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Goal

• Provide a microscopically consistent formulation of meson photoproduction
processes off the nucleon valid for real and virtual photons within the
framework of a coupled-channel formalism

• Full implementation of gauge invariance (in terms of off-shell Generalized
Ward-Takahashi identities)

• In 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
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Overview

2 Consistent implementation of gauge invariance

2 Example: Pion photoproduction

2 Summary

2 η′ Photoproduction

2 Discussion

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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Gauge Invariance

(N + 1)-point current:

Jµ
=

kν

J nm

one incoming photon
n incoming hadrons
m outgoing hadrons
N = m+ n
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Gauge Invariance

(N + 1)-point current:

Jµ
=

kν

J nm

one incoming photon
n incoming hadrons
m outgoing hadrons
N = m+ n

Vanishing four-divergence:

∂µJ
µ = 0 alle external hadrons on-shell

Equivalent continuity equation:

∂ρ

∂t
−∇ · J = 0 Jµ = (ρ,J)

Implies charge conservation:

Q =

∫

d3r ρ = const

H. Haberzettl — PWA7, Camogli, Italy — 24 September 2013 4



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

φ → φ e−iλ λ: real, constant

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

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.

Global gauge invariance: Physics invariant under global phase transformation
of field

φ → φ e−iλ λ: 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

φ → φ e−iλ λ: real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of
field

φ → φ e−iΛ(x) Λ: 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

φ → φ e−iλ λ: real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of
field

φ → φ e−iΛ(x) Λ: real function of x

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

∂νF
µν = −Jµ Fµν = ∂µAν − ∂νAµ
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Gauge Invariance ≡ U(1) Invariance

Global gauge invariance: Physics invariant under global phase transformation
of field

φ → φ e−iλ λ: real, constant

implies a conserved charge

Local gauge invariance: Physics invariant under local phase transformation of
field

φ → φ e−iΛ(x) Λ: real function of x

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

Violation of local gauge invariance tampers with
consistent implementation of the electromagnetic field!

∂νF
µν = −Jµ Fµν = ∂µAν − ∂νAµ
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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: kµJ
µ = 0

Decompose current into transverse and longitudinal pieces: Jµ = Jµ
t
+ Jµ

l

Current conservation: kµJ
µ
t
= 0 (trivial) and kµJ

µ
l
= 0

(
non-
trivial

)

Amplitude for real photons (k2 = 0 and kµε
µ = 0): εµJ

µ = εµJ
µ
t

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

Current conservation: kµJ
µ = 0 on-shell condition

Decompose current into transverse and longitudinal pieces: Jµ = Jµ
t
+ Jµ

l

Current conservation: kµJ
µ
t
= 0 (trivial) and kµJ

µ
l
= 0

(
non-
trivial

)

Amplitude for real photons (k2 = 0 and kµε
µ = 0): εµJ

µ = εµJ
µ
t

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

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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Pion Photoproduction: γN → πN

Photoproduction current:

p

k

p′

q

s +
p

k

p′

q

u +
p

k

p′

q

t
+

p

k

p′

q

Mµ =

Mµ
s Mµ

u M
µ
t M

µ
int
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Pion Photoproduction: γN → πN

Photoproduction current:

p

k

p′

q

s +
p

k

p′

q

u +
p

k

p′

q

t
+

p

k

p′

q

Mµ =

Mµ
s Mµ

u M
µ
t M

µ
int

NB: This is the full topological structure of the current — even in the most
sophisticated implementation of the problem
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Gauge Invariance: Generalized Ward-Takahashi identities

p

k

p′

q

s +
p

k

p′

q

u +
p

k

p′

q

t
+

p

k

p′

q

Mµ =

Mµ
s Mµ

u M
µ
t M

µ
int

kµM
µ
= 0 on-shellGeneralized WTI for the full current Mµ:

kµM
µ = −FsS(p+ k)QiS

−1(p)
︸ ︷︷ ︸

s−channel

+S
−1(p′)QfS(p

′

− k)Fu
︸ ︷︷ ︸

u−channel

+∆−1

π (q)Qπ∆π(q − k)Ft
︸ ︷︷ ︸

t−channel

Off-shell constraint!
WTI for the nucleon current Γµ:

kµΓ
µ = S−1(p+ k)QN +QNS−1(p)

