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# Infroduction

» New approach to pion-nucleon scattering and related

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

» Generally, one cannoft start with Lstrong dNd then solve resulting QFT
exactly

» Most non-perturbative approaches use standard “dynamical
equations”, Lippmann-Schwinger, Bethe-Salpeter, Dyson-Schwinger,
efc., that effectively sum a subset of the full perturtbation series

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

» Bad: symmetries broken (crossing, gauge invariance, PCAC...)
iNn the process

» Here | present an approach that sums the perturbation series in a
different way, so that symmetries are preserved
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» 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:

y
[Dynamiccl equation for any stfrongly interacting system J

Attach photon everywhere

;
Equation describing the interaction of this system with an
external EM field

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

» Given the Bethe-Salpeter equation

G =Go+ GoVGE (D
= G
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Gauging the fwo-body Green function

» Given the Bethe-Salpeter equation

G = Go+ GoVG (b

= G

» add i everywhere in EqQ. (1):

G' =G+ GIVG + GoV"G + GoVG”

Flinders Uni > O >
Electromaagnetic currents of the pion-nucleon system - p. 4/26



Gauging the fwo-body Green function

» Given the Bethe-Salpeter equation

G = Go+ GoVG (b

= G

» add u everywhere in EqQ. (1):
G" =Gy +GyVG+ GoV"G + GoVG”

» this affaches a photon everywhere in G and gives the 5-point
function

Gl = G
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Gauging the fwo-body Green function

» simple algebra gives

G'=GI"G

=Gy 'GhGyt + V"

; : §
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Gauging the fwo-body Green function

» simple algebra gives

G'=GI"G

=Gy 'GhGyt + V"

; : §

= 1 S + %

» Gauge invariance is guaranteed since photon is affached
everywhere

» More precisely:
» if inputfs Gy and V* satisfy Ward-Takahashi identities,

» tThen oufput G* satisfies the Ward-Takahashi identity
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Gauging the bound sfate wave function

» The two-body bound stafe equation:

Y =GV 2

o= - (%
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» The two-body bound stafte equation:
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: Gauglng

\ Aftfaching photon fo a
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Gauging the bound sfate wave function

» The two-body bound stafte equation:

Y = GV (2)

>@): = % Y
: Gauglng

\ Aftfaching photon fo a
nonperturbative object

» Gauging Eqg. (2): D = GEVY + GoVip + GoVap
» simple algebra gives: Yt = GI'*y

» The “"deuteron” photodisinfegration amplitude is then [Gglw“euj
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Gauging the three-body Green function

» Again

G =Gyg+GoVGE
G'=G(Gy ' GLGy '+ VM) G

but now (neglecting 3-body forces)

i
V= Z — = > wd;

7

V=S (vid ! oi(di )

= Z (U;Ld;l — Uirét)
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Gauging the three-body Green function

» Again

G =Gyg+GoVGE
G'=G(Gy ' GLGy '+ VM) G

but now (neglecting 3-body forces)

i
V= Z — = > wd;

7

V=S (vid ! oi(di )
= Z (U;Ld;l — Uirét)

» | Subtraction term —J

b (Sub’rroc’rion term arises automatically and stops overcoun’ring!)
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Standard description of wIN scaftering
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» Good: two-body unitarity
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Standard descriptfion of =N scafttering

~ 7 ~ 7 N 7
\./ — \C/ + y (
t tb f 9 f
~ ” ~ 7 N — 7
~ - ~ 7 N / ~ 7
\C/ — \D/ _|_ \D b/
tb Ub ’UbGotb
\ \ N Q -
\ \ N\ 7
—o— = —p— + —o—0—
f fo tbGofO
-1 -1 7 =
g = go — X 2 = —O
fJo

» Good: two-body unitarity

» Bad: No crossing symmetry once v* approximated, no PCAC
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An new (formal) descriptfion of =N scaffering

» Start with the dressed propagator g of the standard description
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An new (formal) descriptfion of =N scaffering

» Start with the dressed propagator g of the standard description
» Then “double gauge” g, but with pions
» First “single gauge” ¢ with an external pion:

> 9 =go+ goxg

g" =gy M =Ty +3"

" =Th + fYGof + fGofl + G5 f + fGovy Gof

I
| I N I N
— - + 8 e + ——5—
G ¥ F7s fo
I I
-F. ’\,:\/‘
+ —¢-b-o— + —O—o
Gy Uy
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An new (formal) descriptfion of =N scaffering

» Identifying I'* with f and comparing with the standard expression

N _ \ 4 N /‘b
Go f

O

yields a noteworthy result
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» Identifying I'* with f and comparing with the standard expression

N _ \ 4 N /‘b
Go f
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An new (formal) descriptfion of =N scaffering

» Now “double gauge” by gauging g¢*:
» g" =gy
» g =gHgl" +T"gl'" +T") g r“ =Tg" + X"

