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Bound states: A testing ground for QFTs

QCD: Emergent phenomena

Elucidating the simplest bound states and their Dynamical Chiral Symmetry Breaking (DCSB)

excitations constitutes a fundamenial Confinement

endeavor in understanding the underlying Gluon mass generation (in pure Yang-Mills)

mechanisms oi a quantum field theory (QFT).

Nucleons
Hadrons Dominant mass of visible universe

Described by Quantum Chromodynamics (QCD). mys - Spontaneous Symmetry Breaking
Strongly interacting bound states. Higgs mechanism is not enough!

Color singlet objects in nature.
Nonperturbative systems.
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Strong QCD ~98% of M,
My, = 940 MeV
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Excited states and transitions = =92

T D33 (1700)
S,,(1650) g ,// S, (1620)
Photo- and electro-production — e
Sty § § Am~470MeV
P,,(1440) -
CEBAF at Jlab |
ELSA at Bonn U. Parity partners
MAMI In MamZ DCSB \ V&V v|:>33(1232)
LEGS at BNL Suaee el
Notation:
Slanﬂa"l mﬂure Slllll-illl) v Lpjpy: 010020,
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1) Magnetic dipole M1 A
2) Electric quadrupole E2 " Nucleon resonances are fhe Key fo
3) Coulomb quadrupole C2 additional and novel features of QCD!!
Equivalence: Jones- Theorefical challenges
Scadron FFs G, G, G E

|v|1)2 Mass spectrum
Synergy between N(938) A(1232) Wave functions

Krusche:2003ik



Bound states: continuum approach

n-valence-quark equation

p— Masses (pole position) and amplitudes for n-valence-quark
;3_> — @ (antiqguark) hadrons obtained as solutions of Poincaré-covariant
i equations for the corresponding bound state.

p1—

Faddeev equation Quark-diguark interactions Three-body interactions

D - 20 _EO YD+ BD

Bethe-Salpeter equation

llllel‘ﬂ(lll()ll Kernels: sum of all possible n-body contributions

. _ l — Knowledge of QCDs n-point

Barabanov:2020jvn, Eichmann:2016hgl



Schwinger-Dyson Equations

* Fundamental field equations of any QFT

Quark Pr:pagator. ) m « Self-consistent, coupled system
—o0— = —— '+ * Poincaré covariance
« (Gauge invariance
Gluon propagator: « Derivation independent of couplings

1 * Bridge between low and high energy regimes

Quark-gluon vertex:

T AA A
S

Schwinger:1951ex, Dyson:1949ha, Eichmann:2009zx




Non-perturbative insights

Running coupling
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Gluon propagator

SDEs and LQCD suggest infrared finite
running coupling, gluon dressing and
quark mass function

Quark mass
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Bowman:2004jm, Bogolubsky:2009dc, Aguilar:2008xm, Binosi:2016nme, deTeramond:2024ikl, Khepani thesis.



Symmetry-Preserving Contact Interaction (SCI)

Gap equation Insightiul picture of hadrons motivated by the efiective gluon
mass and the IR enhancement of the running coupling. Primary
-1 -1 doal: Flucidate the sensitivity of electromagnetic form factors to

the pointwise behaviour of quark interactions.

Y

A

S7H(p) = Za5 (iv-p+m}) + CrZyy /d 92D (p — OV*Sr ()% (p, q)
q
RL truncation vertex and replaced by bare counterparts Solution M, 4 =370 MeV
Zlfggp,uv(p o Q)F;(pa Q) — kQQ(kQ)Dgy(k)fyy Sf_l(p) — 7’/7 P —+ Mf
Momentum-indep. vector-exchange interaction Symmetry-preserving regularization
0,0 o )
kQQ(kz)Dﬁu(k) — 4770411%# - +1M2 -/ dre~T(s+M7)
/ g f Tiaw
a;p = 0931 \mg = 500 MeV Ay, = 1/7y, = 0.905 GeV *— Sets the scale

Gutierrez-Guerrero:2010waf, Roberts:2010rn



Quark-Diquark picture TR
,’Q\ . Diquark correlations

1J%)

Continuum studies provide compelling evidence that “

baryon bound states are dominated by strong “' N \\ 4/
diguark correlations, while irreducible three-body \ Gl

forces contribute only subleading effects S/

Scalar (sc), axial-vector (av) pseudoscalar (ps) and vector (vc) diquark correlations have proved
to be a simplifying, yet accurate description of baryons.
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T BB N4o) Significant in many channels!

