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Introduction

New approach to pion-nucleon scattering and related

EM currents that is ”taylor made’ for Tony’s Cloudy Bag Model

Generally, one cannot start with Lstrong and then solve resulting QFT

exactly

Most non-perturbative approaches use standard ”dynamical

equations”, Lippmann-Schwinger, Bethe-Salpeter, Dyson-Schwinger,

etc., that effectively sum a subset of the full perturbation series

Good: such approaches respect (at least) 2-body unitarity

Bad: symmetries broken (crossing, gauge invariance, PCAC. . . )

in the process

Here I present an approach that sums the perturbation series in a

different way, so that symmetries are preserved
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Gauging equations method

To generate equations for EM currents of strong processes:
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Gauging equations method

To generate equations for EM currents of strong processes:

�

�

�

�Dynamical equation for any strongly interacting system

�




�

	

Equation describing the interaction of this system with an

external EM field

Attach photon everywhere

Resulting EM currents are gauge invariant
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Gauging the two-body Green function

Given the Bethe-Salpeter equation

G = G0 +G0V G (1)

= G
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Gauging the two-body Green function

Given the Bethe-Salpeter equation

G = G0 +G0V G (1)

= G

add µ everywhere in Eq. (1):

G
µ = G

µ
0 +G

µ
0V G+G0V

µ
G+G0V G

µ
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Gauging the two-body Green function

Given the Bethe-Salpeter equation

G = G0 +G0V G (1)

= G

add µ everywhere in Eq. (1):

G
µ = G

µ
0 +G

µ
0V G+G0V

µ
G+G0V G

µ

this attaches a photon everywhere in G and gives the 5-point

function

G
µ = G
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Gauging the two-body Green function

simple algebra gives

G
µ = GΓµ

G

Γµ = G
−1

0 G
µ
0G

−1

0 + V
µ

= + + V
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Gauging the two-body Green function

simple algebra gives

G
µ = GΓµ

G

Γµ = G
−1

0 G
µ
0G

−1

0 + V
µ

= + + V

Gauge invariance is guaranteed since photon is attached

everywhere

More precisely:

if inputs Gµ
0 and V µ satisfy Ward-Takahashi identities,
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Gauging the two-body Green function

simple algebra gives

G
µ = GΓµ

G

Γµ = G
−1

0 G
µ
0G

−1

0 + V
µ

= + + V

Gauge invariance is guaranteed since photon is attached

everywhere

More precisely:

if inputs Gµ
0 and V µ satisfy Ward-Takahashi identities,

then output Gµ satisfies the Ward-Takahashi identity
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Gauging the bound state wave function

The two-body bound state equation:

ψ = G0V ψ (2)

ψ = V ψ
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Gauging the bound state wave function

The two-body bound state equation:

ψ = G0V ψ (2)

ψ = V ψ

ψ ψ

Gauging

�




�

	

Attaching photon to a

nonperturbative object

Gauging Eq. (2): ψµ = G
µ
0V ψ +G0V

µψ +G0V ψ
µ

Electromagnetic currents of the pion-nucleon system – p. 6/26



Flinders UniFlinders UniFlinders Uni ◭ � ◮

Gauging the bound state wave function

The two-body bound state equation:

ψ = G0V ψ (2)

ψ = V ψ

ψ ψ

Gauging

�
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Attaching photon to a

nonperturbative object

Gauging Eq. (2): ψµ = G
µ
0V ψ +G0V

µψ +G0V ψ
µ

simple algebra gives: ψµ = GΓµψ

Electromagnetic currents of the pion-nucleon system – p. 6/26



Flinders UniFlinders UniFlinders Uni ◭ � ◮

Gauging the bound state wave function

The two-body bound state equation:

ψ = G0V ψ (2)

ψ = V ψ

ψ ψ

Gauging

�




�

	

