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Overview

Motivation and Goal

Basics of gauge invariance
Single-pion photoproduction
Bremsstrahlung

Two-pion photoproduction

Three-meson photoproduction

O o oo o o o

Conclusions

NB: Pions and nucleons here are placeholders for arbitrary mesons and baryons.

Note also, the formulation is valid for real and virtual photons.
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Overview

Motivation and Goal
Basics of gauge invariance

Single-pion photoproduction

Bremsstrahlung
To describe the production of three or
Two-pion photoproduction more pions is straightforward following
the procedures given here

Three-meson photoproduction

O o oo o o o

Conclusions

NB: Pions and nucleons here are placeholders for arbitrary mesons and baryons.

Note also, the formulation is valid for real and virtual photons.
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Motivation

® Multi-meson production processes are being measured now. Examples:
YN — 7N, yN — wnnN, etc.

® Understanding of the generic dynamics of such processes is essential for
strangeness production in processes like YN - K K=, YN — KKK}

® No comprehensive formulation of multi-meson photoproduction processes
exists that is at the same level of rigor as single-pion production
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Goal

® Provide guidance for microscopically consistent formulations of meson pho-
toproduction processes off the nucleon valid for real and virtual photons
within the framework of a coupled-channel formalism

® Full implementation of gauge invariance at the microscopic level

® |n practice, approximations will be necessary: Provide prescriptions to re-
tain microscopic consistency and gauge invariance even then
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Goal

® Provide guidance for microscopically consistent formulations of meson pho-
toproduction processes off the nucleon valid for real and virtual photons
within the framework of a coupled-channel formalism

® Full implementation of gauge invariance at the microscopic level

® |n practice, approximations will be necessary: Provide prescriptions to re-
tain microscopic consistency and gauge invariance even then

Procedure

® Use field theory based on hadronic Lagrangians

® Employ LSZ-type mechanisms to couple electromagnetic field to fully dressed
hadronic propagators and vertices

® Obey full local gauge invariance
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Goal

® Provide guidance for microscopically consistent formulations of meson pho-
toproduction processes off the nucleon valid for real and virtual photons
within the framework of a coupled-channel formalism

® Full implementation of gauge invariance at the microscopic level

® |n practice, approximations will be necessary: Provide prescriptions to re-
tain microscopic consistency and gauge invariance even then

Procedure

® Use field theory based on hadronic Lagrangians

® Employ LSZ-type mechanisms to couple electromagnetic field to fully dressed
hadronic propagators and vertices

® Obey full local gauge invariance Important
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Gauge Invariance

(N + 1)-point current:

one incoming photon
n incoming hadrons

m outgoing hadrons
N=m+n

JH
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Gauge Invariance

(N + 1)-point current:

JH

Vanishing four-divergence:

8" =0

Equivalent continuity equation:

dp
o5~ VI=0

Implies charge conservation:

Q= /d3rp:const

alle

one incoming photon
n incoming hadrons

m outgoing hadrons

N=m+n

external hadrons on-shell

J* = (p,J)
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Gauge Invariance

Where does it come from?
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Gauge Invariance = U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation
of field
b — pe A: real, constant

implies a conserved charge
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Gauge Invariance = U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation
of field '
¢ pe A: real, constant

implies a conserved charge
This is not very helpful from a dynamical point of view since charge conservation

is built into the models explicitly anyway, either via the isospin formalism or by
employing an explicit particle basis.
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Gauge Invariance = U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation

of field
¢ — e A: real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of

field '
& — ¢ e M) A: real function of x

implies a conserved charge
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Gauge Invariance = U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation
of field
¢ — ¢pe Ao real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of
field
& — ¢ e M) A: real function of x

implies a conserved charge
In addition, it implies the very existence of the electromagnetic field A, i.e., it
provides the Maxwell equations:

8VFHV — _Ju F/u/ — 0/1141/ o 01/A/1
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Gauge Invariance = U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation
of field
b — pe \: real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of
field
¢ — ¢ ") A: real function of x

implies a conserved charge
In addition, it implies the very existence of the electromagnetic field A, i.e., it
provides the Maxwell equations:

R Fiv = grA” — 9" Ar

Violation of local gauge invariance tampers with

consistent implementation of the electromagnetic field!
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Gauge Invariance

Use the requirement of local gauge invariance as a tool for
finding all reaction mechanisms that must be considered
simultaneously
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Current Conservation vs. Local Gauge Invariance