Barabanov:2020jvn, Eichmann:2016hgl



Faddeev Equation

Faddeev amplitude (FA)
Baryon (B) FA in the quark-diquark picture

Yp = W7 + W) + W5

b Subscript identifies bystander quark
Static appoximation S* (k) — g—B " Enhances baryon Diquark correlations
M, masses _
* Diquark IJ7) Mass
Nucleons: 1(j¥) = 2~
( ) 2 ) Isoscalar-scalar (sc) 0(0%) | my. = 0.78 GeV
) , , Isovector-axial-vector (av) | 1(17) | mg, = 1.06 GeV
\I}E]’)V(pu g, 7-7,) N(qq,o ) ‘I‘N(qq’l + N 99,07 + 3(1(1 17) av
sc } av } } } Isoscalar-pseudoscalar (ps) | 0(07) Mps = 1.15 GeV
Suppressed for N(940) Isoscalar-vector (vc) 0(17) | mye = 1.33 GeV
(P — 3.3F
Deltas: 1(JF) = 2(¢7)
U8 (pi, i, 7i) = Dz())qq,lJr) Not possible to combine isospin1 = 0 € 1 = 1/2 to obtain 1 = 3/2.

av

SCl only supports 1(1) axial-vector diquark

Yin:2019bxe, Yin:2021uom, Barabanov:2020jvn, Segovia:2013uga, Raya:2021pyr




Insigths on radially excited wave-functions

In a momentum-dependent (QCD-Rindred) treatment of baryons, the Poincaré-covariant wave function
entails angular momentum contributions. In the baryon rest frame, the quarkcore Faddeev amplitudes can be
decomposed into quark-diguark angular momentum projections:

JP = ;i = S-, P-and D-wave (L = 0,1,2) contributions,
JP = gi = S-, P-, D-and F-wave (L = 0,1,2,3) contributions.
Order-zero Chebyshev projections of the S- and P-wave components:
+ o+
]P — 1 E
. . 2 "2
Positive parity: clear pattern of zeros/ Lo
N(940):" and A(1232)2" do not posses zeros. sl T2 tvadia exciation

N(1440)§+ and A(1600)§+ exhibit single zeros at |q| = 0.4 GeV =1/[0.5fm]. 4.

Negative parity: no simple pattern of zeros/
N(1535); and A(1700); contain single zeros in at least one component.  oo-
N(1650); and A(1940); do not exhibit zeros in most of the components. 0o

Liu:2022ndb, Lu:2019bjs



Nodal structure of the Faddeev Rernel

The Faddeev equation for the n-th radial excitation of a baryon B,, is solved as an eigenvalue problem

q+

d* . ke . y
In(PIPRIP) = —4 | Gy @I (k= 5) S — 0Ty (a - ) ST@A (@) wE (P

where 1,(P) = 1for P?> = —mgj_.

The SCI Rernel does not generate nodes dynamically. For radially excited states, nodes are instead inserted as:

n

IM,(q) = 1_[ (1 — dg)qz) Note that I15(q) = 1 for ground states.

i=1

Additional ingredients

Internal (exteral) diqurk Scalar (pseudoscalar) Axial-vector (vector)
Bethe-Salpeter amplitudes diquark propagator diguark propagator
rPin 1 1 ko k
k) ot _ + a'p
[ ] ( A" (k) = 1 = Y
- (A MZ, Bapt) =177 M2, (6“B "M, )

Roberts:2011cf



Ground state solutions

Baryon | I(J) | Mass (exp.) | Mass (SCI) [ s aj az p vy V2 Spin-orbit repulsion
+
N(940) | 23 )| 094GeV | 1.14GeV | 088 —0.38 —0.06 —0.02 —0.02 0.

