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Compton scattering

TPE corrections to form factors
Guichon, Vanderhaeghen, PRL 91 (2003)
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Proton radius puzzle?
Antonigni et al., 2013, Pohl etal. 2013, 6
Birse, McGovern 2012, Carlson 2015
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Handbag dominance Nucleon polarizabilities
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Motivation

Hadron spectrum:
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tetraquarks?
mesons baryons glueballs? hybrids?

Form factors: resonance transition FFs,
spacelike vs. timelike properties

Hadron structure & scattering amplitudes
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Outline

¢ Introduction

o DSEs, BSEs:
From quarks and gluons to baryon resonances

¢ Nucleon resonances in Compton scattering,
transition form factors
GE, Ramalho, 1806.04579
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Compton scattering

Compton amplitude = sum of Born terms + 1PI structure part:

Wl

Born terms: Polarizabilities:
determined structure information
= + by nucleon +
form factors
A

e

—<

| .
| o S W »Pion cloud” t-channel s/u-channel
: NN L ‘— | (ChPT) meson exchange nucleon resonances
- P i ". *
N }_\A {7"T : (m,0,a4...) (4,N%,..)
| N | but also:
vy X
TN T j‘f_ - = is there a common underlying

quark-level description?

Griesshammer, McGovern, Phillips, Feldman,
Prog. Part. Nucl. Phys. 67 (2012)
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Compton scattering

Scattering amplitude: G rischer, PRD 85 (2012) & PRD 87 (2013)

quark Compton vertex: reproduces . X
Nucleon resonances perturbative handbag & t-channel meson poles cat's ears diagrams

GED A

e Poincaré covariance and crossing symmetry automatic

e em. gauge invariance and chiral symmetry automatic
as long as all ingredients calculated from symmetry-preserving kernel

o perturbative processes included

e s, t, u channel poles dynamically generated,
no need for “offshell hadrons”

Gernot Eichmann (IST Lisboa) Sept 18,2018
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DSEs & BSEs

QCD’s classical action: Quantum “effective action”:

S = [dia[(P+ighA+m)v+ 1 Fu,,F‘”‘} [ D, 0, Ale™s

DSEs = quantum equations of motion:
derived from path integral, relate n-point functions

o1 .

-0
-1 - ST

O = | ‘w<:>w + Qo wm@w +
o

Bethe-Salpeter equations for hadronic bound states:

D-D

Gernot Eichmann (IST Lisboa)

Poincaré covariance
Chiral symmetry
EM gauge invariance

Only quark & gluon d.o.f.,
hadron poles generated dynamically

multiscale problems feasible
gauge-fixed

truncations: neglect higher n-point
functions to obtain closed system
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QCD'’s n-point functions

¢ Quark propagator

Quark mass

function [GeV]: 3 Mev

10°F = Charm
— Strange
— Upldown
— Chiral limit
10* L L L
LR A A 10 10
P’ [Gev?]

Dynamical chiral
symmetry breaking
generates ‘constituent-
quark masses’

Gernot Eichmann (IST Lisboa)

¢ Gluon propagator

D(p*) S pp”
»? »?

e Quark-gluon vertex

TTTOSTOT VY faipt A+ faptp ... /g\
T T T T T T 3 T T T T T
4r o N=0, Stembeck etal (2005) | 2sf — N Williams, Fischer, |
a Ng=2, Sternbeck (2015) —— pf Heupel, PRD 93
3k = N=0 1 2 e —pfy 010
— N=2
A
2F [s = 1
tHE Williams, Fischer, 1
Heupel, PRD 93 (2016)
° . . . . . .
o 1 2 3 5 6 7

4
plGev]

Three-gluon vertex

Fy [0 (py = p2)” + 0" (p2 — ps)*
+ 07 (ps —p1)¥] + ...

Agreement between lattice,
DSE & FRG within reach

Huber, EPJ C77 (2017),
Cyrol, Mitter, Pawlowski, PRD 97 (2018), ...