Attaching photon to a

nonperturbative object

Gauging Eq. (2): ψµ = G
µ
0V ψ +G0V

µψ +G0V ψ
µ

simple algebra gives: ψµ = GΓµψ

The ”deuteron” photodisintegration amplitude is then
�

�

�

�
G−1

0 ψµǫµ
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Gauging the three-body Green function

Again

G = G0 +G0V G

G
µ = G

`

G
−1

0 G
µ
0G

−1

0 + V
µ

´

G

but now (neglecting 3-body forces)

V =
X

i
vi

i

=
X

i

vid
−1

i

V
µ =

X

i

`

v
µ
i d

−1

i + vi(d
−1

i )µ
´

=
X

i

`

v
µ
i d

−1

i − viΓ
µ
i

´
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G = G0 +G0V G
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µ = G
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0G
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0 + V
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´

G
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V =
X
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vi
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X
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−1

i

V
µ =

X
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`

v
µ
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´
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Gauging the three-body Green function

Again

G = G0 +G0V G

G
µ = G

`

G
−1

0 G
µ
0G

−1

0 + V
µ

´

G

but now (neglecting 3-body forces)

V =
X

i
vi

i

=
X

i

vid
−1

i

V
µ =

X

i

`

v
µ
i d

−1

i + vi(d
−1

i )µ
´

=
X

i

`

v
µ
i d

−1

i − viΓ
µ
i

´

�
�

�
�Subtraction term

�
�

�
�Subtraction term arises automatically and stops overcounting!
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Standard description of πN scattering

t

=

tb
+

fgf

tb
=

vb

+

vb G0 t
b

f

=

f0

+

tbG0 f
0

g
−1 = g

−1

0 − Σ Σ =

f0f̄

Good: two-body unitarity
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Standard description of πN scattering

t

=

tb
+

fgf

tb
=

vb

+

vb G0 t
b

f

=

f0

+

tbG0 f
0

g
−1 = g

−1

0 − Σ Σ =

f0f̄

Good: two-body unitarity

Bad: No crossing symmetry once vb approximated, no PCAC
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An new (formal) description of πN scattering

Start with the dressed propagator g of the standard description
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An new (formal) description of πN scattering

Start with the dressed propagator g of the standard description

Then ”double gauge” g, but with pions

First ”single gauge” g with an external pion:
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An new (formal) description of πN scattering

Start with the dressed propagator g of the standard description

Then ”double gauge” g, but with pions

First ”single gauge” g with an external pion:

g = g0 + g0Σg
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An new (formal) description of πN scattering

Start with the dressed propagator g of the standard description

Then ”double gauge” g, but with pions

First ”single gauge” g with an external pion:

g = g0 + g0Σg

g
µ = g Γµ

g Γµ = Γµ
0 + Σµ

Γµ = Γµ
0 + f̄

µ
0 G0f + f̄G0f

µ
0 + f̄G

µ
0f + f̄G0v

µ

b G0f

Γµ
=

Γµ
0

+

f̄
µ
0

+
f

µ
0

+
G

µ
0

+
v

µ

b
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An new (formal) description of πN scattering

Identifying Γµ with f and comparing with the standard expression

f

=

f0

+

vbG0 f

yields a noteworthy result
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An new (formal) description of πN scattering

Identifying Γµ with f and comparing with the standard expression

f

=

f0

+

vbG0 f

yields a noteworthy result

f0 = Γµ
0 +

f̄ f
µ
0

vb =

f̄
µ
0

+

f̄ Γµ

+

f̄ v
µ

b
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An new (formal) description of πN scattering

Now ”double gauge” by gauging gµ:
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An new (formal) description of πN scattering

Now ”double gauge” by gauging gµ:

gµ = gΓµg
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An new (formal) description of πN scattering

Now ”double gauge” by gauging gµ:

gµ = gΓµg

gµν = g (ΓµgΓν + ΓνgΓµ + Γµν) g Γµν = Γµν
0 + Σµν
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An new (formal) description of πN scattering

