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Exercise 3 (deadline: May 26, 10:30 am, 2026)

1) Consider a perturbative solution of the pole condition (94). Let E(n) denote the nth-order

contribution in V̂t (or equivalently in F (q)) to the eigenenergy E, and expand the eigenenergy as

E = E(0) + E(2) + E(4) + · · · .

From Eq. (95), we have

E(0) = ω0.

Because V̂t is o!-diagonal, there are no odd-order contributions to the energy E. Substituting this

expansion into the self-energy ”(E), show that E(2) = ”(ω0).

2) For F (q) = F (q2) (i.e., spherically symmetric, depending only on q2) and ω0 > 0, evaluate

the imaginary part of E in the perturbative approximation E = ω0 + ”(ω0). Assume that F (q2)

vanishes sufficiently rapidly as |q2|→↑.


	Introduction: Hadrons, resonances, and entanglement
	Hadrons and QCD
	Exotic hadrons and resonances
	Hadron scattering and quantum entanglement
	References

	Resonances in quantum mechanics
	Overview of resonance states
	Resonances as eigenstates of Hamiltonian
	Square-well potential
	Discrete eigenstates
	Summary of §2

	Scattering theory primer
	Preliminaries
	Scattering amplitude
	Unitarity and scattering cross section
	Jost functions

	Resonances in scattering theory
	Resonances as poles of scattering amplitude
	Eigenenergies and Riemann sheets
	Classification of eigenstates
	Resonances and observables
	Effective range expansion
	Summary of §3 and §4

	Theory of Feshbach resonances
	Introduction
	Two-channel Hamiltonian
	Single-resonance approximation
	Scattering amplitude and resonance
	Summary of §5

	Nonrelativistic effective field theory 
	Effective field theories 
	Zero-range model 
	Two-boson scattering 
	Renormalization 
	Summary of §6 

	Compositeness and weak-binding relation 
	Introduction 
	Weak-binding relation 
	Compositeness in effective field theory 
	Weak-binding relation in effective field theory 
	Generalization to unstable states 
	³쬀믒»똀췰
	´쇃Íﴀ쿀¤츀싐¾츀삭¤저쇏È꼀꒹¤싐¾츀삭
	¾싖¡ꈀ뇩»묀믒¤츀ꖨ¥ꖿ¥ꖰ¥ꗡ¥ꗈ
	¥ꠀꗳ¥뼀ꗳ¥뀀ꗫ¥ꗳ¥저췞À
	¹혀뗁¤츀쳜É렀ꆢ»눀맍Ê렀뢥

	¥뤀ꗔ¥㄀⼀㈀뻵Â
	¾싖¤츀즽¸
	Ì꤀엙¹퐀컳
	¾싖¤츀쫑´뤀ꇊÎ찀믒¥눀ꆼ¥저ꇋ
	¼촀뇆Â가쓪

	2¥뤀ꗔ¥럏¤저ꖨ¥ꖿ¥ꖰ¥ꗡ¥ꗈ¡ꘀꖨ¥ꗈ¥ꗔ¡
	2¥뤀ꗔ¥뻵Â혀꓈Á됀ꖹ¥퐀ꗳ
	¥꼀ꗭ¥촀ꗃ¥꬀ꆼÀ
	´뀀솴À딀떬Ä븀룲·
	Á듘¤츀믘É

	¸씀억Á듘¤저컌»툀쇪´
	½뿨¾싖¤저몮¹뻵Â
	2¥뤀ꗔ¥듖¤츀쇪´
	¥ꠀꗳ¥뼀ꗳ¥뀀ꗫ¥ꗳ¥저꓈½찀쳳Ì꤀엙¹퐀컳

	Bell¤츀짔Å豈벰
	»똀췰Íﴀ쿀¡ꈀ匀맔Îꆢ¥ꠀꗳ¥뼀ꗳ¥뀀ꗫ¥ꗳ¥저ꆦ¥턀ꗯ¡
	S¹퐀컳¤저냌Á몹
	»똀췰Ä
	2¥뤀ꗔ¥럏¤츀컌»툀ꖲ¡밀ꗈ¤저ꖨ¥ꖿ¥ꖰ¥ꗡ¥ꗈ
	¥ꠀꗳ¥뼀ꗳ¥뀀ꗫ¥ꗳ¥저ꆦ¥턀ꗯ¡

	³쬀컏¤저ꖨ¥ꖿ¥ꖰ¥ꗡ¥ꗈÍ�삩
	2³쬀믒·케꓎Ç저우´�
	Á케좯¤뤀ꓫÂ퀀뻎À
	2³쬀믒·케꓎¥ꠀꗳ¥뼀ꗳ¥뀀ꗫ¥ꗳ¥저췞À
	Î찀믒¥눀ꆼ¥저꓋¤ꓫ²볡

	°죌¤츀ꖹ¥퐀ꗳ¡ꈀꗕ¥ꆼ¥퀀ꆼ¤�³저쒥
	¥케ꗉ¥ꗳ¤츀ꖹ¥퐀ꗳ¤저ꗕ¥ꆼ¥퀀ꆼ
	8½씀맠¥퀀ꗪ¥ꨀꗳ¤츀뮶Í
	¥뤀ꗔ¥㌀⼀㈀뻵Â
	10½씀맠¥퀀ꗪ¥ꨀꗳ¤츀뮶Í