Current conservation: kuJ" =0

Decompose current into transverse and longitudinal pieces: JH=Jh+ J
Current conservation: ky,Jt =0 (trivial) and | k,Jf'=0 (t?i?/?él)
Amplitude for real photons (k? = 0 and k,c" = 0): et =g Jt

Real photons never see the non-trivial part of the current.
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Current Conservation vs. Local Gauge Invariance

Current conservation: kuJ" =0 on-shell condition

Decompose current into transverse and longitudinal pieces: JH=Jh+ J

Current conservation: ky,Jt =0 (trivial) and

Amplitude for real photons (k? = 0 and k,c" = 0):

ke = 0] (S00)

trivial

et =g Jt

Real photons never see the non-trivial part of the current.

B Dynamically consistent framework:

Local gauge invariance appears as off-shell conditions
in the form of generalized Ward-Takahashi identities that

link longitudinal and transverse current contributions dynamically
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First, a simple problem: vyN — wIN
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First, a simple problem: vyN — wIN

Attach photon to TN N vertex:
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First, a simple problem: vyN — wIN

Attach photon to TN N vertex:
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First, a simple problem: vyN — wIN

Attach photon to TN N vertex:

Y5YH
2m

at tree level: —gn er

Kroll-Ruderman term
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First, a simple problem: vyN — wIN

Attach photon to TN N vertex:

Redraw equivalently:

MH @—‘( .f’—"é DU
p " P

M M My M
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First, a simple problem: vyN — wIN

Photoproduction current:

N k [Ny k Qe o~
e
i P i P i

/©\

M My M}

k q. k

.

+
P 2 P
MH

int
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First, a simple problem: vyN — wIN

Photoproduction current:

I“—P—< % PO
p P P

M M M M

int

NB: This is the full topological structure of the current — even in the most
sophisticated implementation of the problem
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First, a simple problem: vyN — wIN

Photoproduction current:

_____ k q. k
MHF = /®—‘< /é{ +
1/ P P
MH ME MY Ml
NB: This is the full topological structure of the current — even in the most

sophisticated implementation of the problem

Input needed:
e 7NN vertices F, F,, and F}
e Propagators
e Electromagnetic nucleon and pion currents

e Interaction current M‘;t (: contact-type current)
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First, a simple problem: vyN — wIN

Photoproduction current:

I“—P—< % PO
p P P

M M M M

int

NB: This is the full topological structure of the current — even in the most
sophisticated implementation of the problem

Input needed: - -
Full implementation

e TN N vertices Fy, F,, and F} requires incorporating all

possible dressing effects

e Propagators .
pag = more details to come

e Electromagnetic nucleon and pion currents

e Interaction current M’;t (: contact-type current)
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Electromagnetic Current I'* of the Nucleon

mz

oMk
Y Fy(k?
2m 2(K%)

T4, p) = edny"F1 (k) + ekn

F1: Dirac form factor
Fs5: Pauli form factor

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014



Electromagnetic Current I'* of the Nucleon I p
oMk F1: Dirac form factor
F#(plvp) = 65N7#F1 (k2) + ern - FQ(k2) Fy: Pauli form factor

2m

Only true if initial and final nucleons are on-shell
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Electromagnetic Current I'* of the Nucleon i

TH(p',p) = edny" F1 (k) + erin Fy(k?)

Only true if initial and final nucleons are on-shell

B In general, that's not the case.

Example: Pion photoproduction

q. k q-. k Guee k q.
\ Sse ‘--,-ﬁ’"v \\
+ = + o +
P’ P P p P’ p P’ p

nv » F1: Dirac form factor
Fs5: Pauli form factor
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Electromagnetic Current I'* of the Nucleon I p
ol k F1: Dirac form factor
F#(plvp) = 65N'7#F1 (k2) + ern - FQ(k2) F5: Pauli form factor

2m

Only true if initial and final nucleons are on-shell

B In general, that's not the case.

Example: Pion photoproduction
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Electromagnetic Current I'* of the Nucleon p p

For a Bethe-Salpeter-type approach:

B General Lorentz-covariant structure of I'* requires 12 form factors.

Bincer, PR118,855(1960)

B Applying gauge invariance, this reduces to 8 form factors.

B Applying time-reversal invariance, this reduces further to 6 form factors.