Now ”double gauge” by gauging gµ:

gµ = gΓµg

gµν = g (ΓµgΓν + ΓνgΓµ + Γµν) g Γµν = Γµν
0 + Σµν

TπN = ΓµgΓν + ΓνgΓµ + Γµν
0 + Σµν

TπN =

Γµ Γν

+

Γν Γµ

+

Γµν
0

+ Σµν

Σµν = f̄
µν
0 G0f + f̄G0f

µν
0 + f̄G0∆

µν
G0f

+ f̄
µ
0 G∆ν

G0f + f̄G0∆
ν
Gf

µ
0 + (µ↔ ν)

+ f̄
µ
0 Gf

ν
0 + f̄G0∆

µ
G∆ν

G0f + (µ↔ ν)

∆µ = Γµ
g
−1
π + v

µ

b , G = G0 +G0tbG0
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An new (formal) description of πN scattering

Σµν =

f̄
µν
0 G0 f

+

f̄G0f
µν
0

+

f̄ G0∆
µνG0f

+ G

f̄
µ
0

∆ν f

+ G

f̄ ∆ν
f

µ
0

+ (µ↔ ν)

+ G

f̄
µ
0

fν
0

+ G

f̄0 ∆µ ∆ν f

+ (µ↔ ν)

Bad: ?
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An new (formal) description of πN scattering

Σµν =

f̄
µν
0 G0 f

+

f̄G0f
µν
0

+

f̄ G0∆
µνG0f

+ G

f̄
µ
0

∆ν f

+ G

f̄ ∆ν
f

µ
0

+ (µ↔ ν)

+ G

f̄
µ
0

fν
0

+ G

f̄0 ∆µ ∆ν f

+ (µ↔ ν)

Bad: ?

Good: Obeys crossing symmetry, PCAC a possibility
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Standard description of pion photoproduction

t

=

tb
+

fgf

tb
=

vb

+

tbG0 v
b

f̄

=

f̄0

+

f̄0G0 t
b
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Standard description of pion photoproduction

Mµ

=

M
µ

b

+

Γµgf

M
µ

b

=

Bµ

+

tbG0B
µ

Γµ

=

Γµ
0

+

f̄0G0M
µ

b

Good: two-body unitarity guaranteed (Watson’s theorem)
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Standard description of pion photoproduction

Mµ

=

M
µ

b

+

Γµgf

M
µ

b

=

Bµ

+

tbG0B
µ

Γµ

=

Γµ
0

+

f̄0G0M
µ

b

Good: two-body unitarity guaranteed (Watson’s theorem)

Bad: not gauge invariant
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Gauge invariant pion photoproduction

Start with the dressed πNN vertex

f

of the standard πN

description
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Gauge invariant pion photoproduction

Start with the dressed πNN vertex

f

of the standard πN

description

Then gauge the equation for G0fg since

M
µ = G

−1

0 (G0fg)
µ
g
−1

is the pion photoproduction amplitude
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Gauge invariant pion photoproduction

Start with the dressed πNN vertex

f

of the standard πN

description

Then gauge the equation for G0fg since

M
µ = G

−1

0 (G0fg)
µ
g
−1

is the pion photoproduction amplitude

f = f0 + vbG0f :
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Gauge invariant pion photoproduction

Start with the dressed πNN vertex

f

of the standard πN

description

Then gauge the equation for G0fg since

M
µ = G

−1

0 (G0fg)
µ
g
−1

is the pion photoproduction amplitude

f = f0 + vbG0f :

(G0fg)
µ = (G0f0g)

µ + (G0vbG0fg)
µ

= (G0f0g)
µ + (G0vb)

µ + (G0fg)
µ
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Gauge invariant pion photoproduction

Start with the dressed πNN vertex

f

of the standard πN

description

Then gauge the equation for G0fg since

M
µ = G

−1

0 (G0fg)
µ
g
−1

is the pion photoproduction amplitude

f = f0 + vbG0f :

