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on-Perturbative QCD:

» Hadrons, as bound states, are dominated by non-perturbative
QCD dynamics — Two emergent phenomena

» Confinement: Colored particles have never been seen isolated
v" Explain how quarks and gluons bind together

» Dynamical Chiral Symmetry Breaking (DCSB): Hadrons do not
follow the chiral symmetry pattern
v' Explain the most important mass generating mechanism for visible matter in
the Universe
» Neither of these phenomena is apparent in QCD 's Lagrangian,
HOWEVER, They play a dominant role in determining the
characteristics of real-world QCD!




» Dressed-quark propagator:
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YV VYV

Mass generated from the interaction
of quarks with the gluon.

Light quarks acquire a HUGE constituent mass.

Responsible of the 98% of the mass of the
proton and the large splitting between
parity partners.

on-Perturbative QCD:

» From a quantum field theoretical point of view, these emergent phenomena
could be associated with dramatic, dynamically driven changes in the analytic
structure of QCD 's Schwinger functions (propagators and vertices). The
Schwinger functions are solutions of the qguantum equations of motion (Dyson-
Schwinger equations).
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inger equations (DSEs)

Quark propagator: Gluon propagator:
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Ghost-gluon vertex:
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Quark-gluon vertex:




rons: Bound-states in QFT

» Mesons: a 2-body bound state problem in QFT

> Bethe-Salpeter Equation
» K - fully amputated, two-particle irreducible, quark-antiquark scattering kernel
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» Baryons: a 3-body bound state problem in QFT

» Faddeev equation: sums all possible quantum field theoretical exchanges
and interactions that can take place between the three dressed-quarks that

define its valence quark content.
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m- !lstribution functions in the kaon and pion

Theoretical Framework

» The hadronic tensor relevant to inclusive deep inelastic lepton-meson scattering may be
expressed in terms of the meson's quark distribution functions.

» Light pseudoscalar mesons are of great interest in hadron and nuclear physics, in large part
because they are the Nambu-Goldstone modes which arise as a consequence of dynamical
chiral symmetry breaking (DCSB).

» Question: How to compute the mesons' parton distribution functions (PDFs) correctly?
» In the framework of DSEs, the textbook handbag contribution to virtual Compton scattering:

* The axial-vector Ward-Takahashi identites are lost and one violates momentum conservation within
the bound-state.

* The minimal complete set of the virtual-photon—meson forward Compton scattering amplitude:

N
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mglstribution functions in the kaon and pion

Results

» By accounting for the gluon contribution, we presented the first symmetry-preserving
predictions for the pion and kaon valence-quark distribution functions.

»  We find that whereas roughly two thirds of the pion’s light-front momentum is carried by
valence dressed quarks at a characteristic hadronic scale; this fraction rises to 95% in the
kaon; evolving distributions with these features to a scale typical of available Drell-Yan data
produces a kaon-to-pion ratio of u-quark distributions that is in agreement with the single
existing data set, and predicts a u-quark distribution within the pion that agrees with a
modern of N Drell-Yan data.
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ution functions in the kaon and pion

Impact

>
>

The theorists and experimentalists showed great interest in our results.
Especially, our computed kaon-to-pion ratio has been used in other researchers’ talks many

Status of the light mesons PDF: kaon meson
MESON PDFs

times.

GRYV (1992) set of pion PDFs: Drell-Yan, charmonia

Caon PDF
Chen et al, 1602.01502 o Drell-Yan data (NA3) only and prompt photon production experiments (E615,
1.2 700 events ! NA10, WA70, NA24)
= o Information on valence @ SMRS (1992): basically the same old data.
} 08 quark from kaon JAM (2018) set: production of leading neutrons in DIS
XE U(K") ix at HERA (ZEUS, H1).
S 0.4 —— X — <1 ’ ” o ; 5
. o(7) b= Kaon PDFs: just 700 kaon-induced DY events at NA3
1.2
0.0 025 050 075 1.0 e ¥ is steeper compared to " &
N @ Only few information about =
> 0.8
kaon gluon PDF =
£3
Z
2 . =04
Kaon PDF is very little known — Need data !
0.0 0.25 0.50 0.75 1.0
1 x

e ——y

Kaon structure functions - gluon pdfs

A.C. Agullar et al., arXiv:1907.08218 (2019). s00n in EPJA
Based on Lattice QCD calculations| Eich
: . rojections
and DSE calculations: 12 e e e b i i i i
What do we know about kaon structure? ~ Valence quarks carry 52% of the = B S s W SO
pion’s momentum at the light front, g
. ! at the scale used for Lattice QCD > 038
Sole measurement from NA3 i T calculations, or ~65% at the 5 %
J. Badier et al, PLB93 354 (1984) perturbative hadronic scale = -
o Limited statistics: 700 events with K~ s 04 1% DSE analysis (Tandy et al.,
b ¢ ~ Atthe same scale, valence-quarks fully numerical DSE solutions)
U(3)s breaking )
@ Sensitivity to SU(3) h'. oing carry % of the kaon's light-front 0.0b  gluon content of the kaon
e Mostly only model predictions momentum, or roughly 95% at the 2
perturbative hadronic scale 0.0 0.25 0.50 0.75 1.0
X

Interesting observation: At hadronic scale gluons

carry only 5% of K's momentum vs ~30% in = Thus, at a given scale, there is far less glue in the kaon than in the pion:

O heavier quarks radiate less readily than lighter quarks
Q heavier quarks radiate softer giuons than do lighter quarks
o No measurements on sea quarks Q Landau-Pomeranchuk effect. softer gluons have longer wavelength and multiple
o 5 % L g are supp by ir
How to improve the situation? O Momentum conservation communicates these effects to the kaon's u-quark.
«

(S 7Y Y

@ Scarce data on u-valence

e No measurements on gluons
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ution functions in the kaon and pion

Impact

» This work was used to win approval from CERN management for the COMPASS++/AMBER

Phase-1 project and provides crucial theory background for the development of Phase-2
plans.

