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Heavy baryon polarization
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2 Dalitz variables (𝑚𝐾𝑝, 𝜃Λ∗) : encode resonance dynamics

3 Euler angles (𝜙Λ𝑐
, 𝜃Λ𝑐

, 𝜙𝐾) : encode information about polarization

lab frame

c

c
ϕΛc = 0

π

π

Measurements of EDM/MDM 
require the reconstruction of the 

spin polarization of the heavy 
baryon

I discuss the Λ𝑐
+ → 𝑝 𝐾−𝜋+ 3-body decay



Λ𝑐
+ → 𝑝 𝐾−𝜋+
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Belle, PRL117, 011801

The dynamics in the Dalitz is extremely rich
Resonances appear in all subchannels

Λ𝑐
+ →

𝐾∗0 𝑝

Δ++𝐾−

Λ∗0𝜋+

→ 𝑝𝐾−𝜋+

Each chain prefers a variable choice
A proper amplitude analysis is mandatory



Reference frames 
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The 5 variables of each chain can be expressed
in terms of the variables of another chain

M. Mikhasenko, AP et al. (JPAC), to appear



Isobar model in the helicity formalism 
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The natural choice for the amplitude looks

with the cross section given by the trace with the spin-density matrix



Isobar model in the helicity formalism 
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The natural choice for the amplitude looks

with the cross section given by the trace with the spin-density matrix
No! The helicities have not the same 

meaning in the different chains!



Wigner rotations
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 𝑝0, Λ 𝑝1, 𝜆

 𝑝2

 𝑝3

Let’s analyze the process in the decay plane

 𝑝0, Λ′

 𝑝1, 𝜆′

 𝑝2

 𝑝3Boost in the
 𝑝12 direction

(23) rest frame (12) rest frame

Helicities are not Lorentz invariant
A boost disaligned with the momentum mixes (rotates) the helicities



Additional 𝑑-functions: Wigner rotations



Wigner rotations
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c

π

π

Δ Δ

Δ

The new rotation is about the 𝑦 axis, the angle is 
defined in the rest frame of the 𝑝 or Λ𝑐



Isobar model in the decay plane 
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The natural choice for the amplitude looks

𝜁2(1)
1 is the angle between 𝜋 and Λ𝑐 in the 𝑝 rest frame

𝜁3(1)
1 is the angle between 𝐾 and Λ𝑐 in the 𝑝 rest frame
 𝜃2(1) is the angle between 𝐾 and 𝑝 in the Λ𝑐 rest frame
 𝜃3(1) is the angle between 𝜋 and 𝑝 in the Λ𝑐 rest frame



Isobar model in the decay plane 

10A. Pilloni – Amplitude analysis for MDM/EDM in heavy baryons

The natural choice for the amplitude looks

𝜁2(1)
1 is the angle between 𝜋 and Λ𝑐 in the 𝑝 rest frame

𝜁3(1)
1 is the angle between 𝐾 and Λ𝑐 in the 𝑝 rest frame
 𝜃2(1) is the angle between 𝐾 and 𝑝 in the Λ𝑐 rest frame
 𝜃3(1) is the angle between 𝜋 and 𝑝 in the Λ𝑐 rest frame

All the angles are polar: no azimuthal phases
all these functions can be expressed in term of the 

Mandelstam variables 𝜎1 = 𝑚𝐾𝜋
2 , 𝜎2 = 𝑚𝑝𝜋

2 , 𝜎3 = 𝑚𝑝𝐾
2

Now all the spins are aligned correctly



Isobar model out of the decay plane 
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Now that everything is aligned with the 𝐾∗ chain, 
we can use the Euler angles of chain 1 for the full thing

In this form it is straightforward to check that, for unpolarized Λ𝑐, 
the cross section does not depend on the 3 Euler angles 