Ten =THgl" 4+ TVgl" +T" + X1

Ter == \ / + \\x// + \\ // =+ X
»—¢& —e XK
r“rv r~ r~ Fg‘”
S o= fEGof + fGofl” + FGo A" Gof
+ fYGA"Gof + fGoA"GfY + (n—v)
+ f0Gfe + [GoA"GA"Gof + (n < v)
A“:F“g;1+vg‘, G = Go + GotyGo
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An new (formal) descriptfion of =N scaffering

RN - \\\ -~ /’—\’»\741_\\
ny o A/ N i\ 4 \
2= g t —e—0— T ¢—o—o
o Go f fGofy” fGoA" Gof
-« /-— - /_\ /—\x/— —\ P
v / \ /7 \ G v
+ —0 o— '+ —o-o o— + (ke
fo AT f f A" o
-~ /- -y - = PR SR ’~\A,-\
\Y; \Y /7 \ G /7 \
+ O O + —ee oo— + (o)
it 0 fo A" A" f
» Bad: ?
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An new (formal) descriptfion of =N scaffering

’—\

-—

~ -~

-~ /’ \\ 7 \\ - 7 > =4 A S
v N g e 7NN
= 0—e + o + ¢—eo—o
0 Go f fGofy” f Go A" Go f
—\ /-— —\x/_\ /—\ - - —\ /~
v G /7 \ /7 \ G \Y;
+ O o—o— = —eoo O
i3 A" f f A7 Y
-~ /- = - = PR SR ’~\A,-\
\Y; G \% /7 N\ G /7 N\
+ O O + —o—e o—0—
B 5 fo A A”f
» Bad: ?

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

\\ // \\ // \ /
& - O t —o—0—e—

t tb f g9 f
\\\ /// \\\ /// \\\ 7N ///
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Standard description of pion photoproduction
\\\“j‘jd N N i
M f g I'®
B A G s ol
BM
‘f — df + -

t* Gy B*
e o f° Go M}

/
/
/
I

v

» Good: two-body unitarity guaranteed (Watson’s theorem)
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Standard description of pion photoproduction
\\\“j‘jd N N r_J
M f g I'®
B A G s ol
BM
‘f — df + -

t* Gy B*
e o f° Go M}

/
/
/
I

v

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

» Bad: not gauge invariant
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Gauge invariant pion photoproduction

» Start with the dressed # NN vertex _\._ of the standard =V
description f

Flinders Uni > O >
Electromaagnetic currents of the pion-nucleon system - p. 15/26



Gauge invariant pion photoproduction

» Start with the dressed # NN vertex _\’_ of the standard =V
description f

» Then gauge the equation for G f¢ since
M" =Gy (Gofg)'g™
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Gauge invariant pion photoproduction

» Start with the dressed # NN vertex _\’_ of the standard =V
description f

» Then gauge the equation for G f¢ since
M" =Gy (Gofg)'g™

is tThe pion photoproduction amplitfude
» f=fo+uvGof:
» (Gofg)" = (Gofog)" + (GoveGofg)"

= (Gofog)" + (Gowp)" + (Gofg)"
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Gauge invariant pion phofoproduction

» Start with the dressed # NN vertex _\‘_ of the standard =V
description f

» Then gauge the equation for G f¢ since
M" =Gy (Gofg)'g™

is tThe pion photoproduction amplitfude
» f=fo+uvGof:
» (Gofg)" = (Gofog)" + (GoveGofg)"

= (Gofog)" + (Gowp)" + (Gofg)"

M*" = fgT'"* + (1 +tGo) (f§ + THGof + vy Gof)

Flinders Uni > O >
Electromaagnetic currents of the pion-nucleon system - p. 15/26



Gauge invariant pion photoproduction

» The derived pion photoproduction amplitude is:
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Gauge invariant pion photoproduction

» The derived pion photoproduction amplitude is:

B+ Iy re g
\\v\/\/\l \\\ -

~ N

T —_——— T O ®

f v, Go f

» The amplitude M* is gauge invariant as long as the gauged inputs
v, f§, and v, satisfy Ward-Takahashi identities.
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Gauge invariant pion photoproduction

» fi and v can be constructed either from models of substructure, or
if phenomenological, from a minimal substitution prescription.
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Gauge invariant pion photoproduction

» fi and v,” can be constructed either from models of substructure, or
if phenomenological, from a minimal substitution prescription.