AMBER

A new QCD facility at HOME DOCUMENTS WORKSHOPS TALKS CHRONOLOGY MEETING DATABASE
the M2 beam line of :

the CERN SPS

ORGANISATION ~  WIKI

Documents
@ New QCD facility at the M2 beam line of the CERN SPS
This covers all ideas for future experiments as of Januray 2019.
C Proposal for Phase-1: JOMPASS++/AMBER: Proposal for Measurements at the M2 beam line of the CERN SPS Phase-1:

This document covers the three phase-1 experiments (start in 2022).




m- !lstribution functions in the kaon and pion

Impact

» This work was used to win approval from CERN management for the COMPASS++/AMBER
Phase-1 project and provides crucial theory background for the development of Phase-2
plans.

Letter of intent:

“"

.. Using the Dyson-Schwinger-Equation (DSE) approach, the authors of Ref. [55] find that at the i
hadronic scale the gluons contribute to only 5% of the total momentum in the kaon, as i
compared to about one third in the pion. A stringent check of this prediction requires the i
measurement of the presently unknown gluon distribution in the kaon ... ” i

Proposal for Phase-1:

“... A prediction for the ratio uK(x)/um(x) is available [74]: agreement with data [51] indicates that
the gluon content of the kaon at the hadronic scale is just 5 5%, whereas that for the pion is
more than 30% at this scale. ... It is hence of utmost interest to upgrade the existing CERN M2
beam line by an RF-separation stage in a later phase of the Compass ++/Amber project. Such a
unique high-energy high-purity kaon beam would for the first time allow a detailed
measurement of the kaon’s parton structure, which would pave the way to address the
fundamental physics questions sketched above ... ”




)-8
rJ W U

2. Baryons




— Diquarks

» Mesons: quark-antiquark correlations -- color-singlets
» Diquarks: quark-quark correlations within a color-singlet baryon.

» Diquark correlations:
» In our approach: non-pointlike color-antitriplet and fully interacting.
» Diquark correlations are soft, they possess an electromagnetic size.

» Owing to properties of charge-conjugation, a diquark with spin-parity JAP
may be viewed as a partner to the analogous J*{-P} meson.

d4q d )\
Faa(pi P) = — f 2n)8 g Duv(p - 9)~ Y 5(q+ P)laala: P)S(a) = w
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» Quantum numbers:
» (=0, JAP=0”"+): isoscalar-scalar diquark
(I=1, JAP=1"+): isovector-pseudovector diquark
(I=0, JAP=0”-): isoscalar-pesudoscalar diquark

>
>
» (=0, JAP=1A-): isoscalar-vector diquark
» (=1, JAP=1A-): isovector-vector diquark
>

Tensor diquarks ?



— Diquarks

> Quantum numbers:

» (=0, JAP=0”"+): isoscalar-scalar diquark
» (I=1, JAP=1"+): isovector-pseudovector diquark

» (=0, JAP=07-): isoscalar-pesudoscalar diquark
» (=0, JAP=1A-): isoscalar-vector diquark

» (=1, JAP=1A-): isovector-vector diquark

» Tensor diquarks ?

v

G. Eichmann, H. Sanchis-Alepuz, R.
Williams, R. Alkofer, C. S. Fischer,
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

Chen Chen, B. El-Bennich, C. D.
Roberts, S. M. Schmidt, J. Segovia,
S-L. Wan, Phys.Rev. D97 (2018) no.3,
034016
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> Quantum numbers:

» (=0, JAP=0”"+): isoscalar-scalar diquark
» (I=1, JAP=1"+): isovector-pseudovector diquark

» (=0, JAP=07-): isoscalar-pesudoscalar diquark
» (=0, JAP=1A-): isoscalar-vector diquark
» (=1, JAP=1A-): isovector-vector diquark
» Tensor diquarks ?
» Three-body bound states

G. Eichmann, H. Sanchis-Alepuz, R.
Williams, R. Alkofer, C. S. Fischer,
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

Chen Chen, B. El-Bennich, C. D.
Roberts, S. M. Schmidt, J. Segovia,
S-L. Wan, Phys.Rev. D97 (2018) no.3,
034016

";...J —_
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> Quantum numbers:

» (=0, JAP=0”"+): isoscalar-scalar diquark
» (I=1, JAP=1"+): isovector-pseudovector diquark

» (=0, JAP=07-): isoscalar-pesudoscalar diquark
» (=0, JAP=1A-): isoscalar-vector diquark
» (=1, JAP=1A-): isovector-vector diquark
» Tensor diquarks ?
» Three-body bound states

G. Eichmann, H. Sanchis-Alepuz, R.
Williams, R. Alkofer, C. S. Fischer,
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

Chen Chen, B. El-Bennich, C. D.
Roberts, S. M. Schmidt, J. Segovia,
S-L. Wan, Phys.Rev. D97 (2018) no.3,
034016

";...J —_
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— Diquarks

> Quantum numbers:

» (=0, JAP=0”"+): isoscalar-scalar diquark

» (I=1, JAP=1"+): isovector-pseudovector diquark

» (=0, JAP=07-): isoscalar-pesudoscalar diquark
» (=0, JAP=1A-): isoscalar-vector diquark
» (I=1, JAP=17-): isovector-vector diquark
» Tensor diquarks ?
» Three-body bound states

v

G. Eichmann, H. Sanchis-Alepuz, R.
Williams, R. Alkofer, C. S. Fischer,
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

Chen Chen, B. El-Bennich, C. D.
Roberts, S. M. Schmidt, J. Segovia,
S-L. Wan, Phys.Rev. D97 (2018) no.3,
034016

» The diquark Ansatz for the 4-point Green's function of the quark-quark correlations:

.|.

i/

.|.

-

-
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— Diquarks

» Quantum numbers:
v" G. Eichmann, H. Sanchis-Alepuz, R.

» (=0, JAP=0”"+): isoscalar-scalar diquark Williams, R. Alkofer, C. S. Fischer,

. . Prog.Part.Nucl.Phys. 91 (2016) 1-
» (I=1, JAP=1"+): isovector-pseudovector diquark 100g vs. 91(2016)
» (=0, JAP=0"-): isoscalar-pesudoscalar diquark v' Chen Chen, B. EI-Bennich, C. D.