Recipes to build an amplitude
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M. Mikhasenko, AP, J. Nys et al. (JPAC), EPJC78, 3, 229
AP, J. Nys, M. Mikhasenko et al. (JPAC), EPJC78, 9, 727



How helicity formalism works
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Each set of angles is defined in a 
different reference frame



How tensor formalism works
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What do we know?
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Kinematics
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𝐵 → 𝜓 𝜋𝐾
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𝐵 → 𝜓 𝜋𝐾
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𝐵 → 𝜓 𝜋𝐾
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Helicity amplitudes
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Identify covariants
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General expression and comparison
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There is no unique recipe to build the right amplitude, but
one can ensure the right singularities to be respected



Λ𝑏 → 𝜓 𝑝 𝐾
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For baryons the idea is similar, 
but the expressions are messier



• Measuring electromagnetic moments of baryons requires
a thorough understanding of the amplitudes involved

• The formalism gets more complicated when multiple particles with spin are 
involved, in particular with baryons

• The Euler angles can be meaningfully included only if the spins of the 
different chains are properly aligned

• The minimal energy depence can be deduced from first principles

Thank you

24

Conclusions
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Crossing symmetry in tensor formalisms
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Crossing symmetry in tensor formalisms
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New pentaquarks discovered

A higher statistics 1D analysis is able to 
resolve the fine structure of the 
𝑃𝑐(4450) peak.

Moreover, a new isolated 𝑃𝑐(4312) at 
the Σ𝑐

+ 𝐷0 threshold appears

The old assignment of quantum 
numbers might be jeopardized by this 
new finding

LHCb, PRL 122, 222001 
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Bound and virtual states
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Example from 𝑝𝑛 scattering
Bound state on the real axis 1st sheet (deuteron)

𝑉(𝑟)

𝑟

3𝑆

1𝑆
𝑉

Re 𝐸

Im 𝐸

Deuteron

Deuteron
pole

Dineutron
pole

Decreasing the potential strength,
the pole reaches threshold
The pole jumps on the 2nd sheet (dineutron),
it becomes a virtual state
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Bound and virtual states
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Bound state

Virtual state

Resonance

The situation is more complicated when 
more channels are open
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Minimal(istic) model

Effective range expansion

We can set 𝑐𝑖𝑖 = 0 to reduce
to the scattering length 

approximation

𝑐𝑖𝑖 = 0 Finite 𝑐𝑖𝑖

(         data)

Fernandez-Ramirez, AP et al. (JPAC), PRL 123, 092001
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Minimal(istic) model

𝑐𝑖𝑖 = 0 Finite 𝑐𝑖𝑖

Effective range expansion

We can set 𝑐𝑖𝑖 = 0 to reduce
to the scattering length 

approximation
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Minimal(istic) model

𝑐𝑖𝑖 = 0

Points to a virtual state

Effective range expansion

We can set 𝑐𝑖𝑖 = 0 to reduce
to the scattering length 

approximation

Finite 𝑐𝑖𝑖
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Minimal(istic) model

𝑐𝑖𝑖 = 0

Effective range expansion

We can set 𝑐𝑖𝑖 = 0 to reduce
to the scattering length 

approximation

Finite 𝑐𝑖𝑖

Doesn’t point to a resonance

Points to a virtual state
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Minimal(istic) model

𝑐𝑖𝑖 = 0

Effective range expansion

We can set 𝑐𝑖𝑖 = 0 to reduce
to the scattering length 

approximation

Finite 𝑐𝑖𝑖

Doesn’t point to a resonancePoints to a virtual state



• Study of spectra and decay patterns will improve our understanding,
new data expected by, BESIII, LHCb, Belle II

• Diquark models are useful to describe the XYZ sector,
although the role of thresholds must be somehow included

• A more refined study of amplitudes provides a complimentary tool to give 
insights on the nature of some of the states

The study of exotic heavy quark sector is a challenging task
Experiments are very prolific! Constant feedback on predictions

Thank you
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Conclusions & prospects
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