» But I' must be constructed by gauging the dressed propagator g:

9" =gT"g =Ty + 37

I =T% + fi'Gof + fGofl + fGy f + fGovy, Gof

I Iy
7 \ - é\/ -~
Go Uy
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Pion photfoproduction in the spectafor model

» For the standard description of 7N scaftering we follow the
approach of Gross and Surya (PRC 47, 703 (1993)):

1

(k) = ox (k) = 2n61 (K — 1°
00 = ey — 0e() = 2w (K - )
~ 7 ~ 7’ N /
S o e S o e N P
® = o + —o—o—o—
t £b fa9 f
~ ” ~ 7 N — 7
~ - ~ 7 ~ / ~ 7
\C/ — \D/ _|_ \D b/
tb Ub UbGotb
\ \ N Q -
\ \ < 7
—o— = —0o— t —o—0—
f fO tbGofo
-1 -1 7 =
g7 = g - Y= )
fofo
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Pion photfoproduction in the spectafor model

» For the standard description of 7N scaftering we follow the
approach of Gross and Surya (PRC 47, 703 (1993)):

1

<(k) = or(k) = 2767 (K — u?
9o(0) = e ek =20t = )
\\ /’ \\ /’ \\ ,’
\./ — \C/ + : :
t £? f 9 f
RS -7 RS -7 \\ /X\ //
\C/ — \D/ _|_ \D b/
tb Ub UbGotb
\\ \\ \\\ /X
—— = —0o— t —o—0—
f fo tbGofo
%
g = go' -% 2= e
fJfo
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Pion photfoproduction in the specfafor model

» For photoproduction, there are two ways to implement the
spectator 3D reduction:
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Pion photfoproduction in the spectafor model

» For photoproduction, there are tTwo ways to implement the
spectator 3D reduction:

» 1. Replace g, — §, in the 4D gauged equations

‘fﬂ ) }. . ‘_ﬂ (s iGe 'Jf
g

M* r~ B*
N N s\‘\
T e .
B* fo e 9 f
\\v\/\/\l \\\ -
~ RN
T —e— T —e
f v Go f
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Pion photfoproduction in the spectafor model

» For photoproduction, there are tTwo ways to implement the
spectator 3D reduction:

» 1. Replace g, — §, in the 4D gauged equations

\“-’JJ —~ \\. ° ‘.)") + (14 tGo) \*.ffJ
f g

M* r~ B*

S o .f“w
. *ﬁ?’v fW\
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Pion photfoproduction in the spectafor model

» For photoproduction, there are tTwo ways to implement the
spectator 3D reduction:

» 1. Replace g, — §, in the 4D gauged equations

\“-’JJ —~ \\. ° ‘.)") + (14 tGo) \*.ffJ
f g

M* r~ B*

S o .f“w
. *ﬁ?’v fW\

» [ What to do?
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Pion photfoproduction in the spectafor model

» For photoproduction, there are tTwo ways to implement the
spectator 3D reduction:

» 1. Replace g, — §, in the 4D gauged equations

\“-’JJ — \\. ° ‘.)") + (14 tGo) \*.ffJ
f g

M* r~ B*

S o .f“w
. *ﬁ?’v ZMK

7 [Who’r tfo do? In any case, gauge invariance will be lost
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Pion photfoproduction in the spectafor model

» » 2. Gauge the 3D spectator equations:

\\ /’ \\ /’ \\ ,’
t t? f 9 f
RS P RS e \\ /X\ //
\C/ — \D/ + \D b/
A ik v’ Go t°
f 7O ' Go f°
1 1 K
g = go — X 2 = o b
fJfo
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Pion photfoproduction in the spectafor model

» » 2. Gauge the 3D spectator equations:

S Pad S Pad AN e
\./ — \C/ + : :
t t° f9 f
RS P RS e \\ /x\ //
\C/ — \D/ _|_ \D b/
t? Ok v’ Go t
N N \\\ K
—o— = —0o— t —o—0—
f £° £ Go f°
1 1 23
g = go —X 2 = o b
fJfo
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Pion photfoproduction in the specfafor model

» A meaningful 62 needs to:
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Pion photfoproduction in the specfafor model

» A meaningful 62 needs to:
» satisfy the Ward-Takahashi identity

(k. — ku)ox (k' k) = dex |6 (k) — 6 (k)]
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Pion photfoproduction in the spectafor model

» A meaningful 62 needs to:
» satisfy the Ward-Takahashi identity

(k. — ku)ox (k' k) = dex |6 (k) — 6 (k)]

» and the Ward identity

951 (k)

u .
on(k, k) = —iex ok,
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Pion photfoproduction in the spectafor model

» A meaningful 62 needs to:
» satisfy the Ward-Takahashi identity
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Pion photfoproduction in the spectafor model

» A meaningful 62 needs to:
» satisfy the Ward-Takahashi identity

(k,, — ku)ok (K k) = iex [57r(k) — 5w(k’)]
» and the Ward identity

951 (k)
ok,

on(k, k) = —iex

» be covariant

» reduce a d*k integral to a d°k integrall
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Pion photfoproduction in the spectafor model