) ) Roberts, S. M. Schmidt, J. Segovia,
» (=0, JAP=1A-): isoscalar-vector diquark S-L. Wan, Phys.Rev. D97 (2018) no.3,

034016
» (I=1, JAP=17-): isovector-vector diquark

» Tensor diquarks ?

> Three-body bound states mmmp
Quark-diquark two-body bound states

22



2.1 Spectrum

Phys. Rev. D 100 (2019) 3, 034008, 37 citations
Phys. Rev. D 100 (2019) 5, 054009, 26 citations
Phys. Rev. D 97 (2018) 3, 034016, 47 citations
Phys. Rev. C 96 (2017) 1, 015208, 36 citations
Phys. Rev. D 92 (2015) 11, 114034, 26 citations
Few Body Syst. 53 (2012) 293-326, 83 citations
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2.1 Spectrum

PHYSICAL REVIEW D 97, 034016 (2018)

Structure of the nucleon’s low-lying excitations
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Phys. Rev. D 97 (2018) 3, 034016

1/2F 13- 1/~
my — Myaqaa0)  Myas3s) "(1650)
» By including all kinds of diquarks, we performed a comparative study of the four

Y VYV

lightest baryon (I1=1/2, JAP=1/27{+-}) isospin doublets in order to both elucidate
their structural similarities and differences.

The first ON-SHELL DSE treatment of these systems.

The two lightest (1=1/2, JAP=1/2”+) doublets are dominated by scalar and
pseudovector diquarks; the associated rest-frame Faddeev wave functions are
primarily S-wave in nature; and the first excited state in this 1/2”+ channel has very
much the appearance of a radial excitation of the ground state.

In the two lightest (I=1/2, JAP=1/27-) systems, TOO, scalar and pseudovector
diquarks play a material role. In their rest frames, the Faddeev amplitudes
describing the dressed-quark cores of these negative-parity states contain roughly
equal fractions of even and odd parity diquarks; the associated wave functions of
these negative-parity systems are predominantly P-wave in nature, but possess
measurable S-wave components; and, the first excited state in this negative parity
channel has little of the appearance of a radial excitation.

25



SOLUTIONS & THEIR PROPERTIES:
Rest-frame orbital angular momentum

(a) Ny Ny Ny Ny gpe=1 Ny  Nj gpa=1

[ » (a) Computed from the wave functions

08 _ directly.

n.ef (b) Computed from the relative

i contributions to the masses.

041 » (b) delivers the same qualitative picture
of each baryon’s internal structure as
that presented in (a). Therefore, there is
little mixing between partial waves in

SPDb SPD SPD SPD SPD SPD the computation of a baryon’s mass.

L fraction — ¥

0.2}

0.0k

(b) Ny Ny No Ny goe=1 Ny Nj gpa=1

. o ©
£ (o] oo
LI T T T 17T 177

L fraction — mass
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SOLUTIONS & THEIR PROPERTIES:
Rest-frame orbital angular momentum

(a) Ny Ny Ny Ny gpe=1 Ny  Nj gpa=1

B » The nucleon and Roper are primarily
0.8} : .

i S-wave in nature, since they are not
> o6l supported by the Faddeev equation
Lo unless S-wave components are
% 0.4t contained in the wave function. On
o U4r
S the other hand, the N(1535)1/2/-

0.2r ,N(1650)1/27- are essentially P-wave
005 _ in character.
~ SPD SPD SPD SPD SPD SPD > These observations provide support
in quantum field theory for the
) Ng Ny Ng Nygos=1 Ny Ny gps=t constituent-quark model
1.0F ' ' ' ' ] .
i classifications of these systems.
w 0.8}
w L
g I
T 06F
c
s I
S 04}
g %4t
— 0.2t
0.0t

SPD SPD SPD SPD SPD SPD



SOLUTIONS & THEIR PROPERTIES:
Diquark content

(@) NG NI Ny Njgps=t Ny Nj gpg=1
0.6- | | | ' | i » (a) Computed from the amplitudes
> [ i directly.
é oal i (b) Computed from the relative
S b . contributions to the masses.
% ol ] » From (a): although gDB < 1 has little
T L i impact on the nucleon and Roper, it has
° I ] a significant effect on the structure of
0.0 = the negative parity baryons, serving to
sapv sapv sapv sapv sapyv sapy enhance the net negative-parity diquark
o) NC NS NG NG goaet NE N o content. The amplitudes associated with
— : ; : : ; . these negative-parity states contain
o [ ] roughly equal fractions of even and odd
2 05 parity diquarks.
é 0.6f ] » From (b): In each case depicted in the
E oal ] lower panel, there is a single dominant
x I ] diquark component. There are
3 0.2} : significant interferences between
- . n: i different diquarks.

sapv sapv sapv sapv sapv sapv



SOLUTIONS & THEIR PROPERTIES:
Pointwise structure

» We consider the zeroth Chebyshev moment of all S- and P-wave components in a
given baryon’s Faddeev wave function.

» Nucleon’s first positive-parity excitation: all S-wave components exhibit a single
zero; and four of the P-wave projections also possess a zero. This pattern of
behavior for the first excited state indicates that it may be interpreted as a radial

excitation.
1.00 st 1.0f 57
- & - &
0.8} 0.8
(1/3) @t + (2/3) at (1/33at + (2/3) at
0.6} _, 0.6 -
1 L2t
0.4 —— 0.4 - 3
0.z G REN Rt S bl 0.2 T L3R (23 v
0. e s e e e e e = 00 e e e
—0.2f T —2r =T
| S —0.4F
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
1] GeV €] GeV
0.3} 5 —— P s —— Bt
T A i - af v
0.2 == {13y ay « (23 ag (1/3) ¥ + (2/3) v R (1/3) & + (2/3) & (103395 + (2/3) 78
a5 —ag S IR

0.0

—0.05F

0.0 0.2 0.4 0.6 0.5 0.0 0.2 0.4 0.6 0.8



SOLUTIONS & THEIR PROPERTIES:
Pointwise structure

» For N(1535)1/27-,N(1650)1/27- : the contrast with the positive-parity states is stark.
In particular, there is no simple pattern of zeros, with all panels containing at least one

function that possesses a zero.