(940) 22_) e e 0.0 0.00 (1.0 for Py =P
N(1535)| 3G )| 151GeV | 1.82Gev | 035 004 000 —092 —006 018| IPE~ 01 for P, = —P
Baryon | I(JP) | Mass (exp.) [ Mass (SCI) [ a DIQUARK CONTRIBUTIONS - W

B
3,.3% 90 90
A(1232) AV ) 1.21 GeV 1.39 GeV 1 SCI QCD-KINDRED
80 80
3,37
A(1700) | 3G ) | 1.67GeV | 1.72GevV | 1 . .
60 60
SCl: Axial-vector diquark contributes 100% to Wy 0 0
Inflated baryon masses 0 0
30 30
N = 1.18 and gn = 1.56 20 20
Room for meson cloud effects corrections (6mg): 10 . 10
0 . 0
dmy~0.20GeV and dmp~0.12 GeV N(340) N(1535) N(340) N(1535)
W sc O ax M ps Ovc [l sc O ax M ps Ovc

Yin:2019bxe, Chen:2017pse, Lu:2017cln, Raya:2021pyr



1st radial excitations

Baryon | I(JP) | Mass (exp.) [ Mass (SCI) | s ai az p 121 V2
N(1440) | 33") | 1.37Gev | 1.72Gev | 048 —055 045 —0.07 —0.03  0.02
N(1650) | 5GG ) | 1.67GeV | 1.95Gev |—-0.01 0.02 -0.02 083 041 —0.38
Baryon | I(JP) | Mass (exp.) | Mass (SCI) [ a DIQUARK CONTRIBUTIONS - WY
3,3% 90 90
A(1600) | 3G7) | 1.52GeV | 1.69GeV | 1 e O CD KINDRED
80 80
3,37
A(1940) | 33 ) | 1.95GeV | 2.09GeV | 1 . .
60 60
50 50
n = 1 nodes and zeros 40 ©
30 30
d¥ =18-28GeV? = ¢=06-08GeV 2 20
10 10
Previous analysis 0 0
. N(1440) N(1650) N(1440) N(1650)
M2dV =1/(1.0402) = gq=03—0.4GeV a— msc L axmps L mi

Chen:2017pse, Lu:2019bjs, Segovia:2019jdk, Yin:2019bxe



2nd radial excitations

Baryon | I(JP) | Mass (exp.) | Mass (SCI) | s al a3 p vy v,
N(1710) | 23T) | 1.70Gev | 1.88Gev | 045 —050 052 006 —0.03  0.02
N(1895)| 3G ) | 1.91GeV | 2.04Gev |—-0.01 002 -0.02 086 034 —0.37
Baryon | I(JP) | Mass (exp.) | Mass (SCI) [ a DIQUARK CONTRIBUTIONS - WY
3.3% 90 90
- 80
3,3
A7) | 3@ )| 7722 Gev | 213GeV | 1 N o
— 60 60
PDG status (n=2): %(%Jr)** and no evidence for 25 )
50 50
20 NOT AVAILABLE
n = 2 nodes and zeros 0
30 30
d” =01-02GeV? = ¢=22-32GeV 20
A =40-50GeV? = q=04—-05GeV 1 10
0 0
_ ) (D (D (2) N(1710) N(1895) N(1710) N(1895)
Comparedton = 1nodes: d,” <d,  <d, B — S




ElQCtrOmagnetic cur’r’ent In the quark-diquark approach, either

Elastic and Transition currents can be
separated into 3 fundamental contributions

Photon hits quark Photon hits diquark Photon hits diquark
elastic diquark transition induced
) r (elastic) (diq )

D, ) D,
JH = ¥, ¥, -+ Wr ¥ + Wr ¥;
ax €& sc
O o— r—0o——

X T

Quark-Photon vertex g
n 1.0f
I.(Q) =)+ Pr(Q*) + WJW/QV exp(—Q*/4M?) ?3,: 0.9f
a |
0.8
« Vector Ward-Green Takahashi identity ensured ;
» Dressing consistent with truncation Vector meson pole‘)A 0 2 4 6 8 10
« Anomalous Magnetic Moment n incorporated Q* = —900 MeV Q° (GeV?)