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014



Electromagnetic Current I'* of the Nucleon

For a Bethe-Salpeter-type approach:

B General Lorentz-covariant structure of I'* requires 12 form factors.

B Applying gauge invariance, this reduces to 8 form factors.

Bincer, PR118,855(1960)

B Applying time-reversal invariance, this reduces further to 6 form factors.

Fi, Fa, f1, f2, g1, 92

H(p! — § xr /M M ot ky
TH(',p) = e|ony" + N (F1 = 1) + ———rN F2
S—1(p ol k,, ioHt ky, S-1
+ ') Y+ —]ﬁNf2> + (%Lfl + . F»Nf2> )
2m 2m 2m 2m
S—1(p’ ol k s-1
+ 5~ ) (7#91 + = HNQQ) (p):|
2m 2m 2m
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Electromagnetic Current I'* of the Nucleon

For a Bethe-Salpeter-type approach:

B General Lorentz-covariant structure of I'* requires 12 form factors.

Bincer, PR118,855(1960)

B Applying gauge invariance, this reduces to 8 form factors.

B Applying time-reversal invariance, this reduces further to 6 form factors.
Fi, Fa, f1, f2, 91, g2

o o B s
TH(',p) = e|ony" + N (F1 = 1) + ———rN F2
S—1(p 1o ky, oMk, S~1(p
+ ') Y+ —]ﬁNf2> + (%Lfl + —'HNf2> 5 )
2m 2m 2m 2m
S~y oMk S1
+ 5 @) Yeg1 + “ KN g2 (p)
2m 2m 2m
. . L . 2 k2=0 2 k2=0
Constraints: no kinematic singularity:  f1(k) ——— 0 and gi1(k*) ——— 0
— G a(K?
chiral-symmetry limit:  f; — 914714() and fo —1
ga

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014



Implications of off-shell structure: Pion photoproduction

p i P

s-channel:

2m 2m  2m fai

g - v i
ik, 10" ky ek
—em) + F§
—_———

FsS(p+ k)Y (p+k,p) = FsS(p+ k) (eM“ +

contact terms
u-channel:

10"k, eky
2m  2m

J2rFu

- v
500~ k)S@ k) Fu = (eéfv“ yi b enf) S —k)Fu +
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Implications of off-shell structure: Pion photoproduction

pp’p

s-channel:

it ke, 0"k, ek
Fs r =F; " i F : - fai
S(p+ k)Y (p+ k. p) = FoS(p+ k) (65 7+ ) B am

| No connection to low-energy xPT results possible without such contact terms |

u-channel:

iz

N n ; ko /
F?(pvp —k)S(p _k) u = (eéfﬂ// + 7U2TTL ef'if)s(p _k)Fu"F

10"k, eky
2m  2m

J2rFu
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A Word about “Off-shell Effects”

It is often stated that “off-shell effects are not measurable” and that, therefore,
any such effects should be summarily banished from any theory.
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A Word about “Off-shell Effects”

It is often stated that “off-shell effects are not measurable” and that, therefore,
any such effects should be summarily banished from any theory.

Panel discussion at the “17th European Conference on Few-Body
Franz Gross on off-shell effects NG (a001) o orEeh September 11716, 2000
“It is commonly stated that “off-shell effects” are unobservable. This is of
course true, but so are wave functions, potentials, and most of the theoretical
tools we use to describe physics. A better point is that off-shell effects are
meaningless without a theory or model to define them. Almost all models
provide such a definition, and off-shell effects should be discussed only in the
context of a particular model that defines these effects uniquely.”
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A Word about “Off-shell Effects”

It is often stated that “off-shell effects are not measurable” and that, therefore,
any such effects should be summarily banished from any theory.

Panel discussion at the “17th European Conference on Few-Body
Problems in Physics,” Evora, Portugal, September 1116, 2000,

Franz Gross on off-shell effects NPAG89 (2001)

“It is commonly stated that “off-shell effects” are unobservable. This is of
course true, but so are wave functions, potentials, and most of the theoretical
tools we use to describe physics. A better point is that off-shell effects are
meaningless without a theory or model to define them. Almost all models
provide such a definition, and off-shell effects should be discussed only in the
context of a particular model that defines these effects uniquely.”