GE, Williams, Alkofer,

2 Vujinovic, PRD 84 (2014) 1
10* 1072 10° 102 10t
So[Gev?)
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Truncations

and quark-gluon vertex ansatze

Chang, Roberts, PRL 103 (2009),
Binosi, Chang, Papavassiliou, Qin, Roberts, PRD 93 (2016)

— D e Beyond rainbow-ladder using symmetries

¢ 3PI system: all 2 & 3-point functions calculated

Williams, Fischer, Heupel, PRD 93 (2016) A - R + é

¢ Rainbow-ladder: quark propagator calculated,
kernel = effective gluon exchange

o : - a(k?) = alR(’%z , 77) + ayy(k?)
e T //\ ) l adjust scale 4 to observable,
& a(kd) W\ — keep width 7 as parameter

3 il e Maris, Tandy, PRC 60 (1999),

*  Qinetal, PRC84(2011)

7777777777 K (Gev?)
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Truncations

Light meson spectrum beyond rainbow-ladder:

m[GeV] 2(1600)

» 1300) ’:‘” “‘ﬁ"’ 5,123 a,(1260) — ..(1_4«:)

| T =

e 3Pl system: all 2 & 3-point functions calculated 10 N
Williams, Fischer, Heupel, PRD 93 (2016) i

7777777777777777777777777777777777 os PDG
—O— O --0O-- -0 NY spiaL
g x B op-aL

/5\ A&% 5 -O- o
T [URn S S LS S S (U A S

GE, Sanchis-Alepuz, Williams,
Alkofer, Fischer, PPNP 91 (2016)

¢ Rainbow-ladder: quark propagator calculated,
kernel = effective gluon exchange

a () = (/) + auv ()

_O_

- adjust scale A to observable,
& a(kd) keep width 7 as parameter

j_ Maris, Tandy, PRC 60 (1999),

,,,,,,,,,, e ©  Qinetal,PRC84(2011)
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Truncations

Light meson spectrum beyond rainbow-ladder:
m[GeV] (1600)
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Truncations

Light meson spectrum beyond rainbow-ladder:
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Baryons

Covariant Faddeev equation for baryons:
GE, Alkofer, Krassnigg, Nicmorus, PRL 104 (2010)

D-FED-20-3D-TD

3-gluon diagram vanishes = 3-body effects small?
Sanchis-Alepuz, Williams, PLB 749 (2015)

2-body kernels same as for mesons,
no further approximations:

Yagys(p, 0, P) =2 fi(0*, 4% p - ¢:p- P.q- P) 7i(p, ¢, Papss

Lorentz-invariant

Dirac-Lorentz
dressing functions tensors carry
OAM:s, p, d,
Review: GE, Sanchis-Alepuz, Williams, Alkofer, Fischer,
PPNP 91 (2016), 1606.09602

Gernot Eichmann (IST Lisboa)
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The role of diquarks

Three-body equation knows nothing of diquarks,

Pz v
but dynamically generates them in iteration e b ;-

Group Lorentz invariants into

multiplets of permutation group S3:
GE, Fischer, Heupel, PRD 92 (2015), GE, Sanchis-Alepuz, in preparation

pi o«

e Singlet:
symmetric variable,
carries overall scale:

e Doublet:

—V/3 (6 + 20w)

1
Dy ~ —
0TS T+ 2w

. . 5, M2
So ~ PR +p3 Pt

e Second doublet: o
Dy~ —V3 0z — dw) Mandelstam plane,
So T-w outside: diquark poles!

=} = = = 12N G4
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The role of diquarks

Three-body equation knows nothing of diquarks,
but dynamically generates them in iteration

Group Lorentz invariants into

multiplets of permutation group S3:
GE, Fischer, Heupel, PRD 92 (2015), GE, Sanchis-Alepuz, in preparation

e Singlet: e Doublet:
symmetric variable, A
carries overall scale: Do~ o —V3 (0w +20w)
o

T+ 2w
5 5, M?
So ~ PR +p3 Pt

e Second doublet: -
D 1 —V3 0z — dw)
e 7511 r—w

)

=

Simplify 3-body equation to
quark-diquark BSE

Oettel, Alkofer, Hellstern Reinhardt, PRC 58 (1998),

Cloet, GE, El-Bennich, Klahn, Roberts, FBS 46 (2009)

GE, Krassnigg, Schwinzerl, Alkofer,
Ann. Phys. 323 (2008)

Segovia, EI-Bennich, Rojas, Cloet, Roberts,
Xu, Zong, PRL 115 (2015)

=} = = E DAE
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Baryon spectrum

Quark-diquark with reduced pseudoscalar + vector diquarks:

M [GeV]

20 -

n |
N(1710) g N(1650)
ML N(1535)
7 N(1440)
= N(940)
+ -

ol
ol

B N(1900)
N(1720)

ol

l N(1875)

% N(1700)

== N(1520)

ol

PDG

B cac

A(1920)

-
A(1600)

= A(1232)

ol

GE, Fischer, Sanchis-Alepuz, PRD 94 (2016)

