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Goal

e 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

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

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

Procedure

e Use field theory based on hadronic Lagrangians

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

|
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Overview

Consistent implementation of gauge invariance
Example: Pion photoproduction
Summary

1’ Photoproduction

o o o o o

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:

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
O — ¢ 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

> 1 |
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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

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:

8VFHV — _Ju F/u/ — 0/1141/ o OI/A/I
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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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Pion Photoproduction: YN — wIN

Photoproduction current:

q. k [Ny k Qe o~
e

) D ) D .

P i P 7 1

/©\

M My M}

k q. k

.

+
P 2 P
MH

int
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Pion Photoproduction: YN — 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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Gauge Invariance: Generalized Ward-Takahashi identities

_____ k as, k
MH = /9—< /cﬁé: +
p i P
:\[.il “\[1// ‘\[7‘,// [l/n/t
B Generalized WTI for the full current M*: ky MM = 0 on-shell

kuM" = — F.S(p+k)Q:S™ (p) + S~ ()Qr S0 — k) Fu+ A7 (@) QrAr(q — k) Fy

s—channel u—channel t—channel

® WTI for the nucleon current I'*:

kDM = S7Hp + k)Qn + QnS(p)

B Generalized WTI for the interaction current M} :

kHMilrft =—-FQ;+ QfF’u + QrF;
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Pion PhOtODl’OdUCtiOI’I HH, PRC 56, 2041 (1997)

B Pion-production current M*:

/—< JOEENOID

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

pole non-pole

(d)
T = < +l POy —¥
(e)
| dressed nucleon propagator | — £ propag?tor
_—=— + _U_ () determines
current

| dressed TN N vertex | /.— /)— + @— "

B Tower of nonlinear Dyson-Schwinger-type equations
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Pions, Nucleons, and Photons i, PRe Wh2041 (1997)

pole non-pole

m\
| dressed nucleon propagator n o PFOPag:.ator
_U_ (a) determines
current
dressed TN N vert ~ + -~:—--~\
| O‘ (b)

r of nonlinear Dyson-Schwinger-type equations
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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 NN =N » x A A N n n N a x A
~ (1 ¥ Y ~ x N N T v
x N N N e N N Noge N dn N n N in x A
N3 N3 NN ’ N ngoo N a LTI sl v o o N ik K A
] o ; Y N 0 A & N o ©
x N = K A
’
See Deborah Ronchen’s talk, Wednesday, 11 am )
A i =
X i A x B o [ P f > »
N e N N N N = N K Al i Al €K =ik K B
A K Aok K N . Ki|s « . x K Al s (SN x| |x Ko |e A K
T - o + K A g B H
® z B
~ N . N N ) N L . n N N N N K A
N N N L A S ki |z ki |z ki |z
N " A = = = =
N N NN N K Al ik Al ik Al ik B
D. Rénchen, M. Déring, F. Huang, H. Haberzettl, J. Haidenbauer, C. Hanhart, S. Krewald, U.-G. MeiBner, K. Nakayama, EPJA49:44(2013)
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Hadronic Input: The Julich Model

(the latest incarnation)

g
.

Ik, Wednesday, 11 am

02F

0.1

1200 1600

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

Reaction 7N — 7N, S- to D-wave.

2

Z [MeV]
Reaction 7N — 7w N ,F- to H-wave.

1200 1600

2
z[Mev]

TN — mN
Isospin 1/2
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Hadronic Input: The Julich Model (the latest incarnation)

TN — N
Isospin 3/2

1200 1400 1600 1800 2000 1200 1400 1600 1800 2000 1200 1600 2000 1200 1600 2000
z[Mev] z[Mev] z[MeV] z[MeV]

Reaction TN — wN, S- to D-wave. Reaction TN — 7N, F- to H-wave.
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Back to
Pion PhOtODl’OdUCtiOI’I HH, PRC 56, 2041 (1997)

B Pion-production current M*:

/—< JOEENOID
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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
L
16
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Pion PhOtODl’OdUCtiOI’l HH, PRC 56, 2041 (1997)

B Pion-production current M*:

@ - B @

T - T
N /‘\

approximate )

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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Pion PhOtOpl’OdUCtiOl’l HH, PRC 56, 2041 (1997)

B Pion-production current M*:

C)