» A meaningful 62 needs to:
» satisfy the Ward-Takahashi identity

(k. — ku)ox (k' k) = dex |6 (k) — 6 (k)]

» and the Ward identity

96 (k)
ok,

5#(]{7 k) — _iew

» be covariant

» reduce a d*k integral to a d°k integrall

» Such a §% is provided by the Ansatz

0T (k" —p®) — 07 (k* — 1)

(K k) = 2mie (K’ + k")

k.Q _ k./2
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Pion photfoproduction in the spectafor model

» The nucleon EM vertex in the gauged spectator model is

2 _ § " i’x‘. " d’x‘é

T A 7S fo
£\ ’2’\ % Qs 7S
+ 4—£—k + —b-e—o— ¢—O0—o
r# oL vy
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» The nucleon EM vertex in the gauged spectator model is
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» Preliminary numerical results:
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Pion photfoproduction in the spectafor model

» The nucleon EM vertex in the gauged spectator model is

2 = § " i’X‘. " d’x‘é

™ Iy fo fo
£\ ’i\ % Qs 7S
+ 4—%—k + —¢eo—o— - —O—+o

r# ok vy

m b

» Preliminary numerical results:
» Spectator model fits 7 N phase shifts well to 600 MeV (= lab KE)
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Pion photfoproduction in the spectafor model

» The nucleon EM vertex in the gauged spectator model is

2 _ § " i’x‘. " d’x‘é

™ Iy fo fo
£\ ’i\ % Qs 7S
+ 4—é—k + —¢eo—o— - —O—+o

r# ok vy
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» Preliminary numerical results:
» Spectator model fits 7 N phase shifts well to 600 MeV (= lab KE)

» Checked that the numerical calculation of T'* satisfies the
Ward-Takahashi identity
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Pion photfoproduction in the spectafor model

» The nucleon EM vertex in the gauged spectator model is

2 - § T i’x‘. T d’x‘i

™ Iy fo fo
£\ ’i\ % Qs 7S
+ 4—%—k + —b-eo—o— + ¢—O0—o

H SH o

m b

» Preliminary numerical results:

» Spectator model fits 7 N phase shifts well to 600 MeV (= lab KE)

» Checked that the numerical calculation of T'* satisfies the
Ward-Takahashi identity

» Form factors Fi(¢°) and F»(q¢*) 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 sfrong
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 sfrong
interaction perturbation series

» The fact that the attachment is complefe leads to amplitfudes that
preserve symmeftries

7N equations:
» Gauging the dressed nucleon propagator g with one pion leads to
an interesting “self consistency” equation for the 7 N potential vy.

» Gauging g with two pions gives a = N 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 # NN vertex Gy fg with one photon leads to
the gauge invariant pion photoproduction amplitude
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4 Conclusions
*

Pion photoproduction:

» Gauging the dressed # NN vertex Gy fg 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 7 N

» 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
tfo the attachment of pions and photons to bare nucleons (also To fy
and v) . The method craves the CBM!
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4 Conclusions
*

Pion photoproduction:

» Gauging the dressed # NN vertex Gy fg 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 7 N

» 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
tfo the attachment of pions and photons to bare nucleons (also To fy
and v) . The method craves the CBM!

» Happy Birthday Tony!

Flinders Uni > O >
Electromagnetic currents of the pion-nucleon system - p. 26/26



	Introduction
	Introduction
	Introduction
	Introduction
	Introduction
	Introduction

	Gauging equations method
	Gauging equations method
	Gauging equations method
	Gauging equations method

	Gauging the two-body Green function
	Gauging the two-body Green function
	Gauging the two-body Green function

	Gauging the two-body Green function
	Gauging the two-body Green function
	Gauging the two-body Green function
	Gauging the two-body Green function
	Gauging the two-body Green function

	Gauging the bound state wave function
	Gauging the bound state wave function
	Gauging the bound state wave function
	Gauging the bound state wave function
	Gauging the bound state wave function
	Gauging the bound state wave function

	Gauging the three-body Green function
	Gauging the three-body Green function
	Gauging the three-body Green function

	Standard description of, �m {$pi N$}! scattering
	Standard description of, �m {$pi N$}! scattering

	An new (formal) description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering

	An new (formal) description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering

	An new (formal) description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering

	An new (formal) description of, �m {$pi N$}! scattering
	An new (formal)
description of, �m {$pi N$}! scattering

	Standard description of pion photoproduction
	Standard description of pion photoproduction
	Standard description of pion photoproduction

	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction

	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction

	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction
	Gauge invariant pion photoproduction

	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}

	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}

	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}

	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}

	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}
	Pion photoproduction in the {
ed spectator model}

	Conclusions
	Conclusions
	Conclusions
	Conclusions

	Conclusions
	Conclusions
	Conclusions
	Conclusions
	Conclusions