L i A(l910) ™

ol

ol
ol

Scale Asetby f

A(1620)

Current-quark mass m, set by m,

c adjusted to p-a; splitting
1 doesn’t change much
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Baryon spectrum

Quark-diquark with reduced pseudoscalar + vector diquarks:

SC +av
M [GeV]
20 . .
18 | —
72 NOT10) B yisgs0)
16
ML N(1535)
4 | 72 N(1440)
12 F
10 F
= N(940)
1+ 1-
2 2

SC+av+ps+V

B N(1900) l N(1875)
N(1720) 777 N(1700)
== N(1520)
@ 3=
3 2
PDG
B cac

av

A(1920)

N

N\

A(1600)

NN
N

A(1232)

vl

GE, Fischer, Sanchis-Alepuz, PRD 94 (2016)

av+v
L i A(1910) ™=

A(1700)

- @ A(1620)
3= 1+ 1-

2 2 2

Scale Asetby f

Current-quark mass m, set by m,
c adjusted to p-a; splitting

7 doesn’t change much
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Resonances!

Re[V (s)]

p meson as a dynamical resonance

Williams, 1804.11161 1st Riemann sheet

Im(V(s)]

Rels]

—
RL Rels] "—0.8 02
w— RL + 7777 Im[s
10F T T T T 7
12 T T T T
m, [GeV] L o
10 / T
7 2m, 2k 4
L, b Lattice references: GE et al.,
06 { \ . . . 0 . . . . PPNP 91 (2016) 1606.09602
0.0 0.1 0.2 03 04 05 0 0.05 0.1 015 02
m,’ [GeV?] m?[GeV?)
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Resonances!

Re[V(s)]

p meson as a dynamical resonance
Williams, 1804.11161

2nd Riemann sheet

Im(V(s)]

R
R
Rt

g

\\\\\\\\\\\\\\

N

Rels]

—
RL Re[s] "—08
m— RL + 7770 Im(s
oF T T T T .
1.2 T T L T T Gpnn
. sl
m, [GeV] L )3 I 31 B
10 R R ) S S S L =
Lo 1.0 ]
08 fy v~ b
/f/‘ 7 2mg 2 1
[ S 1 Lattice references: GE et al,,
06 { . . . . . . . . . PPNP 91 (2016) 1606.09602
00 01 02 03 04 05 0 005 0.1 015 02
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Resonances!

Lattice:
Proper treatment of
resonances essential

° Im P?

f1 .

N(940)

DSE / BSE:
Resonance dynamics
“on top of” quark-gluon dynamics

|

Im P?

N(940)

o9

Re P? o | Re P2

wF T T T T ]
1.2 T T T T Ypnn
. sl
m, [GeV] 7 < :
101 ) E 33 S
[ : 0{////,/)>, ] 4;25;2252%25;;; ,,o_~—¢===:=i
08y o v ]
K o, 2| ]
06 ¢ . . . . o ) . ) )
0.0 0.1 0.2 03 04 05 o 0.05 0.1 0.15 02
m,’ [GeV?] mZ[GeV?]
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Compton scattering

Scattering amplitude: G rischer, PRD 85 (2012) & PRD 87 (2013)

quark Compton vertex: reproduces . X
Nucleon resonances perturbative handbag & t-channel meson poles cat's ears diagrams

GED A

e Poincaré covariance and crossing symmetry automatic

e em. gauge invariance and chiral symmetry automatic
as long as all ingredients calculated from symmetry-preserving kernel

o perturbative processes included

e s, t, u channel poles dynamically generated,
no need for “offshell hadrons”

Gernot Eichmann (IST Lisboa) Sept 18,2018

13/27



Nucleon resonances

P_ 1+
Jr=3

ol
T
wle

1
2

N(940)
N(1440)
N(1710)

N (1880)

N(1720) N(1535)  N(1520)
N(1900)  N(1650) N(1700)
N (1895) N(1875)

Need em. transition FFs A(010)

But vertices are half offshell:
need ‘consistent couplings’
Pascalutsa, Timmermans, PRC 60 (1999)

em gauge invariance: Q" I'** =0

spin-3/2 gauge invariance: k“I'** =0

invariance under
point transformations: 7 T'** =0

no kinematic dependencies,
“minimal” basis

A(1232)  A(1620)  A(1700)
A(1600) A(1900) A(1940)
A(1920)