B K
N /‘\

(b
Ay

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

. ok, Y s ) wF - F
ME =ges o En — (1= XN)g 2 Fier — Gy |ei(2p+ k) -
F,—F F-F
+es (217/ - k)u uﬁ 2 +ex (2(] - k)ﬂ t — g2 e Phenomenological
u—p q contact current

— no poles

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

B Results for YN — N

See also Deborah Rénchen's talk, Wednesday, 11 am |

l o[ e T a0 e w20 12 s, r2am) wf @5 T am e 1 om02m T 60, 12am s @01 T @roe) I eia i) ] (eeo, r2ds)

;
3
}
b,
2
.
3
E

o o
L w00z T s ers) I oo, 1s49) 1 (s50,1983) @0, 1277) T (@sn, 131 1 (510,138 T (685, 1386) ol w0y T raos o eorssy 1 s, 1578

¢ L\ \\_\‘\\R s ;“ﬁ\‘ g \h“‘r\‘\.{\k«,,_/,\\.w
[ e s s o J o s s e s s A [ = s AT S R
] \\\A‘ \\ g A §" “"‘»4../&\‘3»"\“‘—“‘{
: — \"%-ﬁ s /\., A ! \M
PN R A A AR o o rst T st 1 oo re0m 1. 057 1650 T PR A A
¢ &\__..4&'\-;.;‘!\4_‘ : «A?J“-f E e ¢ :‘«MWL‘%«’
o - o o
0 (deg) 0 (deg) 0 (deg)
Z 1O (244, 1157) (275.1182) (322,1219) (350, 1240) 16T (244, 1157) (275,1182) (322.1219) (350.1240) O (250, 1163) (300,1203) (330, 1226) (350, 1241)
a0 e e e TN B e e P X P X B U 2l
YO (@00, 127) @50,1313) (500, 1349) (550, 1383) 1O (400, 1277) (450,1313) (500, 1349) (851, 1384) T8 (400, 1278) (450,1315) (500, 1350) (830, 1438)
& F oo oo T o 1 oo & o ots e T on 0 T o e T (1500 £ oF em o T oorem T o | om0
. L ] WETLTTNTTNLTTN P N LR LN
o B B aeF ETirs
9 F w0, 1sa0y T (o 1972 T (o00, 100 T (052, 1635) 1o w0 1su0) T @2 sse) T (05 600 T (o1, 1638 10F (ero,158m T 080, 157%) T (000, 1900 T (o7, 1532

=

g

E
s

@m0 w om0 @ om0 oW om0 @ om0 @ om0 w0 W
0 (deg.) 0(deg) 0 (deg.)

Yp — 7T+’I’L Yp — 7Top Yy — 7T 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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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 |8



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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Summary

@ 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 two or more mesons straightforward.
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And now something else. ..

n’ Production

Combined analysis of
B yp—n'p
B quasifree yp — n'p and yn — n'n
B NN —=9NN
B 7N >N
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Why 1’ production reactions?

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

@ Advantages of i’ production reactions for N* study

e Suitable for study of high mass resonances in low partial-wave states
Mlhrcsho]d ~ 1897 Mev > Mthrcshold 1077 MeV

@ n'N has pure isospin I = 1/2, unlike 7N which has isospin I = 1/2, 3/2

— Suitable to concentrate on resonances with isospin 1/2

o To study resonances coupled weekly to =N but relatively strongly to n'N

@ Disadvantage of " production reactions for N* study: low production rate
— Theoretical studies need to combine various reactions involving 7’

NSTAR2013, Peifiiscola, Spain Excited nucleon states from n' production reactions May 29, 2013



What kind of data do we have?

® yp—1n'p
o do/dQ: CLAS-2009 [Phys. Rev. C 80, 045213 (2009)]
@ do/dQ2: CBELSA/TAPS-2009 [Phys. Rev. C 80, 055202 (2009)]

@ Quasi-free yp — n'p & yn — 1'n
o do/dQ: CBELSA/TAPS-2011  [Eur. Phys. J. A 47, 11 (2011)]
® pp —1'pp
o: COSY-1998 [Phys. Rev. Lett. 80, 3202 (1998)]
o: SPESIII-1998 [Phys. Lett. B 438, 41 (1998)]
o: COSY-2000 [Phys. Lett. B 474, 416 (2000)]
o & do/dQ: DISTO-2000 [Phys. Lett. B 491, 29 (2000)]
o & do/dQ: COSY-2004  [Eur. Phys. J. A 20, 345 (2004)]
do /dS,, & do/dS,,,,: COSY-2010  [Phys. Lett. B 684, 11 (2010)]