Eichmann:2016jgx, Wilson:2011aa, Roberts:2010rn



Orthogonalization

Current conservation iny + B,, = By, electromagnetic (EM) processes requires

QuJ™ (Q,P) =0

Within the impulse approximation, this condition is satisfied. However, the standard FA solutions in the
SCI do not satisfy EM current conservation in transition processes between different radial states.

Following a Grahm-Smith procedure, it is posible to construct ortogonal FA amplitudes for excited states:

n-—1

WL, (P) = W5, (P) + ) 12 W, (P)
=0

W (P): Standard n-th radial state solution = 4, = An(mén) =1.
Y. (P): Off-sheell continuations of lower-lying states = 4; = A;(m3_) # 1.

Ward-Takahashi identities for quark-photon and diquark-photon vertices are invoked to fix the k-coefficients
and ensure current conservation in EM transitions.



A(1600) - Elastic Form Factors

Lorentz structure for the for the EM current of a spin-3/2 p
baryon

JHA(P, Q) = Ay (P7) Raa (PHT™ (P, Q)A+ (P;) R (P)
This current can be conveniently expressed in terms of four

independent form factors: two Dirac-like and two Pauli-like
form factors:

* % F2>l< * %y FI QaQ,B
Fap(K, Q) = | (Fy + Fy)iyy — —=Ky | dap — | (F3 + F)iyy — — Ky | ——
ma ma 4m?,

Multipole (Sachs-type) form factors

. 2
Electric monopole: G go(Q?) = (1 - %) (Fff —taFS) — %A (1+74) (F§ —taFy),

Magnetic dipole: G (Q%) = (1 + 4%) (Ff + F5) — 2%(1 + 14) (F§ + FY)

Electric quadrupole: G, (Q?) = (Ff' —taF5) — %(1 + 14) (F§ — 1A Fy),

! 1
Magnetic octupole: G3(0%) = (Ff + F}) — = (1 4+ ta) (Fi + F}f

| A(1600) MULTIPOLES

— GL%:O)(QZ) _____ GE_:TB)(QZ)

— i@ e G, (@)

[ G%";O)(Qz) _____ GL—";VS)(QZ)

[ G%’;O)(Qz) _____ 6%1/3)(02)

é 4 6 8 10
@
SCI QCD-Rindred

rgo[fm] | 0.64 — 0.68 1.02
Gy1(0) | 3.91-4.72 1.50
ry1[fm] | 0.64 — 0.67 0.64
—Gg2(0) | 1.29 — 1.50 3.00
rgz[fm] | 0.72 — 0.73 0.48
Gy3z(0) | 097 —1.32 0.80
rys[fm] [ 0.57 — 0.64 0.39

Lu:2019bjs



Charge density

Fourier transform of the n-radial state elastic form factor (EFF)

1 oo
Pu(r) = 3z | Q%4 Fu(@o(@T)

where j, is the spherical Bessel function. However, the
computed EFF is only available within a limited Q% —range.

Exponential approach

Pn (T‘) = apre - L%V (Qnr)

The Laguerre polynomial L,, naturally introduces nodes:

Lo(oor) =1
Li(o17) =1 — o041

L ~la-a or?
2(027) 2( 0,7 + 037°)

Charge radii (standard vs orthogonal)

1st excited state:
zeros at r~2 fm

0.30

0.25

0.20

0.15

0.10

0.05

0.00

412 pp, (1)

0.0004

0.0003

0.0002

0.0001

0.0000

2.0 25 3.0 3.5

— Ground state solution
— Standard (Standalone) solution

— Orthogonalized solution

4.0

Orthogonalized solution
———Standard contribution

—=——-= Complementary contribution




Y+ N - A(1600) Transition Form Factors

+ T
The EM current for the transition of % (% ) — g(% ) is expressed in terms of Jones-Scadron (G;) FFs