» In their rest frames, these systems are predominantly P-wave in nature, but possess material
S-wave components; and the first excited state in this negative parity channel—
N(1650)1/2~-—has little of the appearance of a radial excitation, since most of the functions

depicted in the right panels of the figure do not possess a zero.

1.0f n
0.8 )
0.6 - (13T + (2/3) 75
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0.0 F = S T e T e —
Ry il — -
—0-2——_ I —
—0.4
—0.6L . . .
0.0 0.2 0.4 0.6 0.8
€] GeV
1.2} __ —
o ~
1.0 T —— &
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—0.2} . ) . .
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Delta-baryons: coming soon...

Preprint nos. NJU-INP 057/22, USTC-ICTS/PCFT-22-11

Composition of low-lying J = %i A-baryons

Langtian Liu (XIJji %),2 Chen Chen (}4/%),>%* Ya Lu (ffi 1), 2® Craig D. Roberts,!»?' T and Jorge Segovia® 2

! School of Physics, Nanjing University, Nanjing, Jiangsu 210093, China
2 Institute for Nonperturbative Physics, Nanjing University, Nanjing, Jiangsu 210093, China
3 Interdisciplinary Center for Theoretical Study, University of Science and Technology of China, Hefei, Anhui 230026, China
*Peng Huanwu Center for Fundamental Theory, Hefei, Anhui 230026, China
® Department of Physics, Nanjing Tech University, Nanjing 211816, China
S Dpto. Sistemas Fisicos, Quimicos y Naturales, Univ. Pablo de Olavide, E-41013 Sevilla, Spain
(Dated: 2022 March 15)

A Poincaré-covariant quark+diquark Faddeev equation is used to develop insights into the struc-
ture of the four lightest (I, .J = %, %i) baryon multiplets. Whilst these systems can contain isovector-
pseudovector and isovector-vector diquark correlations, one may neglect the latter and still arrive at
a reliable description. The %, %"') states are the simpler systems, with structural features that bear
some resemblance to quark model pictures, e.g., their most prominent rest-frame angular momentum

component is S-wave and the A(IGOO)%+ may reasonably be viewed as a radial excitation of the
A( 1232)%+. On the other hand, the (3,3 7) states are somewhat more complex. The A(1940)3
expresses little of the character of a radial excitation of the A(l?OO)%—; and whilst the rest-frame

wave function of the latter is predominantly P-wave, the leading piece in the A(1940)-g-- wave func-
tion is S-wave, presenting a conflict with quark model expectations. Experiments that can test these
predictions, such as resonance electroproduction at large momentum transfers, may shed light on
the character of emergent hadron mass.



Delta-baryons: coming soon...
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We employ a continuum approach to the three valence-quark bound-state problem in relativistic
quantum field theory to predict a range of properties of the proton’s radial excitation and thereby unify them
with those of numerous other hadrons. Qur analysis indicates that the nucleon’s first radial excitation is the
Roper resonance. It consists of a core of three dressed quarks, which expresses its valence-quark content
and whose charge radius 1s 80% larger than the proton analogue. That core is complemented by a meson
cloud, which reduces the observed Roper mass by roughly 20%. The meson cloud materially affects
long-wavelength characteristics of the Roper electroproduction amplitudes but the quark core is revealed to

probes with Q* = 3mi,_
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Form factors: contain important information about the structure and the properties of
hadrons.

Different probes correspond to different form factors.
The nucleon electromagnetic current:

JEM(Kv Q) — ﬂ’(Pf) [%uFl(QQ) -+ ﬁauuQvFZ(QQ)] U(Pz)

® A large number of experimental measurements, with high precision and up to large momentum
transfer.

The nucleon axial current:

il

T5u(K, Q) = u(Pr) 55 [%GA(CY) I

ZmN

2 Gr(@)]ut)

® The relative measurements are much more difficult, since they are related to weak processes.
® Ga-axial form factor: experimental data are rather sparse and with large uncertainties.
® Gr-induced pseudoscalar form factor: ONLY 4 empirical results.

The nucleon pseudoscalar current (pseudoscalar form factor):
TJ

(K, Q) = u(Py) Z1sGs(@Q)u(P)
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Y

Form factors: contain important information about the structure and the properties of
hadrons.

Different probes correspond to different form factors.
The nucleon electromagnetic current:

J;}?M(Kv Q) — E(Pf) [,YMFI(QQ) -+ %O-NVQVFz(QQ)] u(Pz)

® A large number of experimental measurements, with high precision and up to large momentum
transfer.

The nucleon axial current:
. TJ .
Jgu(K7 Q) = @(Pf)§75 [%GA(Q2 +1 GP(QZ)‘ u(F;)

® The relative measurements are much more difficult, since they are related to weak processes.

Qs

ZmN

® Ga-axial form factor: experimental data are rather sparse and with large uncertainties.
® Gr-induced pseudoscalar form factor: ONLY 4 empirical results.

The nucleon pseudoscalar current (pseudoscalar form factor):

I

(K, Q) = u(Py) S afGs(QJu(P)

The Partially Conservation of the Axial Current (PCAC) relation:

GAQY) — -2 Gp(Q*) = T9Gy(Q%)

2
4m3; my
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» In the quark-diquark framework, the associated symmetry-preserving current:
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Nucleon axial and pseudoscalar form factors
from the covariant Faddeev equation

Gernot Eichmann and Christian S. Fischer
Institut fiir Theoretische Physik, Justus-Liebig-Universitdt Giessen, D-35392 Giessen, Germany
(Dated: November 2, 2018)

We compute the axial and pseudoscalar form factors of the nucleon in the Dyson-Schwinger ap-
proach. To this end, we solve a covariant three-body Faddeev equation for the nucleon wave function
and determine the matrix elements of the axialvector and pseudoscalar isotriplet currents. Our only
input is a well blished and ph logically successful ansatz for the nonperturbative quark-
gluon interaction. As a consequence of the axial Ward-Takahashi identity that is respected at the
quark level, the Goldberger-Treiman relation is reproduced for all current-quark masses. We discuss
the timelike pole structure of the quark-antiquark vertices that enters the nucleon matrix elements
and determines the momentum dependence of the form factors. Our result for the axial charge
underestimates the experimental value by 20 — 25% which might be a signal of missing pion-cloud
contributions. The axial and pseudoscalar form factors agree with phenomenological and lattice
data in the momentum range above Q* ~ 1...2 GeV2.