(G0fg)
µ = (G0f0g)

µ + (G0vbG0fg)
µ

= (G0f0g)
µ + (G0vb)

µ + (G0fg)
µ

Mµ = fgΓµ + (1 + tG0) (fµ
0 + Γµ

0G0f + v
µ

b G0f)
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Gauge invariant pion photoproduction

The derived pion photoproduction amplitude is:

Mµ

=

Γµgf

+ (1 + tG0)

Bµ

Bµ

=

f
µ
0

+
g fΓµ

+

f

+

G0v
µ

b
f
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Gauge invariant pion photoproduction

The derived pion photoproduction amplitude is:

Mµ

=

Γµgf

+ (1 + tG0)

Bµ

Bµ

=

f
µ
0

+
g fΓµ

+

f

+

G0v
µ

b
f

The amplitude Mµ is gauge invariant as long as the gauged inputs

Γµ, fµ
0 , and v

µ

b satisfy Ward-Takahashi identities.
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Gauge invariant pion photoproduction

f
µ
0 and v

µ

b can be constructed either from models of substructure, or

if phenomenological, from a minimal substitution prescription.
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Gauge invariant pion photoproduction

f
µ
0 and v

µ

b can be constructed either from models of substructure, or

if phenomenological, from a minimal substitution prescription.

But Γµ must be constructed by gauging the dressed propagator g:
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Gauge invariant pion photoproduction

f
µ
0 and v

µ

b can be constructed either from models of substructure, or

if phenomenological, from a minimal substitution prescription.

But Γµ must be constructed by gauging the dressed propagator g:

g
µ = g Γµ

g Γµ = Γµ
0 + Σµ

Γµ = Γµ
0 + f̄

µ
0 G0f + f̄G0f

µ
0 + f̄G

µ
0f + f̄G0v

µ

b G0f

Γµ
=

Γµ
0

+

f̄
µ
0

+
f

µ
0

+
G

µ
0

+
v

µ

b
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Pion photoproduction in the spectator model

For the standard description of πN scattering we follow the

approach of Gross and Surya (PRC 47, 703 (1993)):

gπ(k) =
i

k2 − µ2 + iǫ
→ δπ(k) = 2πδ+(k2

− µ
2)

t

=

tb
+

fgf

tb
=

vb

+

vb G0 t
b

f

=

f0

+

tbG0 f
0

g
−1 = g

−1

0 − Σ Σ =

f0f̄
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Pion photoproduction in the spectator model

For photoproduction, there are two ways to implement the

spectator 3D reduction:
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=
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=
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For photoproduction, there are two ways to implement the

spectator 3D reduction:

1. Replace gπ → δπ in the 4D gauged equations

Mµ

=

Γµgf

+ (1 + tG0)

Bµ

Bµ

=

f
µ
0

+
g fΓµ

+

f

+

G0v
µ

b
f

�
�
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Pion photoproduction in the spectator model

For photoproduction, there are two ways to implement the

spectator 3D reduction:

1. Replace gπ → δπ in the 4D gauged equations

Mµ

=

Γµgf

+ (1 + tG0)

Bµ

Bµ

=

f
µ
0

+
g fΓµ

+

f

+

G0v
µ

b
f

�
�

�
�What to do? In any case, gauge invariance will be lost
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Pion photoproduction in the spectator model

2. Gauge the 3D spectator equations:

t

=

tb
+

fgf

tb
=

vb

+

vb G0 t
b

f

=

f0

+

tbG0 f
0

g
−1 = g

−1

0 − Σ Σ =

f0f̄
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Pion photoproduction in the spectator model

2. Gauge the 3D spectator equations:

t

=

tb
+

fgf

tb
=

vb

+

vb G0 t
b

f

=

f0

+

tbG0 f
0

g
−1 = g

−1

0 − Σ Σ =

f0f̄

In this case one is faced giving meaning to δµ
π :