@ pn —1n'pn

o Upper limit of o: COSY-2010 [Phys. Rev. C 81, 035209 (2010)]
@ 7N — 1'N

e o: few data from 1970’s

NSTAR2013, Peifiiscola, Spain Excited nucleon states from n’ production reactions May 29, 2013



Huang, HH, Nakayama, PRC 87, 054004 (2013)

contact current

e

(CLAS, CBELSA/TAPS)

4 Ny -4
P—7 noop —‘@T?—pl p,—?ﬁ‘@—pl
= :EM + i
Py P Ph———O—D P—O——D
q a4
P—@m=0—p  P—O=W—p
+ R H + EE R

NN — /NN

(COSY, DISTO,
SPESIII)

The NN ISI/FSl is
treated in DWBA:

(14 TGo)J(GoT + 1)
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~p — n’p (combined analysis)

Huang, HH, Nakayama, PRC 87, 054004 (2013)

do/dQ (ub)

0.20

0.15

0.10

0.05

0.20

0.15

T T
(1506, 1925) (1526, 1935) (1547, 1945) (1588, 1965) (1609, 1975)

C T (1525, 1934) T (1575,1959) T

P+ Ft-—++
(1631, 1985) (1652, 1995) (1673, 2005) (1695, 2015) (1716, 2025)

[ (1625, 1982) T T (1675,2008) T T (1725,2029) ]
Ly ey I L ey
t—+t 1 = H————t
(1738, 2035) (1759, 2045) (1781, 2055) (1803, 2065) (1825, 2075)

r T T (775,2082) I T T (1825,2075) ]
T TN PR N TN
- -t 4 BU =t
(1847, 2085) (1870, 2095) (1903, 2110) (1949, 2130) (1994, 2150)

r [ (1875,2007) T (1925,2120) T T (1975, 2142)
T TN Lt T
URBU -t 1
(2040, 2170) (2087, 2190) (2134, 2210) (2181, 2230) (2229, 2250)

[ (2025,2163) & T[(2075,2185) [ T (2125,2208) IT1 (2175, 2228) - " (2225, 2248)

(2277, 2270)
[ (2275, 2269)

(2325, 2290)
(2325, 2290)

=
(2374, 2310)
(2375, 2310)

24, 2330)
25, 2330)

T
(2474, 2350)
(2475, 2350)

00
-1.0 05 00 05 1.0 -05 00 05 10 -05 0.0 05 10 -05 00 05 1.0 -05 00 05 1.0
cos(8)

— CLAS 2009

= CBELSA/TAPS 2009

Four resonances:
Py3(1720)%%%* S, (1925)%*,
Py3(2050)%, Py1(2100)*

Discrepancy between
CBELSA/TAPS
and CLAS data
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~p — n’p (combined analysis)

Huang, HH, Nakayama, PRC 87, 054004 (2013)

T [ T [ T [ T [
1.2 0 CBELSA/TAPS data  —

fit CBELSA/TAPS do/dQ |
— —fit CLAS do/dQ

1.9 2.0 2.1 2.2 2.3
W (GeV)

— CLAS 2009
= CBELSA/TAPS 2009

Four resonances:
Py3(1720)%%%* S, (1925)%*,
Py3(2050)%, Py1(2100)*

Discrepancy between
CBELSA/TAPS
and CLAS data

Will affect extraction
of resonances
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Discussion of Combined ’l’], Analysis Huang, HH, Nakayama, PRC 87, 054004 (2013)

Will skip discussion of other reactions for lack of time.

B The combined analysis of all reactions — free vp — n'p, quasifree vp — 1'p
and yn — n'n, tN — ' N, and NN — '’ NN — was crucial to remove ambi-
guities in the resonance determination. This cannot be done by photodata alone.
The only acceptable set found was Py3(1720)****, S11(1925)**, P13(2050)%,
P11 (2100)*.

m  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.
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Discussion of Combined ’l’], Analysis Huang, HH, Nakayama, PRC 87, 054004 (2013)

Will skip discussion of other reactions for lack of time.

B The combined analysis of all reactions — free vp — n'p, quasifree vp — 1'p
and yn — n'n, tN — ' N, and NN — '’ NN — was crucial to remove ambi-
guities in the resonance determination. This cannot be done by photodata alone.
The only acceptable set found was Py3(1720)****, S11(1925)**, P13(2050)%,
P11 (2100)*.

m  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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