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Defining the Problem

Consider meson photoproduction: (photon may be real or virtual)

}—{ + )_wﬁ\i S
e

This structure is only based on topology resulting from attaching a photon to external legs and interior of the hadronic vertex.
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Defining the Problem

Consider meson photoproduction: (photon may be real or virtual)

= 2

This structure is only based on topology — reality is much more complicated:

0 s S X
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All propagators and vertices need to be fully dressed
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Defining the Problem: Dressing Effects Example: Nucleon

Propagator: <@

.

—— = —0— + —e—b——0—0—

Dyson-Schwinger equations
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Defining the Problem: Dressing Effects Example: Nucleon

Propagator: @

.

—— = —0— + —e—b——0—0—

Dyson-Schwinger equations
Hadronic # NN Vertex:

~~~ ~~~
~ l ., N

U: 1-particle irreducible interaction
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Defining the Problem: Dressing Effects Example: Nucleon

.

—— = —0— + —e—b——0—0—

U: 1-particle irreducible interaction

Propagator: @
.

Dyson-Schwinger equations
Hadronic # NN Vertex:

Electromagnetic YN N Vertex:

S A Y S SR

“eans?
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Defining the Problem: Dressing Effects Example: Nucleon

Propagator: @

.

—— = —0— + —e—b——0—0—

~~~. ~~~. =" ...~.~
e = o— +
Electromagnetic YN N Vertex:

_di:—a£+—o-d£+—o§>-&i—+—q«z-&,;:—+...

Interaction Current:

Dyson-Schwinger equations
Hadronic # NN Vertex:

U: 1-particle irreducible interaction

]\/[i’rft = Contains full final-state interaction
Details, see PRC56,2041(1997), PRC62,034605(2000), PRC74,045202(2006), PRC83,065502(2011)
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Outline

® Defining the problem — You just heard it!
® Tool Needed: How to determine a current

® Spin 0: Pion

e Spin %: Nucleon

e Consequences for calculating photoprocesses

® If there is time: Spin 1. — Just a teaser anyway. ..

® Summary
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How to Determine a Current

Minimal substitution for a particle of mass m, charge @, and four-momentum p: pH — p* — QA*
applied to connected Green's function
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How to Determine a Current

Minimal substitution for a particle of mass m, charge @, and four-momentum p: pH — p* — QA*
applied to connected Green's function

Electromagnetic Current for Single Hadron:
JH@,p) = {P7H(@)}" + T p) = (P (p)})

P(p):  particle propagator
o D {---}*:  gauge derivative [PRC56,2041(1997)]

TH(p',p):  transverse contribution (contains all e.m. form factors)
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How to Determine a Current

Minimal substitution for a particle of mass m, charge @, and four-momentum p: pH — p* — QA*
applied to connected Green's function

Electromagnetic Current for Single Hadron:
! JH@P,p) = (P71 ()} + T (') = (P (0)})

P(p):  particle propagator
o D {---}*:  gauge derivative [PRC56,2041(1997)]

TH(p',p):  transverse contribution (contains all e.m. form factors)
Ward-Takahashi Identity: Current is locally gauge invariant

kuJ*(p',p) = e [P~ (p') — P(p)]
Important: WTI does not depend on form factors.
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Spin 0: Pion Current for v(k) + 7(q) — w(q’)

Bare current:

bare propagator: A;(q) = = 4 q) = {a* — 1*}" = Qx(¢' +q)" bare current

q2—/,L2
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Spin 0: Pion Current for v(k) + 7(q) — w(q’)

Bare current:

1
bare propagator:  Ar(q) = 5—— = 4 q) = {a* — 1*}" = Qx(¢' +q)" bare current
q= — [
Fully dressed current:
1 < (¢%) — A7 (e?)
Ar(@) = 75—y = JEd  q) = {A (e *éz[qu’Jrq“JrT#q’,q} e T
(q) = 2T (d,9) = {7 (¢} ( ) (¢, q) e
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Spin 0: Pion Current for v(k) + w(q) — =(q’)

Bare current:

1
Ar(q) = e

bare propagator:

Fully dressed current:

v
(¢* — p?)1l(q?)

