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S11(1535) confusion

FIT Γfull(MeV) bfπN A
p
1
2

reaction

VPI(96) 105 0.31 60 ± 15 πN → πN , γp→ πp
Drechsel(99) 80 0.40* 67 γp→ πp
Krusche(97) 212 0.45* 120 γp→ ηp

Sauermann(96) 162 0.41 102 ± 20 πN → πN ,γp→ π, ηp
Pitt-ANL(00) 126 0.34 87 ± 3 All

Feuster(99-00) 151-215 ∼ 0.31 91-106 All
PDG 100-250 0.35-0.55 90 ± 30 averaging

* uses PDG value

thanks to Steve Dytman



the little page with the big statements

“we shall overcome” ... “technical” ... “food for mathematicians and

philosophers” Not really! Extracting microscopic information

• Unstable states are hard to handle consistently in field theory

(arrow-of-time, unitarity)

• One cannot postulate m+ iΓ without a microscopic model for the

interaction and decay channels







Hamiltonian: two discrete states a and b, one continuum ε.

H = |a〉ma〈a|+ |b〉mb〈b|+
∫ 1

0
dε|ε〉ε〈ε|

+
∫ 1

0
dε g

√
ε(1− ε)[|a〉〈ε|+ |b〉〈ε|+ |ε〉〈a|+ |ε〉〈b|]

where |ε〉 ∼
∫
dk[PS]|k〉. Wave function (for energy ω : 0 < ω < 1):

|ω〉 = αa|a〉+ αb|b〉+
∫
dεβ(ε)|ε〉

⇒ β =
(

1

ω − ε
+ z(ω)δ(ω − ε)

)
g
√
ε(1− ε)(αa + αb)

Inserting β back gives (ω −H) · α = 0, hence det[ω −H] = 0 yields z:

z(ω) =
1

ω(1− ω)

( g2

ω −mb
+

g2

ω −ma

)−1

− (ω −
1

2
)− ω(1− ω) log

∣∣∣∣ ω

1− ω

∣∣∣∣




Some properties

perturbative definition

Γ = |〈a|H|ε〉|2 = g2ε(1− ε)

The phase shift

δr = arctan
−π
z(ω)

Scattering amplitude

T =
1

z(ω) + iπ
≈g→0

g2ω(1− ω)

(ω −ma)(ω −mb)/(2ω −ma −mb) + iπg2ω(1− ω)

Some examples:



Real amplitude ——–
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T-Matrix / S-Matrix nothing new

V
1

E −H0
V

1

E −H0
V

1

E −H0
V

1

E −H0
V

Green’s Function / Propagator / Resolvent

1

E −H0
V

1

E −H0
V

1

E −H0
V

1

E −H0

Eigenstates / Möller Operator

1

E −H0
V

1

E −H0
V

1

E −H0
V

1

E −H0
V φ0

It all boils down to evaluating:

N∑
i

(
1

E −H0
V

)i



THE CORE

• Approximations at the level of the Hamiltonian

(state selection)

• Maintaining unitarity and analyticity

• Restricting parameters through quantum field theory

• Renormalization (No fitting with cut-offs)



Fano in a nutshell

THE HAMILTONIAN (Type I)

H =
k∑
i=1

|i〉mi〈i|+
∫
dε |ε〉ε〈ε|

+
k∑
i=1

∫
Wi(ε)dε

(
|ε〉e−iφi(ε)〈i| + |i〉eiφi(ε)〈ε|

)
,

THE “EIGENSTATE” WITH ENERGY ω

|ω〉 =
∫
dεβ(ω, ε)|ε〉+

k∑
i=1

αi(ω)|i〉 .



Fano in a nutshell

THE HAMILTONIAN (Type II)

H = |1〉m〈1|+
k∑

a=1

∫
dε |ε, a〉ε〈ε, a|

+
k∑

a=1

∫
Wa(ε)dε

(
|ε, a〉e−iφa(ε)〈1| + |1〉eiφa(ε)〈ε, a|

)
,

THE “EIGENSTATES” WITH ENERGY ω

|ω, b〉 =
k∑

a=1

∫
dεβ

(b)
a (ω, ε)|ε, a〉+ α(b)(ω)|1〉 .



Summary

HI =


m1 W1

. . . ...
mk Wk

W ∗1 · · · W ∗k ε

 HII =


m W1 · · · Wk
W ∗1 ε1

... . . .
W ∗k εk



can be solved in closed form ... (Fano)

... Many more can be turned into discrete numeri-
cal problems with exact (within numerical accuracy)
solutions.



Fano Type I where the free lunch went for dinner

β(ω, ε) in terms of the α’s:

β(ω, ε) =
(

1

ω − ε
+ z(ω)δ(ω − ε)

) k∑
i=1

αi(ω)Wi(ε)e
−iφi(ε)

For the consistency condition on z(ω) we define:

Fji(ξ) = Wi(ξ)Wj(ξ)e
i(φj(ξ)−φi(ξ))

Fji(η) =
1

π

∫
dξ
Fij(ξ)

η − ξ
Fji is hermitian and yields the shifted, but real, en-
ergies of the discrete states:

z(ω) =
(
W†(ω) · ((ω − ε)− πF(ω))−1 ·W(ω)

)−1



form factors

NR formulae

renormalization scale

low−energy constants

cut−off

(the hadronic Lagrangian
  is not fundamental!)
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Many intermediate
states

between ρ and ππππ
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ρρ
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π
π

π
π

π

g g

g g
2 2

approximated by: ∝ (k2)k8dk/ω2
π



COVARIANCE

adding the backward diagrams to the real part restores covariance:∫
dε
f(ε2)

ω − ε
+
∫
dε

f(ε2)

ω − (2ω + ε)
=
∫
dε2

f(ε2)

ω2 − ε2

(Only in the real parts, because threshold > 1800 MeV)



Problems with multi-loop Feynman diagrams

Picking just one: Pseudo-thresholds

which turn up at succesive four-momentum integrations

(or as singularities in Feynman parameters)
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log scale
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This is just the beginning ......

foundations of modern resonance theory

PROJECTS

• Fano Type 3V (multiple discrete and continuum states)

• Three-body statesV , t-exchangeV , Nππ final states (sic)

• Systematize renormalization

• Coupled channel analysis, numerical code