Generalized WTI for the interaction current M
µ

int:

kµM
µ
int = −FsQi +QfFu +QπFt

H. Haberzettl — PWA7, Camogli, Italy — 24 September 2013 10



HH, PRC 56, 2041 (1997)Pion Photoproduction

Pion-production current Mµ:

M = + b + X b

(a)

b = + + + U

(b)

Nucleon current Γµ:

= + + b

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

Tower of nonlinear Dyson-Schwinger-type equations
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HH, PRC 56, 2041 (1997)Pions, Nucleons, and Photons

T

(a)

= + X

T

(b)

= V + V T X

(d)

= U + U X

V

(c)

= + U U

(e)

= + • • •

πN T -matrix

pole
︷ ︸︸ ︷

non-pole
︷ ︸︸ ︷

(a)= +

(b)
= + X

dressed nucleon propagator propagator
determines
current

dressed πNN vertex

Tower of nonlinear Dyson-Schwinger-type equations
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HH, PRC 56, 2041 (1997)Pions, Nucleons, and Photons

T

(a)

= + X

T

(b)

= V + V T X

(d)

= U + U X

V

(c)

= + U U

(e)

= + • • •

πN T -matrix

pole
︷ ︸︸ ︷

non-pole
︷ ︸︸ ︷

(a)= +

(b)
= + X

dressed nucleon propagator propagator
determines
current

dressed πNN vertex

Tower of nonlinear Dyson-Schwinger-type equationsCo
mp

lic
ate

d
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Hadronic Input: The Jülich Model (the latest incarnation)

Coupled system of equations with Lippmann-Schwinger structure:

T = V + V G0T
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See Deborah Rönchen’s talk, Wednesday, 11 am

D. Rönchen, M. Döring, F. Huang, H. Haberzettl, J. Haidenbauer, C. Hanhart, S. Krewald, U.-G. Meißner, K. Nakayama, EPJA49:44(2013)
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Hadronic Input: The Jülich Model (the latest incarnation)
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See Deborah Rönchen’s talk, Wednesday, 11 am
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Hadronic Input: The Jülich Model (the latest incarnation)
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See Deborah Rönchen’s talk, Wednesday, 11 am
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Back to
HH, PRC 56, 2041 (1997)Pion Photoproduction

Pion-production current Mµ:

M = + b + X b

(a)

b = + + + U

(b)

Nucleon current Γµ:

= + + b

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

Tower of nonlinear Dyson-Schwinger-type equations
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HH, PRC 56, 2041 (1997)Pion Photoproduction

Pion-production current Mµ:

M = + b + X b

(a)

b = + + + U

(b)
approximate

Nucleon current Γµ:

= + + b

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

Tower of nonlinear Dyson-Schwinger-type equations
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HH, PRC 56, 2041 (1997)Pion Photoproduction

Pion-production current Mµ:

M = + b + X b

(a)

b = + + + U

(b)

Lowest-order approximation in terms of phenomenological form factors:

M
µ
c =geγ5

iσµνkν

4m2
κ̃N − (1− λ)g

γ5γ
µ

2m
F̃teπ −Gλ

[

ei(2p+ k)µ
F̃s − F̂

s− p2

+ ef (2p
′

− k)µ
F̃u − F̂

u− p′2
+ eπ(2q − k)µ

F̃t − F̂

t− q2
e

]

Phenomenological
contact current
— no poles

Approximation preserves the full off-shell generalized WTI
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Does it work? — Yes!

Results for γN → πN See also Deborah Rönchen’s talk, Wednesday, 11 am

0

8

16

24

0 60 120
0

6

12

18

0 60 120 0 60 120

0

8

16

24

0

9

18

27

36

0 60 120 180

 

  

 

 

d
/d

 (
p 

 
+ n)

 (
b/

sr
)

 

(600, 1416) (650, 1449) (725, 1497) (775, 1528)

 

  
 

 

 

(825, 1558) (875, 1588) (925, 1617) (975, 1646)

 

 

 (deg.)

 

 

 

 

 

(280, 1186)

 

(320, 1217)

  

(250, 1162)

(400, 1277) (450, 1313) (500, 1349) (550, 1383)

(360, 1247)

 

 

 

-0.8

0.0

0.8

1.6

0 60 120

-0.8

0.0

0.8

1.6

0 60 120 0 60 120

-0.8

0.0

0.8

1.6

-0.8

0.0

0.8

1.6

0 60 120 180

 

  

 

 

 (
p 

 
+ n)

 

(600, 1416) (650, 1449) (688, 1474) (750, 1513)

 

  

 

 

 

(800, 1543) (848, 1572) (900, 1603) (952, 1633)

 (deg.)