PACS numbers: 11.80.Jy 12.38.Lg, 11.40.Ha 14.20.Dh

I. INTRODUCTION

The nucleon’s axial and pseudoscalar form factors
are of fundamental significance for the properties of
the nucleon that are probed in weak interaction pro-
cesses. Their momentum dependence can be experimen-
tally tested by (anti)neutino scattering off nucleons or
nuclei, charged pion electroproduction and muon capture
processes; see [1-3] for reviews. Both form factors are ex-
perimentally hard to extract and therefore considerably
less well known than their electromagnetic counterparts.
Precisely measured is only the low-momentum limit g,
of the axial form factor which is determined from neu-
tron -decay. Planned experiments at major facilities are
expected to change this situation in the near future.

The theoretical calculation of the nucleon’s axial
and pseudoscalar form factors requires genuinely non-
perturbative methods. Chiral perturbation theory has
been successful in this respect [1, 4, 5] although it is gen-
erally limited to the region of low momentum transfer.
Recent studies in lattice gauge theory are getting closer
to the physical pion mass region [6-8] but finite-volume
effects become increasingly important. Another non-
perturbative approach is the one via functional meth-

The study of axial and pseudoscalar form factors in
the functional approach has so far been limited to an
approximation where the nucleon is treated as a bound
object of a quark and a diquark that interact via quark
exchange [12, 13]. The entire gluonic substructure ap-
pears here only implicitly within the dressing of quark
and diquark propagators as well as diquark vertex func-
tions. There are several conceptual issues that compli-
cate the treatment of form factors in the quark-diquark
model. First, the requirement of current conservation in-
duces the appearance of intricate *seagull’ diagrams [14].
Such terms have been taken into account for electromag-
netic form factors, but their implementation in the case
of axial form factors has not yet been possible for tech-
nical reasons [13]. Second, to comply with chiral Ward
identities, a current-conserving quark-diquark model re-
quires vector diquarks in addition to the usual scalar and
axialvector diquark degrees of freedom [15]. Such an elab-
orate treatment of the quark-diquark model has not yet
been performed.

THe Siuation 15 somewnat qillerent when the micleon
is treated as a genuine three-body problem. The re-
sulting Faddeev equation in rainbow-ladder truncation
has been solved only recently for the nucleon and A

O 1 S S e YR SR, S

The study of axial and pseudoscalar form factors in
the functional approach has so far been limited to an
approximation where the nucleon is treated as a bound
object of a quark and a diquark that interact via quark
exchange [12, 13]. The entire gluonic substructure ap-
pears here only implicitly within the dressing of quark
and diquark propagators as well as diquark vertex func-
tions. There are several conceptual issues that compli-
cate the treatment of form factors in the quark-diquark
model. First, the requirement of current conservation in-
duces the appearance of intricate ’seagull’ diagrams [14].
Such terms have been taken into account for electromag-
netic form factors, but their implementation in the case
of axial form factors has not yet been possible for tech-
nical reasons [13]. Second, to comply with chiral Ward
identities, a current-conserving quark-diquark model re-
quires vector diquarks in addition to the usual scalar and
axialvector diquark degrees of freedom [15]. Such an elab-
orate treatment of the quark-diquark model has not yet
been performed.
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Nucleon axial and pseudoscalar form factors The study of axial and pseudoscalar form factors in
from the covariant Faddeev equation . . . .

. o the functional approach has so far been limited to an

Qé approximation where the nucleon is treated as a bound

object of a quark and a diquark that interact via quark

exchange [12, 13]. The entire gluonic substructure ap-
pears here only implicitly within the dressing of quark
and diquark propagators as well as diquark vertex func-
tions. There are several conceptual issues that compli-
cate the treatment of form factors in the quark-diquark
model. First, the requirement of current conservation in-
duces the appearance of intricate ’seagull’ diagrams [14].
Such terms have been taken into account for electromag-
netic form factors, but their implementation in the case
of axial form factors has not yet been possible for tech-
nical reasons [13]. Second, to comply with chiral Ward
identities, a current-conserving quark-diquark model re-
quires vector diquarks in addition to the usual scalar and
axialvector diquark degrees of freedom [15]. Such an elab-

(5) (6) orate treatment of the quark-diquark model has not yet
}g 10 tne pnysical plon mass region |o-3| but nnte-voluume R A Y s G S 5 iy S i I v

- effects become increasingly important. Another non-  Sulting Faddeev equation in rainbow-ladder truncation been perforlned_
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Nucleon axial and pseudoscalar form factors
from the covariant Faddeev equation
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The study of axial and pseudoscalar form factors in
the functional approach has so far been limited to an
approximation where the nucleon is treated as a bound
object of a quark and a diquark that interact via quark
exchange [12, 13]. The entire gluonic substructure ap-
pears here only implicitly within the dressing of quark
and diquark propagators as well as diquark vertex func-
tions. There are several conceptual issues that compli-
cate the treatment of form factors in the quark-diquark
model. First, the requirement of current conservation in-
duces the appearance of intricate ’seagull’ diagrams [14].
Such terms have been taken into account for electromag-
netic form factors, but their implementation in the case
of axial form factors has not yet been possible for tech-
nical reasons [13]. Second, to comply with chiral Ward
identities, a current-conserving quark-diquark model re-
quires vector diquarks in addition to the usual scalar and
axialvector diquark degrees of freedom [15]. Such an elab-
orate treatment of the quark-diquark model has not yet
been performed.

