c2, 

W = 0.0503 GeV 
JP = 1-

-2 ln(L) = -446105.

Black markers: MC sample
Histogram: fit results

Much worse!



Toy model with non-resonant component
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Ξ(1690) 
M = 1.690 GeV/c2, 

W = 0.030 GeV
JP = 1/2-

Ξ(1820) 
M = 1.823 GeV/c2, 

W = 0.024 GeV 
JP = 3/2- 

Σ(1385)
M = 1.3828 GeV/c2, 

W = 0.036 GeV
JP = 1/2+

K*(892) 
M = 0.89176 GeV/c2, 

W = 0.0503 GeV 
JP = 1-

Black markers: MC sample
Histogram: fit results

Non-resonant
component 

(3-body decay)



A word on backgrounds
• The likelihood is determined assuming all events are signal (poor assumption) 

 
 
 

• But, we can multiple and divide by a term for the background:


• And simulate the background events (with sidebands or MC if needed)


• So the combined (extended) likelihood for data and backgrounds gives the result for 
signal only
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• Toy MC sample with amplitudes for several intermediate states

- Ξ(1690), Ξ(1820), Σ(1385) and K*(892) + background (sidebands)


• Perform an amplitude analysis to the toy model as a test of fitting code

Toy model with “sidebands”
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Toy model with non-resonant component

%17

Ξ(1690) 
M = 1.690 GeV/c2, 

W = 0.030 GeV
JP = 1/2-

Ξ(1820) 
M = 1.823 GeV/c2, 

W = 0.024 GeV 
JP = 3/2- 

Σ(1385)
M = 1.3828 GeV/c2, 

W = 0.036 GeV
JP = 1/2+

K*(892) 
M = 0.89176 GeV/c2, 

W = 0.0503 GeV 
JP = 1-

Black markers: MC sample
Histogram: fit results

Backgrounds 
subtracted!

Only the signal
contributes to  
the fit results



Conclusions and next steps
• Interesting substructure accessible using event selection criteria from previously 

published analysis

- Substructure was not investigated, so selection is “blind”


• Model fits look good

- Can even extract masses and widths (simultaneously in a single fit!)

- Background subtraction works as expected


• More extensive input/output tests can be done to…

- take into account detector acceptance and resolution effects,

- test effect of additional resonances, 

- etc.


• Once input/output studies are sufficiently tested, move on to fitting data, systematic 
studies, etc.

- Extract masses and widths of lineshapes, product BRs for intermediate states
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