E.g. Jones-Scadron current

cannot be used offshell:

ro# ~ % (k) [mz,\_ (Gi -Gy e

*
- GEsk 5kQ

135 = A-B§*S — B> AB
ﬁ =7 Eaﬂ'y&A'yB(S

1 GL QKA ] u(k’)

Gernot Eichmann (IST Lisboa)
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Minimal tensor bases

' = S aK™ =3 aG”+3 f X;W Minimal basis: neither g, f;
i A j nor G;, Xj become singular

G T
Without minimal basis:
‘fake zeros’ @
Q 2
‘fake poles’
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Minimal tensor bases
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Minimal tensor bases

' = S aK™ =3 aG”+3 f X;W Minimal basis: neither g, f;
i A j nor G;, Xj become singular

G T
Without minimal basis:
‘fake zeros’ @
= o
‘fake poles’

Gernot Eichmann (IST Lisboa) Sept 18,2018 15/27



Minimal tensor bases

' = S aK™ =3 aG”+3 f X;W Minimal basis: neither g, f;
i A j nor G;, Xj become singular

G T

Without minimal basis:
G1(Q?)

kinematic
dependencies

Q2

Q?
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Minimal tensor bases

' = S aK™ =3 aG”+3 f X;W Minimal basis: neither g, f;
i A j nor G;, Xj become singular

G T

Without minimal basis:
G1(Q?)

s

kinematic
dependencies

\G;f‘)ﬂ\;‘

Q2

Q?
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Minimal tensor bases

W = Y K" = 3> gG"+X f;X}”  Minimal basis: neither gi, f;
i i j nor G;, Xj become singular

R
G T
Without minimal basis: With minimal basis:
no kinematic dependencies,
G1(Q%) only ‘physical’ poles and cuts!
QZ

kinematic
dependencies

\G;iﬂq‘

Q2
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Minimal tensor bases

W = Y K" = 3> gG"+X f;X}”  Minimal basis: neither gi, f;
% i j nor G;, Xj become singular

N
G T
Transversality constraints: <
Qlu F”'V — 0 ® o o 0 0 0 0 0 o _ 0
QI =0 e
® o o o o o o o o CTL
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Minimal tensor bases

W = Y K" = 3> gG"+X f;X}”  Minimal basis: neither gi, f;
% i j nor G;, Xj become singular
" —

G T
Transversality constraints: <
QI# TH =0 ® o 0 0 0 0 0 0 0 -0
QI =0 e
® o o o o o o o o CTL

Row-reduced
echelon form:
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Minimal tensor bases

W = Y K" = 3> gG"+X f;X}”  Minimal basis: neither gi, f;
i i j nor G;, Xj become singular

N
G T
Transversality constraints: <
QI# TH =0 ® o 0 0 0 0 0 0 0 -0
Q' TH =0 e
® o o o o o o o o CTL
A minimal basis exists, if
: dim G dimT
* by swapping columns B
(= renaming basis tensors) 1 e e e e :
¢ adding / subtracting rows, 1 ) :
multiplying rows with scalars LR . =0
(Gauss-Jordan elimination) :
one can find a row-reduced echelon form .

. is nonsingular in any kinematic limit

Gernot Eichmann (IST Lisboa) Sept 18,2018 16/27



Minimal tensor bases

YaKY =Y aGr+Y f; X;W Minimal basis: neither g, f;
i A j nor G;, Xj become singular
G T

Prerequisites:

. 2 N . eg. Ki...Ks but k-QKs=Q>Ky+k Ks 7
e K; must be linearly and kinematically independent ! ' !

« symmetries should be exploited beforehand = arrange K; in singlets

A minimal basis exists, if
* by swapping columns

(Gauss-Jordan elimination)

one can find a row-reduced echelon form
where ::::i:% is nonsingular in any kinematic limit

. . /_M /—% i

(= renaming basis tensors) °

1 e o o o o o .

¢ adding / subtracting rows, 1 ) :
multiplying rows with scalars LR . =0

i

.