:> Within the Bethe-Salpeter-type equations that originate from effective
Lagrangian formulations, the off-shell structure of the nucleon current arises nat-
urally as an integral part of the description of the reaction dynamics.
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Gauge Invariance: Generalized Ward-Takahashi identities

_____ k 'S k
p P p
MH MH M} J[I/n/t
B Generalized WTI for the full current M*: ky M = 0 on-shell
kMY = — F.S(p+k)QiS™ () + 5 (0)Qr S — k) Fu + AT () QrAx(q — k) F
s—channel u—channel t—channel
B WTI for the nucleon current T'#:
kD = 5" p+ k)Qn + @nS ™ (p)
B Generalized WTI for the interaction current M} :
k M.ﬁt = FSQ1+QfF11 +Q7rFt
=
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Construct Single-pion Production Current

Attach photon to TN N vertex:

contains full FSI

B Simple at tree level

B Very complicated for dressed vertex
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Pion PhOtODl’OdUCtiOI’I HH, PRC 56, 2041 (1997)

B Pion-production current M*:

/—< JOEENOID

: / : i
/ i
Il I
/
/
¥
+
III
g
—+
/
y
<
\
.
1
;

B Nucleon current T'*:

VA S Sy &

= The internal structures of the dressed nucleon current can be understood
by the dynamics of the pion production current.

B Tower of nonlinear Dyson-Schwinger-type equations

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014



Pions, Nucleons, and Photons HH, PRC 56, 2041 (1997)

pole non-pole

propagator

| dressed nucleon propagator | _ + s fropees
- Q , (a) etermines
current
| dressed TN N vertex | /._ Q + @_
(b)

B Tower of nonlinear Dyson-Schwinger-type equations
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Pions, Nucleons, and Photons

HH, PRC 041 (1997)

pole non-pole
—N

- T, W ON Y

| dressed nucleon propa

. propagator
. ¢
gator — + —U— @) determines
current
| dressed TNN vert\ \,O_ + @_
(b)

r of nonlinear Dyson-Schwinger-type equations

(d)

(e)
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Hadronic Input: The Julich Model

(the latest incarnation)

Coupled system of equations with Lippmann-Schwinger structure:

T=V+VGT

N PN N x » x A A N n n N a x s
1 > x N N [ N [
x N It N N N » N N n N n N s "
» N NERD 3 nyoom A FTIE sl |w o o N ik Al ik
> 7 3 A & N o 1 ©
L3 N T N k3 N N| n o Al M N c N 7 N K Al K
A iy T Al A o N| K K Al K I K p K | K | K
7 = s v ¥ i o 3 v
x N| L3 N| n N N| L K A K A K B K * K B K
A K Ak X K « N 3 Al s (SN x| |x Ko |e ki |a
A K A g B o H
B K 53
n N I N N N K
. N I N N N . N 1 n N N
N h N e ° A ki = K= ki |z ki |x K
° = = = = =
0 N [’ N N K Al ik Al ik A K 5 K s
D. Rénchen, M. Déring, F. Huang, H. Haberzettl, J. Haidenbauer, C. Hanhart, S. Krewald, U.-G. MeiBner, K. Nakayama, EPJA49:44(2013)

T
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... from the Julich—Athens—Washington Collaboration

Jiilich:

Athens:

Washington:

M. Doring Forschungszentrum Jiilich
J. Haidenbauer

Ch. Hanhart

S. Krewald

U.-G. MeiBner

D. Ronchen

F. Huang The University of Georgia
K. Nakayama

H. Haberzettl The George Washington University
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... from the Julich—Athens—Washington Collaboration

JijliCh: M. Doring Forschungszentrum Jiilich
J. Haidenbauer
Ch. Hanhart
S. Krewald
U.-G. MeiBner
D. Ronchen

AthenS: F. Huang The University of Georgia
K. Nakayama

WaShington: H. Haberzettl The George Washington University
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... from the Julich—Athens—Washington Collaboration

JUIICh J. Haidenbauer
Ch. Hanhart
S. Krewald
U.-G. MeiBner
D. Ronchen

Athens: K. Nakayama

Washington: M. Doring

H. Haberzettl

F. Huang

Forschungszentrum Jiilich

The University of Georgia

The George Washington University

UCAS, Beijing
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Hadronic Input: The Julich Model (the latest incarnation)

08
06
04
02

08
06
04
0.2

04

03

TN — mN
Isospin 1/2

02

08
06
04
0.2

0.4]
0.3]
02

0.1

1600 2000 0 1200 1600 2
z[Mev] z[Mev]

Reaction 7N — 7w N ,F- to H-wave.