Goldberger-Treiman relation and g pi N N from the three quark BS / Faddeev

approach in the NJL model

Noriyoshi Ishii (Erlangen - Nuremberg U.) (Apr 28, 2000)
Published in: Nucl.Phys.A 689 (2001) 793-845 « e-Print: nucl-th/0004063 [nucl-th] 48
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i

T (K, Q) = ﬂ(Pf)g% ['Y;LGA(Q2) + 1

> Two form factors:
e Ga-axial form factor
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2mN

il

T (K, Q) = ﬂ(Pf)E% ['Y;LGA(QQ) + 1

> Two form factors:

Gr(@)]u()

* Ga-axial form factor
* Gp-—induced pseudoscalar form factor
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Wu!oscalar current — Gs & Grww

J(K,Q) = u(Py) 5 15Gs(Q)u(P)

» One form factor:
* Gs- pseudoscalar form factor

0.4 0.4f
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v' Chen Chen, C. S. Fischer, C. D. Roberts and J. Segovia
(2021), arXiv: 2103.02054 [hep-ph]
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Weu!oscalar current — Gs & Grww

J(K,Q) = a(P ) 5 G (Q2)u(P)

» One form factor:
* Gs- pseudoscalar form factor

> At the pion mass pole, the residue of Gs is the pion-nucleon coupling
constant gnnn. Thus one can define the pion-nucleon form factor Gnnn:

Gs5(Q) = ghr L2 Gann(Q?)

2 2
GrNN (Q — —m,r) — grNN
» The Goldberger-Treiman relation: —
GA(O) — =T wNN(O) Barul o
my
Reinertf )
Balig ——
Bali, [ ' %
v' Chen Chen, C. S. Fischer, C. D. Roberts and J. Segovia 12 14 16 18

(2021), arXiv: 2103.02054 [hep-ph]

grnn/my [GeV]
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CAC

» The Partially Conservation of the Axial Current (PCAC) relation:

Q2

Ca(Q?) — —5-Cp(Q?) = —2G5(Q%)

4m3, mpy
> Define: the PCAC ratio
R 4m?VGA
PCAC :
Qsz + 4dm,myGs
1.010
1.005
<
S 1.0
V4
0.995
080 04  o0s 12 16
= @*/mj,

v' Chen Chen, C. S. Fischer, C. D. Roberts and J. Segovia
(2021), arXiv: 2103.02054 [hep-ph]

D. Proof of PCAC

We have specified all the necessary building blocks to
construct the diagrams of JgH(K,Q) and JI(K,Q) de-
picted in Fig. 3, with the corresponding expressions given
in Appendix B. Before we perform numerical computa-
tions, it is important to prove analytically the PCAC
relation, Eq. (7), i.e. J3,(K,Q) and JJ(K, Q) are both

a sum of six terms (listed in Fig. 3):

7 dq,aa dq,sa dq,as
T =Tse + sy + Usgy + sy )

ex sg =53
50 + +J5 5u) T Ja(u (68)

Note too that, in this proof, we shall consider either
the neutral (7%) or the charged (7!¥%2) currents; in the
isospin limit, their flavor coefficients are precisely the
same.

@gmm 1: current coupling to quark line>

For Diagram 1 in Fig. 3, contractlng Eq. (B.2) with Q,
and using Eq. (17), we obtaln

QuI (K, Q) + 2im 2 (K, Q)
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CAC

» The Partially Conservation of the Axial Current (PCAC) relation:

Q2

Gal@) = 25 Gr(Q) = LGs(@)

my
> Define: the PCAC ratio
4m?VGA
Q*Gp + 4mymnGs

Rpcac =

1.01

1.005¢

1.0f

Rpcac

0.995¢

0.99- ' : : . : ' ' :
0.0 04 0.8 1.2 1.6
Ly
= Q /mN
v' Chen Chen, C. S. Fischer, C. D. Roberts and J. Segovia
(2021), arXiv: 2103.02054 [hep-ph]

S + . ‘_,1+l+
QuJs, ¢ +22qu§g

/ / 5! [ 1 () ST@TL 5 )ivs+
(2 E)ST @AY G| ok (9)

The color /flavor coefficients in the first lines of Egs. (92)-
(95) are calculated via Eq. (C.10), i.e. the bystander legs
of the seagulls’ conjugations; and the coefficients in the
second lines are calculated via Eq. (C.9), the exchange
legs.

Sum of all contributions

Using Egs. (68), (73), (78), (79), (80), (81), (86) and
(91), it is straightforward to obtain their sum:

QulL,(K.Q) +2im  U(K.Q) = >

I =0+ 1+
(QuIE 2 (K, Q) + 2im J3 2 (K, Q)
QIS (K, Q) + 2z'qu°"‘Jl"" * (K, Q))
(@uIsg ™ (K, @) + 2im, JE 7 (1, Q)
(Q jﬁJ (K, Q) + 2im, JEA (K. Q))

+

+

0, (96)

where j = 3 for the neutral current, or j = 1 =42 for the
charged currents.




”ac!ors at Large Q2

» In the quark-diquark framework, the associated symmetry-preserving current:
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-xF} , &xF

» The CLAS12 detector at JLab 12 will deliver data on the Roper-resonance

electroproduction form factors out to Q"2 = 12 mN”2.

» We use the Schlessinger point method (SPM) to interpolate the transition form

factors, calculated on Q"2 = [0, 6] mMN”2, and then extrapolate the results on Q"2 =
(6, 12] mNA2.

» Our predictions will be tested in the foreseeable future.

0_3-I I l ' I I I ' I l I I I- 0.5'l
204}
LL L
< 0.3
o L
.5 0.2}
LL L
X 0.1}
O-
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— Summary

v’ By accounting for the gluon contribution, | presented the first symmetry-preserving
predictions for the pion and kaon valence-quark distribution functions. This work was used to
win approval from CERN management for the COMPASS++/AMBER Phase-1 project and
provides crucial theory background for the development of Phase-2 plans.

v" By including all kinds of diquarks, | performed a comparative study of the four lightest baryon
(1=1/2, JAP=1/27{+-}) isospin doublets in order to both elucidate their structural similarities
and differences. This is the first ON-SHELL DSE treatment of these systems.

v' Using the quark+diquark Faddeev equation description of baryon structure, | supplied the first
predictions for the complete array of nucleon axial and pseudoscalar form factors. In the
process, | solved a problem that had escaped understanding for more than 20 years. This work
opens the door to an entirely new array of hadron structure studies using continuum
Schwinger function methods.

v' | developed and refined a novel method for use in the interpolation of hadron form factors,
calculated using continuum Schwinger function methods, and their subsequent reliable
extrapolation to very large momentum transfers with quantifiable uncertainty estimates.