Ar(q)

Transverse current contribution:

12(0.9) = Qu (¢ + 0 — b 2L [mr?
#(d,9) =Qx |(d +9) 2 (k%)

2
s = JEd ) ={ -

I q) = {A7 () s = {Qw(q’ +q)* +T#(q’,q)} =

12} = Qx(¢d +q)" bare current

“1(¢?) — AL

U

q/2 _ q2

(¢°)

Exact!

k2
Lt x (off she//)}

transverse coupling
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form factor dependence




Spin 0: Pion Current for v(k) + w(q) — =(q’)

Bare current:

1
bare propagator:  Ar(q) = 5—— = 4 q) = {a* — 1*}" = Qx(¢' +q)" bare current
q= — [
Fully dressed current:
Aﬂ— _ JH(d' — A_l 2\ 1M - / BT ™ T
W=y = @0 ={87@)5 = (@ T+ T 0| T

Exact!

Transverse current contribution:

T, q) = T (R ) 11 K (off shel
#dq)=Qx |(d + " — k'—5— [ﬂ( ) — +EX(O se)}

k2
transverse coupling e.m. form factor dependence
Check WTI:
kuJH(d',q) = Qr [A7 (¢%) — A7 (¢?)] Okay!
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Spin 0: Pion Current for v(k) + 7(q) — w(q’)

Bare current:

1
bare propagator: A;(q) = e = 4 q) = {a* — 1*}" = Qx(¢' +q)" bare current
Fully dressed current:
1 A—l(qIE) _ A_1<q2)
Aﬂ— _ = J# /, :A;12#:|:ﬂ_/+ H—FT# /7j|71' s
(@)= e (d',9) = {27 () }'s = |Qx(d +0) (d',9) e

Exact!

Important technical detail:

. ’ II(¢?) — TI(¢?
scalar coupling: {I(¢?) ‘s = Qn(q + q)“%
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Spin 0: Half-on shell case

Consider fully dressed propagator and current in half-on-shell configuration: t-channel kinematics

LA N
Q t=(q—k)?

1
t— p? ®

J#(gv q— k)Aw(t) = [Qw(2q - k)M + T#(Q, q— k)}

Hadronic dressing completely cancels!

Rewriting;:

_ _ 2
MFﬂ(kQ) + QW(QqMQk)#zQDH(t; k?)

J7 (2,04 = k)Ax(t) = Qn—— 2

e.m. off-shell contact term

This structure is exact — no approximation!
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Spin 0: Real Compton scattering on the pion

K \\\o- d/' k K \‘M k K \Hd,-,-r k
I, AN s S~ I, AN
q q q q q q

S Uu Cc
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Spin 0: Real Compton scattering on the pion

K \\\o- d/' k K \‘M k K \Hd,-,-r k
I, AN s S~ I, AN
q q q q q q

S Uu Cc

Use fully dressed propagators and currents:

(2¢' + k') (29 + k)* L (2¢' — k)" (29 — K")*

CVH / — 02
wd g =e pp— —

— 2e%gh (on shell)

Hadronic dressing effects completely cancel!
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Spin 0: Real Compton scattering on the pion

K \\\o- cf‘ k K \‘M k K \Hd,-,-r k
I, AN s S~ I, AN
q q q q q q

S Uu Cc

Use fully dressed propagators and currents:

(2¢' + k') (29 + k)* L (2¢' — k)" (29 — K")*

CVH / — 02
W(Q)Q) € S_M2 U_ILL2

— 2e%gh (on shell)

Hadronic dressing effects completely cancel!

Higher-order effects: vector-meson loops

= polarization effects
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Bare current:
bare propagator: S(p) = —— = JN®'p) = {p—m}" =Qn~" bare current
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Bare current:

1
bare propagator: S(p) = F—m = JN®'p) = {p—m}" =Qn~" bare current
-m
Fully dressed propagator:
1 A(m?) = B(m?) pole condition
S(p) = PA(P?) — mB(p?) ’ where A(m?) + 2m2w , =1 residue condition
p2=m
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Bare current:

1
bare propagator: S(p) = F—m = JN®'p) = {p—m}" =Qn~" bare current
-m
Fully dressed propagator:
1 A(m?) = B(m?) pole condition
S(p) = PA(P?) — mB(p?) ’ where A(m?) + 2m2w , =1 residue condition
p2=m

Another important technical detail:
1(¢") — T1(¢?)