Gernot Eichmann (IST Lisboa) Sept 18,2018 16/27



An example

Q TH(k, Q) = cr k' + co Q¥
,/ T (k, Q) :=T*(—k,—Q) = —T*(k,—Q)  (charge conjugation)

ky=k+9 k-=k-%

3 variables:
K, Q% w=k-Q

Gernot Eichmann (IST Lisboa) Sept 18,2018 17/27



An example

Q Tk, Q) =c1 k" +ca (k-Q) QM
,/ (k,Q) :=T#(—k,—Q) = —T*(k,—Q)  (charge conjugation)

ky=k+9 k-=k-%

3 variables:
K, Q% w=k-Q
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An example

Q F‘u(kQ) =c1 k" +co (k()) Q”
,/ (k,Q) :=T#(—k,—Q) = —T*(k,—Q)  (charge conjugation)

c1, 2

ky=k+9 k-=k-%

3 variables:
K, Q% w=k-Q
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An example

Q F‘u(kQ) =c1 k" +co (k()) Q”
,/ (k,Q) :=T#(—k,—Q) = —T*(k,—Q)  (charge conjugation)

c1, 2

ky=k+9 k-=k-%

3 variables:
K, Q% w=k-Q
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An example

Q F‘u(kQ) =c1 k" +co (k()) Q”
I(k, Q) := TH(~k,—Q) = ~T*(k, —Q)

(charge conjugation)

c1, 2

Transversality:

ky=k+9 k-=k-%

: wTH — 2 _

3 variables: Q'TH =ciw+cw@?=0 -
K, Q% w=k-Q

Sept 18, 2018

17/27
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An example

0 T (k, Q) = c1 k" + co (k- Q) Q"
I(k, Q) := TH(~k,—Q) = ~T*(k, —Q)

(charge conjugation)

/
ez
ke=kt@  k=k-9 Transversality:
3 variables: Q'TH =crw+caw@? =0 0 -
K, Q% w=k-Q ol
= [w wQQ]{Cz}—O
Sept 18,2018  17/27
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An example

ky=k+9 k-=k-%

3 variables:
K, Q* w=k-Q

T4 (k, Q) = c1 k* + co (k- Q) Q¥
(k, Q) := T (—k, —Q) = —T*(k, Q)

Transversality:
Q'TH =crw+cw@?=0
C1 —0
= [w wQ* || e |~

= [1 QQ]{‘”]:O

C2

(charge conjugation)

c1, 2

Gernot Eichmann (IST Lisboa)
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An example

Q [H(k,Q) = c1 K +ca (k- Q) Q"
r/ f“'(k.,Q) = I‘u(_k7 —Q) L —F”(k, —Q) (charge conjugation)
ke=kt1Q  k=k-9 Transversality:
3 variables: Q'TF =ciw+cw@?=0
0 w
Q%L w=k-Q {61}70
- [w we ] = but not
2 = L 2| _ n
é[lQ]{CZ}_O [1@2}[01]—0 -
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An example

ky=k+9 k-=k-%

3 variables:
K, Q* w=k-Q

Tk, Q) = ey K + ¢ (k - Q) Q¥
(k,Q) :=T#(—k,—Q) = —T*(k,—Q)  (charge conjugation)

Transversality:

Q'TH =crw+cw@?=0

g =—cQ? = TFr=—0c(Q*k'—wQ")

= o (Q2 " — Q Q) K

= —C2 té‘b kY

= D#k,Q) =gk + fitho k¥
G T

Gernot Eichmann (IST Lisboa)

Sept 18,2018

17/27



An example

0 T (k, Q) = c1 k" + co (k- Q) Q"
I(k, Q) := TH(~k,—Q) = ~T*(k, —Q)

(charge conjugation)

Transversality:

ky=k+9 k-=k-%
3 variables: Q'TF =ciw+cw@?=0
QL w=k Q
g =—cQ? = TFr=—0c(Q*k'—wQ")
=2 (Q% 0" — QUQ") k¥
Ward-Takahashi identity only affects G: = —cy tgb kv
Q"TH =D(ky)~' = D(k_)"' = g1 w = TH(kQ)=gik*+ fLthn k¥
- - —~
D(ky)~t — D(k_)~" ——
~ g1 =2 (”kaz( )" _9A 4 M
-k
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An example

F‘u(kQ) =C kH* 4+ Co (k . (2) Q”

Q
V/ (k,Q) :=T#(—k,—Q) = —T*(k,—Q)  (charge conjugation)
ke=k+Q  ko=k-8 Transversality:
3 variables: Q'TF =ciw+cw@?=0
k2, Q% w=k- Q
g =—cQ? = TFr=—0c(Q*k'—wQ")
= -2 Q70" — Q"Q¥) k¥
Transverse-longitudinal separation? = —co té‘b kv
Tk, Q) = g1wQ" + fi toq k" = DHk,Q) =gk + fitho k"
- Y T~
Q*T# =D(ky) ™ = D(k-)"" = G1w Q? 4 M
= g1= QQ—AQ = fl =fi+ % = both kinematically dependent
Q and singular!
Sept 18,2018  17/27
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Nucleon resonances