Thank you!



”on-!chwinger equations (DSEs)

» Dyson-Schwinger equations

v" A Nonperturbative symmetry-preserving tool for the study of Continuum-
QCD

v" Well suited to Relativistic Quantum Field Theory

v" A method connects observables with long-range behaviour of the running
coupling

v Experiment <> Theory comparison leads to an understanding of long-
range behaviour of strong running-coupling
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”rons: Bound-states in QFT

» Mesons: a 2-body bound state problem in QFT

> Bethe-Salpeter Equation
» K - fully amputated, two-particle irreducible, quark-antiquark scattering kernel

N =
>

» Baryons: a 3-body bound state problem in QFT.

» Faddeev equation: sums all possible quantum field theoretical exchanges
and interactions that can take place between the three dressed-quarks that

define its valence quark content.

Faddeev equation in rainbow-ladder truncation
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Quark-diquark picture

A baryon can be viewed as a Borromean
bound-state, the binding within which —
has two contributions:

v Formation of tight diquark correlations.
v" Quark exchange depicted in the shaded R
area.

Dd

o/

The exchange ensures that diquark correlations within the baryon are fully

dynamical: no quark holds a special place.

The rearrangement of the quarks guarantees that the baryon's wave

function complies with Pauli statistics.

Modern diquarks are different from the old static, point-like diquarks
which featured in early attempts to explain the so-called missing

resonance problem.

The number of states in the spectrum of baryons obtained is similar to
that found in the three-constituent quark model, just as it is in today's
LQCD calculations.




QCD-kindred model

» The dressed-quark propagator
S(p) = —ir - poy(p?) + o5(p?)
» algebraic form:
Gs(x) =2mF(2(x + m?))
- F(byx)F (byx)[by + by F (ex)], (A3a)

[1 = F(2(x + m?))], (A3b)

EV(X) =x b

with x = p? /A%, m = m/A,

|l —e™

F(x) = (A4)

G¢(x) = Aog(p?) and &y (x) = 226y (p?). The mass scale,
A = 0.566 GeV, and parameter values,

i by b, by by
0.00807 0.131 290 0.603 0.185°

(AS)

associated with Eq. (A3) were fixed in a least-squares fit to
light-meson observables [79,80]. [e = 10~ in Eq. (A3a)
acts only to decouple the large- and intermediate- p®
domains. |




QCD-kindred model

» The dressed-quark propagator
S(p) = —ir - poy(p*) + o5(p*)

» Based on solutions to the gap equation that were obtained with a dressed gluon-quark
vertex.

» Mass function has a real-world value at p”2 = 0, NOT the highly inflated value typical of
RE truncation.

» Propagators are entire functions, consistent with sufficient condition for confinement
and completely unlike known results from Rt truncation.

» Parameters in quark propagators were fitted to a diverse array of meson observables.
ZERO parameters changed in study of baryons.

» Compare with that computed using the
DCSB-improved gap equation kernel (DB).
The parametrization is a sound representation
numerical results, although simple and introdu
long beforehand.

p ! GeV

FIG. 6. Sohd curve (blue)—quark mass function generated by
the parametnzation of the dressed-quark propagator specified by
Egs. (A3) and (A4) (A5); and band (green)—exemplary range of
numerical results obtained by solving the gap equation with the
modern DCSB-improved kernels described and used in
Refs. [16,81-83].




QCD-kindred model

» Diquark amplitudes: five types of correlation are possible in a J=1/2 bound state:
isoscalar scalar(1=0,J"P=0"+), isovector pseudovector, isoscalar pseudoscalar,
isoscalar vector, and isovector vector.

» The LEADING structures in the correlation amplitudes for each case are,
respectively (Dirac-flavor-color),

" (kK) = go- FiCTjgf(kjfmﬁ_).
1::1:_ (k; K) = fﬂl-}’FCfﬁ F(k*/ar.),
[ (k; K) = igy- C2HF (12 /w}-),
[, (kK) = Q’l-FyTECTlgf{sznﬁ-).

[y (k:K) = igi-[r,.7 - KlysCTH F (R /w7.),

» Simple form. Just one parameter: diquark masses.

» Match expectations based on solutions of meson and diquark Bethe-Salpeter
amplitudes.



QCD-kindred model

» Diquark masses (in GeV):
mp- = 0.8, mp+ =09, mp-=12, mp-=1.3,

» The first two values (positive-parity) provide for a good description of numerous
dynamical properties of the nucleon, A-baryon and Roper resonance.

» Masses of the odd-parity correlations are based on those computed from a
contact interaction.

» Such values are typical; and in truncations of the two-body scattering problem
that are most widely used (RL), isoscalar- and isovector-vector correlations are
degenerate.

» Normalization condition = couplings:

go+ = 14.8, g+ = 12.7,

g =128,  g- =54 gi%@j.

> Faddeev kernels: 22 X 22 matrices are reduced to 16 X 16!



A parameter: gDB

» There is an absence of spin-orbit repulsion owing to an oversimplification of the
gluon-quark vertex when formulating the RL bound-state equations. We therefore
employ a simple artifice in order to implement the missing interactions.

v" We introduce a single parameter into the Faddeev equation for JAP=1/2"P baryons:
gDB, a linear multiplicative factor attached to each opposite-parity (-P) diquark
amplitude in the baryon’s Faddeev equation kernel.

v/ gDB is the single free parameter in our study.




QCD-kindred model

» The diquark propagators

1 3 )
AY(K) =— F (k™ /wg. ),
mg.
+ K, K | S
AL (K) = [ﬁ;w + r;r:j| — F(k* /7).
I I

» The F-functions: Simplest possible form that is consistent with infrared and

ultraviolet constraints of confinement (IR) and 1/g”2 evolution (UV) of meson
propagators.

» Diquarks are confined.

» free-particle-like at spacelike momenta
» pole-free on the timelike axis

» This is NOT true of RL studies. It enables us to reach arbitrarily high values of
momentum transfer.