Recall scalar coupling for spin 0: {H(q2)}/§ = Qr(¢ + )" R
q-—q
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Bare current:

1
bare propagator: S(p) = F—m = JN®'p) = {p—m}" =Qn~" bare current
-m
Fully dressed propagator:
1 A(m?) = B(m?) pole condition
S(p) = PA(P?) — mB(p?) ’ where A(m?) + 2m2w , =1 residue condition
p2=m

Another important technical detail:

L 1(q?) —T0(¢?)
q/2 _ q2

1 12 iz
to make KG equation true = {} L {IH_m}

Recall scalar coupling for spin 0: {H(q2)}/§ =Qx(¢d +9)

_zﬁ—i—m
= 2

Now, e.m. coupling must ensure equivalence of 3
p—m  p>—m
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Bare current:

1
bare propagator: S(p) = F—m = JN®'p) = {p—m}" =Qn~" bare current
-m
Fully dressed propagator:
1 A(m?) = B(m?) pole condition
S(p) = PA(P?) — mB(p?) ’ where A(m?) + 2m2w , =1 residue condition
p2=m

Another important technical detail:

L 1(q?) —T0(¢?)
q/2 _ q2

1 12 iz
to make KG equation true = {} L {]H-m}

Recall scalar coupling for spin 0: {H(q2)}“s' =Qx(¢d +9)

_zﬁ—i-m
= 2

Now, e.m. coupling must ensure equivalence of 3
p—m  p>—m

One finds:

f(?) = f(p*)

{f (pz)}l’; =Qn [(p’ +p)* + iaﬂ”ku} e

Dirac version of scalar coupling

f(p?): any scalar function
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Fully dressed propagator:

=1 residue condition
p2=m?2

1 A(m?) = B(m?) pole condition
A(p2)— B(p2
) Where A(m2) + 27712 W
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
S(p) - 7514(102) - mB(p2) ’ where A(mQ) + QmQW pAm =1 residue condition
Fully dressed current:
1) = (PSR ) Dy, 0) = 2 I o g 4, 1
N ) -
2

D

AP?) + AR | @2+ )TN (0p) + 2T (0 PR %) — TN, p) + TR (0, p)p

2 2
5 T 5 Dp(p”,p°)

= Fél\;(p/./p)
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
’ where =1 residue condition

2 2 d[A(Pz)—B(Pz)}
A(m?) +2m ——

p2=m?2

Fully dressed current:

2 2
A(p?) + A(p? " Dy(p?,p?) = 2m2 LEJI) for f = A, B
Jff;(p',p) _ {Il) ( )2 ( )26 —mB(p2) : pe—p
1 A(p?) + AP?) | @*+ ). p) + 28 TR (1, p T (0, p) + T (0, p
_ F‘N(p/-,p) ( ) 5 ( ) + ( ) N( 47732 IS A\( ) )ISDA(pIQ,pQ) _ ]6 N ( )Qm N ( )IsDB(p/Q’pZ)

P

ok,
(' p) = Quy* + TN (P, p) , where transverse current, Th(p'.p) = QN Ky” — kM 2 > N, p)+ i

2m

3 (@', p)}

contains e.m. form factors

Lv !
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Spin 1/2: Nucleon Current for v(k) + N(p) — N(p')

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
’ where =1 residue condition

2 2 d[A(Pz)—B(Pz)}
A(m?) +2m ——

p2=m?2

Fully dressed current:

2 2
Ap?) + AQp? 8 Dy(p?,p?) = 2m* HE=LE) for f = 4, B
Jff;(p',p) _ {ﬁ ( )2 ( )}6 _mB(p2) : pe—p
1 A(p?) + AP?) | @*+ ). p) + 28 TR (1, p T (0, p) + T (0, p
_ F‘N(I)/ap) ( ) 5 ( ) + ( ) N( 47732 ]ﬁ A\( )ﬁDA(pIQ,pQ) _ IS N ( )Qm N ( )]bDB(p/Q,pZ)

P

ok,
(' p) = Quy* + TN (P, p) , where transverse current, Th(p'.p) = QN Ky” — kM 2 > N, p)+ i

2m

3 (@', p)}

contains e.m. form factors
WTI: On-shell limit: '
oMk,

ki (0 p) = Qn [ST®) — ST (p)] TR @' p) =T (0, p) = ey P () + rn — —= 151 (k)

Dirac Pauli T
’! ’
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Spin 1/2: Relationship to Ball-Chiu Current [pro22,2542(1950)]