T

P_ 1+
Jh=3

ol
wle

1-
2

N(940)  N(1720) N(1535)  N(1520)
N(1440)  N(1900)  N(1650)  N(1700)

N(1710) N(1895)  N(1875)
N (1880)
- A(1910) A(1232) A(1620)  A(1700)
Need em. transition FFs A(1600) A(1900) A(1940)
But vertices are half offshell: A(1920)

need ‘consistent couplings’
Pascalutsa, Timmermans, PRC 60 (1999) .
Most general offshell vertices

 em gauge invariance: Q" I'“* =0 ESESWILHQW182:9;?750”3"aim31
, Ramalho, 2

¢ spin-3/2 gauge invariance: k“I'*" =0 "

8 Y

QQ7

e invariance under g %i I - [ 1 } § F;T¢ ™ @l
point transformations: 7 I'** =0 75| =
e no kinematic dependencies, 1 &
“minimal” basis ap
1+ 3F . pap_ |5 T tkq

A R DI W

i=1 “kylQQ
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Nucleon resonances

Z N,N*%4,... Constraint-free transition FFs:
only physical poles and cuts

* p poles ~» monotonous behavior ¢ Non-monotonicity at low Q2
(+ zero crossings for excited states) ~» signature for cuts (p—mn, etc.):
meson cloud

P

F(Q?)
ReF,(Q%)

JAN

‘\ N —— @

—ar 0 @’ Im Fy(@?)

L] Im Q?
° . Re Q2 /\
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Nucleon resonances

+

P_ 1+
Jh=3

ol

ol
wle

N(940)  N(1720)
N(1440)  N(1900)
N(1710)
N (1880)

N(1535)  N(1520)
N(1650)  N(1700)
N (1895) N(1875)

A(1910)  A(1232)

A(1620)  A(1700)

A(1600) A(1900) A(1940)
A(1920)
140 20
120 Example:
A 2 o, 2 N(1535) helicity amplitudes
100} & 1/2 | 1/2
; w Of
sl | .- f\} | { }
, . ol &
6ol ! [ iﬂi{ ¥1
wol \}\} 20 N 1 ¢ CLAS data
R ~f o { userwebjlab.org/~mokeev/resonance_electrocouplings
2 ) 3 ---MAID
0 ) 1 > 3 4 -40 1 5 3 " 5 Tiator, Drechsel, Kamalov, Vanderhaeghen, EPJ 198 (2011)
Q?[GeV? Q?[GeV?
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Nucleon resonances

0.5

02}

0.1

0.0

140

120t

100
80

40

20

03f

60 ’,l

1.0
08t |
R@) | Y (@)
£ A
‘2 0.4 \%‘
h} 02 !’!.
. o
e 00 Teeeeeieoa oo
- e -0.2
1 2 3 4 ! : : ) ’
Q?[GeV? Q*[GeV?]
20
A1 2(Q%) 5@
=y ik {
v 4. A0b 1 }
§ R:
ST O I g
f -30
-40
1 2 3 4 ! ’ : ' 5
N Q2 [GeV?]

N(1535) transition FFs:
no kinematic constraints

Example:
N(1535) helicity amplitudes

¢ CLAS data

userwebjlab.org/~mokeev/resonance_electrocouplings

--- MAID
Tiator, Drechsel, Kamalov, Vanderhaeghen, EP) 198 (2011)
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Nucleon resonances

05 agn
N(1535) transition FFs:

04t no kinematic constraints
03} Fit
02}
0.1
0.0 —= -0.:

0 1 2 3 4 5 0 1 2 3 4 5

Q2[CeV?] Q2[CeV?]
140 20
Example:

120f ¢ 2 10 2 . .
. Ay 5(Q7) L S12(Q%) N(1535) helicity amplitudes

; o
80 i . PDG
60

¢ CLAS data
40 = userwebjlab.org/~mokeev/resonance_electrocouplings
20 I --- MAID
0 40 Tiator, Drechsel, Kamalov, Vanderhaeghen, EPJ 198 (2011)
0 1 2 3 4 5 0 1 2 3 4 5
Q?[GeV? Q?[GeV?
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Nucleon resonances

JP = 1%

Wl

3+ 1- 3-
2 2 2
J>; N(940) N(1720) N(1535)  N(1520)
-
v N(1440) N(1900)  N(1650)  N(1700)
N(1710) N(1895) N(1875)
N (1880)
A(1910)  A(1232) A(1620)  A(1700)
A(1600) A(1900) A(1940)
A(1920)
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Nucleon resonances

Q?[GeVY]
100 60 —
50 /. - 40 51/2
of & B S
-50M Aiyz 0 Tl
-100 -20 :

Q?[GeV?]