J,u)\(K7 Q) — A+(Pf)RAa(Pf)i75Fau(K7 Q)A+(Pz)
where the yNA vertex is expressed as

| ) [%( X — GE)yse M K Q0 — GEPo P — gGEQO‘K“
with
Q> 3 ma (ma £ my)? + Q7
—_— — — _ )\ = =
"7 2wk ¥ md) () == T 2ma +md) W= VA
Diquark contributions
: Photon hits diquark Photon hits diquark
Photon hit R
ORON ES quAar (elastic) (diquark transition induced)
yp — AY: (u, {ud}+) & (d, {uu}+) yp — AY: (u, {ud};+ — {ud}+) yp — A" (u, [ud]g+— {ud}+)
yn — A% (u,{dd};+) & (d, {ud}+) (d, {uu}+ — {uu}+) yn — A% (d, [ud]y+— {ud}+)

yn — A% (u,{dd};+ — {dd};+)

Segovia:2014aza, Segovia:2013uga, Eichmann:2011aa
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Y+ N - A(1600) Transition Form Factors

PRELIMINARY

= This work
o CLAS — Ay p»
= LFRQM
~ = LFRHD
~ o » QCD—Kindred
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PRELIMINARY = This work
o CLAS — Ay
N = LFRQM
~ s LFRHD

~
~ ~ _= QCD—Kindred

~~

. " PRELIMINARY _
m This work
0.1t
| o CLAS — Ao
= LFRQM
‘O _ = LFRHD
S o.05 L T T —__ _ =QCD—Kindred
N\
* R !
o) |
(0] 3 i"‘

LFRHD = Light Front Relativistic Hamiltonian Dynamics
LFRQM = Light Front Relativistic Quark Model

SCl results:

» Close alignment of G,, with experimental data.

« Experimental behavior achieved for Gg but IR suppressed.

« (Good agreement of G, with QCD-Rinfred but sign flip respect to
experimental data.

Lu:2019bjs, Segovia:2019jdk, Capstick:1994ne, Aznauryan:2015zta



Hellcrtg Amplltudes

5;: PRELIMINARY

o
]

_1051
—15F -0
~25¢
—30;
—35¢
—40 |
_ _45§ m This work
—50F o CLAS — Ao
—55F
—60f

A;/,%1000 [GeV~1/2]

PRELIMINARY
m This work

10}

S1/,%1000 [GeV~1/2]
8,

o CLAS — Syo |

Data - Exclusive meson electroproduction off Protons:
https://userweb.jlab.org/~mokeev/resonance_electrocouplings23

>
(D]
O,
(@)
(@)
(@)
i = This work
X i
Q _40_ o CLAS — ﬂ3/2
< | ]
B AN T e
Q? [GeV?]
+ +
For%(1 ) - 5(5 ) linear relation with Jones-Scadron FFs:
2 2\2
A12(Q%) = —f(Q3)[Gy (@) — 3Gz ()]
A3/,(Q1) = =3 F(QD)[Gr (@) + G5 ()]
2
512(02) = \/—f(QZ) V&@ . 02
A
with  £(Q%) = — (mA,:NmN) mN("?zE_mZ) and Qf = (my £ my)* + Q?

Mokeev:2023zhg, Ramalho:2023hqd, Aznauryan:2011qj, Devenish:1975jd



Summary

Dynamical diquark correlations play a crucial role in the internal structure of hadrons.

The strong digquark correlations revealed by the DSE-BSE-Faddeev equations provide insight into the
nature of quark interactions within baryons.

The existence of non-point diquarks is closely connected to the emergence of hadron masses and
Dynamical Chiral Symmetry Breaking (DCSB).

Electromagnetic transition form factors (TFFs) are sensitive to baryon wave functions and provide an
essential path to understanding DCSB.

TFFs are therefore important for identifying dynamical diquark correlations and serve as test for the
presence of such correlations within baryons.

Available experimental data provide a groundwork for testing QCD-inspired models, providing crucial
validation for theoretical predictions.