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
S(p) = , where 2 5 d[A(P*)—B(p)] _ . .
PA(p?) — mB(p?) A(m?) +2m — P =1 residue condition
Ball-Chiu current for proton: nonsingular expression proposed to reproduce WTI for fully dressed propagator
A@p”) + AR? v +p) [P+
J]éj,c(pl,p) — Qp,_yu ( ) 2 ( ) + Qp( 2m ) ISQmﬁDA(pIQ’pQ) _ DA(p127p2)
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Spin 1/2: Relationship to Ball-Chiu Current [pro22,2542(1950)]

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
S(p) = , where 2 5 d[A(P*)—B(p)] _ . .
PA(p?) — mB(p?) A(m?) +2m — P =1 residue condition
Ball-Chiu current for proton: nonsingular expression proposed to reproduce WTI for fully dressed propagator
A@p”?) + A@? P+t [P+
J]éj,c(p/,p) — Qp,.yu ( ) 5 ( ) + Qp( o ) ﬁQmﬁDA(pIQ,pQ) _ DA(p/27p2)
Relationship: (proton)
/. . .
ok, +ioctk, iotk,
put Th = 0: In,p) — Lo, p)=JEO p)+ Qp]s g ISDA(]?,Q,]?Q) —Qp o Dy (p”,p?)
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Spin 1/2: Relationship to Ball-Chiu Current [pro22,2542(1950)]

Fully dressed propagator:

1 A(m?) = B(m?) pole condition
S(p) - ﬁA(p2) — mB(p2) ’ where A(mQ) +2m? 7d[A(p2d)p_23(p ) =1 residue condition
p2=m2
Ball-Chiu current for proton: nonsingular expression proposed to reproduce WTI for fully dressed propagator
A@p) + Ap? P +p "+
ch(p/>p) — Qp’)/u ( ) 5 ( ) + Qp( ) ﬁQmﬁDA(p/2,p2) _ DA(p/27p2)
Relationship: (proton)
/. . .
ok, +ioctk, iotk,
put Ty =0:  Jn(@\p) — Jol0'.p) = Jh (0 p) + szb 7 ISDA(p’Q,pQ) ~ Qp—5——Dp(".p%)
One finds:
1 " m
T p) = {STM @)Y whereas L p) = {STI(0)}
wrong on-shell limit correct on-shell limit = homework problem

I r
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Spin 1/2: Half-on shell case

Consider fully dressed propagator and current in half-on-shell configuration: s-channel kinematics
k

-

S(ps) Iy (ps;p) = 7 imF‘&(ps,p) *

Ps

Hadronic dressing completely cancels!
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Spin 1/2: Half-on shell case

Consider fully dressed propagator and current in half-on-shell configuration: s-channel kinematics
k

-

S(ps) Iy (ps;p) = 7 imF‘&(ps,p) *

Ps

Hadronic dressing completely cancels!

Rewriting:
Q ok, k2
S(pe) Ry (pssp) = 5= |V FY () in = B ()| + QN C (b )
s [ ——

e.m. off-shell contact term

This structure is exact — no approximation!
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Spin 1/2: Real Compton scattering on the proton

% k % k % k
o s 3
P’ P P’ P P’ P
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Spin 1/2: Real Compton scattering on the proton

% k % k % k
>°—< + ;35_“:( + >O<
P’ P P’ P P’ P

S u C

Use fully dressed propagators and currents:

1% 1 1 1%
Cyl(dq) = ]5 F” +Fgﬁ — F (on shell)
T L
. ] F‘Ij:e'y“+,€p"7 r
Hadronic dressing effects completely cancel! 2m
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Spin 1/2: Real Compton scattering on the proton

% k % k % k
>°—< + ;35_“:( + >O<
P’ P P’ P P’ P

S u C

Use fully dressed propagators and currents:

, 1 1

F” (on shell)

otk
: . I =eyt +kyp =
Hadronic dressing effects completely cancel! 2m
Higher-order effects: meson loops and nucleon loops

X---z+w+g+

ST

= polarization effects
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Consequences for Calculating Photoprocesses

Previously: (photon may be real or virtual)
* n . N g N ;Qi:
MY M My My

All propagators and vertices need to be fully dressed
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Consequences for Calculating Photoprocesses

Previously: (photon may be real or virtual)

ﬁ*‘(w /*ﬁ@i /«6\ +

MF

mt

AII propagators and vertices need to be fully dressed

Now: (external hadrons on shell)

