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History of some Particle Discoveries
● The electron:

● ~1700’s: To explain attraction caused by rubbing, Ben Franklin thought 
that positive charges flowed from one material to another

● 1838: Richard Laming hypothesized electrons as part of atoms
● ~1891: G.J. Stoney (a.k.a. “electron Stoney”) named them
● 1897: J.J. Thomson discovered the electron by observing rays of 

particles streaming from the cathode to the anode.
● The positron:

● Hypothesized by Dirac in 1928, discovered at Caltech ~1932
● The proton:

● Rays of +ve particles emerging from anodes were observed by Eugen 
Goldstein in 1886, but different gases had different q/m ratios (unlike 
for electrons). In 1919, a decade after winning a Nobel prize, Ernest 
Rutherford showed that protons emerged when a + 14N → 17O + p. 
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The 1930s
● The neutron was more difficult to discover because it has no charge

● Models of the nucleus with just e and p had problems: the “Oscar Klein 
Paradox” of too much energy for the e (uncertainty principle), and nuclear 
spins. The n was discovered in 1932 by James Chadwick. 

[a + Be → neutral particles (n); n + Paraffin → p]

● Nuclear physics developed very rapidly in the 1930’s: by 1938 fission had 
been discovered followed shortly by reactors and other applications.

● 1935: Fermi et al. Showed that n are very effective at disintegrating nuclei.
 Bethe explained this beautifully in a 1935 paper.
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“Theory of 
Disintegration of 

Nuclei by  
Neutrons”, 

by H.A. Bethe, 
Phys. Rev. 

47.747 (1935)
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Nuclear Potential + 
Centrifugal Barrier

[From 
https://web-docs.gsi.de/~wolle/TELEKOLLEG/KERN/LECTURE/Fraser/L21.pdf]
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Scattering of incoming particles: 
what we learn from Bethe’s paper

● We commonly assume that the incoming particles come along the 
z-axis and collide with the target at the origin. 

● The incoming wave is ~ exp(ikz), which can be resolved into 
incoming spherical waves. 

● At typically low energies, only S-waves (l = 0) contribute because 
higher l-values correspond to larger distances; alternatively the 
“centrifugal barrier” is higher. 
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sfiss. vs. neutron energy at low energies

Resonances
From online lecture notes of
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1952: Blatt & Weisskopf

Caveat:

Potential is 
approximate
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Blatt & Weisskopf, continued
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Blatt & Weisskopf, continued
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Blatt & Weisskopf, continued
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Blatt & Weisskopf, continued
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Breit & Wigner, 1936
In their 1936 paper, G. Breit & E. Wigner, Phys. Rev. 49, 519 state:

Caveat:

The states “s” of the free 
neutron are assumed not to 
interfere with scattered states; 
if so, interference must be 
accounted for.
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General description of Decays
● There are 3 degrees of freedom (momenta) for each final state 

particle, and 4 energy-momentum constraints. Thus, for an n-body 
decay we expect (3n – 4) degrees of freedom. Calculations are 
usually done in the rest frame of the decaying particle.

● In a 2-body decay, 0 → 1+2, the final state has 2 degrees of 
freedom. The energies and momenta of 1 and 2 are fixed, while the 
azimuthal and polar angles of the back-to-back decay line are not.

● In a 3-body decay, there should be 5 degrees of freedom. If the 
decaying particle is spinless, e.g., a B-meson, there is no 
dependence on the direction of one particle, eliminating two 
degrees of  freedom. The azimuthal angle of the other two around 
this direction can also be eliminated, leaving us with two degrees  
of freedom: E2 and E3, or some other variation thereof.
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From the PDG: Decays
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From the PDG: Scattering

vs BW
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From the PDG: Resonances
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PDG: 3-body Decays
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Dalitz Example 1

https://arxiv.org/pdf/2102.03703
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Dalitz Example 2
https://arxiv.org/pdf/2102.03703
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Some results from Scattering Theory
(see PDG note on “Resonances”)

● The 
● The Optical Theorem: 
● Partial wave expansion of the scattering amplitude (scalars; a→b): 

Upon normalizing the scattering amplitude by phase space factors:
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Some results from Scattering Theory, continued
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Some results from Scattering Theory, continued
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Partial wave decomposition
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More caveats (PDG)



 M. V. Purohit, Univ. of S. Carolina

Enforcing Unitarity

We skip over Q-vectors, P-vectors, …, lattice gauge calculations, ...
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Final Note from the PDG review
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BaBar:
~13,000 events 
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BaBar:
The π+π− mass distribution is then weighted by the spherical harmonic YL

0(cos θ) (L = 1 − 6). The resulting 
distributions of the YL

0 are shown in Fig. 4. A straightforward interpretation of these distributions is difficult, 
due to reflections originating from the symmetrization. However, the squares of the spin amplitudes appear in 
even moments, while interference terms appear in odd moments.
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Experimental Results: LASS, 1988
D. Aston et al, “A study of K-π+ scattering in the reaction K-p→K-π+n at 11 GeV/c”

Nuclear Physics B, 296(3), 493-526

Abstract

Results from a high statistics study of the reaction K-p→K-π+n are presented. These results are 
based on data obtained with an 11 GeV/c beam using the LASS spectrometer at SLAC. The 
mass dependence of the spherical harmonic moments provides clear evidence for the production 
of the complete leading orbitally excited K* series up through JP = 5-. These moments are used 
to perform an energy independent partial wave analysis of the K-p+ system from threshold to 2.6 
GeV/c2 using a t-dependent parametrization of the production amplitudes. The amplitudes 
corroborate the leading K*(892), K2*(1430), K3*(1780), K4*(2060), and K5*(2380) resonances 
observed directly in the moments, and also provide new evidence for underlying states. The 
0+ amplitude contains the K0*(1350) and a second 0+K*(1950) at higher mass. The 1- K*(1790) 
seen in earlier two and three-body analyses is confirmed, and evidence is provided for a 
suppressed K-π+ decay mode of a second 1- state, the K*(1410), which has been seen in earlier 
three-body analyses.
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Experimental Results: LASS, 1988
D. Aston et al, “A study of K-π+ scattering in the reaction K-p→K-π+n at 11 GeV/c”

Nuclear Physics B, 296(3), 493-526

~Partial Waves:
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Experimental Results: LASS, 1988
D. Aston et al, “A study of 

K-π+ scattering in the reaction 
K-p→K-π+n at 11 GeV/c”

Nuclear Physics B, 296(3), 493-526

m=0
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Experimental Results: LASS, 1988
D. Aston et al, “A study of 

K-π+ scattering in the reaction 
K-p→K-π+n at 11 GeV/c”

Nuclear Physics B, 296(3), 493-526

m=1
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E791   
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E791   
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E791:  The Second Solution  
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E791:  The Watson Theorem 
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Conclusions
● There are many complexities in fitting hadronic decays data and 

many open questions on how best to carry out these fits

● B decays at Belle II have a wider mass range and larger datasets

● Better fits should lead to a better understanding of hadronic
● Internal structure
● Spectroscopy
● Interactions

● Would be nice if we can accurately predict distributions from 
every hadronic interaction and from every decay!
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Extra Slides
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Decay angles
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