1200 1400 1600 1600 2000 12001400 1600 1800 2000 1200
2 [MeV] 2 [MeV]

Reaction 7N — 7N, S- to D-wave.
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Hadronic Input: The Julich Model (the latest incarnation)

ImS,,

0
-0.05
-01]
-0.15
1200 1400 1600 1800 2000 0"7266 1400 1600 1800 2000 1200 1600 2000 20060 2000
z[Mev] z[Mev] z[MeV] z[MeV]
Reaction TN — wN, S- to D-wave. Reaction TN — 7N, F- to H-wave.

TN — N
Isospin 3/2
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Back to
Pion PhOtODl’OdUCtiOI’I HH, PRC 56, 2041 (1997)

B Pion-production current M*:

/—< JOEENOID

: / : i
/ i
Il I
/
/
¥
+
III
g
—+
/
y
<
\
.
1
;

B Nucleon current T'*:

VA S Sy &

= The internal structures of the dressed nucleon current can be understood
by the dynamics of the pion production current.

B Tower of nonlinear Dyson-Schwinger-type equations
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Problems?

B Everything is exact!

B Everything is nonlinear!

B Everything is hideously complicated!
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Approximations?

B In general, indiscriminate approximations will destroy gauge invariance and
thus do damage to the consistent description of the electromagnetic inter-
action
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Approximations?

B In general, indiscriminate approximations will destroy gauge invariance and
thus do damage to the consistent description of the electromagnetic inter-
action

@l Approximations must be carefully constructed to preserve the generalized
Ward-Takahashi identities necessary to maintain full local gauge invariance
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Gauge Invariance: Generalized Ward-Takahashi identities

_____ k‘ 'S k
MHF = /9—< Fg ~ +
O, 7, p
M M M ME
B Generalized WTI for the full current M*: kyuM# = 0 on-shell
kyM" = — F.S(p+ k)QiS™ (p) + 57 (0)QsS (0 — k) Fu + A7 (0)QrAr (g — k) F
s—channel u—channel t—channel

® WTI for the nucleon current I'*:

kD% =S (p+ k)Qn + QnS™ (p)

B Generalized WTI for the interaction current Mf:t

Key relation to make

approximations work [f
‘ ‘
' !
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Rewrite the Production Current

HH, Huang, Nakayama, PRC83,06550(2011)

B Pion-production current M*:

G - (- E G

I I
.
7
/
k
+ +
, ,
! /
+ +
/ '
S
;
j

B Contact-type current M#:

X

equivalent

T
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Where to make approximations? HH, F. Huang, K. Nakayama, PRCB3,065502(2011)

Do not use X.
Work with full T'.

don't contribute for real photons —
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Approximating MH HH, F. Huang, K. Nakayama, PRC83,065502(2011)

H
Il

+

+
=

B Lowest-order approximation in terms of phenomenological form factors:
F,—F
s —p?

Phenomenological
contact current
— no poles -
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ik, b
RN = (1= Mg Frer — Gy

ei(2p+ k)"

Ml =gevs

- F wb —F

’
+€f(2p _k)H p’2 +67\'(2q_k) t—q2

u
(&
u —




Approximating M,’," HH, F. Huang, K. Nakayama, PRC83,065502(2011)

() Approximation
preserves full

ﬂ = o= 4 ’ + off-shell gauge
e invariance.

B Lowest-order approximation in terms of phenomenological form factors:

a s io"ky NN 7o i 1 wuds = F
Don’t try to read the details. What is important is that this is a simple expression,

easy to evaluate, and that it helps preserve gauge invariance of the entire production
current.

=P t=9q J
Approximation can be made more sophisticated if necessary. ..
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Does it work? — Yes!

B Results for YN — N
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o (deg) o (deg) 0 (deg)
Z 16 (244, 1157) (275, 1182) (322, 1219) (350, 1240) 16T (248, 1157) (275, 1182) (322, 1219) (350, 1240) ST (250, 1183) (300, 1203) (330, 1226) (350, 1241)
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0(deg) 0 (deg) 0 (deg)

yp — 7tn vp — w°p yn — 7 p

F. Huang, M. Déring, H. Haberzettl, J. Haidenbauer, C. Hanhart, S. Krewald, U.-G. MeiBner, and K. Nakayama, PRC85, 054003 (2012)
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K. Nakayama, HH, PRC80,051001(R)(2009)