S B B

Only hadronic 7NN vertices need to be fully dressed

The only remnants of intermediate hadron dressing effects are physical masses
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Spin 1: Just a teaser... arXiv:1905.06299 [nucl-th] (2019)

Dressed propagator:
Av A ¥

(g = 2 N ) k
¢* —m? —%(¢?) g
q q
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Spin 1: Just a teaser... arXiv:1905.06299 [nucl-th] (2019)

Dressed propagator:
v A v

P/\V(q) _ _g - qmq2 NgaugE(q2) . k
@ —m?2—3(¢%) f
/
q q

Current without hadronic dressing: A v

) o Gi—1,, G5k
TN ) = —e(d + @) g™ — eGa(k g — kY gM) _e( EmA ) {(qIJFQ)HkQ —k(q" _qg)}

three form factors related to charge e, magnetic moment p, and quadrupole moment @
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Spin 1: Just a teaser... arXiv:1905.06299 [nucl-th] (2019)

Dressed propagator:

A v
L S 5
2 —m?— () f
/
q q

Current without hadronic dressing: A v

) o Gi—1,, G5k
TN ) = —e(d + @) g™ — eGa(k g — kY gM) _e( EmA ) {(qIJFQ)qu —k(q" _qg)}

three form factors related to charge e, magnetic moment p, and quadrupole moment @

Dressed current:

+ Jphe (d)q)

, » b 2 -y 2
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Spin 1: Just a teaser... arXiv:1905.06299 [nucl-th] (2019)

Dressed propagator:
Av r g

P,\V(q) _ 9 = 52 Ngauge(q2> . k
2 —m?— () F
/
q q

Current without hadronic dressing;:

J)\;U/(/ _ / oAV G k)\ v g A Gl_l)\u_G3k>\ky / uk2_ku 2 2
G a) = —e(d + 9)!g™ —eGa(kg 9 el =9 o2 ) @ +a) (4" —q°)

three form factors related to charge e, magnetic moment p, and quadrupole moment @
Dressed current:
A
+ Jgdige(d', @)

J)\/,w(q/’q) _ =]1/\w/(q/-,(]) |:1 _ E(ql2) — E(612):|

q/2 _ q2

Model-independent correlation:

G3(0)=0 = 2mp +m?Q =e

Known to be true at the tree-level, but actually true at all orders

In general, spin 1 is a nontrivial problem because of the gauge dependence. Plays no role for all-hadronic initial and final states because of the transverse

hadronic vertex couplings, but in Compton scattering, for example, gauge-dependent contact terms are required to make the problem well defined.
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Summary

® |t was shown here that consistently constructed fully dressed propagators and currents exhibit a large degree of cancellations of
dressing effects when combined in the form (propagator)x (current).

® For spin-0 and spin-1/2, cancellations are complete for stable hadrons and real photons.
e The only remaining effects of dressing are physical mass parameters.

® Currents consistent with hadronic propagation are locally gauge-invariant as a matter of course, i.e., Ward-Takahashi identities
are satisfied.

® For unstable states, remaining effect of dressing for current is a factor depending on dressing function:

I = A1 -

p/2 _ p2
e Hadronic loop effects, like T SN\ T for Compton scattering, etc., are taken into account implicitly to all orders.
® For photoproduction, only 7NN vertex and interaction current need to be treated RADN v,
microscopically, but their determination is also simplified by cancellation effects. S~

® Present results support to a large extent the treatment of dynamical mechanisms being used in phenomenological treatments —
but: details, details ...
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Summary

® |t was shown here that consistently constructed fully dressed propagators and currents exhibit a large degree of cancellations of
dressing effects when combined in the form (propagator)x (current).

® For spin-0 and spin-1/2, cancellations are complete for stable hadrons and real photons.
e The only remaining effects of dressing are physical mass parameters.

® Currents consistent with hadronic propagation are locally gauge-invariant as a matter of course, i.e., Ward-Takahashi identities
are satisfied.

® For unstable states, remaining effect of dressing for current is a factor depending on dressing function:

I = A1 -

])/2 _ p2
e Hadronic loop effects, like T SN\ T for Compton scattering, etc., are taken into account implicitly to all orders.
® For photoproduction, only 7NN vertex and interaction current need to be treated RADN v,
microscopically, but their determination is also simplified by cancellation effects. e .

® Present results support to a large extent the treatment of dynamical mechanisms being used in phenomenological treatments —
but: details, details ...

I'hank youl! |
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