The SCI model offers a simplified yet insightful approach to calculating form factors, reproducing the
overall behavior while reducing computational complexity.
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Helicity amplitudes Data from JLab/CLAS

and Jlab/Hall C

Breit frame interpretation: probability amplitudes for the possible spin A
projections of the involved baryons on photon polarization states eff =0.£1), _ 300p 3 Y % |
The total cross-section depends on these helicities. Namely, for real §> 200 ;ii LI E s ol
photons (only transverse polarizations) g 100 v P Nasy|
] LSRR U PO UPRSPRPRPRPRUOOS ~
; (ﬂ o < 100<t1 A e s |
1/2 ) _ L ® & a® o [ ) ® _

Orot = (0372 +01/2)/2 1 112 O * *x 4 E
—s  — Oy 200+ .
Photon Nucleon -
-3004 ‘ w

1 1 ?\
Aijp ~ <N*,AR = +5| €T N A = +§>BF Transverse photons

5 I ]
- o o } |
3 1 ‘7 (]
Az~ <N*7AR=—§ eL_)J“ N,AN=+§>B I iEEEi % e e 1

>
D)
F c 3
1 1 o - 0*<;‘;§§§ ................................................. |
e~ <N*’)\R T2 e ! [N Ay = +§> & Longitudinal photons w i vy % o A(1232) ,
) < 1001 m N(1440) i
4 N(1520)
I v N(1535)
Connection with TFFs depends on the baryons (J?) involved. 200 )
Quark correlations become extremely important! o v

Krusche:2003ik, Ramalho:2023hqd



Bethe-Salpeter equation

Mesons /F¢

- B
A
P
p|| - =
I |

~P- —-q-

Non-exotic channels:
JF meson partners with /—° diqurk

JPC:O_+, 1——’ O++, 17+ 1+

I(JP) =0(0%), 1(1%), 0(07), 0(17), 1(17)

SCI forbids /

BS Amplitudes
_ _ P
a T " (P) = ~ !@EO T(P) + —72M FO +(P)]
Ta(p, P) = 4 Cp IR / " (P) = 1B (P)
’ mg S (2 ML) = ATE T (P)+ g0 PFY(P)
= 1+ B T 1+t BN 1++
Diquarks / (J7) [ (P) = 6 [T (P + gpom BT ()
B
! \ Ground-staie masses
p — -7 =
7 / Meson | Exp. | CI | Diquarks Mass
T e x| 0.139 | 0.14 | (gq)o+ = 0.78
47 IR P 0.78 | 0.93 | (gq)+ = 1.06
Lyq(p, P) ) Cr m2 /( o 1.2 | 122 | (g =1.15
S ob 0 h 5 019 ¢ a 1.260 | 1.37 | (g9):1- = 1.33

Gutierrez-Guerrero:2019

uwa, Gutierrez-

Guerrero:2021rsx,

Yin:2021uo

m, Barabanov:2020jvn.




N(940) - Elastic Form Factors

For a spin-1/2 nucleon, the electromagnetic current can be
expressed in terms of Dirac (F;) and Pauli (F,) form factors

Proton’s Sachs iorm factors

} 1
J.(K, Q) =ieii(Py) (yMFl(Q% T S O Qv Fz(Qz)) u(P;).
GN(@P)
S - GF"\(@?)
with k =, +PpH/2andQ=PpP;-p,. —=20p o5 o]
GIN(@)
----- GiF (@)
It is convenient to define the so-called Sachs form factors ¥ A N~ 7777 Gil(@) [Exp]
Gu(Q®) = FI(Q%) + F2(0%) ]
2 X X X X
Gr(0%) = Fi(0%) — 2 F>(0?) 0 2 " 6 : 10
4mN 02

The Sachs form factors admit a more direct physical
interpretation in the Breit frame, where they are related to
the spatial distributions of charge and magnetization inside

Kelly:2004hm, Segovia:2014aza, Segovia:2013uga, Eichmann:2011aa,



Fundamentals of QCD

. L
Locp = E G5 (iv" Dy —my) qp — ZGZ‘ G
f

+ g.f. + ghosts

Gauge covariance

Aa
D,u = a'u + 2987142

G, = 0,4, — 0, A + gf“bCAZAﬁ

Emergent phenomena

Dynamical Chiral Symmetry Breaking (DCSB)
Confinement
Gluon mass generation (in pure Yang-Mills)

Building blocks

qr - Quark field: 6 flavours
Al - Gluon field: 8 gauge bosons

Nucleons

Dominant mass of visible universe

mys - Spontaneous Symmetry Breaking
Higgs mechanism is not enough!

Strong QCD ~98% of M,

M, ~ 940 MeV

Higgs ~2% of M,
Mya =~ 5—-10 MeV