Bremsstrahlung NN — NN~ HH, K. Nakayama, PRC85,064001(2012)

B KVI data — a longstanding problem (for theorists)

o o
g g T T T T
30[- 6,=8°, 6,=16 -+ 0,=8",0,719 I 6,=16°,0,=19° |
g g =8, 6; ,=88; 1=16.6;
g g / T T
c g SN 2
g 8. 0 7
g g e
B ) T T
i o T T T T T T
051 -+ -+ - 05 -+ — -
- o - b iy S
< 0 T ¥, < 00| IS IRET I N S A TR
05| -+ -+ B 051~ -+ —+ B
1 TR | L1 L1 1 L L.l
60 90 120 150 60 90 120 150 60 90 120 150 180 60 90 120 150 60 90 120 150 60 9 120 150 180
6, [deg] 6, [deg]
(2 (b)

Theory was unable to describe KVI data
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. ma, A 80,
Bremsstrahlung NN — N N~ e Nakayara, PRGBS o040 ca003)

Interaction current for meson-exchange potential:

kj
H attach photon pl M pl pl H pl pl :.. pl

M  — kww(ii)M + + M

HY
i internall } , i , H
—Oo— o P—D——P; P—— P, pz#b— P

k
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. b A 80,
Bremsstrahlung NN — N N~ e

B Bremsstrahlung Current:

JE = (TGo+1)J!(1+ GoT) T: NN T-matrix

P PJ H+H P
+k'WVO +
P pz pz—o—pz p—=C—np P

Similar currents along the lower nucleon line
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Bremsstrahlung NN — N N~ K K Rakagarna, PRL25,008001 2015)

B Bremsstrahlung Current:

Jg = (TGO + 1)J,l~t(1 + G()T) T: NN T-matrix

n p,—o—n n%n a n
+k'vw0 + + J“
pz oM o, pz—o— noB P,

B Compare the photon processes along the top nucleon line above to
the meson production diagrams below

K R S e
3 + /©C
p' p p p

—> Essential parts of the process can be described as a meson capture process —

i.e., as an inverse photoproduction process — in the presence of a spectator nucleon.
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Bremsstrahlung NN — N N~ K K Rakagarna, PRL25,008001 2015)

B Application to KVI data — Or: Resolving a longstanding problem

- -
0 L] T T T T T T T T T

® B 30f-0:8"0,-16" T 886719 1 0716°,0,7:19°
3 3

E] E)

g g

g g

8 !

w3 2

T o
- | ST

180
1% e 0 o 0 w0 % 1o 10 L9525 o 10 0 % 10 0 60 80 120 o 10
6, [deg] K 0, [deg] @
3 G k Ff‘*’f”w 3 K Contact current
+ + /®\ + /.i missing from old
p' p p p p p P’ p calculations
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Also available. ..

B 7 photoproduction

B 7 photoproduction
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Combined Analysis of 1’ Production
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Combined analysis of 1’ production
reactions: YN — n'N, NN — NN/,
and 7N — 7' N,

F. Huang, HH, K. Nakayama,

Phys. Rev. C87, 054004 (2013)
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And now. ..

Two-pion Production




Basic Hadronic Two-pion Production Processes

\\\ \\ o= /4 ----’:1 w
—0—0—, ®) ©  etc.

(a) sequential production off nucleon
(b) production off intermediate vector meson
(c) production off intermediate three- or more-pion vertex
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Basic Hadronic Two-pion Production Processes

\\\ \\ o= /4 ----’:1 w
—0—0—, ®) ©  etc.

(a) sequential production off nucleon
(b) production off intermediate vector meson
(c) production off intermediate three- or more-pion vertex

Procedure

(1) lterate bare hadronic processes and sum up to obtain dressed mechanisms
(2) Attach photon — employ (gauge-invariant!!) single-pion amplitudes

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014



Iterated Hadronic Two-pion Production Processes

<

-3z Ilt=:
\\ \\\ 14 , e
0—0 () (b) @E (©) etc.

for now. ..
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Iterated Hadronic Two-pion Production Processes

I Ilt=:
\\ \\\ E\: 4 , e
0—0 () (b) (@E (©) etc.

for now. ..