δ
µ
π =
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Pion photoproduction in the spectator model

A meaningful δµ
π needs to:
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Pion photoproduction in the spectator model

A meaningful δµ
π needs to:

satisfy the Ward-Takahashi identity

(k′µ − kµ)δµ
π(k′, k) = ieπ

ˆ

δπ(k) − δπ(k′)
˜
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(k′µ − kµ)δµ
π(k′, k) = ieπ

ˆ
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and the Ward identity
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Pion photoproduction in the spectator model

A meaningful δµ
π needs to:

satisfy the Ward-Takahashi identity

(k′µ − kµ)δµ
π(k′, k) = ieπ

ˆ

δπ(k) − δπ(k′)
˜

and the Ward identity

δ
µ
π(k, k) = −ieπ

∂δπ(k)

∂kµ

be covariant

reduce a d4k integral to a d3k integral

Such a δµ
π is provided by the Ansatz

δµ
π(k′, k) = 2πieπ(k′

µ
+ kµ)

δ+(k′2 − µ2) − δ+(k2
− µ2)

k2 − k′2
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Pion photoproduction in the spectator model

The nucleon EM vertex in the gauged spectator model is

Γµ
=

Γµ
0

+

f̄
µ
0

+
f

µ
0

+
Γµ

+
δµ

π

+
v

µ

b
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Preliminary numerical results:

Spectator model fits πN phase shifts well to 600 MeV (π lab KE)
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=
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0

+

f̄
µ
0

+
f

µ
0

+
Γµ

+
δµ

π

+
v

µ

b

Preliminary numerical results:

Spectator model fits πN phase shifts well to 600 MeV (π lab KE)

Checked that the numerical calculation of Γµ satisfies the

Ward-Takahashi identity
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Pion photoproduction in the spectator model

The nucleon EM vertex in the gauged spectator model is

Γµ
=

Γµ
0

+

f̄
µ
0

+
f

µ
0

+
Γµ

+
δµ

π

+
v

µ

b

Preliminary numerical results:

Spectator model fits πN phase shifts well to 600 MeV (π lab KE)

Checked that the numerical calculation of Γµ satisfies the

Ward-Takahashi identity

Form factors F1(q
2) and F2(q

2) extracted: pion cloud contribution

is small
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Conclusions

General:

Attachment of external pions, photons, etc. to standard dynamical

equations provides a different way of effectively summing strong

interaction perturbation series
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Conclusions

General:

Attachment of external pions, photons, etc. to standard dynamical

equations provides a different way of effectively summing strong

interaction perturbation series

The fact that the attachment is complete leads to amplitudes that

preserve symmetries

πN equations:

Gauging the dressed nucleon propagator g with one pion leads to

an interesting ”self consistency” equation for the πN potential vb.

Gauging g with two pions gives a πN amplitude that is crossing

symmetric

Complete pion attachment is a necessary first step towards PCAC
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Conclusions

Pion photoproduction:

Gauging the dressed πNN vertex G0fg with one photon leads to

the gauge invariant pion photoproduction amplitude
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contribution to the nucleon EM form factors
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The very existence of the gauging method relies on giving meaning

to the attachment of pions and photons to bare nucleons (also to f0

and vb) . The method craves the CBM!
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Conclusions

Pion photoproduction:

Gauging the dressed πNN vertex G0fg with one photon leads to

the gauge invariant pion photoproduction amplitude

The practicality of the new ”gauged equations” is being currently

investigated on the example of the gauged spectator model of πN

Preliminary results indicate that the pion cloud gives only a small

contribution to the nucleon EM form factors

Finally:

The very existence of the gauging method relies on giving meaning

to the attachment of pions and photons to bare nucleons (also to f0

and vb) . The method craves the CBM!

Happy Birthday Tony!
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