 

 

 

 

 

 

 

(275, 1182)

 

(322, 1219)

  

(244, 1157)

(400, 1277) (450, 1313) (500, 1349) (550, 1383)

(350, 1240)

 

 

 

γp → π+n

0

2

4

6

0 60 120
0

2

4

6

0 60 120 0 60 120

0

7

14

21

0

13

26

39

52

0 60 120 180

 

  

 

 

 

(597, 1414) (652, 1450) (705, 1484) (758, 1517)

 

  

 

 

 

(808, 1548) (859, 1579) (909, 1608) (957, 1636)

 

 

 (deg.)

 

 

 

 

d
/d

 (
p 

 
0 p)

 (
b/

sr
)

(278, 1184)

 

(320, 1217)

  

(245, 1158)

(400, 1277) (450, 1313) (510, 1356) (555, 1386)

(360, 1247)

 

 

 

-0.8

0.0

0.8

1.6

0 60 120

-0.8

0.0

0.8

1.6

0 60 120 0 60 120

-0.8

0.0

0.8

1.6

-0.8

0.0

0.8

1.6

0 60 120 180

 

  

 

 

 (
p 

 
0 p)

 

(615, 1426) (666, 1459) (703, 1483) (769, 1524)

 

  

 

 

 

(801, 1544) (862, 1580) (895, 1600) (961, 1638)

 (deg.)

 

 

 

 

 

 

 
(275, 1182)

 

(322, 1219)

  

(244, 1157)

(400, 1277) (450, 1313) (500, 1349) (551, 1384)

(350, 1240)

 

 

 

γp → π0p

0 60 120
0

6

12

18

0 60 120 0 60 120 180

0

9

18

27

0

12

24

36

48

0

9

18

27

0 60 120

 

  

 

 
 

 

(700, 1483) (748, 1513)

(800, 1545) (850, 1575)

 

 

 

 

 

(900, 1604) (950, 1633)

(540, 1378)

(640, 1444)

 

 

  

d
/d

 (
n 

 
- p)

 (
b/

sr
)

(270, 1179)

 

(313, 1213)

  

(240, 1155)

(390, 1271) (436, 1305) (501, 1351)

(600, 1418)

(360, 1249)

 

 

 

 (deg.)

 

 

 

-0.8

0.0

0.8

1.6

0 60 120

-0.8

0.0

0.8

1.6

0 60 120 0 60 120

-0.8

0.0

0.8

1.6

-0.8

0.0

0.8

1.6

0 60 120 180

 

  

 

 

 (
n 

 
- p)

 

(670, 1463) (710, 1489) (750, 1514) (790, 1539)

 

  

 

 

 

(819, 1557) (850, 1575) (900, 1604) (947, 1632)

 (deg.)

 

 

 

 

 

 

 

(300, 1203)

 

(330, 1226)

  

(250, 1163)

(400, 1278) (450, 1315) (500, 1350) (630, 1438)

(350, 1241)

 

 

 

γn → π−p

dσ
dΩ

Σ
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Why?

Q: Why is it so important to maintain gauge invariance in terms of off-shell
conditions?

A: Because current contributions for off-shell particles occur naturally in com-
plex dynamical situations. Example: Two-pion production

H. Haberzettl — PWA7, Camogli, Italy — 24 September 2013 20



Attach Photon — No-loop Graphs

•NL = +
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Attach Photon — No-loop Graphs

Example for attaching photon:• • • • • •
• •

•NL = +
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Attach Photon — No-loop Graphs

Example for attaching photon:• • • • • •
• •

M = 3×•+• •+ 3×• = M

•NL = +
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Attach Photon — No-loop Graphs

• • • • • •
• •

M = 3×•+• •+ 3×• = M

•NL = +

⇓ attach photon

•NL = •NL1 + •NL2

•NL1 = M + M −

•NL2 = M +

M

−
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Attach Photon — No-loop Graphs

• • • • • •
• •

M = 3×•+• •+ 3×• = M

•NL = +

⇓ attach photon

•NL = •NL1 + •NL2

•NL1 = M + M −

•NL2 = M +

M

−

Subtraction necessary to avoid
double-counting of •
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Attach Photon — No-loop Graphs

• • • • • •
• •

M = 3×•+• •+ 3×• = M

•NL = +

⇓ attach photon

•NL = •NL1 + •NL2

•NL1 = M + M −

•NL2 = M +

M

−

separately gauge invariant!