Lowest orders of
3-body multiple scattering series

H. Haberzettl — APFB2014, Hahndorf, SA, Australia — 11 April 2014 52 M



Faddeev-type Alt-Grassberger-Sandhas Equations NP B2, 167 (1067)

()" = 4
B =

Via

Non-linear contributions:

3 Y
— o - [—7 «
+ 3 v o7
- Jeh=
=1

Vﬁ(t B — 550( H_/_ + 8 I‘:?(t + ¢ o

,S—————T

— X
Npa = fﬁ’:@i{%a = Y5a, @‘@ .t Q.@ B R

Cluster indices:
a,B,v: “1” = (m1N,m2)
“2” = (w2 N, 1)
“3” = (mim2, N)

3
Tﬁa = VBa + Z VB’yGoX,yGoThm

7=1

Matrix LS structure: T =V +VGyT
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Closed-form Expression for N — w7 N ‘Vertex’

AGS amplitudes Tg,,
_ subsume all explicit
Mg = Z 55a + Z TvaoXyém fa three-body effects, with
contributions of infinitely
v many mesons provided by

[e3

+ 3 0o + T, GoX,Go) Y NouGofa el perinear cing
Y et
1y 2, 2, 14 patH == |
where fi = —e—e— fo = —e—e— f3 = A_ ¢
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Closed-form Expression for N — w7 N ‘Vertex’

Mp = Z <5ﬂa + ZTﬁvGong'ya> fa I_OOp
[eY ¥ E .
Xpansion. ..
+ Z (5ﬂ’)’ + Tﬁ’YGOX’YGO) Z N'yaGOfa p
¥ «
= f3 < no loop
+ Z (%W&WXWGOfQ < one loop
v,
+ Z 050700 X5 Go X Go fa < two loops
VYR,
+ Z NgaGofa - appear only at 2-loop level — Relief!

Iy 24 20 1. I
where fl = —o—o— f2 = —o—o— f3 A_
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Closed-form Expression for N — w7 N ‘Vertex’

Mg = Z <5ﬂa + ZTMGOX'VSW> fa

a ¥

+ Z (6py + T3, GoX5Go) Z NyaGofa
¥ @

= /s < no loop
+ Z Sﬁ’yg’an'yGOfa < one loop
e
+ Z 66+0~10rka XG0 X .G fa < two loops
VYR,
+ Z NgaGofa - attach photon order by order
«
1y 24 2, 1. I
where  f; = —eme— fo = —e—e— f3 = A_
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Attach Photon — No-loop Graphs

\‘\ \ _ \‘\ \\ + ——:=j
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Attach Photon — No-loop Graphs

\‘\ \ _ \‘\ \\ + ——:=j

Example for attaching photon: - —M—.—
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Attach Photon — No-loop Graphs

\‘\ \ _ \‘\ \\ + ——:=j

Example for attaching photon: - —M—.—

M=3x0+@ 0+3x0=M
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Attach Photon — No-loop Graphs

\‘\ \ _ \‘\ \\ + ——:=j

\U/ attach photon - _M_._

M=3x0®+@® ®+3x@=M
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Attach Photon — No-loop Graphs

\‘\ \ _ \‘\ \\ + ——:=j

\U/ attach photon

— —Omon@—o—

M=3x0®+@® ®+3x@=M

e, e, e,
\\ \ \
\ \ \
N N
N N
e, SRS " N
N S
< R
¢ —()— + —(—
. p _
\ N - -
P @ +A_

. . Subtraction necessary to avoid
;‘._.ﬁ{:_ double-counting of @
Ov{'fﬂ

.,

— e
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Attach Photon — No-loop Graphs

\\ \\

M=3x0®+@® ®+3x@=M

\U/ attach photon

— _®J_ + _@J_ separately gauge invariant!

Local gauge invariance

N N NS . RN follows as a matter of
P > ‘ Y S S \ .
= + @), — course since all

ingredients satisfy their
— .__ - Pt respective off-shell
\ _ LI TN ws
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Attach Photon — One-loop Graphs

. - @~

/ o

—@— —@—o—o——i——@—o——i——o—o—

|l attach photon

o - separately gauge invariant!
- R+ e - e 10 graphs for each group

‘%ﬁ S Fovem
In general, for n loops,

+ @_H # EZiLe;rfu;Jr 3n graphs in
@F + _®_.‘/ Pe 4 e
oy - :—Q:Q‘“- jﬁ + % o ::Q:\z\
L - e
+ &\‘7 + ;‘z ;\\.
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Application: "YN — KKZE Y. Oh, K. Nakayama, HH, PRC74, 035205(2006)