2 3
Q*[GeV?]

N(1440)

$ cLas ---- MAID

Fit
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Nucleon resonances

05
‘\
ro R
00 /)T_;
3 3
0.1 05
0o 1 2 3 4 5 0o 1 2 3 4

Q?[GeV? Q?[GeV?]
100 50 —
8 A1z of T
60f o

s ¥
40 % -50 €
b S1/2
20 o
f‘} ———1 100
0 Sl
-20 -150
o 1 2 3 4 5 0o 1 2 3 4
Q?[GeV?) Q*[GeV?]

A(1620)

$ cLas ---- MAID

Fit
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Nucleon resonances

A(1232) i cLas PDG  ---- MAD [ Fit

20 0.2 0.6

0.5

0.0

-0.5

B}

2 3 4 5
Q?[GeV?]

*
M

-10 Rp (%) 30 Rsar [%] {

o 1 2 3 4 5 "0 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Q?[GeV?Y] Q?[GeV?] Q?[GeV?]
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Nucleon resonances

A(1700) i CLAS PDG - --- MAID

0.5 0.2

Fit

0.5

0.0

-05 Fy
08t 1.0
0 1 2 3 4 5 0 1 2 3 4 5
Q?[GeV} Q?[GeV?]
300 150
2001 100
% Ao S1/2
100 50
0 = Of -
-80 -100 -50
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Q?[GevY] Q?[GevY] Q?[GeV?|
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Nucleon resonances

N(1520) ¢ cLAs PDG  ---- MAID ] Fit

03 05
0.2
F 2
" M
00 -
0.1
0.2
0.3
4 5 1 2 3 4 5
Q?[GeV?] Q?[GeV?]
200 0
160 |
) Asjz 20
120f |\
-40
80
o -60
Ao
0 -80
-4 -1 -
°5 1 2 3 4 5 5 1 2 3 4 5 8055 1 2 3 4 5
Q?[GeV?] Q?[GeVY] Q?[GeV?]
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Kinematics

18
i = T a0 ) i) X (2.Q,@) u(p) X = Lo,

i=1 xpr= Lo,
18 CFFs 18 Compton tensors, X = Lo o
o . . 3 mt QQ "RQ:
4 kinematic form minimal basis Xtk g e
variables: e systematic derivation » 5 o ou L o jau
o imilar to T: h basi X' = (tQ'Q’ o tigy 'QQ)'
QMg o similar to Tarrach basis w1
T+ = om2 Tarrach, Nuovo Cim. A28 (1975) X' =2%q
- = Qm? X =Ui; X;, det U = const. X' =um ("Q'Q' 5% ~ <" 'QQ)'
2_0’2 . . Xt = Y (e ey 4 ke qav )
= Qz 32 o CFFs free of kinematics 4= g (1o +247 t0)
o .
_ _pQ
=T m?
GE, Ramalho,
1806.04579
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Compton form factors

10 10 10 10 10 10

e ey Zes s “les —cs I N(1440) 1+
5 5 5 5 5& sk

0 0
[ N(1535)
5 5 5 5 5 5 1—
0.0 05 1.0 00 05 10 00 05 1.0 00 05 1.0 00 05 1.0 00 05 1.0 2
10 10 10 10 10 10
Cc7 &) C9 €10 C11 C12
5 5 5 5 5 5
0 A(1232) 3+
] 0 2

5 5 -5 5 5 -5
0.0 05 1.0 00 05 10 00 05 10 00 05 1.0 0.0 05 1.0 00 05 1.0
10 10 10 10 10 10 0 N(1520) g_

—C13 —C14 C15 C16 C17 X —C18
5 5 5 5 5 5
e 0.
-5 -5 -5 -5 5 -5
0.0 05 10 00 05 10 00 05 10 00 05 1.0 0.0 05 1.0 0.0 05 10

n n n. n. n. n %‘

2 242 2
. . . mp—m
To be multiplied with ( X ) = ’ e o
(s=m%)(u—mp) (n—+0)2—4x "
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Compton form factors