Local gauge invariance
follows as a matter of
course since all
ingredients satisfy their
respective off-shell

WTIs
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Summary

2✓ 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.

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

2✓ Extension to the production of two or more mesons straightforward.
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And now something else. . .

η′ Production

Combined analysis of

γp → η′p

quasifree γp → η′p and γn → η′n

NN → η′NN

πN → η′N
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Why η′ production reactions?

Aim: to extract N∗ information in the less explored high N∗ mass region

Advantages of η′ production reactions for N∗ study

Suitable for study of high mass resonances in low partial-wave states

Mthreshold
η′N ≈ 1897 MeV ≫ Mthreshold

πN ≈ 1077 MeV

η′N has pure isospin I = 1/2, unlike πN which has isospin I = 1/2, 3/2

=⇒ Suitable to concentrate on resonances with isospin 1/2

To study resonances coupled weekly to πN but relatively strongly to η′N

Disadvantage of η′ production reactions for N∗ study: low production rate

=⇒ Theoretical studies need to combine various reactions involving η′

NSTAR2013, Peñiscola, Spain Excited nucleon states from η′ production reactions May 29, 2013 3 / 18



What kind of data do we have?

γp → η′p
dσ/dΩ: CLAS-2009 [Phys. Rev. C 80, 045213 (2009)]

dσ/dΩ: CBELSA/TAPS-2009 [Phys. Rev. C 80, 055202 (2009)]

Quasi-free γp → η′p & γn → η′n
dσ/dΩ: CBELSA/TAPS-2011 [Eur. Phys. J. A 47, 11 (2011)]

pp → η′pp
σ: COSY-1998 [Phys. Rev. Lett. 80, 3202 (1998)]

σ: SPESIII-1998 [Phys. Lett. B 438, 41 (1998)]

σ: COSY-2000 [Phys. Lett. B 474, 416 (2000)]

σ & dσ/dΩ: DISTO-2000 [Phys. Lett. B 491, 29 (2000)]

σ & dσ/dΩ: COSY-2004 [Eur. Phys. J. A 20, 345 (2004)]

dσ/dSpp & dσ/dSpη′ : COSY-2010 [Phys. Lett. B 684, 11 (2010)]

pn → η′pn
Upper limit of σ: COSY-2010 [Phys. Rev. C 81, 035209 (2010)]

πN → η′N
σ: few data from 1970’s
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Huang, HH, Nakayama, PRC 87, 054004 (2013)Model
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NN → η′NN

(COSY, DISTO,
SPESIII)

The NN ISI/FSI is
treated in DWBA:

(1 + TG0)J(G0T + 1)
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Huang, HH, Nakayama, PRC 87, 054004 (2013)γp → η′p (combined analysis)
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CLAS 2009
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Four resonances:
P13(1720)****, S11(1925)**,
P13(2050)*, P11(2100)*

Discrepancy between
CBELSA/TAPS

and CLAS data
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Huang, HH, Nakayama, PRC 87, 054004 (2013)γp → η′p (combined analysis)
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CLAS 2009
CBELSA/TAPS 2009

Four resonances:
P13(1720)****, S11(1925)**,
P13(2050)*, P11(2100)*

Discrepancy between
CBELSA/TAPS

and CLAS data

Will affect extraction
of resonances
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Huang, HH, Nakayama, PRC 87, 054004 (2013)Discussion of Combined η′ Analysis

Will skip discussion of other reactions for lack of time.

The combined analysis of all reactions — free γp → η′p, quasifree γp → η′p

and γn → η′n, πN → η′N , and NN → η′NN — was crucial to remove ambi-
guities in the resonance determination. This cannot be done by photodata alone.
The only acceptable set found was P13(1720)****, S11(1925)**, P13(2050)*,
P11(2100)*.

Full coupled-channel calculation is feasible in principle. However, lack of
hadronic data will introduce considerable uncertainty into the calculations: Only
∼3800 hadronic data points vs. ∼24600 photodata points; many hadronic data
have large error bars and are inconsistent with each other. This is one of the
major limitations for developing more accurate coupled-channel models.

Thank you!
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