K@ Ky(yqa M ‘[< Py I P
Pl A . 3
Pa i 10 -
NE Y =) N Y =
@ (b)

o (nb)
a (nb)

20 20 =
T e TS+
.0 25 30 35 40 45 50 0 25 30 35 40 45 50
T, (Gev) © T, (Gev) ©
s o T -
£ 3
< e E
Py S— g
b1 350 380 0
é wk\&»\ g

@ (h)

N ™ - p g
24 § “ [\ /\\
£ S j
No-loop %’r Py oy <) oy g
£ 7N
approach Ly S N 5 /\ /\
cos(B,) ® My (GEV) ©)
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What about.. .
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What about.. .

Can be done. Complicated. — I’ll skip this. .. ﬂ
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Examples of Three-meson Production Current

Example: € baryon photoproduction process

vp — KTKTKQ~
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Examples of Three-meson Production Current

Example: € baryon photoproduction process
vp — KTKTKQ~

Generically, to model this process, start from underlying hadronic 3-meson‘vertex':

A} A} Ay
A}

\ ‘\ ‘\
»3 9?2 8!
‘\ ‘\ ‘\
d 0 c @ b 0 a
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Examples of Three-meson Production Current

Example: € baryon photoproduction process

vp — KTKTKQ~

Generically, to model this process, start from underlying hadronic 3-meson‘vertex':

\ \ \
‘\ ‘\ ‘\
»3 9?2 8!
\ \ \
\ \ \

d 0 c @ b 0 a
Next, attach photon in all ten topologically distinct places:
® three external meson lines 1, 2, 3
® two external and two internal baryon lines a, b, ¢, d
® three vertices A, B, C
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Examples of Three-meson Production Current

Example: € baryon photoproduction process

vp — KTKTKQ~

Generically, to model this process, start from underlying hadronic 3-meson‘vertex':

\ \ \
‘\ ‘\ ‘\
»3 9?2 8!
\ \ \
\ \ \

O—e—~D—e—B

d a

Next, attach photon in all ten topologically distinct places:
® three external meson lines 1, 2, 3
® two external and two internal baryon lines a, b, ¢, d
® three vertices A, B, C

The three interaction currents MY, M5, M} must be modeled
to preserve overall gauge invariance
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Examples of Three-meson Production Current

Example: € baryon photoproduction process

vp — KTKTKQ~

In detail, one needs to consider:

K° Kt Kt Kt K° Kt Kt Kt K°
NNy NNy NNy
Q- == A° P Q- =0T A0 P Q- =0T »t P
Type I Type 11 Type 111

Calculation by Huiyoung Ryu shows basic cross section is in the picobarn
range. Inclusion of resonance contributions can push this into the
nanobarn range (preliminary).
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Summary

@ Formalism presented provides a complete description of multi-meson pro-
duction processes. In principle, the formalism could be implemented to an
arbitrary degree of sophistication for any given set of effective interaction
Lagrangians.

Full implementation of local gauge invariance order by order in terms of
Generalized Ward—Takahashi Identities at all levels of the reaction dynam-
ics.

— Essential for the microscopic consistency of all reaction mechanisms.

Valid for hadronic two- and three-point functions dressed by arbitrary in-
ternal mechanisms — even nonlinear ones.

Extension to the production of any number of mesons straightforward.

@ Key steps for preserving local gauge invariance:
(1) All currents related to the same underlying hadronic mechanism must
be treated together
(2) Interaction currents must be modeled to satisfy
their off-shell generalized Ward-Takahashi identities
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Summary

@ Formalism presented provides a complete description of multi-meson pro-
duction processes. In principle, the formalism could be implemented to an
arbitrary degree of sophistication for any given set of effective interaction

Lagrangians.

Full implementation of local gauge invariance order by order in terms of
Generalized Ward—Takahashi Identities at all levels of the reaction dynam-

ICS.

— Essential for the microscopic consistency of all reaction mechanisms.

Valid for hadronic two- and three-point functions dressed by arbitrary in-

ternal mechanisms — even nonlinear ones.

Extension to the production of any number of mesons straightforward.

@ Key steps for preserving local gauge invariance:

(1) All currents related to the same underlying hadronic mechanism must

be treated together
(2) Interaction currents must be modeled to satisfy
their off-shell generalized Ward-Takahashi identities

Thank
you!

0 0,)

I
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