0 1 e CS on scalar particle

10 10 10 10
—Cy —Ca —c3 cy —3C5
5 5 5 5&
-~ e — |
0

5 5 5 5 -
00 05 1000 05 1000 05 1000 05 1000 05 10

2
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Compton form factors

10 10 1
—C1 —C2
: 5\\k
\ e CS on pointlike scalar

5 5
0.0 05 10 00 05 10

J\/\/\

b P Ye
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Compton form factors

K X e CS on pointlike fermion

€10

Gernot Eichmann (IST Lisboa) Sept 18,2018 24/27



Compton form factors

10 10
—C1 —C2
5 5

-5 -5 -5
0.0 05 1.0 00 05 1.0 0.0 05 1.0
10 10 10
€10 C11 C12
5 5 5
o 0
-5 -5 -5
0.0 05 1.0 0.0 05 1.0 0.0 05 1.0
10 10
—C14 C15
5 5
-5 -5
0.0 0.5 10 00 05 1.0 +

n. n.

e CS on pointlike fermion

* Nucleon Born poles
in s & u channel
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Compton form factors

2

10
—C2 a3
5

5
0.0 05 10 00

0.5 1.0

: e Scalar pole in t channel
LT, 0,ag, ...
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Compton form factors

A e Pion pole in t channel

(° = y*y¥)

GE, Fischer, Weil, Williams,
PLB 774 (2017)

Gernot Eichmann (IST Lisboa) Sept 18,2018 24/27



Polarizabilities

10 10 10
—C1 —C2 —Cg
5 5 5 k
5 -5 -5
0.0 05 10 00 0.5 1.0 0.0 05 10
10 10 10
- arege C C C
Scalar polarizabilities: s 0 I 12
a+fB| _ _aem [ o 0
B m3 | c2
-5 -5
0.0 05 1.0 00 05 1.0 00 05 10

Spin polarizabilities:

YE1E1 cg +4c1p — 4ega
IMIML | _ Qem | —Co— 2¢10 + 4e12
YE1M2 2mt c6 + 2c10
YM1E2 —cg

Y0 | _ _20m ci
T mt | 6 +c10+ e — 2e12

n+
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Polarizabilities

10 10

! —C2
5 5
5 5

0.0 05 10 00 05 10

Scalar polarizabilities:

at+B| _ aem |
B Toomd | e

Bun® (104 m?)

e s 10 12 a6

n+

ag,® (104 m?) "

Hagelstein, Miskimen, Pascalutsa,
Prog. Part. Nucl. Phys. 88 (2016)

PDG:
-c;=20.3(4)
-c;= 3.7(6)

Large A(1232) contribution,
but also N(1520) non-negligible
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(2]
S,
S5
o
o
)
:I
N
)
=)

—Cg

€10

C11

C12

40

20

20

10

20

4 N
o &
o QQ? %QHQQ"(}%
\'&\Q(ﬁ \@\é&\&qo\q’ﬁ
W o S
& O SN A A\ ¢ &
& AR AP SO N S NN
& & A 3 O S DS S
& FEE LSO F FEE L EL
< S SR R S Sy TS &y
787 |:| 0
-
- - _ -
- °—{lg
r Only A(1232)
Y = N Op- = important
.
_|zz |:|= |:|‘= —
7 O
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General kinematics

2 N\ —Ime;
o
0
2 ~Tmez
o

2 —Imes
A
“

2| Ineo

[ |

40)
20) a Imeyy

o

40] 7

20] e

o

10 15 20 25 30

V3 (GeV]

e Lorentz-invariant PW analyses?

Resonance
contributions
in RCS
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General kinematics

e Lorentz-invariant PW analyses?

e With minimal basis, only physical singularities;
if no physical singularities,
no momentum dependence!

2 N\ —Ime;
o
0
2 ~Tmez
o

2| —Imeg

o ~— |

:: Ime, Nucleon resonances handbag & t-channel meson poles
10

[ |

w

° Resonance oa..
o] contributions L

2 | :

0 in RCS

10 15 20 25 30

V3 (GeV]
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Compton scattering

kinematic variables
tensor basis

. GE, Ramalho,
constraint-free Compton FFs 1806.04579

X

general offshell transition vertices
constraint-free transition FFs
fits for transition FFs

3
}\\
L] L]

impact of higher resonances on Compton FFs
e only A(1232) and N(1520) relevant for polarizabilities

=z
=
=
&
.
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Meson electroproduction?

‘ e kinematic variables
o tensor basis

o constraint-free electroproduction amplitudes
GE, Sanchis-Alepuz, Williams, Alkofer, Fischer, PPNP 91 (2016)

How important is the “QCD background”?
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