QCD-kindred model

» The Faddeev ampitudes:
v (P, 0;) = [T (ks K)|22AY (K ) gg. (5 Plu(P)]s;
+ 0 1AL 0] (2 PYu(P)]
+ [T A% i (£ P)u(P)]
+ [Ty 1A i, (45 P)Y(P)), (9)

» Quark-diquark vertices:

Z,ﬁi (¢2,¢ - P)S'(¢;P)G*,
where G'(~) = Ip(ys) and
j+ JEXr) i
q:r’ (£;P) = Zfz (2,6 - P)ysAL(¢; P)G*, S' =1, S =iy.-£-¢ Pl
Al=y-t*h,, A =-iPly, A=y P
3 i A
Zﬂ: (2.2 - P)S'(¢: P)G, A =ilyTn, KB=r-A, A=iny-& -4,

@ (¢:P) Z” (¢2,¢ - P)ys AL(¢; P)GT,



QCD-kindred model

» Both the Faddeev amplitude and wave function are Poincare covariant, i.e. they
are qualitatively identical in all reference frames.

» Each of the scalar functions that appears is frame independent, but the frame
chosen determines just how the elements should be combined.

> In consequence, the manner by which the dressed quarks’ spin, S, and orbital
angular momentum, L, add to form the total momentum J, is frame dependent: L,
S are not independently Poincare invariant.

» The set of baryon rest-frame quark-diquark angular momentum identifications:
2§ ST AZ (A + AD),
S, AL (A + A9),
p:(2A4F = .A%)/3,
(247 - 4)/3,

» The scalar functions associated with these combinations of Dirac matrices in a
Faddeev wave function possess the identified angular momentum correlation
between the quark and diquark.



SOLUTIONS & THEIR PROPERTIES:
Masses

We choose gDB=0.43 so as to produce a mass splitting of 0.1 GeV between the
lowest-mass P=- state and the first excited P=+ state, viz. the empirical value.

Our computed values for the masses of the four lightest 1/27{+-} baryon doublets
are listed here, in GeV:

fa

1/2+ 1/2- 1/2-

9goB | my  Myoa Myasss) MN(16s0)
0.43 1.19 1.73 1.83 1.91
1.0 1.19 1.73 1.43 1.61

Pseudoscalar and vector diguarks have no impact on the mass of the two positive-
parity baryons, whereas scalar and pseudovector diquarks are important to the
negative parity systems.

Although 1/2- solutions exist even if one eliminates pseudoscalar and vector

diquarks, 1/2”+ solutions do not exist in the absence of scalar and pseudovector
diquarks.

It indicates that, with our Faddeev kernel, the so-called P-wave (negative-parity)
baryons can readily be built from positive-parity diquarks.
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uilding blocks (I)

» The current-quark vertices

Qu (k'+> )-|-2@qu3(]§+7]€ )=2S5" (k+)?/75

Fzr(k7 Q) — Tj75 ;Eﬂ'(k7 Q

The axial-vector Ward-Takahashi identity:

7J
2
The Bethe-Salpeter Amplitude of the pion:

One Ansatz: . (k,Q) = — (B(k3) + B(k2))

I

=t 5’&’755 ( )

f7r
S~1(k) =i - KA(K?) + B(k?) Therefore, we finally arrive at
in the chiral limit: 7
S — Bk T, (ko k) = 2 [fy,LEA(ki,kQ_) + 2y kk, Aa(k2, k2)

Bl 0) = 7 0
m - : 95 30
+ QZmEB(k+7 k—)] ) (28)
and
Tk k) = e e 11 )

2

TJ m:

Q? + m2 2m,

|

2 Q%+ m2 m,

Z'fyaBEB(k'—QH k%) ; 14 (29)




» The seagull terms

* The diquark Ansatz for the 4-point Green's function of the quark-quark

correlations:

* The equaltime commutators of the axial current operator:

18 (@), D) asms = 500 (@ — )

: _ T

1A, s(@), Y ())]esmys = V(@)5—=06W (2 — p)

Q




e M Building blocks )~

» The current-diquark vertices

> AXWTIs:
Quls; ap(Pd, ka) + 2imq T5%,5(pas ka) =
Qu §Z75(pd,kd)—l—2imq g?,@(pd,kd) =

€

(1)
Q

ot (1¥) 1+(0*)

S D

1) The {qq}+—pseudoscalar-current vertex
I5as(Pa; ka) =

(e .

" m Q? + m2 Fps — €apys(Pd + ka)yQs | d(T*?),
q T

(61)

ii) The {qq},+—axial-current vertex

~aa

aa Rax
FSy,aﬂ(pda kd) = (TGua,@u(pd e kd)u"'

Qu aa MIIE aa
+ B+ mi (K m—Néaﬁfyé(Pd + ka)yQs5) ) d(7%),
(62)

iii) The pseudoscalar-current induced 0% «— 171 transi-
tion vertex

I'3%(pa, ka) =
1 m

= i 5 (— 2m;‘;MfQﬁ) d(t%*),  (63)

iv) The axial-current induced 0 < 17 transition ver-
tex

sz,ﬂ(l?d, kz) = (imij‘,’;cSﬂﬁqL

Qu

=3 m( - Qifs:;‘;]\lfQﬁ)) d(1°%) .76 (64)




”cmessinger point method (SPM)

» SPM: based on the Pade approximation.

» For a computed form factor F(Q”2), one has a collection of N results, each associated with
the form factor at a different value of Q2 = [0, Q”2_maXx].

» One randomly chooses first one point, then two, etc., until reaching that minimal number of
points, M<N, for which the analytic approximation produced by the SPM approximation
from any randomly chosen set of M points typically delivers a valid fit to the output.

» One then defines the extrapolation by randomly choosing a large number of M-point
samples; determining the SPM approximation from each collection; applying any known
physical constraints (such as continuity, known scaling behaviour, etc.) to eliminate those
functions which are unacceptable; and then drawing the associated extrapolation curve for
each surviving approximation. This procedure generates a band of extrapolated curves
whose collective reliability at any Q*2>Q/2_max is expressed by the width of the band at
that point, which is itself determined by the precision of the original output on [O,
Q/2_max].

» Phys. Rev. D99 (2019) 3, 034013: M=12 & 1000 times.
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